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Abstract

We make a systematic study of the modifications of J/y and T(1§) production in p+Pb collisions at /s, = 5 TeV
at the LHC. We compare the uncertainties in the EPS09 shadowing parameterization to the calculated mass and scale
uncertainties obtained employng the EPS09 NLO central set. We study the dependence of the results on the proton
parton density and the choice of the nuclear modifications. We check whether the results obtained are consistent at
leading and next-to-leading order. The calculations are compared to the available ALICE and LHCb data on the nuclear
modification factors, R,4(y) and R,4(pr), as well as the forward-backward asymmetries, Rpp(y) and Rrp(pr). Finally,
we make predictions for the next Pb+Pb run at /s, = 5.1 TeV in Run 2 of the LHC.
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1. Introduction

Proton-nucleus collisions have been used as a intermediate baseline for the determination of cold medium
effects. They lie between proton-proton collisions in vacuum and nucleus-nucleus collisions which are ex-
pected to be dominated by hot matter effects. Modifications of the quark densities in nuclei relative to those
of the proton are well established although those of the gluons in the nucleus are not well understood. We
focus on the effect of these on quarkonium production in proton-lead collisions at the LHC at a center of
mass energy of 5.02 TeV. We determine whether it is possible for the LHC proton-lead data to be described
by nuclear modifications of the parton densities, referred to as shadowing, alone.

Here we show a selection of results from Ref. [1]. We employ the color evaporation model of quarko-
nium production at next-to-leading order in the total cross section and leading order in the transverse mo-
mentum dependence. We study the choice of shadowing parameterization on the result. We also investigate
the size of the mass and scale uncertainties relative to the uncertainty on the shadowing parameterization,
both on the cross section and the ratio of cross sections. Finally, we show predictions for the pr dependence
of the Pb+Pb results at v/s = 5.1 TeV for the EPS09 NLO [2] shadowing parameterization. For the full
results, including Rrp, R,p,(y) and the pr dependence of R,py, at backward and midrapidity, as well as all
the Y results, see Ref. [1].
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2. Results

We use the same values of the charm quark mass and scale parameters as found in Ref. [3] to obtain
the normalization Fc for the J/y, (m,up/m,pug/m) = (1.27 + 0.09 GeV,2.1*223,1.670-1)). In the case of
Y production, we employ (m, i /m, ug/m) = (4.65 + 0.09 GeV, 1.47077 1.1*0:55). The calculations shown
here employ the CT10 proton parton densities [4]. We determine F¢ only for the central parameter set in
each case and scale all the other calculations by the same value of F¢ to obtain the extent of the J/ and T
mass and scale uncertainty bands. We compare our results to the ALICE J/y data [5, 6] here.

Figure 1 compares the suppression factors for J/yy — u*p~ at forward and backward rapidity as a
function of pr calculated with different nuclear modifications of the parton densities (nPDFs). the spread
between predictions is largest in the forward region where the shadowing predictions differ most. Indeed,
in the pr bin centered at 1.5 GeV, there is a factor of ~ 8 between the values of R,p,. The gap is reduced
to ~ 1.3 by pr ~ 3.5 GeV. The weakest py dependence is given by the calculations with nDS [8] and the
central EPS09 NLO set [2]. The nDSg [8] set also results in a weak py dependence but has a stronger overall
shadowing effect. The strongest shadowing comes from the FGS sets [7] which overpredict the shadowing
strength. The best agreement with the data is obtained for the EKS98 LO set [9, 10] which has no NLO
counterpart. Note that the measured R,p, approaches unity at pr ~ 7 GeV while none of the shadowing
parameterizations give a result approaching unity over the entire py range shown. In the backward region
the results show antishadowing except for nDS and nDSg which specifically exclude it. All the calculations
lie below the centroids of the data, partly because the ALICE acceptance is centered on the side of the
antishadowing peak so that the calculated antishadowing is, on average, lower than that of the data. Note
also that the antishadowing peak is broad in pr, with some antishadowing remaining at pr ~ 15 GeV.
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Fig. 1. (Color online) The J/y ratio Rypy(pr) in the ALICE acceptance at forward (a) and backward (b) rapidity [6]. The results
are shown for central EPS09 NLO [2] (black), nDS NLO (blue dashed) [8], nDSg NLO (blue dot-dashed) [8], EKS98 LO (magenta
dot-dot-dash-dashed) [9, 10], FGS-H (red dot-dash-dash-dashed) [7] and FGS-L (red dot-dot-dot-dash) [7].

