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Charmonium suppression in lead-lead collisions: Is there a break in theJ/c cross section?
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In the framework of a model based on nuclear absorption plus comover interaction, we compute theET

distribution of theJ/c in PbPb collisions at SPS and compare it with available NA50 data. Our analysis
suggests that the existence of new physics~deconfinement phase transition! in the regionET&100 GeV is
unlikely and that signals of new physics should rather be searched in the regionET*100 GeV. TheET

dependence of theJ/c transverse momentum has been computed. At largeET it turns out to be much flatter in
the comover approach than in a phase transition framework. Estimates of theJ/c suppression at RHIC and
LHC energies are also given.@S0556-2813~99!01001-8#

PACS number~s!: 25.75.Dw, 12.38.Mh, 24.85.1p
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I. INTRODUCTION

The 1995 data from the NA50 Collaboration@1# show an
anomalousJ/c suppression, i.e., a suppression larger th
the one expected in a nuclear absorption model. This mo
describes theJ/c suppression both in proton-nucleus inte
actions and in nucleus-nucleus interactions with a light p
jectile @1#. Following the original proposal of Ref.@2#, the
anomalousJ/c suppression has been interpreted as a sig
of a deconfining phase transition@3–6#. However, an expla-
nation by a more conventional mechanism, namely, the

teraction of theJ/c ~or thecc̄ pair! with comovers, is also
possible@7–10#.

A very spectacular feature of the 1996 data by the sa
collaboration@11#, is the presence of a break in the rat
R(ET) of J/c over Drell-Yan (DY) cross sections atET

;55 GeV. It has been argued@12,6# that this break is a
signal of deconfinement—although there is no general c
sensus on this point@13,3–6#. It is, however, fully recog-
nized that a break in theJ/c cross section would rule out an
conventional model, such as the one based on comove
teraction.~Other approaches toJ/c suppression can be foun
in Ref. @14#.!

At present, the evidence for this break is weakened by
presence of fluctuations in the ratioR(ET) @see Eq.~16! for
a precise definition# at large values ofET @11#, which are
generally regarded as spurious. Also, it is necessary to as
whether this break, if confirmed, is due to a genuine brea
theJ/c cross section or rather to fluctuations in theJ/c and
DY ones. Of course, a definitive answer to these quest
can only come from data. However, in view of the interest
the subject, it is important to examine the available data
theoretical framework in order to gain some insight on th
questions, while waiting for a complete analysis of the 19
NA50 data, and above all, for the 1998 results.

The aim of the present work is to perform such an ana
sis in the framework of a model based on nuclear absorp
plus comover interaction. This work is a continuation of t
one in Ref.@9#. We use the same formalism and the sa
PRC 590556-2813/99/59~1!/395~10!/$15.00
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values of the parameters which were determined in Ref.@9#
from the best fit to the ratioR(ET) in pA, SU, and PbPb
collisions. The plan of the paper is the following. In Sec.
we describe the model. In Sec. III we compute theET distri-
butions of minimum biasDY and J/c and compare them
with available data. In Sec. IV we compute the ratioR(ET)
and compare it with the NA50 data. In Sec. V we compu
theET dependence of the averagepT

2 of theJ/c and compare
it with recent NA50 data. Section VI contains our concl
sions and prospects at higher energies.

II. THE MODEL

Our model is formulated in a conventional framewo
@7–10# based on two different mechanisms ofJ/c suppres-
sion: nuclear absorption of the pre-resonantcc̄ pair with
nucleons of the colliding nuclei and absorption by comovi
partons or hadrons produced in the collision. For comple
ness we recall its main ingredients.

Nuclear absorption.In nucleus-nucleus collisions, th
survival probability of theJ/c at impact parameterb and
transverse positions is given by@15,9#

Sabs~b,s!

5
$12exp@2ATA~s!sabs#%$12exp@2BTB~b2s!sabs#%

sabs
2 ABTA~s!TB~b2s!

.

~1!

