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1. Introduction

Forward J/y meson production in high energy proton-nucleus collisions can provide valuable
information about gluon saturation since it probes the target nucleus at very small x. This process
can be studied in a perturbative approach due to the presence of a hard scale provided by the charm
quark mass. In a previous work [1] we studied this process in the Color Glass Condensate (CGC)
formalism, using the Glauber approach to obtain the dipole cross section of a nucleus from the
one of the proton. We showed that this improved nuclear geometry treatment leads to a smaller
suppression in minimum bias collisions than in a previous study in this formalism [2], which is
in better agreement with recent measurements of this observable at the LHC. More recently, the
ALICE Collaboration measured the centrality dependence of the nuclear suppression in this pro-
cess [3]. Here we investigate how the explicit impact parameter dependence of our model can be
related to the centrality determination of such measurements

2. Formalism

In this work we use the simple Color Evaporation Model (CEM) to describe hadronization. In
this model, it is assumed that a fixed fraction Fj, of the c¢ pairs produced with an invariant mass
lower than 2M)p,, where M), is the D-meson mass, will form J/y bound states:

doy /4ML2> 5 do,: a1
4

B/ A am? 9
dzPJ_ dy A4 m2 dZPJ_ dy dM?’

where P, and Y are the transverse momentum and rapidity of the produced J/y. The exact value
of Fyy, is not important here since we will focus on ratios of cross sections in which it will simplify.
The production of gluons and quark pairs in the dilute-dense limit of the Color Glass Condensate
formalism was studied in Refs. [4, 5] (see also Ref. [6]) and used in a number of works, e.g.
[7, 8, 2,9, 10]. This gives access to the c¢ pair production cross section in Eq. (2.1), which can be
found in Ref. [2].

When Y, the rapidity of the produced J/y, is large, the longitudinal momentum fraction x;
probed in the projectile proton is large: x; = \/ P, > +M?2e" //s. Therefore in this limit the gluon
density in the proton can be described by a collinear PDF. The parametrization we use in practice
is the LO MSTW 2008 [11] one. On the contrary, at large Y, the x value probed in the target, x»,
is very small: x, = /P, >+ M?2e~Y /\/s. Its gluon density is described by the dipole cross section
S, (x—y)= Nic (TrU(x1)U(yy)), where U(x, ) is a Wilson line in the color field of the target
in the fundamental representation. The rapidity evolution of S, () is governed by the Balitsky-
Kovchegov (BK) equation [12, 13]. For a proton target we use dipole cross sections obtained
by solving numerically the BK equation with running coupling corrections [14] using the MV*
parametrization [15] fitted to HERA DIS data [16] for the initial condition. Due to the lack of
accurate nuclear DIS data it is not possible to perform a similar fit for a nuclear target. In this
case we use, as in Ref. [15], the Glauber approach to get the initial condition for a nucleus from
the one of a proton. For this one assumes that the density of nucleons in the transverse plane
follows the standard Woods-Saxon distribution T (b, ), where b, is the impact parameter, and that
at the initial rapidity of the BK evolution the high energy gluon coming from the projectile scatters
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Centrality class | (Neoll)opt. |  (Neon)aLice | by [fm]
2—-10% 14.7 11.7+1.24+0.9 4.14
10-20% 13.6 11.0+0.44+0.9 4.44
20-40% 11.4 9.6+0.24+0.8 4.94
40-60% 7.7 7.1+£0.34+0.6 5.64
60-80% 3.7 43403403 6.29

80—-100% 1.5 2.1+0.1£0.2 6.91

Table 1: Average number of binary collisions (Nqyj) in each centrality class in the optical Glauber model
compared with the values estimated by ALICE [3]. The values of b, in the fourth column are obtained by
solving Nuin(b1) = (Neol) ALICE-

independently off these nucleons. The nuclear density function T (b ) is the only additional input
used to go from a proton to a nucleus. It also provides an explicit impact parameter dependence of
the initial condition, from which one can solve the BK equation at each impact parameter.

