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Impact parameter dependence ofJ/c and Drell-Yan production
in heavy ion collisions atAsNN517.3 GeV
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In heavy-ion collisions,J/c and Drell-Yan production are expected to be affected by nuclear modifications
to the free nucleon structure functions. If these modifications, referred to here as shadowing, are proportional
to the local nuclear density, the per nucleon cross sections will depend on centrality. Differences in quark and
gluon shadowing will lead to a new source of impact parameter dependence of theJ/c to Drell-Yan production
ratio. We calculate this ratio in the CERN NA50 acceptance with several shadowing parametrizations to
explore its centrality dependence.@S0556-2813~99!50704-8#
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A significant ‘‘anomalous’’ suppression ofJ/c produc-
tion has been observed in Pb1Pb collisions. The ratio ofJ/c
to Drell-Yan production is lower in central Pb1Pb collisions
than extrapolations from more peripheral collisions, ligh
ion interactions, andpA collisions suggest@1#. Centrality is
inferred from the transverse energy,ET .

Almost all calculations ofJ/c and Drell-Yan production
in nuclear collisions to date have been based on posi
independent nucleon@2# or nuclear structure functions@3#.
However, nuclear shadowing should depend on the part
location inside the nucleus. If shadowing is due to glu
recombination@4#, nuclear binding or rescaling@5#, or other
local phenomena, it should be proportional to the lo
nuclear density. The only studies of the spatial depende
have relied on qualitative impact parameter measureme
such as dark tracks in emulsion@6#, to find evidence for such
a spatial dependence.

This Rapid Communication presents calculations of
impact parameter dependence of nuclear shadowing onJ/c
and Drell-Yan production in heavy ion collisions. This sp
tial dependence has an important effect on theET depen-
dence ofJ/c and Drell-Yan production if the quark an
gluon distributions are shadowed differently. SinceJ/c sup-
pression is a predicted signature of quark-gluon plasma
mation @7#, interpretations@2# of the anomalous suppressio
in the NA50 Pb1Pb data@1# should include the spatial de
pendence of the structure functions. We focus on shadow
alone, neglectingJ/c absorption, to better illustrate the e
fect and present results for Pb1Pb collisions in the accep
tance of the CERN NA50 experiment@1#.

To be consistent with the NA50 analysis, we calcula
J/c and Drell-Yan production to leading order~LO! where
J/c production is dominated by gluon fusion while Dre
Yan production is due toqq̄ annihilation. Then the cros
section for nucleiA and B colliding at impact parameterb
with center-of-mass energyAsNN and producing a particle
V (J/c or g* ) with massm at scaleQ is
PRC 590556-2813/99/59~4!/1860~4!/$15.00
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E dz dz8Fi

A~x1 ,Q2,rW,z!

3F j
B~x2 ,Q2,bW 2rW,z8!

dŝ i j
V

dydm2
, ~1!

where ŝ i j
V is the partonici j→V cross section. The nuclea

parton densities,Fi
A , are the product of momentum fraction

x, and Q2 independent nuclear densities,rA ; position and
atomic mass,A, independent nucleon parton densities,f i

N ;
and a shadowing function,Si :

Fi
A~x,Q2,rW,z!5rA~s!Si~A,x,Q2,rW,z! f i

N~x,Q2!, ~2!

where s5Ar 21z2. In the absence of shadowing
Si(A,x,Q2,rW,z)[1. We employ Woods-Saxon nuclear de
sity distributions,rA(s)5r0„11v(s/RA)2

…/(11e(s2RA)/d),
whereRA ,d,v andr0 are fit to electron scattering data@8#

We use the color evaporation model ofJ/c production@9#
so that

f i
N~x1 ,Q2! f j

N~x2 ,Q2!
dŝ i j

J/c

dydm2

5FJ/cK thH f g
N~x1 ,Q2! f g

N~x2 ,Q2!
sgg~m2!

m2

1 (
q5u,d,s

@ f q
N~x1 ,Q2! f q̄

N
~x2 ,Q2!

1 f q̄
N
~x1 ,Q2! f q

N~x2 ,Q2!#
sqq̄~m2!

m2 J , ~3!

wherem25x1x2sNN . The LO partoniccc̄ cross sections are
defined in@10#. The fraction ofcc̄ pairs that becomeJ/c ’s,
FJ/c , is fixed at next-to-leading order~NLO! @9# andK th is
R1860 ©1999 The American Physical Society
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TABLE I. The Drell-Yan extrapolated and measured cross sections inpp, Pb1Pb, and S1U collisions
and theJ/c→m1m2 cross section in Pb1Pb collisions in the NA50 acceptance with the GRV LO and MR
A8 parton densities atAsNN517.3 GeV. We have not includedKexp52.4 for GRV LO and 1.7 for MRSA8.

Drell-Yan (2.9,m,4.5 GeV) Drell-Yan (4.2,m,9 GeV! J/c
spp ~pb! sPbPb ~pb! sSU ~pb! spp ~pb! sPbPb ~pb! sSU ~ pb! sPbPb ~nb!

