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1. Introduction

Heavy flavor and quarkonium production are complementary processes since the quarkonium
cross section is some fraction of the total heavy flavor crosssection. At the most basic level, the
calculation of the quarkonium production cross section in the color evaporation model [1] is based
on parameters set from evaluation of the open heavy flavor cross section. It was shown some time
ago that the energy dependence of the open charm and charmonium production cross section was
essentially the same, both for photoproduction and hadroproduction [2]. Thus a good understanding
of the energy dependence of the charm cross section is important to fix the energy dependence of
theJ/ψ cross section.

Heavy flavor production is unique in that the total heavy flavor production cross section is
analytically calculable to leading order at the partonic level. In addition the finite heavy flavor
mass provides a scale to control the transverse momentum distributions down topT → 0.

In the absence of any nuclear effects, the heavy flavor cross sections inpA andAA collisions
would simply scale with the number of binary collisions. Thus departures from binary scaling for
heavy flavor production provide information about nuclear effects. These can be divided into two
categories: effects due to embedding the colliding partonsin a nucleus (cold matter effects) and
effects due to the large energy density in the final state inAAcollisions.

The study of dense matter effects requires a detailed understanding of cold matter effects so
that they can be unfolded from the dense matter effects. For example, the nuclear suppression
factor, RAB(pT ,y,b) = (dσAB/dpTdy)/(TAB(b)dσpp/dpTdy), whereAB representsp/d+A or two
colliding nuclei andTAB(b) is the nuclear overlap function at impact parameterb, depends on both
the cold matter effects indσAB/dpTdy as well as the baseline cross section inpp collisions. If the
pp cross section is unmeasured or suffers from poor statistical accuracy, the interpretation of the
AA results may be difficult [3].

Previous estimates of the total charm cross section have large uncertainties due to the choice
of charm quark mass and the rather wide range of factorization and renormalization scales chosen
to delineate the uncertainties [4, 5]. In this proceeding, we discuss a fit to the total charm cross
section data [7] and compare to some relevant heavy flavor data. We then use the fit parameters
and their associated uncertainties to determine the uncertainties on theJ/ψ cross section. We also
show some of our results on cold matter effects onJ/ψ production.

2. Open Heavy Flavor Production

The total charm cross section calculated in perturbative QCD suffers from large uncertainties
due to the choice of quark mass, factorization scale and renormalization scale [5]. Typical lower
limits of the factorization and renormalization scales arehalf the chosen charm quark mass [4]. In
this case, the factorization scale is below the minimum scale of the parton densities. In addition,
for renormalization scales below 1 GeV, the strong couplingconstantαs becomes large and the
perturbative expansion is unlikely to converge. Thus we seek a set of physically defensible mass
and scale parameters that reduce the cross section uncertainty. Because theJ/ψ cross sections are
calculated with the same set of mass and scale parameters as open charm production in the Color
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Evaporation Model [6], we also place limits on theJ/ψ cross section calculated in the CEM for
the first time. See Ref. [7] for full details.

The charm quark mass we employ in our calculations is the Particle Data Group (PDG) value
based on lattice determinations of the charm quark mass in the MS scheme atµ = m: m(m) =

1.27±0.09 GeV [8]. We fit the factorization and renormalization scale parameters to a subset of
the fixed target total charm production data with 250≤ Ebeam≤ 920 GeV. The data were evaluated
and adjusted to the values we employ in our fits using the most up-to-date branching ratios for the
measured decay channels in Ref. [9]. We also include data from both PHENIX [10] and STAR
[11, 12] at

√
sNN = 200 GeV. We neglect unknown next-order uncertainties whichcould be large

for charm where the mass is relatively small andO(α4
s ) corrections could be significant.