3. Results

Since the impact parameter is not observable, experimental results are usually given in cen-
trality classes instead. These are defined such that the (0 — ¢)% most central collisions give ¢% of
the total inelastic proton-nucleus cross section. To define a centrality class (c; —c2)% in the optical
Glauber model, one would first compute the impact parameter values b; and b, corresponding to

1

PA
O-mel

(c1—c2)% = d bip,), (3.1)

where the total 1nelast10 proton -nucleus cross section 61 .1 is given by ©; mel = [d?b, p(b,), with
p(b1) =1—e4T(1)%a  The yield in each class is
b dN(b
dN Jor &b, L@p, 31)/
@PLdY fflz &b, p(by)’

3.2)

where b and b, are calculated using Eq. (3.1) and ddévp(fél)/ is defined such that [ d*p, jﬁvp(fdi; =
do

&Py
However, it is not possible to use this procedure to directly compare our results with the mea-

surement of Ref. [3]. Indeed, if we compare the average number of binary nucleon-nucleon colli-
sions in each class in the optical Glauber model,
2 d2b | Noin (b))

<Ncoll>0pt. =" 5 (33)
b2d2b p(b)

where Nbin<bj_) :ATA(bJ_)Gpp

inel”
two as can be seen from Table 1: for central collisions the (Noy;) values obtained in the optical

with the experimental estimate, we find a discrepancy between the

Glauber model are larger than the experimental values, while they are smaller for peripheral col-
lisions. In the following, assuming that the (N.oy) values estimated by ALICE in each class are
correct, we will base our comparison on the number of collisions instead of centrality classes.
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As a first approximation we will use a fixed impact parameter for each class, obtained by
solving Nyin(b1) = (Neon)aLice- The impact parameter values obtained in this way are shown in
the fourth column of Table 1. In Fig. 1 (L) we show the comparison of our results in this approach
with ALICE data for Qpa, the nuclear modification factor defined as

dNPA
d?P, dy

= 34

QpA A < TA> dz%fzy ( )
as a function of N.o;. We observe that the agreement with data for central collisions is reasonable,
but the variation with decreasing N, is too strong. In particular, in our model we get Qpa ~ 1 at
Neon ~ 4 which is significantly above the data. In Fig 1 (R) we show O, as a function of P in the
60 — 80% centrality bin. Here we see that, contrary to the data, Qpa is almost flat and very close to
1. This is due to the fact that in our model the saturation scale of the nucleus becomes as small as
the one of the proton at an impact parameter b, ~ 6.3 fm, as found in Ref. [15], which corresponds
to Neonn ~ 4.3 [17]. This can be traced back to the fact that the value of the effective transverse area
of the proton, 0y /2, extracted from DIS fits is much smaller than the total inelastic proton-proton
cross section [15]. This too strong dependence on centrality could probably be softened by taking
a value of 6y /2 of the order of ¢’ , but this would break the consistent description of the proton

inel?

from HERA to the LHC of our approach.
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Figure 1: Nuclear modification factor Qypp, as a function of Neoy (Left) and as a function of P, in the
60 — 80% centrality class (Right) at /syy = 5 TeV. Data from Ref. [3].

The fixed impact parameter approximation that we have used so far would be justified only
if the fluctuations around (N.on) are small in each centrality class considered by ALICE, which
is not necessarily the case. For a more consistent comparison we will now consider distributions
in the impact parameter space, obtained from two models of N distributions using the relation
Noin(b1) = ATx (b, )oY, First we use Neo distributions obtained in the Slow Nucleon Model
(SNM) [18] as provided by ALICE [19] in each centrality class. The values of (No) obtained
in the SNM don’t match the ones obtained with the hybrid method listed in Table 1, so we shift
the distributions so that it is the case. We note that this method is biased [18], in contrast with the
hybrid method used in Ref. [3] to obtain (Noy) in each class. Preferably one would like to use Neop
distributions obtained in an unbiased way but there is no such data for now. To try to evaluate the
importance of the exact shape of the N,y distributions, we also consider, in the 60 — 80% centrality

