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We report a measurement of e+e− pairs from semileptonic heavy-flavor decays in p+p collisions
at
√
sNN = 200 GeV. The e+e− pair yield from bb̄ and cc̄ is separated by exploiting a double

differential fit done simultaneously in dielectron invariant mass and pT . We used three different
event generators, pythia, mc@nlo, and powheg, to simulate the e+e− spectra from cc̄ and bb̄
production. The data can be well described by all three generators within the detector acceptance.
However, when using the generators to extrapolate to 4π, significant differences are observed for
the total cross section. These difference are less pronounced for bb̄ than for cc̄. The same model
dependence was observed in already published d+A data. The p+p data are also directly compared
with d+A data in mass and pT , and within the statistical accuracy no nuclear modification is seen.
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I. INTRODUCTION156

Heavy quarks such as charm and bottom are excellent probes to understand the properties of the quark gluon plasma157

(QGP) created in high energy heavy-ion collisions. Both charm and bottom quarks have masses significantly larger158

than the quantum chromodynamics (QCD) scale parameter ΛQCD ≈ 0.2 GeV, and as such, their production is limited159

to the primordial nucleon-nucleon collisions. Heavy flavor production in the subsequent early, hot stages of heavy-ion160

collisions is not significant and thus any modification of the primordial heavy flavor phase space distributions in heavy161

ion collisions will be the result of the quarks traversing the QGP and later phases in the space time evolution.162

Prior to the studies of heavy flavor production done at the Relativistic Heavy Ion Collider (RHIC), the high pT163

suppression [1–3] of light flavor hadrons was primarily associated to radiative energy loss via medium-induced gluon164

radiation. This predicted a distinctive mass hierarchy of high pT suppression as measured via the nuclear modification165

factor RAA, implying that hadrons with heavy flavor will have a smaller suppression: Rπ
0

AA < RcAA < RbAA. Rπ
0

AA166

denotes the nuclear modification of π0, defined as the ratio of yield measured in AA collisions to the yield measured in167

p+p collisions scaled by the number of binary collisions for AA system, and RcAA(or RbAA) denotes the same for charm168

(or bottom) quarks. However, the measurements showed similar suppression for light and heavy flavor hadrons.169

Including collisional energy loss via elastic scattering, which is more important for heavy flavor than for the light170

quarks, leads to a qualitative explanation of the large energy loss for heavy flavor [4, 5]. But other approaches are171

similarly successful, including Langevin-based transport models [6, 7] and AdS/CFT (anti de-Sitter-space/conformal172

field theory) string drag energy loss models [8]. Despite significant effort, a full quantitative understanding of the173

energy loss has not been achieved yet.174

To test different theoretical approaches, it is crucial to understand primordial heavy flavor production, and any175

modifications there in the presence of nuclei. Primordial heavy flavor production can be studied in p+p collisions.176

When nuclei are involved in a collision, one might expect modifications to the initial state, which can be described as177

shadowing or anti shadowing of the parton distribution functions. Also modifications in the final state that can be178

expressed as changes of the fragmentation process are possible, for example, via energy loss or re-scattering in cold179

nuclear matter. It is commonly accepted that these effects are observable in p(d)+A collisions, where QGP formation180

is not expected. Differences between the single electron spectra from heavy flavor decays from d+Au data and p+p181

data have been interpreted as cold nuclear matter effects [9].182

Recently hints of collectivity have been found in high multiplicity events from collisions of small nucleus with a183

large nuclei, which suggests that hot matter might even be formed in small systems. However, one would not expect184

sizable collective effects on the heavy flavor phase space distributions even if hot matter is created due to the small185

reaction volume in these collisions.186

The primordial heavy flavor production can be calculated in the framework of perturbative QCD (pQCD). Therefore,187

measurement of heavy flavor in p+p serves as a test for these calculations and can be used to improve Monte-Carlo188

(MC) generators. Results from MC generators can be scaled to A+A or p(d)+A collision systems with the number189

of binary collisions and serve as a reference for observables in the absence of p+p data.190

At RHIC, open heavy flavor production has been measured by both the PHENIX and STAR experiments in different191

collision systems, spanning p+p, d+Au, Cu+Cu and Au+Au systems, and by exploiting various techniques such as192

single electrons/muons via semi-leptonic decays [9, 10], electron-hadron correlations [11], e−µ [12], e+e− [13] and also193

via reconstruction of D-mesons [14]. This paper reports the measurement of heavy flavor production via dielectrons in194

p+p collisions at midrapidity. The e+e− pairs coming from the semi-leptonic decays of charm and bottom dominate195

different regions in mass and pT allowing to disentangle the two contributions. Studying the e+e− pairs from heavy196

flavor may also provide sensitivity to the heavy quark correlations which is important to constrain the MC models.197

The results from the p+p data from this paper can be directly compared to the previously published d+Au data [13]198

that exploited the same technique.199

The paper is organized as follows: Section II describes the experimental apparatus and trigger. Section III details200

the data analysis including electron identification, background subtraction, and efficiency corrections. A description201

of the hadronic cocktail and heavy flavor generators is outlined in Section IV, followed by studies of systematic202

uncertainties in Section V. The data are presented as double differential spectra in mass and pT in Section VI. The203

final results and the comparison of p+p and d+Au, as well as the comparison to several models of charm and bottom204

production are discussed in Section VII. Section VIII gives our summary and conclusions.205

II. EXPERIMENT206

A detailed description of the PHENIX detector is available in [15]. We focus here on the components of the two207

central arm spectrometers and the beam-beam counters (BBCs) that are critical for the analysis of e+e− pairs. Each208

of the two central arms cover a pseudorapidity range of |η| <0.35 (70◦ < θ <110◦) and 90◦ in azimuthal angle φ.209
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They are located almost back-to-back, with an angular gap of 67.5◦ between them at the top. They span a range210

from about 220 cm to 500 cm radially from the beam axis. The location of collision vertex in the beam direction,211

the collision time, and the minimum bias (MB) trigger are provided by a system of two beam-beam counters (BBC)212

that are located at a distance of 144 cm from the nominal interaction point on either side. Each BBC covers the full213

azimuth and a rapidity range of 3.1 < |η| < 3.9. The collision vertex resolution in the beam direction is approximately214

