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1. Introduction

Heavy flavor and quarkonium production are complementavggsses since the quarkonium
cross section is some fraction of the total heavy flavor csession. At the most basic level, the
calculation of the quarkonium production cross sectioh@dolor evaporation model [1] is based
on parameters set from evaluation of the open heavy flavesa@ection. It was shown some time
ago that the energy dependence of the open charm and chammgpndduction cross section was
essentially the same, both for photoproduction and haddymtion [2]. Thus a good understanding
of the energy dependence of the charm cross section is iamdd fix the energy dependence of
theJ/y cross section.

Heavy flavor production is unique in that the total heavy ftgpmduction cross section is
analytically calculable to leading order at the partoniele In addition the finite heavy flavor
mass provides a scale to control the transverse momenttritbgiions down topr — 0.

In the absence of any nuclear effects, the heavy flavor cexgiors inpA and AA collisions
would simply scale with the number of binary collisions. $hdepartures from binary scaling for
heavy flavor production provide information about nucleffeats. These can be divided into two
categories: effects due to embedding the colliding pariorss nucleus (cold matter effects) and
effects due to the large energy density in the final staeArollisions.

The study of dense matter effects requires a detailed ulateling of cold matter effects so
that they can be unfolded from the dense matter effects. ¥ample, the nuclear suppression
factor, Rag(pr,Y,b) = (doag/d prdy)/(Tas(b)dopp/d prdy), whereAB representsp/d+A or two
colliding nuclei andTag(b) is the nuclear overlap function at impact paramétetepends on both
the cold matter effects idoag/d prdy as well as the baseline cross sectiopncollisions. If the
pp cross section is unmeasured or suffers from poor staligt@auracy, the interpretation of the
AAresults may be difficult [3].

Previous estimates of the total charm cross section hage laicertainties due to the choice
of charm quark mass and the rather wide range of factorizainm renormalization scales chosen
to delineate the uncertainties [4, 5]. In this proceeding,discuss a fit to the total charm cross
section data [7] and compare to some relevant heavy flavar dée then use the fit parameters
and their associated uncertainties to determine the wictes on thel /¥ cross section. We also
show some of our results on cold matter effects)pgr production.

2. Open Heavy Flavor Production

The total charm cross section calculated in perturbativ®@ffers from large uncertainties
due to the choice of quark mass, factorization scale andmealization scale [5]. Typical lower
limits of the factorization and renormalization scaleslza# the chosen charm quark mass [4]. In
this case, the factorization scale is below the minimumeso&the parton densities. In addition,
for renormalization scales below 1 GeV, the strong couptiogstantas becomes large and the
perturbative expansion is unlikely to converge. Thus wé seset of physically defensible mass
and scale parameters that reduce the cross section unteri2gecause th@/y cross sections are
calculated with the same set of mass and scale parametepgmglioarm production in the Color
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Evaporation Model [6], we also place limits on thgy 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 thedRaBRata Group (PDG) value
based on lattice determinations of the charm quark masseiVi®h scheme apy = m: m(m) =
1.274+0.09 GeV [8]. We fit the factorization and renormalization scphrameters to a subset of
the fixed target total charm production data with 25&e.m< 920 GeV. The data were evaluated
and adjusted to the values we employ in our fits using the np#bdate branching ratios for the
measured decay channels in Ref. [9]. We also include data frath PHENIX [10] and STAR
[11, 12] at, /5, = 200 GeV. We neglect unknown next-order uncertainties whalid be large
for charm where the mass is relatively small afithr?) corrections could be significant.

The best fit yields the parameter valuas= 1.27 GeV,ur /m= 2.1 252 andpr/m=1.675-13.
We show thex?/dof fit contours on the left-hand side of Fig. 1 ftyx?/dof = 0.3, 1 and 2.3. The
one standard deviation uncertainty in the fitted valugofm (Lr/m) was taken as the maximum
extent of theAx?/dof = 1 contour along theis /m (ur/m) axis. The one standard deviation un-
certainty in the total cross section is the range of crosasecresulting from all combinations
of pg /mand pr/m contained within thedx?/dof = 2.3 contour. TheAx?/dof = 0.3 contour is
to guide the eye. Note the narrow rangepig/ m relative to the much broades= /mrange. The
uncertainty onug /mis larger and very asymmetric. There is a greater unceytaintthe upper
limit than the lower limit because there is a much greatengbanxg(x, u2) at lower factorization
scales than whepg > L, the minimum scale of the parton densities.
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Figure 1: (Left) The x?/dof contours for a fit to the fixed target data as well as the RBXEand STAR
cross sections a¢s = 200 GeV. The best fit values are given for the furthest extetiteAx? = 1 contours.
(Right) The energy dependence of the charm total crososemimpared to data. The central value of the fit
is given by the solid red curve while the dashed magenta swand dot-dashed cyan curves show the extent
of the uncertainty bands, corresponding to the furthestrixdf theAx? = 1 contours, see text for details.
The solid blue curves in the range.4% /s < 200 GeV represent the uncertainty obtained from the extent
of theAx? = 2.3 contour.
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Figure 2: Our calculations are compared with the ALICE inclusive gnguon data from heavy flavor
decays [13] at the LHC fopp collisions at\/s= 7 TeV. (Left) The contributions to thpr distributions
divided into rapidity bins, from top to bottom:.2< y < 2.8 (solid red); 28 < y < 3.1 (solid blue); 31 <