Here TA(B)(b)5*2`
1`dzrA(B)(b,z) are the nuclear profile

functions normalized to unity. The nuclear densiti
rA(B)(b,z) are determined from a three-parameter Fermi d
tribution with parameters given in Ref.@16#. @In Ref. @9# a
different parametrization of the nuclear density is used; t
introduces differences inR(ET) of less than 4% in PbPb
collisions.# For the absorptive cross section we takesabs
56.7–7.3 mb, consistent with a fit to the proton-nucleus d
@5#. Note thatSabs51 for sabs50.
395 ©1999 The American Physical Society
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396 PRC 59N. ARMESTO, A. CAPELLA, AND E. G. FERREIRO
Absorption by comovers.This absorption is due to th
interaction of thecc̄ pair ~or of theJ/c itself! in the dense
medium produced in a nucleus-nucleus collision—which
sults in the production of aDD̄ pair. TheJ/c survival prob-
ability is given by@5,9#

Sco~b,s!5expF2scoNy
co~b,s!lnS Ny

co~b,s!

Nf
D

3u@Ny
co~b,s!2Nf #G . ~2!

Here Ny
co(b,s) is the initial density of comovers per un

transverse aread2s and per unit rapidity at impact paramet
b, andNf is the corresponding freeze-out density. In order
have a smooth onset of the comovers, it is natural to take
Nf the density of hadrons per unit rapidity in app collision,
i.e., Nf5@3/(pRp

2)#dN2/dyuy* 5051.15 fm22. This coin-
cides with the value introduced in Ref.@5#. With this choice
of Nf , the u function in Eq. ~2! is numerically irrelevant.
The effect of the comovers inpA turns out to be negligibly
small. sco is the comover cross section properly averag
over the momenta of the colliding particles~the relative ve-
locity of the latter is included in its definition!. The logarith-
mic factor in Eq.~2! is the result of an integration in th
proper timet from the initial time to freeze-out time.~One
assumes@17,18# a decrease of densities with proper time
1/t.) A large contribution to this integral comes from th
few first fm/c after the collision—where the system is in
prehadronic stage.~In this respect, see the last paper of R
@10#.! Actually, Brodsky and Mueller@19# introduced the
comover interaction as a coalescence phenomenon at the
tonic level. In view of that, there is no precise connecti
betweensco and the physicalJ/c2p or J/c2N cross sec-
tion, andsco has to be considered as a free parameter.
takesco50.6 mb@9#.

Cross-sections.The J/c production cross section in
nuclear collisions is given by

sAB
c ~b!5

spp
c

spp
E d2s m~b,s!Sabs~b,s!Sco~b,s!, ~3!

where

m~b,s!5ABsppTA~s!TB~b2s!. ~4!

We takespp530 mb. With the definition~3!, the Drell-Yan
cross section@obtained from~3! with sabs5sco50] is pro-
portional toAB.

The cross section for minimum bias~MB! events is given
by

sAB~b!512exp@2sppABTAB~b!#, ~5!

with TAB(b)5*d2sTA(s)TB(b2s).
In order to compute these cross sections we need to k

the comover densityNy
co(b,s) in the NA50 dimuon spec-

trometer. Moreover, comparison with experiment requires
compute the above cross section at a given transverse en
ET —measured in the NA50 calorimeter. This requires
-

o
or

d

.
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e
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knowledge of theET-b correlation functionP(ET ,b). In the
following we proceed to calculate these two quantities.

Density of comovers.It is commonly assumed in the lit
erature that the density of comovers is proportional to tha
participating~or wounded! nucleons@5,20#. This is the so-
called wounded nucleon model~WNM!; for a review see
Ref. @21#. In asymmetric systems and, in particular, inpA
collisions, this model provides a reasonable description
the data but only for the average multiplicity—or aty*;0.
At y*.0 ~y*,0! it overestimates~underestimates! the mul-
tiplicity. For symmetricAA collisions, the model seems to b
valid in a broader rapidity range.~This can be understood
from the arguments in Ref.@22#; see p. 26.! However, for
central PbPb collisions~and also for other central nucleus
nucleus collisions at SPS! there is experimental evidence of
violation of this scaling law at midrapidities@23,24#. More-
over, models such as the dual parton model~DPM! @22#, in
which unitarity is fully implemented, contain an extra ter
proportional to the average number of collisions. This term
small at present energies but its relative size increases
energy. Moreover, it contributes mostly at midrapidities. T
origin of this term is the following. In DPM one has bot
baryonic strings of type diquark-quark and bosonic ones
typeq-q̄. The latter contribute mainly at midrapidities. Sinc
the number of diquarks available is equal to the number
participating nucleons, the number of baryonic strings
equal to the number of participants. On the other hand,
total number of strings is proportional to the number of c
lisions. Therefore, the number ofq-q̄ strings increases, with
increasing centrality, much faster than the number of part
pants. The WNM is obtained from DPM by neglecting th
contribution of theq-q̄ strings.