2 cm for p+p collisions. The MB trigger requires a coincidence between both sides with at least one hit on each side,215

and accepts the events if the BBC vertex is within 38 cm of the nominal interaction point. The BBC cross section in216

p+p collisions was determined via the van der Meer scan technique [16] and was found to be σ
p+p
BBC = 23.0 ± 2.2217

mb or 0.545 ± 0.06 of the total inelastic p+p cross section of σ
p+p
inel = 42 ± 3 mb.218

There are two primary charged particle tracking subsystems in PHENIX: drift chambers (DC) and pad chambers219

(PC) [17]. The DC along with first layer of PC (PC1) form the inner tracking system used here. The DC measures220

the trajectories of charged particles in the plane perpendicular to the beams and allows one to determine their charge221

and transverse momentum pT . The PC1 provides a space point along the trajectory of charged particles, which is222

used to determine the polar angle θ and z-coordinate of the track. The momentum resolution for this data set is δp/p223

= 0.011 ⊕ 0.0116 p[GeV/c].224

Each central arm is equipped with a ring imaging Čerenkov (RICH) detector that serves as the primary device for225

electron identification. With CO2 as a radiator gas, an e/π rejection of better than one part in ∼103 is achieved,226

for the tracks with momenta below the pion Čerenkov threshold of ∼ 4.87 GeV/c. For each electron on average 10227

Čerenkov photons are reconstructed on a ring of 11.8 cm diameter with an array of photo multiplier tubes. Further228

electron identification is provided by the electromagnetic calorimeters (EMCal) that measure the spatial position229

and energy of the electrons. This is achieved by placing a cut on the ratio of the energy measured by EMCal and230

momentum given by the DC [10].231

To select potentially interesting events containing electrons, PHENIX uses a hardware trigger known as ERT232

(EMCal-RICH) trigger. The trigger is based on the online sum of the energy signals in a tile of 2× 2 EMCal towers233

[18]. For all EMCal trigger tiles above a predetermined threshold value, the location of the EMCal tile is matched234

with hits in the corresponding RICH tile (4× 5 PMTs). The location of the RICH tile depends on the energy of the235

trigger particle and is determined from a look-up table, assuming that the trigger particle is an electron. If a spatial236

match is found, an ERT trigger is issued.237

III. DATA ANALYSIS238

The data reported in this paper were collected during the 2006 RHIC p+p run. The data were recorded with the239

PHENIX detector using a MB trigger and the ERT trigger. The ERT energy threshold Eth was set to 400 MeV for240

majority of the run, but was raised to 600 MeV towards the end of the run. A total of 855 million ERT triggered241

events corresponding to 143 billion sampled MB events were analyzed. The corresponding integrated luminosity is242

6.6 pb−1.243

A. Event selection and electron identification cuts244

The p+p analysis described here is very similar to the analysis of e+e− pairs from d+Au collisions published245

in [13]. A detailed description of electron identification as well as pair cuts can be found in [13, 19]. Events selected246

were required to have a reconstructed z-vertex within 30 cm of the nominal interaction point. Charged tracks247

reconstructed using the DC and PC1 must pass stringent quality cuts and an explicit cut of pT > 0.2 GeV/c. The248

track is then selected as an electron if at least two photomultiplier tubes registered Čerenkov photons on the expected249

ring. Additionally, electron tracks are required to have a good match to a cluster in EMCal, and the energy of the250

cluster must satisfy the requirement E/p > 0.5, where p is the momentum measured by the DCs.251

B. Combining tracks to electron pairs252

All electron tracks in a given event are combined to form pairs. We apply a minimum cut on the transverse mass253

of the pair, mT =
√

(mc)2 + p2
T > 650 MeV/c. For the data taken using an ERT trigger, we require that one of the254

tracks of the pair has a pT of at least 500 (700) MeV/c exceeding the nominal energy threshold 400 (or 600) MeV of255

the trigger.256
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These pairs can be subdivided into three groups: (i) Signal pairs that we want to extract. In p+p collisions these are257

mostly from the decays of pseudoscalar mesons, vector mesons, heavy flavor mesons. (ii) Combinatorial pairs, which258

are an undesired background. These result from the combinations of unrelated tracks in any given event, such as259

combining tracks that originate from two different decays. (iii) Correlated background pairs, which are also undesired,260

but these pairs do not result from random combinations of tracks. The combinatorial and correlated background pairs261

should be removed to extract the signal pairs. Most of this is done via a statistical subtraction discussed in detail in262

Section III C. However, some of the correlated background can be removed through cuts on the pairs referred to as263

pair cuts.264

There are several sources of correlated pairs which are treated separately. One type of correlated pairs result from265

detector problems or ambiguities in the pattern recognition. The most important contributor are hadron tracks that266

are parallel to electron tracks in the RICH. Both tracks share the same ring and are identified as electrons. These267

pairs can be removed by placing a cut on the distance between the projections of both pairs to the RICH focal plane.268

Similar cuts to avoid detector overlaps are placed on all detector systems.269

Another type of correlated pairs are the ones that originate from the photons that convert to e+e− pairs in the270

detector material in front of the tracking detectors, e.g. in the beryllium beam pipe (0.3% of a radiation length (X0)271

for the year 2006). The tracks from these pairs get reconstructed with an incorrect momentum, because the tracking272

algorithm assumes that all tracks originate from the vertex and hence traverse the full magnetic field. This leads to273

an artificial opening angle of the pairs that is always oriented perpendicular to the axial magnetic field. A cut on the274

orientation of the opening angle removes these pairs from the sample. See [13, 20] for a full description of the pair275

cuts.276

There are also correlated pairs that are from the same p+p interaction, these are two tracks that share the same277

ancestry. These pairs can arise if there are two e+e− pairs in the event from the same parent meson, e.g. from a278

double Dalitz decay of π0 or η0 or from a γγ decay where both photons convert in the detector material. In this279

case, the cross-combination of electrons that do not result from the same real or virtual photon are possible. Another280

source of these correlated pairs are hadrons from jet fragmentation, either within the same jet or in back-to-back jets,281

that decay into electron pairs. These pairs are part of the statistical subtraction discussed in the next section.282