y < 3.4 (dashed red); .8 < y < 3.7 (dashed blue); and.B< y < 4 (dot-dashed red). The top curves are
shown at their calculated value, the others are scaled dgwsutcessive factors of 10 to separate them.
(Right) The sum of contributions to the rapidity distrilariiare compared with the FONLL parameter set
for charm centered aih = 1.5 GeV [4] (solid red) and our results with= 1.27 GeV (dashed black).

The right panel of Fig. 1 shows the energy dependence of takdimarm cross section for the
fits, with the corresponding uncertainty based on resulitsguthe one standard deviation uncer-
tainties on the quark mass and scale parameters. If theatempper and lower limits ofirF/m
are denoted a8, H, andL respectively, then the seven sets corresponding to thdogevef the
scale uncertainty aré(ur/m,ur/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 quaakshare 1.36 and 1.18 GeV. The
uncertainty band can be obtained for the best fit sets by gddeuncertainties from the mass and
scale variations in quadrature. The envelope containiagebulting curves,

Omax = Ocentt+ \/(Uu.max— Ucent)z + (am,max— Ucent)z ) (2.1)

Omin = Ocent— \/(Uu.min — Ocent)? + (Ommin — Ocent)? , (2.2)

defines the uncertainty. The maximum and minimum scalefuire cross sectiongyy max and
Ou,min, are the largest and smallest cross sections based on th#nagion of yr /m and ug/m
values given above.

The uncertainty bands are shown for two cases: the regiameaétd above, similar to Ref. [4],
and including the most extreme cas@s /m, ur/m) = (H,L) and(L,H). The difference between
the outer magenta curves, which include these extremesthandyan curves, which do not, is
very small. Therefore, it is reasonable to neglect the ex¢e We also show the result for a one
standard deviation uncertainty in the total cross sectiatained from theAy? = 2.3 contour in
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the blue lines. We have also added the 2.76 and 7 TeV totad sexgions obtained by the ALICE
collaboration inpp collisions [14], not included in our fits. The calculation® an rather good
agreement with the data.

We use the FONLL approach [4] to calculate the heavy flavorilspionic decay kinematic
distributions to compare to single lepton spectra whicluite B decays as well ab decays. The
B — u andB — D — u bands are calculated with the same mass and scale paraasieRRef. [4].
The D — u band is calculated for our best fit parameter set. Figure Zoeoes our calculations
with the ALICE single muon data in the forward rapidity regi®5 < y < 4 [13]. The data are
given for 2< pr < 12 GeV and separated into five rapidity bins, each 0.3 unitenas shown
in the left panel of Fig. 2. The calculations agree well whie tneasurements over the entjre
range. On the right-hand side of Fig. 2 we present our resutte dashed curves as a function of
rapidity, integrated over the sarmpe range as the data,2 pr < 12 GeV. We also show the rapidity
distribution obtained using the FONLL charm parameter s#t & central charm quark mass of
m= 1.5 GeV in red. Thepr-integrated ALICE data agree well with both calculationbeTesults
with the fitted charm parameter set narrow the uncertaintyd haithout sacrificing consistency
with the measured data.

While the agreement between the lepton measurements at &itlthe LHC and our calcu-
lations is encouraging, as noted here and in Ref. [4], tteesgghificant admixture of semileptonic
charm and bottom decays, particularly at lepfait> 4 GeV. A better test of our results would be a
comparison to open charm hadron data. Thus, in Fig. 3, we grelP distributions in the ALICE
[15] and the LHCDb [16] acceptances at midrapidity and fodvapidity respectively as well as the
rapidity distribution.
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Figure 3: Our calculations are compared with the reconstru@®aneson data at midrapidity [15] (left)
and forward rapidity [16] (center) afs= 7 TeV and as a function of rapidity, integrated oper(right). At
midrapidity the red curves show the uncertainty band baseal charm mass of 1.5 GeV while the results
with the present fits are shown in blue. The forward rapidétigelations are shown in the rapidity intervals:
2 <y< 25 (solid red); 25 < y < 3 (solid blue); 3< y < 3.5 (dashed red);.3 < y < 4 (dashed blue); and
4 <y < 4.5 (dot-dashed red). The curves are calculated with the cfigparameters. The sets of results are
separated by a factor of 10 between rapidity intervals tiiate comparison. The lowest rapidity interval,
2<y< 25, is notscaled.