In the following calculations we will use the density o
comovers given by DPM. We will also discuss how theJ/c
suppression is modified when using a density of comov
proportional to the number of participants.

In DPM, Ny
co(b,s) is given by@9,22#

Ny
co~b,s!5@N1mA~b,s!1N2mB~b,b2s!

1N3m~b,s!#u@mB~b,b2s!2mA~b,s!#

1@N18mA~b,s!1N28mB~b,b2s!

1N38m~b,s!#u@mA~b,s!2mB~b,b2s!#. ~6!

Herem is given by Eq.~4! andmA , mB are the well known
geometric factors@25,18#

mA~B!~b,s!5A~B!TA~B!~s!

3$12exp@2sppB~A!TB~A!~b2s!#%. ~7!

The coefficientsNi andNi8 are obtained in DPM by convo
luting momentum distribution functions and fragmentati
functions@22#. Their values~per unit rapidity! for the rapid-
ity window and energies of the NA38 and NA50 experimen
are given in Table I of Ref.@9#. The rapidity density of
hadrons is given by

dNco

dy
5

1

sAB
E d2bE d2s Ny

co~b,s!, ~8!
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PRC 59 397CHARMONIUM SUPPRESSION IN LEAD-LEAD . . .
with sAB5*d2bsAB(b). Note that at fixedb in the range of
interest,sAB(b).1.

The obtained densities of negative hadrons aty* 50 for
pp, SS, SAu, and PbPb are compared in Table II of Ref.@9#
with available data, using in each case the centrality crite
~in percentage of total events! given by the experimentalists
In Fig. 1 we compare the predictions of both the DPM a
the WNM with the NA49 data@23# for the rapidity distribu-
tion of negative particles in central PbPb collisions
158A GeV/c.

ET-b correlation.The experimental results are given as
function ofET . This is the total transverse energy of neutr
measured by the NA50 calorimeter in the rapidity windo
21.8,y* ,20.6. The correspondence between aver
values ofb and ET is given by the proportionality betwee
ET and multiplicity:

ET~b!5qNy
co~b!, ~9!

whereNy
co(b)5*21.8

20.6dy*d2sNy
co(b,s), with Ny

co(b,s) given
by Eq. ~6!. The parameterq is closely connected to the av
erage transverse energy per particle. However, it cont
extra factors due to the fact thatNy

co corresponds to the mul
tiplicity of negatives whereasET is the transverse energy o
neutrals. Moreover, a calibration factor of the NA50 calori
eter~which has an estimated systematic error of about 40!
is also included inq.

A precise determination ofq comes from the measure
correlation betweenET and EZDC—the energy measured a
the zero-degree calorimeter. The latter is defined as

EZDC~b!5@A2mA~b!#Ein , ~10!

where mA(b)5*d2smA(b,s), i.e., the average number o
participants ofA at fixed impact parameter, andAEin is the

FIG. 1. Rapidity distribution of negative hadrons in cent
PbPb collisions at 158A GeV/c. Preliminary data of the NA49
Collaboration@23# ~black circles! are compared with the DPM re
sults ~solid line! using the same centrality criterium, and with th
scaling in the number of participants~dashed line@23#!.
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beam energy (Ein5158 GeV/c). A fit to the experimental
ET-EZDC correlation using Eqs.~9! and~10! allows a precise
determination ofq. From the NA50 data@11# we obtainq
50.78 GeV. It follows from Eqs.~9! and ~10! that with the
WNM ansatz @5# ET(b)50.4@mA(b)1mB(b)# GeV, the
ET- EZDC correlation is a straight line. Experimentally, it
indeed found to be close to a straight line but shows a c
concavity. In DPM this correlation has a concavity due to t
contribution of theq-q̄ strings. However, in the acceptanc
region of the NA50ET calorimeter, the contribution of the
q-q̄ strings is rather small~see Fig. 1! and the concavity is
also small. Actually, DPM describes well the data in t
upper half of theET region but falls too fast at lowET ,
while the WNM describes the data better in the lowET re-
gion ~see Fig. 2!. One could think that the difference be
tween the two correlation functions is too small to have a
significant effect on the shape of theET distributions. It turns
out that this is not the case and, therefore, a more accu
description of theET-EZDC correlation is needed.