C. e+e− pair spectrum283

Because the source of any electron or positron is unknown, we combine all the electrons and positrons in a given284

event into like-sign (N±±) foreground pairs, which is defined as sum of pairs of electrons and pairs of positrons, and285

e+e− pairs referred to as unlike-sign (N+−) foreground pairs. The unlike-sign foreground spectrum N+− measures286

the sum of signal, combinatorial and correlated background. For this analysis we use the like-sign pairs to determine287

the backgrounds. The like-sign subtraction method compared to the event-mixing technique has the advantage that288

it also accounts for the the correlated pair background that exists in the unlike-sign pairs. However, one first needs289

to correct the like-sign spectrum for the relative acceptance difference between N±± and N+− pairs.290

The relative acceptance correction α which is purely due to the detector geometry is determined via an event mixing291

technique and is given as the ratio of unlike-sign (Bcomb
+− ) to like-sign (Bcomb

±± ) pair spectrum from the mixed events.292

The mixed events are generated from MB events and are subject to the same requirement as the ERT data, i.e. each293

pair is required to have at least one track above 500 (or 700) MeV and this track should have fired the ERT trigger.294

α is given by the following equation:295

α(m, pT ) =
Bcomb

+− (m, pT )

Bcomb
±± (m, pT )

(1)

Fig. 1 shows the pT -integrated α correction as a function of mass. The acceptance difference is largest around296

500 MeV/c2. For larger masses, the acceptance difference becomes smaller, and consequently α approaches unity as297

the mass increases. In the analysis we apply the α-correction double differentially in mass and pT . The errors on298

the α-correction are propagated to the final spectrum. For systematics, the analysis was checked for pT dependent299

fixed α-values at high masses and results obtained were consistent within 5%. Fig. 2 shows the pT integrated N+−300

and relative acceptance corrected like-sign mass spectrum (α × N±±). The acceptance corrected like-sign spectrum301

is subtracted from unlike-sign N+− spectrum to extract the signal spectrum, S+−, as defined by Eq. 2.302

S+−(m, pT ) = N+−(m, pT )− α(m, pT )×N±±(m, pT ) (2)
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FIG. 1. Relative acceptance correction α defined as the ratio of Bcomb
+− to Bcomb

±± as defined in Eq. 1. This correction approaches
one at high mass.
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FIG. 2. Unlike-sign foreground N+− spectrum overlaid with like-sign foreground spectrum after corrected by the relative
acceptance correction α (See Fig. 1 and Eq. 1).

D. Efficiency corrections303

Eq. 3 gives the invariant yield corresponding to a S+− pair with mass m and transverse momentum pT into the304

PHENIX aperture:305
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d2Ne+e−

dm dpT
=

εBBC

N sampled
BBC

· 1

∆m
· 1

∆pT

· 1

εrec(m, pT )
· 1

εERT(m, pT )

·S+−(m, pT )

εbias
(3)

Here ∆m and ∆pT are the bin width in mass and pT , respectively. There are two efficiency corrections that306

are applied in order to obtain the invariant e+e− yield. These are the inverse of the pair reconstruction efficiency307

εrec(m, pT ) and pair trigger efficiency εERT(m, pT ). The εrec(m, pT ) accounts for losses due to track reconstruction,308

electron identification, pair cuts and detector dead areas. The εERT(m, pT ) describes the bias introduced by the309

trigger requirements. Here the BBC efficiency of εBBC = 0.545 ± 0.06 is the fraction of inelastic p+p collisions310

recorded by the BBC. The BBC trigger bias εbias factor takes into account the fact that for the events with tracks in311

the central arms, the BBC trigger requirement is fulfilled only by 0.79 ± 0.02 of the events.312

The pair reconstruction efficiency εrec(m, pT ), as well as pair trigger efficiency εERT(m, pT ) are determined using a313

GEANT based simulation of the PHENIX detector. The GEANT simulation is tuned to describe the performance of314

each detector subsystem and includes all necessary detector characteristics (dead and hot channel maps, gains, noise,315

etc.).316

We simulate e+e− pairs with a constant yield in m, pT , φ, |y| < 1, and in the mass range 0 < me+e− < 16317

GeV/c2 with pT in the range from 0 to 10 GeV/c. These simulated pairs are processed through the PHENIX318

GEANT framework, and are then weighted with the expected yield from hadron decays for a given pair [m, pT ].319

A detailed description about pair efficiency and trigger efficiency determination can be found in [13, 20, 21]. The320

efficiency corrections are applied double differentially in mass and pT , and similar to the previously published PHENIX321

dielectron analyses, the data are presented in the PHENIX acceptance. The mass spectrum with all corrections is322

shown in Figure 4, together with the expected sources discussed in the next section.323

IV. EXPECTED PAIR SOURCES324

The expected yield of e+e− pairs from various sources needs to be simulated in order to interpret the experimental325

data. This so called cocktail of sources includes the contributions from pseudoscalar and vector meson decays,326

semileptonic decay of heavy flavor, and e+e− pairs originated via Drell-Yan mechanism.327

A. Hadron decays to e+e− pairs328

To model the yield of the pseudoscalar mesons π0, η, η′, and vector mesons, ρ, ω, φ, J/ψ, ψ′, Υ, we use a detailed329

fast Monte Carlo software package called EXODUS developed within the PHENIX framework [20]. EXODUS is a330

phenomenological event generator that simulates the particle distributions and their decays. EXODUS applies the331

branching ratios [22] and decay kinematics according to [23]. External bremsstrahlung in the PHENIX detector332

material is approximated by placing all the detector material to be traversed by the electron at the radius of the333

beampipe. The pair mass distribution from Dalitz decays (π0, η, η′ → eeγ) and ω → eeπ0 follows the Kroll-Wada334

expression [24] multiplied by the electromagnetic form factors measured by the Lepton-G collaboration [25, 26]. The335

vector mesons (ρ, ω, φ, J/ψ, ψ′ → e+e−) are assumed to be unpolarized and for their decay the Gounaris/Sakurai336

expression is used [27]. For the Dalitz decays in which the third body is a photon, the angular distribution is sampled337