The best fit yields the parameter valuesmc = 1.27 GeV,µF/m= 2.1+2.55
−0.85 andµR/m= 1.6+0.11

−0.12.
We show theχ2/dof fit contours on the left-hand side of Fig. 1 for∆χ2/dof = 0.3, 1 and 2.3. The
one standard deviation uncertainty in the fitted value ofµF/m (µR/m) was taken as the maximum
extent of the∆χ2/dof = 1 contour along theµF/m (µR/m) axis. The one standard deviation un-
certainty in the total cross section is the range of cross sections resulting from all combinations
of µF/m andµR/m contained within the∆χ2/dof = 2.3 contour. The∆χ2/dof = 0.3 contour is
to guide the eye. Note the narrow range inµR/m relative to the much broaderµF/m range. The
uncertainty onµF/m is larger and very asymmetric. There is a greater uncertainty on the upper
limit than the lower limit because there is a much greater change inxg(x,µ2

F ) at lower factorization
scales than whenµF ≫ µ0, the minimum scale of the parton densities.
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Figure 1: (Left) The χ2/dof contours for a fit to the fixed target data as well as the PHENIX and STAR
cross sections at

√
s= 200 GeV. The best fit values are given for the furthest extent of the∆χ2 = 1 contours.

(Right) The energy dependence of the charm total cross section compared to data. The central value of the fit
is given by the solid red curve while the dashed magenta curves and dot-dashed cyan curves show the extent
of the uncertainty bands, corresponding to the furthest extent of the∆χ2 = 1 contours, see text for details.
The solid blue curves in the range 19.4≤√

s≤ 200 GeV represent the uncertainty obtained from the extent
of the∆χ2 = 2.3 contour.
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Figure 2: Our calculations are compared with the ALICE inclusive single muon data from heavy flavor
decays [13] at the LHC forpp collisions at

√
s = 7 TeV. (Left) The contributions to thepT distributions

divided into rapidity bins, from top to bottom: 2.5 < y < 2.8 (solid red); 2.8 < y < 3.1 (solid blue); 3.1 <

y < 3.4 (dashed red); 3.4 < y < 3.7 (dashed blue); and 3.7 < y < 4 (dot-dashed red). The top curves are
shown at their calculated value, the others are scaled down by successive factors of 10 to separate them.
(Right) The sum of contributions to the rapidity distribution are compared with the FONLL parameter set
for charm centered atm= 1.5 GeV [4] (solid red) and our results withm= 1.27 GeV (dashed black).

The right panel of Fig. 1 shows the energy dependence of the total charm cross section for the
fits, with the corresponding uncertainty based on results using the one standard deviation uncer-
tainties on the quark mass and scale parameters. If the central, upper and lower limits ofµR,F/m
are denoted asC, H, andL respectively, then the seven sets corresponding to the envelope of the
scale uncertainty are{(µF/m,µR/m)} = { (C,C), (H,H), (L,L), (C,L), (L,C), (C,H), (H,C)}.
The upper and lower limits on the PDG value of the charm quark mass are 1.36 and 1.18 GeV. The
uncertainty band can be obtained for the best fit sets by adding the uncertainties from the mass and
scale variations in quadrature. The envelope containing the resulting curves,

σmax = σcent+
√

(σµ ,max−σcent)2 +(σm,max−σcent)2 , (2.1)

σmin = σcent−
√

(σµ ,min−σcent)2 +(σm,min−σcent)2 , (2.2)

defines the uncertainty. The maximum and minimum scale-dependent cross sections,σµ ,max and
σµ ,min, are the largest and smallest cross sections based on the combination of µF/m and µR/m
values given above.

The uncertainty bands are shown for two cases: the region delineated above, similar to Ref. [4],
and including the most extreme cases(µF/m,µR/m) = (H,L) and(L,H). The difference between
the outer magenta curves, which include these extremes, andthe cyan curves, which do not, is
very small. Therefore, it is reasonable to neglect the extremes. We also show the result for a one
standard deviation uncertainty in the total cross section obtained from the∆χ2 = 2.3 contour in
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the blue lines. We have also added the 2.76 and 7 TeV total cross sections obtained by the ALICE
collaboration inpp collisions [14], not included in our fits. The calculations are in rather good
agreement with the data.