The failure of the DPM at lowET can be attributed to the
effect of the intranuclear cascade, which is not included
Eq. ~6!. This well known phenomenon consists in the pr
duction of extra particles in the fragmentation regions of
two colliding nuclei due to the rescattering of slow secon
aries ~in the rest frames of the two nuclei! with spectator
nucleons. Obviously this effect has to vanish for central c
lisions when no spectator nucleons are left. It is also abs
at midrapidities. However, the rapidity region of theET calo-
rimeter 21.8,y* ,0.6 is affected by the intranuclear ca
cade ~which is known to have an extension of about 1
rapidity units!. In order to incorporate the intranuclear ca
cade in a phenomenological way, we replace Eq.~9! by

ET~b!5qNy
co~b!1kEZDC~b!. ~11!

l FIG. 2. ET-EZDC correlation: the full line is obtained in DPM
from Eqs.~11! and ~12! and gives a very good description of th
NA50 Collaboration data@11#. The dotted line is obtained in DPM
from Eqs.~10! and ~12!. The dashed line is obtained in the WNM
with ET(b)50.4@mA(b)1mB(b)# GeV @5#.
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398 PRC 59N. ARMESTO, A. CAPELLA, AND E. G. FERREIRO
With the values of the parameters we use,q50.78 GeV and
k51/4000, the relative contribution of the second term
Eq. ~11! is comparatively small~about 30% for a very pe
ripheral collision withEZDC530 000 GeV and less than 2%
for EZDC&10 000 GeV!. The only drawback of this extra
term is that it does not vanish atEZDC5EZDC

max5AEin . How-
ever, this can be easily cured by replacing Eq.~11! by

ET~b!5qNy
co~b!10.95S EZDC~b!

4000 D 1.2S EZDC
max2EZDC~b!

EZDC
max D 0.2

.

~12!

The correspondingET-EZDC correlation, shown in Fig. 2
~full line!, is practically identical to the one obtained fro
Eq. ~11! for ET,30 000 GeV and gives an excellent descr
tion of the experimental data@11#. Moreover, both correla-
tions lead to the sameET distributions forJ/c andDY in the
regionET*15 GeV, where data are available. Eq.~12! will
be used in all DPM calculations.

In order to obtain theET-b correlation, and not only the
relation between the average values of these two quanti
we have to determine theET distributions at a givenb. A
good description of the experimentalET distributions is ob-
tained@20,5,26# using a Gaussian distribution at fixed impa
parameter, with squared dispersionD2(b)[^@Ny

co(b)#2&
2^Ny

co(b)&25a^Ny
co(b)&, i.e.,

P~ET ,b!5
1

A2pq2aN̄y~b!
expF2

@ET2qN̄y~b!#2

2q2aN̄y~b!
G ,

~13!

whereN̄y(b)5ET(b)/q, with ET(b) given by Eq.~12!, and
a is a free parameter~see Sec. III!.

III. ET DISTRIBUTIONS

The ET distributions of J/c, DY, and minimum bias
~MB! are obtained by folding the corresponding cross s
tions at fixedb @Eqs. ~3! and ~5!# with the ET-b correlation
function

dsc

dET
5E d2b sAB

c ~b!P~ET ,b!, ~14!

dsMB

dET
5E d2b sAB~b!P~ET ,b!. ~15!

The corresponding expression forDY is obtained from~14!
with sabs5sco50.

The most precise determination of the parametera is ob-
tained from a fit of~the tail of! the MB ET distribution.
Using the 1995 data of Ref.@26# we obtaina50.73. This
value will be used in all DPM calculations. With the WNM
we use the parameters in Ref.@26#: q50.4 GeV anda
51.43. Note that the productaq is the same in both cases.~It
turns out that the ratio ofJ/c overDY is very insensitive to
the value ofa.)

The comparison ofdsDY/dET with the 1995 data@26# is
shown in Fig. 3. The agreement is satisfactory but the e
bars are quite large. Also shown is the distribution obtain
-

s,

-

r
d

using the WNM. This distribution has a stronger increa
with increasingET —but both are consistent with the da
within errors.

The comparison with the 1996ET distribution is shown in
Fig. 4. Again the~statistical! error bars are quite large. More

FIG. 3. Inclusive cross sectiondsDY/dET for DY pair produc-
tion with Mmm.4.2 GeV/c2 from the 1995 NA50 data@26# com-
pared to the results obtained from Eq.~14! with sabs5sco50. The
full curve is obtained in DPM and the dashed one in the WNM. T
normalization constantspp

DY/spp in Eq. ~3! is 9310210. Note that,
in order to compare with the experimental value ofspp

DY/spp , this
normalization factor should be divided by 5 due to theET binning
in Fig. 3.

