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We make up-to-date QCD predictions for open charm and bottom production at RHIC in nucleon-
nucleon collisions at

√
S = 200 GeV. We also calculate the electron spectrum resulting from heavy

flavor decays to allow direct comparison to the data. A rigorous benchmark, including the theoretical
uncertainties, is established against which nuclear collision data can be compared to obtain evidence
for nuclear effects.

Over the past few years, heavy quark production at
colliders has received considerable attention since a va-
riety of measurements (photon-photon, photoproduction
and pp̄ collisions) seemed to suggest a discrepancy, in par-
ticular for bottom production, with respect to standard
next-to-leading order (NLO) Quantum Chromodynamics
(QCD) predictions. New theoretical analyses and better
measurements have, however, largely reduced this dis-
crepancy to the point that, in most cases, it no longer
appears significant (see Refs. [1, 2] for a review and rele-
vant references).

It is important to continue to validate this theoreti-
cal framework and its phenomenological inputs1 in new
measurements such as the recent heavy flavor data ob-
tained at the Relativistic Heavy Ion Collider (RHIC) by
PHENIX [3] and STAR [4,5]. Data taken in pp and d+Au
collisions at

√
SNN = 200 GeV and compared to theo-

retical benchmark calculations will aid in the interpreta-
tion of heavy flavor production in nucleus-nucleus colli-
sions at the same energies. In these heavy ion collisions,
which seek to establish the existence of the quark-gluon
plasma (QGP), a number of effects on heavy flavor pro-
duction have been predicted. Of particular interest are
effects which modify the transverse momentum spectra
of heavy flavor hadrons and their decay products, includ-
ing energy loss [6–9], transverse momentum broadening
in both cold nuclear matter [10] and in passage through
a hadronizing QGP [11] as well as collective effects such

as transverse flow [12,13]. In addition, J/ψ regeneration
in a QGP from the initial open charm yield has been
suggested [14–16]. Thus up-to-date benchmark calcula-
tions of both the total charm yield and the transverse
momentum spectra are imperative.

The RHIC data are conveniently presented as real
observables, either as reconstructed hadronic decays of
charm mesons or as the heavy flavor decay electron spec-
tra, with contributions from both charm and bottom
hadron decays. In both cases, the transverse momentum
spectra are presented. Such concrete observables, which
can be directly compared to predictions of the same quan-
tities, stand in contrast to the often adopted procedure of
experimental ‘deconvolution’ to a more basic level. Such
a deconvolution to the bare heavy quark level and the
subsequent extrapolation to full phase space, sometimes
involving large factors, risks biasing the data since the-
oretical prejudice enters in both the deconvolution and
the extrapolation, and should therefore be avoided.

The purpose of this paper is neither to review all possi-
ble methods to evaluate the heavy quark cross section in
heavy ion collisions, nor to perform a detailed analysis of
the data. Instead, besides comparing the RHIC data to
the most up-to-date QCD predictions, we establish the
aforementioned benchmark calculation for further com-
parisons. To this end, we thus adhere to the rigorous
QCD framework shown to be successful in pp̄ collisions.
Significant deviations from this benchmark could thus

1We emphasize that such inputs were not chosen in order to fit the data, but rather consistently extracted from other exper-
imental measurements.
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signal the presence of effects specific to the high density
environment of heavy ion collisions, such as those men-
tioned previously.

To make comparisons at various levels (while preferring
the final observable), in this letter we present predictions
of the transverse momentum, pT, distributions of charm
and bottom quarks, the charm and bottom hadron dis-
tributions resulting from fragmentation and, finally, the
electrons produced in semileptonic decays of the hadrons.
At each step, we clarify the theoretical framework as well
as the parameters and phenomenological inputs. Theo-
retical uncertainties are estimated as extensively as pos-
sible since comparisons of data with theory should not be
performed at the ‘central value’ level only but should also
include the respective uncertainties. Our final prediction
is thus not a single curve but rather an uncertainty band
which has a reasonably large probability of containing
the ‘true’ theoretical prediction.

The theoretical prediction of the electron spectrum in-
cludes three main components: the pT and rapidity dis-
tributions of the heavy quark Q in pp collisions at

√
S =

200 GeV, calculated in perturbative QCD; fragmentation
of the heavy quarks into heavy hadrons, HQ, described
by phenomenological input extracted from e+e− data;
and the decay of HQ into electrons according to spectra
available from other measurements. This cross section is
schematically written as

Ed3σ(e)

dp3
=
EQd

3σ(Q)

dp3
Q

⊗ D(Q→ HQ) ⊗ f(HQ → e) ,

where the symbol ⊗ denotes a generic convolution. The
electron decay spectrum term f(HQ → e) also implicitly
accounts for the proper branching ratio.