according to 1 + λcos2θCS distribution. θCS is the polar angle of the electrons in the Collins-Soper frame and λ is an338

angular parameter.339

The hadrons are generated with a uniform rapidity density dN/dy within |η| ≤0.35 and a homogeneous azimuthal340

distribution in 2π. Once generated, these hadrons are filtered through the ideal PHENIX acceptance while applying341

the measured momentum resolution from the data. The key input is the parameterization of the pT dependence of342

the invariant cross section of neutral pions. To obtain this reference we fit the pT distribution of π0 and π± data, as343

reported by PHENIX [28–30], to a modified Hagedorn function (Eq. 4):344

E
dσ3

dp3
= A(e−(apT +bp2T ) + pT /p0)−n (4)
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The fit parameters and resulting dN/dy values for p+p collisions are tabulated in Table I. These values supersede345

those published in [20, 21] as they are based on new and/or more precise data from larger data sets. The pion346

parameterization determined here deviates by about 3% from the one used in earlier publications.347

TABLE I. Fit parameters for p+p collisions derived from a simultaneous fit to the π0 and charged pions data using the modified
Hagedorn function (Eq. 4).

Parameter Value

dN/dy 1.139 ± 0.10

A[mbGeV −2c3] 492 ± 67

a[(GeV/c)−1] 0.266 ± 0.031

b[(GeV/c)−2] 0.092 ± 0.021

p0[GeV/c] 0.68 ± 0.02

n 8.27 ± 0.07

The pT distribution of other mesons is parameterized by fixing all but the normalization parameter (A) from the348

pion spectrum, and assuming scaling with mT , i.e. replacing pT by
√

(pT 2 − (mπ0c)2 + (mhc)2), where mh is the349

mass of the hadron. The normalization parameter A relates the total dN/dy of a given hadron to the dN/dy of the350

pions. The successful description of mT scaling is apparent in Fig. 3 which shows measured pT spectra of various351

mesons as published by PHENIX. In order to extract the meson yield the fits were integrated over all the pT . For the352

ρ meson, we assume σρ/σω = 1.15 ± 0.15 consistent with the values found in the jet fragmentation [22].353

TABLE II. Rapidity density for the mesons extracted from the fits and used in the EXODUS decay generator.

Meson dN/dy|y=0 Data source

π0, π+, π− 1.139 ± 0.10 [28–30]

η 0.093 ± 0.0002 [31, 32]

ω 0.0744 ± 0.0017 [33]

φ 0.009 ± 0.0002 [33, 34]

η′ 0.0123 ± 0.0008 [33]

J/ψ 1.74×10−05 ± 5.1×10−7 [35, 36]

ψ′ 3.1×10−06 ± 6.2×10−7 [36]

A compilation of the dN/dy values for the various mesons extracted from the fits and the references for the data354

used are shown in Table II. These values agree with those from [20, 21] within the systematic uncertainties. The355

differences reflect that more precise data for the pion and other mesons are available today.356

B. e+e− pairs from Drell Yan357

We used pythia event generator with same settings as mentioned in [13] to simulate e+e− pairs from the Drell-Yan358

mechanism. For the normalization we used a cross section of 42 nb as was used in [13, 21]. We also performed a study359

where the DY contribution was left as a free parameter. This affected the bb̄ cross section by 20% and we assigned360

that as a systematic uncertainty on the cross section determination.361

C. Heavy flavor contribution to e+e− pairs362

The e+e− pairs that originate from the semileptonic decays of cc̄ and bb̄ are collectively referred to as heavy flavor363

pairs. The heavy flavor yield was simulated using three different event generators. The details of these event generators364

are described below.365
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FIG. 3. Compilation of meson production in p+p collisions at
√
sNN = 200 GeV. The data shown above are taken from the

following sources: π0 → γγ [28, 29], (π+ + π−)/2 [30], η → γγ [31, 32], η → π0π+π− [32], ω → e+e− [33], ω → π0π+π− [33],
ω → π0γ [33], φ → K+K− [34], φ → e+e− [33], Jψ → e+e− [35, 36], ψ′ → e+e− [36]. The data are compared to the
parameterization based on mT scaling used in EXODUS.

1. pythia366

pythia [37] is a multi-purpose leading order event generator. It generates heavy quark pairs with massive matrix367

elements and fragmentation and hadronization is based on the Lund string model. Additional transverse momentum368

is generated in pythia by virtue of the assumed intrinsic (primordial) transverse momentum kT . We used pythia in369

forced cc̄ or bb̄ production mode, and CTEQ5L was used as the input parton distribution function. The same settings370

as published in the d+Au paper [13] are hereby used.371

2. mc@nlo372

The mc@nlo (Monte Carlo at next-to-leading order) formalism is described in detail in [38, 39], and is a method for373

matching next-to-leading order (NLO) QCD calculations to parton shower Monte Carlo (pSMC) simulations. Parton374

showers will generate terms that are already present in the NLO calculations. To avoid double counting, the mc@nlo375

scheme removes such terms from the NLO expression. As a result, mc@nlo output contains events with negative376

weight.377

In this work, mc@nlo v4.10 (interfaced with herwigv6.521 [40]) was used. The default package was altered to378

enable charm production by changing the process code from -1705 (H1H2 → bb̄+X) to -1704 (H1H2 → cc̄+X) and379

the heavy quark mass was adjusted to the charm quark mass i.e. 1.29 GeV/c2. H1,2 represent hadrons (in practice,380

nucleons or antinucleons). The bottom quark mass was set to 4.1 GeV/c2. The default scale choice was used:381
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µ2
0 =

1

2
(m2

T (Q) +m2
T (Q̄)), (5)

where m2
T = p2

T +m2 and pT is the transverse momentum of the heavy flavor in the underlying Born configuration.382

Q and Q̄ correspond to the heavy quark and antiquark. No other parameters were modified. CTEQ6M [41] was used383

to provide the input parton-distribution function.384
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FIG. 4. Inclusive e+e− pair yield from p+p collisions as a function of mass. The data are compared to our model of expected
sources. The inset shows in detail the mass range up to 4.5 GeV/c2. In the lower panel, the ratio of data to expected sources
is shown with systematic uncertainties.