FIG. 4. PreliminaryET distributiondNDY/dET for DY pair pro-
duction withMmm.4.2 GeV/c2 for the 1996 NA50 data@11# com-
pared to the theoretical curves of Fig. 3 normalized to the data.
common normalization factor is 0.10 fm22.
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PRC 59 399CHARMONIUM SUPPRESSION IN LEAD-LEAD . . .
over, there is a significant disagreement both with DPM a
WNM at ET;135 GeV which was not present when com
paring with the 1995 data. There is also a significant diff
ence in shape between DPM and WNM. Note that the o
ingredients in the calculation are theb dependence of the
DY,ABTAB(b), which is common to all models, plus th
ET-b or ET-EZDC correlation. Thus all models which repro
duce the latter correlation should lead to the sameDY dis-
tribution. Since the DPM@with Eqs.~10! and ~12!# gives an
excellent description of the latter, the full curve in Fig.
should be regarded as the theoreticalDY distribution—
which can be used as a reference when considering theJ/c
one. Any significant discrepancy with this distribution, su
as the one occurring at largeET , should be regarded as
possible experimental inconsistency between the meas
DY ET distribution and theET-EZDC correlation.

We turn next to theET distribution of theJ/c. We have
computed it usingsabs56.7 mb,sco50.6 mb. The result of
our calculation is compared with the 1995 data@26# of the
NA50 Collaboration in Fig. 5. The agreement betwe
theory and experiment is reasonable. However, the data s
to decrease slightly faster than the theoretical curve. N
that these data show no break in theJ/c cross section at any
value of ET . Figure 5 shows also theET distribution ob-
tained with nuclear absorption alone (sabs57.3 mb! both for
DPM @Eq. ~11!# and for the WNM. We see that the shape
the ET distribution is very sensitive to the effect of the c
movers. Thus, a slightly steeper decrease of theJ/c cross
section, if confirmed, could possibly be obtained with a sm
increase in the absorption parameters.~The constraint on

FIG. 5. Inclusive cross sectionds J/c/dET for J/c production
from the 1995 NA50 data@26# compared with the results obtaine
from Eq.~14!. The normalization constantBmms pp

J/c/spp in Eq. ~3!
is 2.431027. The dotted line is obtained with nuclear absorpti
alone (sabs57.3 mb, sco50), while the solid line contains the
effect of comovers withsabs56.7 mb andsco50.6 mb. The dashed
line is obtained in the WNM with nuclear absorption alone (sabs

57.3 mb,sco50).
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-
ly

ed

em
te

f
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these parameters coming from theSU data is now signifi-
cantly smaller due to an increase by a factor 2.8 of the
tistical errors; see Sec. VI.! Note also that, with nuclear ab
sorption alone, the WNM has a faster increase withET than
the DPM. Therefore the extraJ/c suppression required in
order to reproduce a given shape of theJ/c distribution,
must be considerably stronger in the WNM than in DP
This is even more clearly seen in Fig. 6 where we comp
the theoretical predictions with theJ/c ET distribution from
the 1996 data in a linear scale. In this comparison we obse
some deviations atET*100 GeV. This region should be
studied with great care in the 1998 high statistics run. In
opinion, this is a most interesting region to look for eventu
signs of new physics, i.e., for the onset of a truly anomalo
suppression atET*100 GeV. On the contrary, in the regio
ET,100 GeV@where the break in the ratioR(ET) occurs#,
there is no strong disagreement between theory and ex
ment. However, there is no perfect agreement either a
therefore, it is not possible to draw a clear conclusion
present. In particular a sudden drop of theJ/c cross section
at ET.55 GeV has been claimed@11#. Even if further data
show that this drop is statistically significant, our analy
suggests that it cannot be easily attributed to a sudden
crease ofJ/c suppression due to deconfinement. Indeed
the next fourET bins the measuredJ/c cross section is con
sistent with the predictions of a model which does not ha
deconfinement.