The distribution Ed3σ(Q)/dp3
Q is evaluated at the

Fixed-Order plus Next-to-Leading-Log (FONLL) level,
implemented in Ref. [17]. In addition to including the
full fixed-order NLO result [18, 19], the FONLL calcu-
lation also resums [20] large perturbative terms propor-
tional to αn

s logk(pT/m) to all orders with next-to-leading
logarithmic (NLL) accuracy (i.e. k = n, n− 1) where m
is the heavy quark mass. The perturbative parameters
are the heavy quark mass and the value of the strong cou-
pling, αs. We take mc = 1.5 GeV and mb = 4.75 GeV
as reference values and vary the masses over the range
1.3 < mc < 1.7 GeV for charm and 4.5 < mb < 5
GeV for bottom to estimate the resulting mass uncer-
tainties. The QCD scale at five flavors, Λ(5), is set to

0.226 GeV, i.e. the value provided by the CTEQ6M par-
ton densities. The perturbative calculation also depends
on the unphysical factorization (µF ) and renormalization
(µR) scales. The sensitivity of the cross section to their
variation can be used to estimate the perturbative un-
certainty due to the absence of higher orders. We have
taken µR,F = µ0 =

√

p2
T

+m2 as a central value and
varied the two scales independently within a ‘fiducial’ re-
gion defined by µR,F = ξR,Fµ0 with 0.5 ≤ ξR,F ≤ 2
and 0.5 ≤ ξR/ξF ≤ 2. In practice, we use the following
seven sets: {(ξR, ξF )} = {(1,1), (2,2), (0.5,0.5), (1,0.5),
(2,1), (0.5,1), (1,2)}. The envelope containing the result-
ing curves defines the uncertainty. Finally, the uncertain-
ties stemming from mass and scale variations are added
in quadrature.

These ‘perturbative’ inputs lead to a FONLL total cc̄
cross section in pp collisions of σFONLL

cc̄ = 256+400
−146 µb at√

S = 200 GeV. The theoretical uncertainty is evaluated
as described above. The corresponding NLO prediction2

is 244+381
−134 µb. Thus the two calculations are equivalent

at the total cross section level within the large perturba-
tive uncertainties, as expected. The total cross section
for bottom production is σFONLL

bb̄
= 1.87+0.99

−0.67 µb.

The fragmentation functions D(c → D) and D(b →
B), where D and B indicate a generic admixture of
charm and bottom hadrons, are consistently extracted
from e+e− data in the context of a FONLL-type calcula-
tion, as described in Refs. [21–23]. The charm fragmen-
tation function [23] depends on the parameter r [24] with
r = 0.1 for mc = 1.5 GeV, r = 0.135 for mc = 1.7 GeV,
and r = 0.06 for mc = 1.3 GeV from e+e− fits. Bottom
fragmentation instead depends on the parameter α in a
functional form by Kartvelishvili et al. [25]: α = 29.1 for
mb = 4.75 GeV, α = 34 for mb = 5 GeV, and α = 25.6
for mb = 4.5 GeV (see Ref. [22]). It is worth noting that
using the Peterson et al. fragmentation function [26],
with standard parameter choices εc ' 0.06 ± 0.03 and
εb ' 0.006±0.003 would not provide a valid description of
fragmentation in FONLL [21]. Fragmentation is numeri-
cally performed by rescaling the quark three-momentum
at a constant angle in the laboratory frame. This choice
is, to some extent, arbitrary. Alternatively, one might
rescale the transverse momentum at constant rapidity.
While all choices are equivalent at pT � m, they will, in
general, lead to different results at pT ' m, where a large
fraction of the RHIC data lie. The ensuing uncertainty
is, however, not larger than the perturbative ones [22]
and will therefore not be considered in more detail.

2Note that since the FONLL and NLO tend to coincide in the small transverse momentum region and the total cross section
is dominated by low pT , the total cross sections and their uncertainties are nearly equal in the FONLL and NLO approaches.

Earlier papers [10] used mc = 1.2 GeV and µR = µF = 2
√

p2
T

+ m2 as reference parameters. With this choice we find
σNLO

cc̄ = 427 µb.
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FIG. 1. The theoretical uncertainty bands for the charm
quark and D meson pT distributions in pp collisions at√

S = 200 GeV, using BR(c → D) = 1. STAR data
from d+Au collisions (scaled to pp using Nbin = 7.5) at√

SNN = 200 GeV, final [4] and preliminary [5], are also
shown.

FIG. 2. The theoretical uncertainty bands for the bot-
tom quark and B meson pT distributions in pp collisions at√

S = 200 GeV, using BR(b → B) = 1.