class (which is more sensitive to fluctuations than the more central ones), a simple distribution
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which decreases linearly with N.o;. This distribution depends on two parameters, the height at
the origin and the N.o; value where it reaches 0. These two parameters are fixed such that the
distribution is normalized to 1 and (Nco1) = (Neon)aLicE- We emphasize that this linear distribution
is not based on any detailed model but is used to illustrate the importance of the N distribution
in this class.

The results obtained with these two models of N distributions are compared with ALICE
data and the fixed impact parameter approximation in Fig. 1. We see that if we consider Qppy
as a function of Ny, the values obtained with the SNM distribution are very close to the fixed
b, approximation. On the other hand, the value obtained in the 60 — 80% bin with the linear
distribution is significantly closer to the data. Regarding Qppy as a function of P in the 60 — 80%
bin, both models lead to values smaller than 1 at small P . Here also the effect is stronger with the
linear distribution than with the SNM one leading to results closer to the data.

4. Conclusions

In this work we extended our study of forward J/y suppression at the LHC to centrality
dependent observables. We used, as in Ref. [1], the optical Glauber model to extrapolate the proton
dipole cross section to a nucleus. In this model the impact parameter dependence appears naturally.
However we have shown that it is not straightforward to relate it with the centrality determination at
experiments. Indeed, while our results for central collisions are in reasonable agreement with recent
ALICE data, the model dependence for peripheral collisions seems to be quite large. For a more
consistent comparison, one would therefore need to have access to an experimental determination
of Ngon distributions obtained in an unbiased way in each centrality class.

Acknowledgments

T. L. and B. D. are supported by the Academy of Finland, projects 267321 and 273464. H. M.
is supported under DOE Contract No. DE-SC0012704. This research used computing resources
of CSC — IT Center for Science in Espoo, Finland. We would like to thank C. Hadjidakis and I.
Lakomov for discussions on the ALICE data.

References

[1] B. Ducloué, T. Lappi and H. Méntysaari, Forward J /W production in proton-nucleus collisions at
high energy, Phys. Rev. D91 (2015) 114005, [1503.02789].

[2] H. Fujii and K. Watanabe, Heavy quark pair production in high energy pA collisions: Quarkonium,
Nucl. Phys. A915 (2013) 1-23,[1304.2221].

[3] ALICE collaboration, J. Adam et al., Centrality dependence of inclusive J /W production in p-Pb
collisions at \/sny = 5.02 TeV, JHEP 11 (2015) 127,[1506.08808].

[4] J. P. Blaizot, F. Gelis and R. Venugopalan, High-energy pA collisions in the color glass condensate
approach. 1. Gluon production and the Cronin effect, Nucl. Phys. A743 (2004) 13-56,
[hep-ph/0402256].


http://dx.doi.org/10.1103/PhysRevD.91.114005
http://arxiv.org/abs/1503.02789
http://dx.doi.org/10.1016/j.nuclphysa.2013.06.011
http://arxiv.org/abs/1304.2221
http://dx.doi.org/10.1007/JHEP11(2015)127
http://arxiv.org/abs/1506.08808
http://dx.doi.org/10.1016/j.nuclphysa.2004.07.005
http://arxiv.org/abs/hep-ph/0402256

Forward J ]y production in pA collisions: centrality dependence B. Ducloué

(5]

[6]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

J. P. Blaizot, F. Gelis and R. Venugopalan, High-energy pA collisions in the color glass condensate
approach. 2. Quark production, Nucl. Phys. A743 (2004) 57-91, [hep—ph/0402257].