3. powheg385

The powheg (Positive Weight Hardest Emission Generator) formalism is described in detail in [42]. Compared386

to mc@nlo, powheg generates positive weighted events only, and can be interfaced to any shower MC that is387

either pT -ordered (e.g. pythia), or allows the implementation of a pT veto (e.g. herwig ++), while avoiding any388

double counting when matching NLO calculations and parton shower Monte Carlo. In this work, powheg v1.0 was389

interfaced with pythia v8.100 [43]. Parton showering in pythia is pT ordered and merges naturally with powheg.390

CTEQ6M [41] was used to provide the input parton distribution function. Similar to the other two frameworks, the391

charm and bottom masses were set to 1.29 GeV/c2 and 4.1 GeV/c2 respectively. The default scale choice was used:392

µ2
0 = p2

T +m2, (6)

where pT is the transverse momentum of the heavy flavor in the underlying Born configuration. No other parameters393

were modified.394

The electrons and positrons from all the above mentioned generators are filtered through the PHENIX accep-395

tance [20] and are folded with the experimental momentum resolution as well as with the energy loss due to396

bremsstrahlung. The e+e− pair acceptance depends on the production process, which determines the correlation397

between the electron and positron. More detailed description about the e+e− pair acceptance on (i) the QCD pro-398

duction of the qq̄ pair and (ii) the decay kinematics of the two independent semi-leptonic decays has been discussed399
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FIG. 5. Double
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pair yield from
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p+p collisions.
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in [13]. Because the heavy flavor generators discussed above treat the qq̄ correlations differently, the number of e+e−400

pairs that fall into PHENIX acceptance varies from one generator to the other.401

V. SYSTEMATIC UNCERTAINTIES402

In this section we summarize the systematic uncertainties on the data and expected sources. Systematic uncer-403

tainties on the data are due to limitations in the determination of the relative acceptance correction, the electron404

identification efficiency, model input used to evaluate the efficiency, and the ERT trigger efficiency. These uncertain-405

ties are evaluated by varying all the electron identification cuts and pair cuts, by varying the ERT trigger efficiency406

within its statistical accuracy and by using different cuts and sub-samples of the data to determine the relative accep-407

tance correction. For all the variations the final result was determined and found stable within the quoted systematic408

uncertainties.409

The main systematic uncertainties on the hadron cocktail comes from the measured uncertainty on the dN/dy of410

pions. For the heavy flavor part of the cocktail, the assigned uncertainty to cc̄ and bb̄ normalization comes from this411

analysis.412

Table III gives a summary of the systematic errors. The total systematic error on data are added in quadrature413

and the same is done for the expected sources.414

VI. RESULTS415

A. Heavy-flavor e+e− pairs from p+p collisions416

Figure 4 shows the measured double differential e+e− pair yield in the PHENIX acceptance projected onto the mass417

axis. The figure also shows the distributions of e+e− pairs from charm, bottom and Drell-Yan obtained using the418

pythia event generator. The mass region below 1.0 GeV/c2 is comprised of resonances and a continuum dominated419

by three body decays of pseudoscalar and vector mesons. In this mass region, all cocktail contribution, with exception420

of the heavy flavor meson decay contributions, are absolutely normalized as discussed previously. The contributions421

of various hadronic decay sources to the cocktail are shown in the inset that highlights the mass spectrum up to422

4.5 GeV/c2. The mass spectrum above 1.0 GeV/c2 is dominated by the e+e− pairs from decays of heavy flavor423

mesons. The heavy flavor contributions to the dilepton continuum above 1.0 GeV/c2 are normalized to the data.424

Good agreement between data and cocktail over the entire mass range is evident from the ratio of data to the cocktail425
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TABLE III. Summary of the various systematic uncertainties considered in this analysis.

Source Syst. uncertainty

(mass ≤ 1.0GeV/c2) (mass > 1.0 GeV/c2)

Data systematics

eID 15% 10%

Input model 15% 15%

ERT 10% 5%

Fiducials 10%

α− correction 5%

BBC bias 10%

Cocktail systematics

Hadronic cocktail 20%

cc̄ cross section 32%

bb̄ cross section 36%

TABLE IV. Summary of cc̄ and bb̄ cross section measured in p+p collisions using three different generators pythia, mc@nlo,
and powheg. These are obtained by extrapolating to 4π the fitting results from the measured e+e− pairs from heavy flavor.

p+p pythia (µb) mc@nlo (µb) powheg (µb)

cc̄ 356 ± 27 (stat) ± 89(syst) 708 ± 55 (stat) ± 175 (syst) 267 ± 19 (stat) ± 67 (syst)

bb̄ 4.81 ± 0.71 (stat)± 1.00 (syst) 3.85 ± 0.73 (stat)± 0.8 (syst) 2.91 ± 0.63 (stat)± 0.61 (syst)

shown in the lower panel of Fig. 4. We note that below 0.6 MeV/c2 there are large systematic uncertainties resulting426

from the ERT trigger efficiency correction. In this mass region, the results published in [21] are more accurate due427

to large sample of MB data available for that analysis. The bulk of the 2006 data used here was taken with the ERT428

trigger. Our current heavy flavor analysis is based on the mass region above 1.16 GeV/c2 and thus not affected by429

systematic uncertainties around 0.5 GeV/c2.430

The e+e− pair spectrum from heavy flavor decays is determined using the technique developed for d+Au colli-431

sions [13]. The expected yield of e+e− pairs from pseudoscalar and vector meson decays as well as Drell-Yan pairs is432

subtracted from the e+e− pair spectra. The subtraction is done double differentially in mass and pT . The resulting433

mass spectra of e+e− pairs from heavy flavor decays are shown in Fig. 5 for different pair pT ranges. Below 1.0434