GRV LO
S51 16.6 12.7 13.3 2.31 1.66 1.76 1.61
S5S1 – 12.8 13.5 – 1.61 1.72 1.64
S5S2 – 12.5 13.1 – 1.56 1.67 1.84
S5S3 – 11.9 12.6 – 1.48 1.61 2.04

MRS A8
S51 18.8 18.3 19.0 2.15 2.17 2.29 1.53
S5S1 – 18.6 19.4 – 2.10 2.26 1.58
S5S2 – 18.1 18.9 – 2.03 2.19 1.74
S5S3 – 17.2 18.1 – 1.93 2.10 1.85
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the ratio of the NLO to LOJ/c cross sections. We take th
GRV LO @11,12# nucleon parton distributions withmc
51.3 GeV andQ5mc as well as the MRSA8 densities@13#
with mc51.2 GeV andQ52mc wheremc andQ are chosen
to agree with data@9#.

The LO Drell-Yan cross section depends on isospin si
spp

DYÞspn
DYÞsnp

DYÞsnn
DY

f i
N~x1 ,Q2! f j

N~x2 ,Q2!
dŝ i j

DY

dydm2

5Kexp

4pa2

9m2sNN

3 (
q5u,d,s

eq
2F H ZA

A
f q

p~x1 ,Q2!1
NA

A
f q

n~x1 ,Q2!J
3H ZB

B
f q̄

p
~x2 ,Q2!1

NB

B
f q̄

n
~x2 ,Q2!J 1q↔q̄G ,

~4!

whereZA andNA are the number of protons and neutrons
the nucleus andQ5m. We assume thatf u

p5 f d
n , f d

p5 f u
n, etc.

In Eqs. ~3! and ~4!, x1,25Qe6y/AsNN. The factorKexp ac-
counts for the rate difference between the calculations
the data.

Three parametrizations of shadowing, based on nuc
deep-inelastic scattering@14#, are used. The first,S1(A,x),
treats quarks, antiquarks, and gluons equally withoutQ2 evo-
lution @15#. The other two evolve withQ2 and conserve
baryon number and total momentum. The seco
S2

i (A,x,Q2), modifies the valence quarks, sea quarks, a
gluons separately for 2,Q,10 GeV@16#. The most recent
S3

i (A,x,Q2), evolves each parton distribution separately
Q>1.5 GeV @17#. The S3 initial gluon distribution shows
important antishadowing in the region 0.1,x,0.3 with sea
quark shadowing in the samex range. In contrast,S2 has less
gluon antishadowing and essentially no sea quark effect

Since we assume that shadowing is proportional to
local nuclear density, the spatial dependence is defined
e
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SWS
i 5Si~A,x,Q2,rW,z!511NWS@Si~A,x,Q2!21#

rA~s!

r0
,

~5!

whereNWS is chosen so that (1/A)*d3srA(s)SWS
i 5Si , simi-

lar to @18#. For lead, NWS51.32. At large radii,s@RA

FIG. 1. The Drell-Yan dilepton mass spectrum,dsDY/dm, with-
out and with spatial dependence relative toS51 at AsNN

517.3 GeV. The curves correspond tob-averaged results withS1

~dashed!, S2 ~dotted!, andS3 ~dot-dashed!. The spatial dependenc
is illustrated for S1,WS ~circles!, S2,WS ~squares!, and S3,WS ~tri-
angles!. The impact parameter ranges are~a! 0,b,0.2RA fm, ~b!
0.9RA,b,1.1RA fm and ~c! 1.9RA,b,2.1RA fm respectively.
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and SWS
i →1, while at the nuclear center, the modificatio

are larger than the averageSi . An alternative parametriza
tion, SR

i , proportional to the nuclear thickness@19,20#, leads
to a slightly larger modification in the nuclear core.

We adapt our calculations to the NA50 acceptan
center-of-mass rapidity 0,yc.m.,1 and Collins-Soper deca
angle ucosuCSu,0.5 @1#. The Drell-Yan spectrum is mea
sured form.4.2 GeV and the factorKexp is found by com-
paring LO calculations, Eq.~4!, using the GRV LO distribu-
tions @12# with data. The ratiosJ/c/dsDY, where sJ/c

includes the branching ratio tom1m2, is formed by extrapo-
lating the calculations to 2.9,m,4.5 GeV with the same
Kexp becauseJ/c and c8 decays dominate the region 2
,m,3.5 GeV. Table I gives the impact parameter avera
cross sections per nucleon pair for the GRV LO and MRSA8
distributions for pp, Pb1Pb, and S1U interactions. We
show the effects of isospin and shadowing atAsNN
517.3 Gev With the MRSA8 set, the isospin correction i
quite small in the extrapolated region@21#. Because isospin
is unimportant inJ/c production, only the Pb1Pb cross sec-
tion is shown. However, theJ/c results suggest that theAB
dependence might be stronger if shadowing could be
moved from the data. Although the choice of parton densi
influences the isospin correction andKexp, the average Drell-
Yan shadowing is changed by less than 1% while theJ/c
shadowing changes as much as 5%, because the nu
gluon distribution is imprecisely measured. The table sho
that the dependence on the nuclear species is weak. Th
sults also change by;1% atAsNN519.4 GeV. Most impor-

FIG. 2. The~a! J/c and~b! Drell-Yan rates in Pb1Pb collisions
at AsNN517.3 GeV relative to production without shadowing,S
51, as a function of impact parameter. The curves and symbols
defined in Fig. 1.
:
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tant is the mass interval: shadowing is 5% stronger in
measured region than the extrapolated region.