D. E. Kharzeev, E. M. Levin and K. Tuchin, Nuclear modification of the J/y transverse momentum
distributions in high energy pA and AA collisions, Nucl. Phys. A924 (2014) 47-64,[1205.1554].

H. Fujii, F. Gelis and R. Venugopalan, Quark production in high energy proton-nucleus collisions,
Eur. Phys. J. C43 (2005) 139-144, [hep-ph/0502204].

H. Fujii, F. Gelis and R. Venugopalan, Quark pair production in high energy pA collisions: General
features, Nucl. Phys. A780 (2006) 146—174, [hep—-ph/0603099].

H. Fujii and K. Watanabe, Heavy quark pair production in high energy pA collisions: Open heavy
flavors, Nucl. Phys. A920 (2013) 78-93,[1308.1258].

Y.-Q. Ma, R. Venugopalan and H.-F. Zhang, J/ W production and suppression in high energy
proton-nucleus collisions, Phys. Rev. D92 (2015) 071901, [1503.07772].

A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, Parton distributions for the LHC, Eur. Phys. J.
C63 (2009) 189-285,[0901.0002].

I. Balitsky, Operator expansion for high-energy scattering, Nucl. Phys. B463 (1996) 99-160,
[hep-ph/9509348].

Y. V. Kovchegov, Unitarization of the BEKL pomeron on a nucleus, Phys. Rev. D61 (2000) 074018,
[hep-ph/9905214].

I. Balitsky, Quark contribution to the small-x evolution of color dipole, Phys. Rev. D75 (2007)
014001, [hep-ph/0609105].

T. Lappi and H. Méntysaari, Single inclusive particle production at high energy from HERA data to
proton-nucleus collisions, Phys. Rev. D88 (2013) 114020, [1309.6963].

H1 and ZEUS collaborations, F. D. Aaron et al., Combined Measurement and QCD Analysis of the
Inclusive eip Scattering Cross Sections at HERA, JHEP 01 (2010) 109, [0911.0884].

B. Ducloué, T. Lappi and H. Méntysaari, Forward J /w production at high energy: centrality
dependence and mean transverse momentum, 1605.05680.

ALICE collaboration, J. Adam et al., Centrality dependence of particle production in p-Pb collisions
at \/sNN= 5.02 TeV, Phys. Rev. C91 (2015) 064905, [1412.6828].

ALICE collaboration. Public note, to appear.


http://dx.doi.org/10.1016/j.nuclphysa.2004.07.006
http://arxiv.org/abs/hep-ph/0402257
http://dx.doi.org/10.1016/j.nuclphysa.2014.01.006
http://arxiv.org/abs/1205.1554
http://dx.doi.org/10.1140/epjc/s2005-02232-y
http://arxiv.org/abs/hep-ph/0502204
http://dx.doi.org/10.1016/j.nuclphysa.2006.09.012
http://arxiv.org/abs/hep-ph/0603099
http://dx.doi.org/10.1016/j.nuclphysa.2013.10.006
http://arxiv.org/abs/1308.1258
http://dx.doi.org/10.1103/PhysRevD.92.071901
http://arxiv.org/abs/1503.07772
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
http://dx.doi.org/10.1016/0550-3213(95)00638-9
http://arxiv.org/abs/hep-ph/9509348
http://dx.doi.org/10.1103/PhysRevD.61.074018
http://arxiv.org/abs/hep-ph/9905214
http://dx.doi.org/10.1103/PhysRevD.75.014001
http://dx.doi.org/10.1103/PhysRevD.75.014001
http://arxiv.org/abs/hep-ph/0609105
http://dx.doi.org/10.1103/PhysRevD.88.114020
http://arxiv.org/abs/1309.6963
http://dx.doi.org/10.1007/JHEP01(2010)109
http://arxiv.org/abs/0911.0884
http://arxiv.org/abs/1605.05680
http://dx.doi.org/10.1103/PhysRevC.91.064905
http://arxiv.org/abs/1412.6828