The decay of the D and B mesons into electrons is
controlled by the experimentally measured decay spectra
and branching ratios (BR). The spectrum for primary
B → e decays has been measured recently by BaBar [28]
and CLEO [29]. We have used a model that fits the data
well and assume it to be valid for all bottom hadrons.

Preliminary CLEO data on the inclusive electron spec-
trum in semi-leptonic D decays have been shown [30].
We fitted this spectrum and we assume it to be identi-
cal for all charm hadrons. Finally, the contribution of
electrons from the secondary B decays B → D → e has
also been accounted for. The relevant electron spectrum
has been obtained as a convolution of the D → e spec-
trum mentioned above with a parton-model prediction
for the b → c decay. The resulting electron spectrum
is very soft, suggesting that its contribution to the total
will most likely be negligible.

To normalize the decay spectra, we use the branch-
ing ratios for bottom and charm hadron mixtures3 ap-
propriate to this high energy regime [27]: BR(B →
e) = 10.86 ± 0.35%, BR(D → e) = 10.3 ± 1.2%, and
BR(B → D → e) = 9.6 ± 0.6%.

We first present the transverse momentum distribu-
tions for charm quarks and charm hadrons. Figure 1
shows the theoretical uncertainty bands for the two dis-
tributions, obtained by summing the mass and scale un-
certainties in quadrature4. There is considerable arbi-
trariness in the choice of the method used to assess the
theoretical uncertainties. In fact, the meaning of the the-
oretical error due to unknown higher order effects is, to
a large extent, subjective. The recipe we follow is often
used in calculations of cross sections at hadron colliders
and is similar to the one used to compute heavy flavor
cross sections at the Tevatron (see Refs. [22, 23, 31]). By
experience, we assign a probability of 80-90% that the
true result lies within the band. Note that the band is
enlarged at low pT due to the large value of αs at low
scales and the increased sensitivity of the cross section
to the charm quark mass. It is also worth noting that,
due to the fairly hard fragmentation function, the D me-
son and c quark distributions begin to differ outside the
uncertainty bands only for pT > 9 GeV. The same com-
parison is shown in Fig. 2 for bottom quarks and the
subsequent B mesons. As a result of the harder b → B
fragmentation function, the two bands partially overlap
for pT ' 20 GeV and beyond.

We next consider the transverse momentum distri-
butions of electrons from D and B decays. Figure 3
shows the contributions from D → e, B → e and
B → D → e decays as well as the total. As antici-
pated, the B → D → e secondary electron spectrum is
extremely soft, only exceeding the primary B → e decays
at pT < 1 GeV. It is always negligible with respect to the
total yield. We further note that the electron spectrum

3Note that the experimental uncertainties on the BRs have not been included in the overall uncertainty of the predictions,
since they are much smaller than those of perturbative origin.

4For example, the value of the upper curve is U(pT) = C(pT) +
√

(Ms(pT) − C(pT))2 + (Mm(pT) − C(pT))2, where C stands
for the central values, Ms is the maximum cross section obtained by choosing mc = 1.5 GeV with the scale factors in our seven
fiducial sets, and Mm is the maximum cross section obtained with ξR = ξF = 1 and mc = 1.3, 1.5 and 1.7 GeV.
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from B decays becomes larger than that of electrons from
D decays at pT ' 4 GeV. The qualitative features of this
plot are in good agreement with results obtained by the
RHIC Collaborations using the PYTHIA event genera-
tor [32].

FIG. 3. The various components of the electron transverse
momentum spectrum, calculated with the central masses and
scales, i.e. mc = 1.5 GeV, mb = 4.75 GeV and ξR,F = 1.

FIG. 4. The final prediction for the theoretical uncertainty
band of the electron spectrum from charm and bottom in pp

collisions. Data from PHENIX [3] and STAR (final [4] and
preliminary [5]) are also shown.

Finally, in Fig. 4 we show the theoretical uncer-
tainty band for electrons coming from charm and bottom
hadron decays at

√
S = 200 GeV at RHIC. The sum of

the three components shown in Fig. 3 corresponds to the
central value of the band in Fig. 4. The upper and lower
limit of the band are obtained by summing the upper and
lower limit for each component.

In conclusion, we have evaluated the higher order QCD
charm and bottom quark production cross sections in√
S = 200 GeV pp collisions at RHIC. The results are

presented in the form of a theoretical uncertainty band
for the transverse momentum distribution of either bare
charm (bottom), D (B) mesons, or electrons originating
from the decay of charm and bottom hadrons. These re-
sults (which can be obtained in numerical form from the
authors) should not be multiplied by any K factor before
comparison with data. Rather, agreement within the
uncertainties of the measurements will support the ap-
plicability of standard QCD calculations to heavy quark
production at RHIC. Alternatively, a significant disagree-
ment will suggest the need to complement this evaluation
with further ingredients.
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