The left-hand side of Fig. 3 compares the FONLL calculatiomith the parameter set based
on a charm mass of 1.5 GeV and & ur /m, ur/m < 1 (in red) with the fitted parameters based
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onm=1.27 GeV (in blue) to the ALICED® meson data at midrapidity. The upper and lower limits
of both bands are shown. While the ALICE data are in agreeméhtthe upper limits of both
calculations, the largB meson uncertainty is reduced at I with the fitted parameter set. The
center of Fig. 3 shows the upper and lower limits of the FONalcualation based om=1.27 GeV

in the five rapidity intervals oy = 0.5 in the range Z 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 withiis ttame framework. In the
CEM, the quarkonium production cross section is some frackc, of all QQ pairs below theHH
threshold wheréH is the lowest mass heavy-flavor hadron. WeR§tto the forward (integrated
over xg > 0) J/ cross section data on onfy, Be, Li, C, and Si targets. In this way, we avoid
uncertainties due to ignoring any cold nuclear matter &fetiich are on the order of a few percent
in light targets. We also restricted ourselves to the fodanapss sections only.
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Figure 4: (Left) The uncertainty band on the forwaddy cross section calculated based on tiadit.
The solid curve is the result based on central value of tha eparm fit. The dashed magenta curves and
dot-dashed cyan curves show the extent of the correspondicgytainty bands. (Center) THéy rapidity
distributions compared to data from 7 TeV [17] (red pointd &and) and 2.76 TeV [18] (blue points and
band). (Right) The forwargr distributions (25 < y < 4) are also shown. No additional scaling factor has
been applied. Ak2) kick of 1.49 Ge\# (7 TeV) and 1.41 Ge¥(2.76 TeV) is applied to thpr distributions.

We use the same values of the central charm quark mass aescaimeters as we found for
open charm to obtain th&/ ¢ normalizationkc for (m, yg /m, Ur/m) = (1.27 GeV,2.1,1.6)). We
determinefc only for the above central parameter set and scale the aditm$ of the open charm
cross section with the mass cut by the same valug @b obtain the extent of thé/ (¢ uncertainty
band. The result is shown on the left-hand side of Fig. 4.

The ALICE 2.76 and 7 TeV inclusiv&/  rapidity and forwardpr distributions (25 <y < 4)
are shown in the center and right panels of Fig. 4. The rapdigtribution at,/s= 7 TeV is flat
over several units of rapidity. The calculated rapiditytrdisition at 2.76 TeV is not as broad and
the agreement with the data is rather good although the pidita point remains high relative
to the central value of the calculation. The agreement ot#teulatedpy distributions with the
forward rapidity data is quite good with the exception of lingest pr points where the calculated
distributions turn over more quickly than the data.



Heavy Flavor and Quarkonium R. Vogt

4. Cold Matter Effects

There are a number of possible cold matter effectd/approduction, including modifications
of the parton densities in nuclei (shadowing); breakup ef gmarkonium state due to inelastic
interactions with nucleons (absorption); and energy lossald matter. Since the quarkonium
absorption cross section decreases with center-of-masgyemve can expect that shadowing is the
most important cold matter effect at midrapidity, see REf3, 20]. Here we show results for the
rapidity andpr dependence of shadowing g§, = 200 GeV for d+Au collisions at RHIC and
the rapidity dependence g5 = 5 TeV p+Pb collisions, neglecting absorption. Fig. 5 shows the
uncertainty in the shadowing effect due to uncertaintieghénEPS09 shadowing parameterization
[21] (red) as well as those due to the mass and scale undertaobtained in the fit to the total
charm cross section (blue) calculated with the EPS09 desdtaAll the calculations are next-to-
leading order in the total cross section. The EPS09 bandt&naa by calculating the deviations
from the central value for the 15 parameter variations dmeeiside of the central set and adding
them in quadrature. With the new uncertainties on the chaosscsection, the band obtained with
the mass and scale variation is narrower than that with tf&0BRariations.

T T

Figure5: The ratioRya, calculated with the central EPS09 set and central mass alelgarameters (red).
The variation due to mass and scale choice is given by thedotidashed histograms while the variation in
the EPS09 parameterization with the central mass and sahlesvis shown by the red dashed histograms.
The left and center panels give the result as a function aflity@and pr respectively for, /5, = 200 GeV
d+Au collisions while the right panel shows the result as recfion of rapidity for, /5, = 5 TeV p+Pb
collisions.

5. Summary

We have narrowed the uncertainty band on the open heavy ftesss section and, in so doing,
have also provided a realistic uncertainty band pgv production in the Color Evaporation Model.
While the fits have been made by comparing the calculated Niabne production cross section to
available data at fixed-target energies and at RHIC, theijnageod agreement with the extracted
total charm cross sections at the LHC. The same parametalssgbrovides good agreement with
the distributions of single leptons from semileptonic hefavor decays at RHIC and the LHC as
well as the reconstructdd meson distributions.
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We have used the same fit parameters in the calculatidpigpproduction in the color evapo-
ration model and have thus provided the first uncertaintyltwam] /¢ production in this approach.
The energy dependence of the taldly cross section that results is a good match to the data up
to collider energies. Thpr distributions are also in good agreement with the data fréthCRand
the LHC.

Finally, we have shown uncertainties in shadowing effentd /@) production as a function of
rapidity and transverse momentum. The uncertaintiestiagdtom the mass and scale parameters
are smaller than those due to gluon shadowing.
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