We use the FONLL approach [4] to calculate the heavy flavor semileptonic decay kinematic
distributions to compare to single lepton spectra which includeB decays as well asD decays. The
B→ µ andB→D→ µ bands are calculated with the same mass and scale parametersas in Ref. [4].
The D → µ band is calculated for our best fit parameter set. Figure 2 compares our calculations
with the ALICE single muon data in the forward rapidity region, 2.5 < y < 4 [13]. The data are
given for 2< pT < 12 GeV and separated into five rapidity bins, each 0.3 units wide, as shown
in the left panel of Fig. 2. The calculations agree well with the measurements over the entirepT

range. On the right-hand side of Fig. 2 we present our resultsin the dashed curves as a function of
rapidity, integrated over the samepT range as the data, 2≤ pT ≤ 12 GeV. We also show the rapidity
distribution obtained using the FONLL charm parameter set with a central charm quark mass of
m= 1.5 GeV in red. ThepT-integrated ALICE data agree well with both calculations. The results
with the fitted charm parameter set narrow the uncertainty band without sacrificing consistency
with the measured data.

While the agreement between the lepton measurements at RHICand the LHC and our calcu-
lations is encouraging, as noted here and in Ref. [4], there is significant admixture of semileptonic
charm and bottom decays, particularly at leptonpT > 4 GeV. A better test of our results would be a
comparison to open charm hadron data. Thus, in Fig. 3, we showtheD0 distributions in the ALICE
[15] and the LHCb [16] acceptances at midrapidity and forward rapidity respectively as well as the
rapidity distribution.

Figure 3: Our calculations are compared with the reconstructedD0 meson data at midrapidity [15] (left)
and forward rapidity [16] (center) at

√
s= 7 TeV and as a function of rapidity, integrated overpT (right). At

midrapidity the red curves show the uncertainty band based on a charm mass of 1.5 GeV while the results
with the present fits are shown in blue. The forward rapidity calculations are shown in the rapidity intervals:
2 < y < 2.5 (solid red); 2.5 < y < 3 (solid blue); 3< y < 3.5 (dashed red); 3.5 < y < 4 (dashed blue); and
4 < y< 4.5 (dot-dashed red). The curves are calculated with the charmfit parameters. The sets of results are
separated by a factor of 10 between rapidity intervals to facilitate comparison. The lowest rapidity interval,
2 < y < 2.5, is not scaled.

The left-hand side of Fig. 3 compares the FONLL calculationswith the parameter set based
on a charm mass of 1.5 GeV and 0.5≤ µF/m,µR/m< 1 (in red) with the fitted parameters based
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onm= 1.27 GeV (in blue) to the ALICED0 meson data at midrapidity. The upper and lower limits
of both bands are shown. While the ALICE data are in agreementwith the upper limits of both
calculations, the largeD meson uncertainty is reduced at lowpT with the fitted parameter set. The
center of Fig. 3 shows the upper and lower limits of the FONLL calculation based onm= 1.27 GeV
in the five rapidity intervals of∆y = 0.5 in the range 2< y < 4.5 covered by the LHCb detector.
Here also the agreement with the data is very good.

3. Quarkonium Production

We now turn to a treatment of quarkonium production within this same framework. In the
CEM, the quarkonium production cross section is some fraction,FC, of all QQ pairs below theHH
threshold whereH is the lowest mass heavy-flavor hadron. We fitFC to the forward (integrated
over xF > 0) J/ψ cross section data on onlyp, Be, Li, C, and Si targets. In this way, we avoid
uncertainties due to ignoring any cold nuclear matter effects which are on the order of a few percent
in light targets. We also restricted ourselves to the forward cross sections only.

Figure 4: (Left) The uncertainty band on the forwardJ/ψ cross section calculated based on thecc fit.
The solid curve is the result based on central value of the open charm fit. The dashed magenta curves and
dot-dashed cyan curves show the extent of the correspondinguncertainty bands. (Center) TheJ/ψ rapidity
distributions compared to data from 7 TeV [17] (red points and band) and 2.76 TeV [18] (blue points and
band). (Right) The forwardpT distributions (2.5 < y < 4) are also shown. No additional scaling factor has
been applied. A〈k2

T〉 kick of 1.49 GeV2 (7 TeV) and 1.41 GeV2 (2.76 TeV) is applied to thepT distributions.