IV. J/c OVER DY RATIO

The J/c suppression is described by the ratioR(ET) of
J/c andDY cross sections in differentET bins. The advan-
tage of taking this ratio is that systematic errors common

FIG. 6. PremiminaryET distribution dNJ/c/dET for J/c pro-
duction from the 1996 NA50 data@11#, compared with the theoret
ical curves of Fig. 5 normalized to the data. The common norm
ization factor is 5.57 fm22. The circles and the crosses correspo
to two different experimental methods@11#: fitting and counting
procedures.
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400 PRC 59N. ARMESTO, A. CAPELLA, AND E. G. FERREIRO
both systems do not appear in this ratio. The inconvenie
however, is that the results are sensitive to the shape o
DY ET distribution. In our opinion, it is of utmost impor
tance to have good data on theET distribution of the
J/c—as illustrated by the analysis of the previous secti
The ratioR(ET) is given by

R~ET!5

E d2b sAB
c ~b!P~ET ,b!

E d2b sAB
DYP~ET ,b!

. ~16!

This ratio has been calculated, within the present mode
Ref. @9#, where the values of the parameters@the same ones
used here, including the absolute normalization but exc
ing the value ofa which, as discussed in the previous se
tion, has practically no effect onR(ET)] were determined
from the best fit toR(ET) in pA,SU, and PbPb collisions. A
that time, however, the 1996 data were not available. T
comparison of the model results with both the 1995 and 1
data@11# is shown in Fig. 7.

The model reproduces the qualitative behavior of the ra
R. However, there are disagreements at a quantitative le
The overall suppression, both from the 1995 and the 1
data, is somewhat larger than the theoretical one. More
portant, the 1996 data seem to show a break atET;55 GeV
which is not present in the model calculation. Here, seve

FIG. 7. The ratioR(ET) of J/c over DY versusET both from
the 1995@1# ~open symbols! and preliminary 1996@11# ~black sym-
bols! NA50 data compared to the ratio of theoretical curves~solid
lines! in Figs. 4 and 6~with comovers, solid line!. The dotted line is
obtained in DPM with nuclear absorption alone (sabs57.3 mb,
sco50). The normalization factor~61.2! is the one obtained in Ref
@9# from a fit to thepA, SU, and PbPb data. This normalizatio
coincides with the one obtained from the normalizations of the
dividual ET distributions in Figs. 4 and 6 after correcting the latt
for the differentET binnings, the experimental acceptances and
different DY mass range—which is 2.9,M,4.5 GeV/c2 in the
ratio R(ET) andM.4.2 GeV/c2 in Fig. 4.
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comments are in order. First, as seen in Fig. 7, the exp
mental data for the firstET bin is higher than the one ob
tained with nuclear absorption alone~with a normalization
extracted from a fit topA andSU data@1,9#!. This is difficult
to explain in any model. Second, the relevance of the br
at ET;55 GeV is weakened by the existence of fluctuatio
in R(ET) at largeET of a comparable size. These fluctu
tions, which are generally regarded as spurious, are an
ample of systematic errors that do not cancel when taking
ratio of J/c and DY cross sections and have to be und
stood. Third, the failure of the model to describe quanti
tively the ratioR(ET) in the regionET&100 GeV is in sharp
contrast with the conclusions reached in Sec. III from a
rect comparison of the model results with theET distribution
of the J/c which showed reasonable agreement in thisET
region. In order to understand the origin of this contradicti
we have plotted in Fig. 8 the theoretical curve of Fig. 7~full
curve!, and compared it with theJ/c suppression obtained
from the ratioR̄(ET) of the experimentalET distribution of
theJ/c ~for the 1996 NA50 data! over the theoretical one fo
the DY ~full curve of Fig. 5!. We see that the agreement
shape between theory and experiment has considerably
proved in the regionET,100 GeV—except for the firstET

bin. Moreover, in the ratioR̄(ET) the break atET;55 GeV
has practically disappeared. Figure 8 indicates that the r
R(ET) is very sensitive to the shape of theDY distribution.
We would like to stress that Fig. 8 contains no new inform
tion. However, it is useful since its comparison with Fig.
shows the effect on the ratioR(ET) of smoothing out theDY
cross section. Again, the interest of a careful study of
largeET region is seen in Fig. 8.