GeV/c2, the yield of e+e− pairs is dominated by hadronic decay contributions and after the subtraction the e+e−435

pair yield from heavy flavor decays cannot be extracted with sufficient accuracy. Therefore Fig. 5 is truncated just436

below 1 GeV/c2. For those mass regions above 1 GeV/c2 where the inclusive e+e− yield is dominated by vector437

meson decays to e+e− the subtracted yield can not be determined accurately, and hence upper limits are quoted for438

the subtracted spectra. We use pT bins of width of 500 MeV/c up to pT = 2.5 GeV/c. For pair pT > 3.0 GeV/c,439

statistical limitations dictate the use of broader pT bins.440

The e+e− pair distributions from heavy flavor decays were simulated using three Monte Carlo generators, pythia,441

mc@nlo, and powheg with parameter settings as discussed above. The results are shown in Fig. 6. The three442

generators are compared using the normalization443

obtained from fitting the data to the respective event generators as described below. As seen in Fig. 6 and already444

described in detail in [13], the separation of e+e− pairs from cc̄ and bb̄ is more evident when one simultaneously445

analyzes mass and pT of the pairs. The yield from cc̄ is dominant for masses below 3 GeV/c2 and pair pT less than 2446

GeV/c, whereas bb̄ is dominant across all mass region for higher pT . For the pairs with pT > 3.5 GeV/c, the largest447

contribution to the e+e− yield comes from single b decay chains with a semileptonic decay of the parent B meson448

followed by a semileptonic decay of the daughter D meson.449

The generated distributions are fitted simultaneously to all data in pT and mass in the mass regions between 1.15450

< me+e− < 2.4 GeV/c2 and 4.1 < me+e− < 8.0 GeV/c2. The mass region from 2.4 to 4.15 GeV/c2 is excluded to451

avoid any remnant contributions to the e+e− yield from J/ψ and ψ′ decays after the subtraction. Such remnant yield452

could result from an imperfect description of the line shapes, in particular of the low mass tail due to bremsstrahlung.453

For each MC generator there are two independent parameters that are fitted, which are the cc̄ and bb̄ cross sections454
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FIG. 6. Double differential e+e− pair yield from semi-leptonic
decays of heavy flavor as simulated by pythia, mc@nlo, and
powheg. Shown are mass projections in slices of pT . The pT
intervals are indicated in each panel.
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FIG. 7. Double differential e+e− pair yield from heavy-flavor
decays fitted to simulated distributions from pythia. The
simulation is fitted to data in the mass region between 1.15
< me+e− < 2.4 GeV/c2 and 4.1 < me+e− < 8.0 GeV/c2.
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FIG. 8. Double differential e+e− pair yield from heavy-flavor
decays fitted to simulated distributions from mc@nlo.
The simulation is fitted to data in the mass region between
1.15 < me+e− < 2.4 GeV/c2 and 4.1 < me+e− < 8.0 GeV/c2.
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FIG. 9. Double differential e+e− pair yield from heavy-flavor
decays fitted to simulated distributions from powheg. The
simulation is fitted to data in the mass region between 1.15
< me+e− < 2.4 GeV/c2 and 4.1 < me+e− < 8.0 GeV/c2.
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in 4π. Figs. 7, 8, and 9 show the comparison of fitted distributions to the data for pythia, mc@nlo, and powheg,455

respectively. The χ2/NDF values are 1.2, 1.5, and 1.4 for pythia, mc@nlo, and powheg, respectively, with an456

NDF equal to 65. Here, only statistical errors are used in the fit. Because the cc̄ simulated pairs have smaller statistics457

at high masses for pT >5 GeV/c, we include the errors from simulations into the fitting routine. Any improvement458

from additional statistics is expected to be minimal unless significant computing resources are allocated.459
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FIG. 10. The top panel compares the mass dependence of e+e− pair yield with pythia, mc@nlo and powheg calculations.
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fitting and is excluded in the pT projection.

The fitted cross sections are tabulated in Table IV. For the cc̄ cross section we find 356, 708, and 267 µb for pythia,460

mc@nlo and powheg respectively. For each the statistical uncertainty is about 8%, while the systematic uncertainty461

due to the data is approximately 25%. The values cover a range of ∼ ±220 µb around the average value, indicating462

large model dependencies that are further discussed in the following. The cc̄ cross section values are consistent with463

earlier measurements from single electron spectra that gave σcc̄ = 567± 57(stat)± 244(syst) µb [23] and from e+e−464
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FIG. 11. Comparison of the ∆φ distribution from data to the different MC generators. The leftmost column shows the
comparison to pythia, the middle column to mc@nlo, and the rightmost column shows the comparison to powheg. Each
row corresponds to the pT interval indicated in the leftmost column. The solid line corresponds to the total HF contribution,
dashed line represents cc̄, dotted line represents bb̄ and the big dashed line shows DY contribution for a given generator. The
normalization of different contributions is explained in the text. The negative yield for the simulations results from the like-sign
subtraction performed in simulations similar to data analysis.

pairs that resulted in σcc̄ = 544±39(stat)±244(syst)±200model µb [21]. For the bb̄ cross section we find values of 4.81,465

3.85, and 2.91, again for pythia, mc@nlo, and powheg, respectively. The statistical uncertainties are 15–22% and466

the systematic uncertainties are 21%. The observed model dependence is about ∼ 0.85 µb around the average, which467

is significantly smaller than for cc̄ cross section.468

Despite the differences between the MC generators, each one achieves an adequate description of the data within469

the uncertainties. This may be more easily seen in the projections of the e+e− yield from heavy-flavor decays onto470

the mass and pT axes as shown in Fig. 10.471

As a consistency check and to see if more discrimination power between the models can be achieved in terms of472

different projections of the data, we also looked at the ∆φ distribution for e+e− pairs. Because the analysis was done473

in 2 dimensions, mass and pT , some extra steps were necessary. We first generated ∆φ distributions for foreground474

and mixed unlike-sign and like-sign pairs for the mass region between 1.15 < me+e− < 2.4 GeV/c2 and 4.1 < me+e− <475