We now turn to the mass and scale uncertainties of the results, calculated based on the one standard
deviation uncertainties on the quark mass and scale parameters [3]. If the central, upper and lower limits of
ug r/m are denoted as C, H, and L respectively, then the seven sets corresponding to the scale uncertainty
are {(up/m,ur/m)} = {(C,C), (H,H), (L,L), (C,L), (L,C), (C,H), (H,C)}. The uncertainty band can be
obtained for the best fit sets by adding the uncertainties from the mass and scale variations in quadrature.
The uncertainties of the EPS09 NLO nPDF sets compared to those of the mass and scale for do/dpr at
forward rapidity are shown in Fig. 2(a) for the J/¢, based on the EPS09 NLO central set. The red solid
and dashed curves are the central EPS09 NLO results with the uncertainty band due to the EPS09 parameter
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variations. The magenta curves in Fig. 2(a) show the uncertainty due to the mass and scale variations. The
lowest pr results are not shown because the underlying p + p calculation does not accurately numerically
cancel the divergences in the negative weight Monte Carlo [11]. The intrinsic kr kick used to obtain the
shape of the pr distribution in the low-pr region was fixed at RHIC energies and successfully compared to
the J/y pr distributions at /s = 7 TeV [3].
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Fig. 2. (Color online) (a) The ALICE J/y pr distributions [6] at forward rapidity at NLO in the CEM [3]. The solid red curve is
the EPS09 NLO central value while the dashed red curves are the EPS09 NLO uncertainties and the dot-dashed magenta curves are
the mass and scale uncertainties. (b) The mass and scale uncertainties in the J/i ratio R,pp(pr) at forward rapidity [6]. The EPS09
NLO uncertainty band is shown in by the red dashed curves while the uncertainties calculated with method v1 are shown in the blue
dot-dashed curves; v2 in the magenta dot-dash-dash-dashed curves; and v3 in the black dot-dot-dot-dashed curves.

The mass and scale dependence of R ,p,(pr) depends on whether the uncertainty band is formed by tak-
ing the ratios of p+Pb to p + p for each mass and scale set, which is essentially the uncertainty of the EPS09
central set, v1, or forming the mass and scale uncertainty band for p+Pb based on the cross sections and
then taking ratio to the central p+ p cross section, v2. Here v2 is comparable to the procedure for calculating
the uncertainty band on a given distribution, such as do/dpr, while v1 would tend underestimate the cross
section uncertainty and even lead to an uncertainty smaller than that of the shadowing parameterization
itself. These are both calculated adding the extrema in the mass and scale variations in quadrature, as in
Refs. [1, 12]. Another method, v3, calculates the scale uncertainties in quadrature for (ug/mu, pg/m) pairs
[(H,H),(L,L)], [(H,C),(L,C)] and [(C, H), (C, L)] instead of only using extrema. (There is only one mass
pair.) These results are very similar to v, albeit giving somewhat larger uncertainties.

Figure 2(b) shows the relative uncertainties for the EPS09 NLO band and the three ways of calculating
the mass and scale uncertainty for R,p,(pr) at forward rapidity. As expected, v1 gives the smallest uncer-
tainty since there is little variation in the individual values of R,p, for each mass and scale choice for the
central EPS09 set. Therefore, the vl band is narrower than that of the EPS09 band itself, underestimating
the uncertainty. The v2 and v3 bands are wider, especially for py < 5 GeV, as expected. The v3 band is
broader than that of v2 over all pr although the two methods merge at the highest pr values. The R,pp(pr)
found for the v2 method is in agreement with what one might expect looking at the bands on do/dpr in
Fig. 2(a).

The predicted p; dependence of the nuclear modification factor in Pb+Pb collisions, Rpppy, is shown for
both J/¢ and Y production at /s = 5.1 TeV in the forward region, 2.5 < y < 4, in Fig. 3. In this symmetric
system, there is no rapidity shift. There is shadowing at low pr on the J/y with antishadowing at py > 10
GeV. The ratio becomes equivalent to unity at higher py. For the Y, shadowing effects are small and the
uncertainty band gives a result equivalent to unity over all pr in this y range. The result is a convolution
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Fig. 3. (Color online) The EPS09 NLO uncertainty band as a function of pr at forward rapidity for J/y (a) and Y (b) in Pb+Pb
collisions at /s = 5.1 TeV.

of the p+Pb ratios, R,p,(p7;2.5 < y < 4), in the shadowing region, and R,p,(p7r; —4 < y < —2.5), in the
antishadowing region. Since the p+Pb data were taken at /s = 5.02 TeV, these data can be use to obtain
the cold nuclear matter expectation for ground state quarkonium production in these collisions.

3. Conclusions

The rapidity and pr dependence of the nuclear modification factor, R,py, are generally consistent with
the next-to-leading order calculations in the color evaporation model, including shadowing, within the un-
certainties. However, the forward-backward ratio is more difficult to describe with shadowing alone [1],
except for calculations with the LO EKS98 set, employed in a NLO calculation. Data from p + p collisions
at the same energy are needed. The mass and scale uncertainties on R,py, are larger than those of the nuclear
parton densities. Predictions for the shadowing effects in Pb+Pb collisions at /s = 5.1 TeV, shown here,
can be approximately obtained from convolutions of the p+Pb collisions at /s = 5 TeV.

The improved d+Au data from RHIC and the p+Pb data from the LHC suggest that it is time for a new
global analysis of the nuclear modifications of the parton densities, taking the new data into account.

Prepared by LLNL under Contract DE-AC52-07NA27344.
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