We use the same values of the central charm quark mass and scale parameters as we found for
open charm to obtain theJ/ψ normalizationFC for (m,µF/m,µR/m) = (1.27GeV,2.1,1.6)). We
determineFC only for the above central parameter set and scale the calculations of the open charm
cross section with the mass cut by the same value ofFC to obtain the extent of theJ/ψ uncertainty
band. The result is shown on the left-hand side of Fig. 4.

The ALICE 2.76 and 7 TeV inclusiveJ/ψ rapidity and forwardpT distributions (2.5≤ y≤ 4)
are shown in the center and right panels of Fig. 4. The rapidity distribution at

√
s= 7 TeV is flat

over several units of rapidity. The calculated rapidity distribution at 2.76 TeV is not as broad and
the agreement with the data is rather good although the midrapidity point remains high relative
to the central value of the calculation. The agreement of thecalculatedpT distributions with the
forward rapidity data is quite good with the exception of thelowestpT points where the calculated
distributions turn over more quickly than the data.

6



P
o
S
(
C
o
n
f
i
n
e
m
e
n
t
 
X
)
2
0
3

Heavy Flavor and Quarkonium R. Vogt

4. Cold Matter Effects

There are a number of possible cold matter effects onJ/ψ production, including modifications
of the parton densities in nuclei (shadowing); breakup of the quarkonium state due to inelastic
interactions with nucleons (absorption); and energy loss in cold matter. Since the quarkonium
absorption cross section decreases with center-of-mass energy, we can expect that shadowing is the
most important cold matter effect at midrapidity, see Refs.[19, 20]. Here we show results for the
rapidity andpT dependence of shadowing at

√
sNN = 200 GeV for d+Au collisions at RHIC and

the rapidity dependence at
√

sNN = 5 TeV p+Pb collisions, neglecting absorption. Fig. 5 shows the
uncertainty in the shadowing effect due to uncertainties inthe EPS09 shadowing parameterization
[21] (red) as well as those due to the mass and scale uncertainties obtained in the fit to the total
charm cross section (blue) calculated with the EPS09 central set. All the calculations are next-to-
leading order in the total cross section. The EPS09 band is obtained by calculating the deviations
from the central value for the 15 parameter variations on either side of the central set and adding
them in quadrature. With the new uncertainties on the charm cross section, the band obtained with
the mass and scale variation is narrower than that with the EPS09 variations.

Figure 5: The ratioRdAu calculated with the central EPS09 set and central mass and scale parameters (red).
The variation due to mass and scale choice is given by the bluedot-dashed histograms while the variation in
the EPS09 parameterization with the central mass and scale values is shown by the red dashed histograms.
The left and center panels give the result as a function of rapidity and pT respectively for

√
sNN = 200 GeV

d+Au collisions while the right panel shows the result as a function of rapidity for
√

sNN = 5 TeV p+Pb
collisions.

5. Summary

We have narrowed the uncertainty band on the open heavy flavorcross section and, in so doing,
have also provided a realistic uncertainty band onJ/ψ production in the Color Evaporation Model.
While the fits have been made by comparing the calculated NLO charm production cross section to
available data at fixed-target energies and at RHIC, they arein good agreement with the extracted
total charm cross sections at the LHC. The same parameter setalso provides good agreement with
the distributions of single leptons from semileptonic heavy flavor decays at RHIC and the LHC as
well as the reconstructedD meson distributions.
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We have used the same fit parameters in the calculation ofJ/ψ production in the color evapo-
ration model and have thus provided the first uncertainty band onJ/ψ production in this approach.
The energy dependence of the totalJ/ψ cross section that results is a good match to the data up
to collider energies. ThepT distributions are also in good agreement with the data from RHIC and
the LHC.

Finally, we have shown uncertainties in shadowing effects on J/ψ production as a function of
rapidity and transverse momentum. The uncertainties resulting from the mass and scale parameters
are smaller than those due to gluon shadowing.
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