8.0 GeV/c2. The relative-acceptance corrected like-sign foreground ∆φ distribution is subtracted from the unlike-476

sign pairs, which results in the ∆φ distribution for heavy flavor pairs. These ∆φ distributions were then efficiency477

corrected.478

The data are compared to ∆φ distributions from simulated e+e− pairs from cc̄, bb̄, and Drell-Yan. For each479

generator, the cc̄ and bb̄ contributions were normalized using the cross section values from Table IV. For the bb̄480
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TABLE V. Step by step extrapolation from the number of e+e− pairs for me+e− ≥ 1.16 GeV/c2 from cc̄ in the PHENIX
acceptance to the number of cc̄ pairs in 4π for pythia, mc@nlo, and powheg. Numbers are in units of pairs per event using
the cc̄ cross sections determined in this paper. The factors in brackets quantify the increase in number of pairs. We have
factored out the effective branching ratio BR=0.094 for decays of c →e in the step from e+e− to cc̄ pairs. The number of cc̄
pairs in 4π is equal to the cc̄ cross section in table IV divided by the inelastic p+p cross section σpp = 42mb.

cc̄ pythia mc@nlo powheg

|ye−&ye+ |PHENIX && 3.20×10−8 3.55× 10−8 3.61×10−8

me+e− ≥ 1.16 GeV/c2

|ye−&ye+ |PHENIX 1.66×10−7 (5.19) 2.55 ×10−7 (7.18) 1.93×10−7 (5.33)

|ycc̄| ≤0.5 2.33×10−3 (124/BR2) 5.09 ×10−3 (176.6/BR2) 1.80×10−3 (82.5/BR2)

4π 8.48×10−3 (3.64) 16.9 ×10−3 (3.31) 6.36×10−3 (3.53)

contribution the like-sign pairs were subtracted to match the procedure used in the data. The ∆φ distributions from481

pythia, mc@nlo, and powheg are shown for different pair pT ranges and compared to the data in Fig. 11. Note482

that these distributions are for e+e− pairs within the PHENIX acceptance. Again, all three generators describe the483

data reasonably well. The conclusions are consistent with those drawn from the comparison in pT and mass. At lower484

pT the yield is dominated by cc̄ production. The yield peaks at large opening angle ∆φ, which is characteristic for485

back-to-back production. At the same pT , the pairs from bb̄ production show no pronounced back-to-back structure.486

This is consistent with the e+e− pair opening angle being less correlated with the bb̄ opening angle due to the decay487

kinematics of the much heavier B mesons. For larger pT bb̄ production dominates, and the e+e− pair opening angle488

∆φ distribution peaks for opening angles smaller than 90 degrees. This is due to the fact that these pairs result from489

the decay products of a single B-meson rather than from the bb̄ pair.490

Only moderate differences are observed between the generators. While there are differences in the shape of the ∆φ491

distributions for cc̄ and bb̄, the main structure seen in Fig. 11 is given by the two arm detector acceptance. We find492

that the statistical significance of our data is insufficient to add more discriminating power between the generators493

by looking at the ∆φ projections.494

While the data are well described by all three generators within the PHENIX central arm acceptance and over the495

range they were fitted to the data, the obtained cross section values, tabulated in Table IV, indicate that there are496

large systematic differences when extrapolated beyond the range where the models were fitted to the data.497

The cc̄ cross sections found using pythia and powheg differ by about 30%, while for mc@nlo a much larger cc̄498
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FIG. 13. The extracted cross sections of cc̄ and bb̄ in p+p and d+Au collisions. The d+Au cross- section has been scaled down
by Ncoll to represent the equivalent nucleon- nucleon cross section.

cross section is determined. This may be due to the fact that our powheg simulation uses the pythia fragmentation499

scheme. Such differences can have important consequences if the generators are used to estimate yields from cc̄ outside500

the fit range, even within the PHENIX acceptance. This was first pointed out in [44] and is apparent when one looks501

at the e+e− pair mass distributions below 1 GeV/c2, depicted in Fig. 12. For pythia and powheg there is very little502

difference going from mass larger than 1 GeV/c2 to zero mass, while for mc@nlo the e+e− pair yield is much larger.503

This is an important contribution to the larger cc̄ cross section determined with mc@nlo.504

To get a better quantitative understanding, we divided the extrapolation into following three steps: the first step505

is the extrapolation from the fitted e+e− pairs in the PHENIX acceptance to e+e− pairs at all masses, then to the qq̄506

rapidity density, and finally to 4π. These factors are tabulated in Table V and Table VI for cc̄ and bb̄, respectively.507

For cc̄ production the number of e+e− pairs in the fit range is similar for pythia, mc@nlo, and powheg. This is508

expected, because the normalization is essentially fitted in the range from 1 to 2 GeV/c2 where cc̄ dominates. The509

extrapolation to zero mass is different only for mc@nlo, and is responsible for about 50% of the larger cross section510

for mc@nlo. Going from e+e− pairs in the PHENIX acceptance to the rapidity density dNcc̄/dy at y = 0 has the511

largest variations between models. The final step from cc̄ rapidity density to 4π has little model dependence indicating512

that the underlying rapidity distribution for cc̄ is similar in all the generators.513

The situation is however different for bb̄ production. From Table VI it is evident that every step of the extrapolation514

from the fit range to 4π is very similar for all three generators. Again this is expected because the e+e− pair515
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TABLE VI. Step by step extrapolation from the number of e+e− pairs for me+e− ≥ 1.16 GeV/c2 from bb̄ in the PHENIX
acceptance to the number of bb̄ pairs in 4π for pythia, mc@nlo, and powheg. Numbers are in units of pairs per event using
the bb̄ cross sections determined in this paper. The factors in brackets quantify the increase in number of pairs. We have
factored out the effective branching ratio BR=0.158 for decays of b →e in the step from e+e− to bb̄ pairs. The number of bb̄
pairs in 4π is equal to the bb̄ cross section in table IV divided by the inelastic p+p cross section σpp = 42mb.

bb̄ pythia mc@nlo powheg

|ye−&ye+ |PHENIX && 10.3×10−9 8.34×10−9 6.99×10−9

me+e− ≥ 1.16 GeV/c2

|ye−&ye+ |PHENIX 2.18×10−8 (2.11) 1.83 ×10−8 (2.19) 1.46×10−8(2.12)

|ybb̄| ≤0.5 4.47×10−5 (51.1/BR2) 3.49 ×10−5 (47.6/BR2) 2.61×10−5 (44.6/BR2)

4π 11.5×10−5 (2.56) 9.17 ×10−5 (2.62) 6.93×10−5 (2.66)