To illustrate how shadowing could affect the interpre
tion of J/c suppression, Fig. 1 shows the Drell-Yan ma
distribution form.2.9 GeV in three impact parameter bin
relative to no shadowing,S51. Shadowing changes th
slope of the spectrum, producing an'20% change in the
predicted rate atm'9 GeV. The similarity of valence and
sea quark shadowing inS1 causes this ratio to decrease fas
with mass thanS2 or S3. Including only spatially averaged
shadowing increasesKexp over that needed forS51 in the
measured relative to the extrapolated region, shown in Ta
I, as well as further increases the discrepancy in central
lisions while overestimatingKexp in peripheral collisions. At
small radii, Fig. 1~a!, dsDY/dm drops faster than the impac
parameter averaged spectra. Whenb'RA , Fig. 1~b!, the av-
eraged and spatial dependent spectra approximately coin
At large radii, Fig. 1~c!, shadowing is reduced, approachin
S51. These results show that using a calculation to extra
late to an unmeasured region is problematic.

Figure 2 shows the impact parameter dependence of
J/c and Drell-Yan cross sections. Thex2 ranges nearly co-
incide: the Drell-Yan region 2.9,m,4.5 GeV corresponds
to 0.062,x2,0.26 while theJ/c range is 0.066,x2,0.18.
Since all three parametrizations assume some gluon a
shadowing in this region,sJ/c is always enhanced.1 Because
S1 is the same for quarks and gluons,J/c and Drell-Yan are

equally affected by shadowing. On other hand,S2,3
q̄ <1, re-

ducingsDY.
In Fig. 3, sJ/c/sDY, calculated in Eqs.~1!–~4!, is pre-

1We have compared ourJ/c calculations with nonrelativistic
QCD calculations of quarkonium production@22# and found that the
results are within 2 –3% of those given here. Thus the shadow
ratios do not depend strongly on theJ/c production model at this
energy.

re

FIG. 3. The ratio ofJ/c→m1m2 to Drell-Yan production, as a
function of transverse energy,ET , in the NA50 acceptance. Th
curves and symbols are defined in Fig. 1.
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sented as a function ofET . The correlation betweenET and
b is based on the number of nucleon participants@2#, in
agreement with the most recent NA50ET distributions@21#.
The Drell-Yan cross section is corrected for isospin topp
from Pb1Pb interactions with Eq.~4!, following the NA50
analysis @1#. After the isospin adjustment, whenS51,
sJ/c/sDY;40.3 at AsNN517.3 GeV and;39.3 at 19.4
GeV, in reasonable agreement with the rescaled NA50pp
data@1#. The combined Drell-Yan shadowing andJ/c anti-
shadowing in Fig. 2 increasessJ/c/sDYto 40.6 withS1, 46.8
for S2 and 54.4 usingS3. TheS1 ratio is essentially indepen
dent ofET sinceS1 does not depend on the parton type orQ2

and thex ranges ofJ/c and Drell-Yan production are ver
similar. However,S2 and S3 vary more withET . The S2
ratio rises about 7% while theS3 ratio increases'11% as
^ET& grows from 14 GeV to 120 GeV. These enhanceme
are opposite to the observed drop at largeET and smallb @1#.

Because of uncertainties in the gluon shadowing par
etrization, it is difficult to draw detailed conclusions. How
ever,S1 should represent a lower limit andS3 an upper limit.
A stronger spatial dependence such asSR

i @19# would slightly
increase the effect withET while parametrizations based o
e.g. nuclear binding@5# might predict a smaller effect.

In conclusion, we have studied the impact parameter
pendence of the ratiosJ/c/sDYusing a spatially dependen
at

n

K

B

ts

-

e-

shadowing model. We find that the ratio increases at smab
~large ET) compared with more peripheral collisions. Th
magnitude of the effect depends on the shadowing param
zation. Neglecting shadowing could increaseKexp at AsNN

517.3 GeV since the measured cross section is m
strongly affected by shadowing than the extrapolated cr
section. In addition, using an impact parameter avera
spectra in central collisions would tend to underestimate
total number of Drell-Yan pairs, increasingsJ/c/sDY. If this
effect could be identified and corrected for in the data, th
sJ/c/sDYwould rise;10% at lowET and drop;4% at high
ET , enhancing the discrepancy between absorption mo
and the data. At higherAsNN, such as at future heavy-io
colliders, the shadowing effect will be larger@23# since these
colliders probe lowerx values.
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