TABLE VII. Summary of cc̄ and bb̄ cross section in d+Au collisions expressed as nucleon-nucleon equivalent cross section by
dividing the d+Au cross section by the average number of binary nucleon-nucleon collisions Ncoll = 7.6± 0.4.

d+Au/Ncoll pythia (µb) mc@nlo (µb) powheg (µb)

cc̄ (Reanalysis) 385 ± 34 (stat) ± 119 (syst) 795 ± 80 (stat) ± 275 (syst) 303 ± 26 (stat) ± 94 (syst)

bb̄ (Reanalysis) 3.40 ± 0.65 (stat)± 1.10 (syst) 2.95 ± 0.67 (stat)± 0.95 (syst) 2.0 ± 0.6 (stat)± 0.65 (syst)

distributions from bb̄ production are dominated by decay kinematics [13]. However, the number of e+e− pairs in516

the fit range is different, which leads to different bb̄ cross section values. The extracted bb̄ cross section value using517

pythia is larger as compared to the one derived from mc@nlo, with the latter being larger than powheg. From518

Figs. 6 and 10, one can see that the shape of the e+e− pair distributions from bb̄ production are very similar among519

the three generators. However, this is not the case for e+e− pairs from cc̄ production, in particular for powheg,520

the e+e− pair momentum distribution is much harder as compared to other generators. Because the cc̄ contribution521

is essentially fixed in the mass region between 1.0 to 2.0 GeV/c2 at low pair pT , a harder distribution can only be522

accommodated in the overall fit by reducing bb̄ production, which we expect to account for all the seen variation523

between the three generators. Additional differences in the rapidity and momentum distribution also contribute to524

the very model dependent extrapolations of the cc̄ cross section in 4π.525

B. Comparison of p+p and d+Au results526

The results of the analysis of p+p data presented here can be directly compared to the already published d+Au527

results [13]. Because we are now including powheg and are using a newer version of mc@nlo for the p+p analysis,528

we refitted the data published in [13] with the generator versions used for p+p. We scaled down the d+Au data by529

the average number of binary nucleon-nucleon collisions of Ncoll (= 7.6± 0.4). Therefore the resulting normalization530

constants represent the equivalent nucleon-nucleon cross section, and can be directly compared to the p+p results.531

Table VII summarizes the cc̄ and bb̄ nucleon-nucleon equivalent cross sections extracted from the d+Au data. We532

note that the numbers quoted here for the mc@nlo simulation are 17% and 12% smaller for cc̄ and bb̄, respectively,533

compared to the numbers quoted in [13]. This is potentially due to using a newer mc@nlo version, which needed to534

be modified to generate charm, or a previous inaccuracy in how the negative weights should be used to avoid double535

counting in the herwig fragmentation [13]. In either case the difference is small enough to change the conclusions536

neither here nor in the original paper [13].537

The comparison of the numbers in Table IV and Table VII is shown graphically in Fig. 13. We see the same model538

dependence for d+Au as was seen for p+p. For a given model, the obtained cc̄ cross sections are consistent within539

the given uncertainties in p+p and d+Au. We also looked at the ratio (or nuclear modification) of cross sections of540

cc̄ and bb̄ in d+Au and p+p and this is plotted in Fig. 16. This ratio is similar for all the event generators and no541

deviation from unity is observed.542

Fig. 14 and Fig. 15 show a direct comparison of the measured mass and pT spectra of e+e− pairs from heavy flavor543

decays between p+p and d+Au systems. The top panels show an overlay of mass and pT spectra in p+p and MB544

d+Au collisions, where we scaled the p+p yield by Ncoll (= 7.6± 0.4), corresponding to MB d+Au collisions. Within545

the statistical precision of the data, the mass and pT spectra in p+p and d+Au agree with each other. The bottom546

panel in these figures show the ratio of d+Au to p+p data. Given the uncertainties, the ratios are consistent with547
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1. While the e+e− pair data shows no evidence for any nuclear modification to the cc̄ and bb̄ production, due to the548

large statistical and systematic uncertainty, they would not be sensitive to effects smaller than 30%. For example,549

the observed modification of single electron spectra seen in d+Au collisions [9] could result in a change of 30% in the550

e+e− pair mass and pT distributions, but that might not be seen here due to the large uncertainties.551

VII. SUMMARY AND CONCLUSIONS552

We present e+e− pair measurements from heavy flavor decays in p+p collisions at
√
s = 200 GeV. The data553

are shown multi-differential as a function of pair mass, pT , and ∆φ. By comparing the e+e− pair data to pQCD554

calculations, the cc̄ and bb̄ production cross sections can be constrained. Three different pQCD based Monte-Carlo555

models are used: pythia, mc@nlo, and powheg. We find that the cc̄ production cross section ranges from 267 to556

708 µb with a statistical (systematic) uncertainty of about 8% (25%). The bb̄ production cross section ranges from557

2.9 to 4.8 µb with a statistical (systematic) uncertainty of 15–22% (21%).558

The e+e− pair distributions obtained from pythia, mc@nlo, and powheg within the PHENIX acceptance, once559

normalized to data, were found to be consistent in mass, pT and ∆φ. In case of cc̄, the extrapolation beyond the560

measured range shows substantial model dependence. This is evident by more than 400 µb difference between the561

obtained cc̄ cross sections, which is more than 100% compared to the average value.562

We find a smaller variation for bb̄, which is less than 50% of the average bb̄ cross section value. This variation is563

entirely due to the model dependence of cc̄ production. The extrapolation of bb̄ from the measured range shows little564

model dependence, because in our acceptance the decay kinematics dominate the e+e− pair distributions from bb̄.565

We compare our p+p results directly to e+e− pair measurements from MB d+Au collisions. The cc̄ and bb̄ cross566

sections are determined in the same way for both the systems. Although there is significant model dependence in567

extracting the cross sections, within a given model, there is no difference between the cross sections determined568
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from p+p and the equivalent nucleon-nucleon cross section obtained from d+Au. Furthermore, we compare directly569

the measured e+e− pair mass and pT distributions from p+p and d+Au. After scaling with the number of binary570

collisions, we observe no evidence for nuclear modifications of heavy flavor production in the d+Au system within our571

experimental uncertainties.572
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