Before concluding this section we would like to comme
on the modifications in the ratioR(ET) when using the co-
mover density computed in the WNM, rather than the o

-

e

FIG. 8. The theoretical curve of Fig. 7~solid line! is compared

to the ratioR̄(ET) of the experimentalET distribution of Fig. 6 over
the theoreticalDY distribution of Fig. 4~solid line!. Here the nor-

malization ofR̄(ET) is arbitrary since we are only interested in th
change in the shape ofR(ET) when smoothing theDY ET distri-
bution.
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based on DPM, Eq.~9!. As discussed in Sec. II, the WNM
underestimates the number of negative particles in a ce
PbPb collision aty* ;0 by 15–30 %. The correspondin
DPM value is 30% larger than the WNM one and in bet
agreement with the NA49 data~see Sec. II!. If we would
decrease the density of comovers by 30% for the most c
tral ET bin, the value ofR(ET) would decrease by abou
10%. Actually, the net effect would be significantly smalle
since the WNM multiplicity is smaller than the DPM on
also inSU, and this can be compensated by a correspond
increase ofsco. Although a difference would remain,
would not basically change the conclusions of the pres
analysis. On the contrary, our results would be changed if
were to use the WNM in the calorimeter rapidity region,
order to determine theET-EZDC correlation. In this case we
would obtain anET distribution for theJ/c which would be
too large in the upper half of theET interval.

V. TRANSVERSE MOMENTUM BROADENING

A mechanism producing an increase of the^pT& of any
type of particle produced inpA or AB collisions with in-
creasing nuclear sizes or centrality has been known fo
long time@27,28#. It is due to initial state rescattering. Mor
precisely, forJ/c production this increase is due to resc
tering of the projectile and target gluons, before fusion, w
target and projectile nucleons, respectively, encountere
their path through the nuclei. The average broadening of
intrinsic gluon distribution in each collision is denoted b
d0 . In Ref. @28# it has been shown that thepT broadening of
the J/c is affected byJ/c absorption. In particular the sup
pression in PbPb collisions in a deconfining approach@5#,
produces a maximum in theET dependence of̂pT

2&J/c at
ET;100 GeV followed by a decrease with increasingET .
This peculiar behavior has been considered as a signatu
quark-gluon plasma formation.

In this section, we follow the formalism ofpT broadening
of the J/c in Ref. @28#, but using absorption by comover
instead of the one due to deconfinement.

The broadening ofpT is given by

dAB~b![^pT
2&AB~b!2^pT

2&pp5NAB~b!d0 . ~17!
ral

r

n-

,

g

nt
e

a

-

in
e

of

NAB is the average number of collisions of the projectile a
target gluons with target and projectile nucleons, resp
tively, up to the formation point of thecc̄ pair, at fixedb.
This point is specified by the impact parameterb and the
positions (s,z) and (b2s,z8) in the two nuclei. One has

NAB~b,s,z,z8!5sgNAE
2`

z

dzArA~s,zA!

1sgNBE
2`

z8
dzBrB~b2s,zB!. ~18!

HeresgN is the gluon-nucleon cross section. This express
~18! has to be averaged over all positions of thecc̄ formation
point with a weight given by the product of nuclear densit
and survival probabilities:

W~b,s,z,z8!5rA~s,z!rB~b2s,z8!SA~s,z!

3SB~b2s,z8!Sco~b,s!, ~19!

where

SA~b,z!5expS 2AsabsE
z

`

dz̃rA~b,z̃! D ~20!

is the survival probability due to nuclear absorption@15# and
Sco(b,s) is the survival probability due to interaction wit
comovers, Eq.~2!. The latter does not depend on thecc̄
formation point.

We obtain in this way

NAB~b!

5

E d2sE
2`

1`

dzE
2`

1`

dz8W~b,s,z,z8!NAB~b,s,z,z8!

E d2sE
2`

1`

dzE
2`

1`

dz8W~b,s,z,z8!

.

~21!

This expression can be written after some transformation
NAB~b!5sgN

E d2s Sco~b,s!@NA~s!DB~b2s!1NB~b2s!DA~s!#

E d2s Sco~b,s!DA~s!DB~b2s!

, ~22!
where

DA~s!5
1

Asabs
$12exp@2AsabsTA~s!#% ~23!

and
NA~s!5
1

Asabs
2 $sabsATA~s!211exp@2AsabsTA~s!#%,

~24!

DB5DA(A→B) andNB5NA(A→B).
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Finally, the corresponding quantity at fixed transverse
ergy can be obtained as

NAB~ET!5

E d2b P~ET ,b!sAB~b!NAB~b!

E d2b P~ET ,b!sAB~b!

, ~25!

where P(ET ,b) is the ET-b correlation function, Eq.~13!,
andsAB(b) is given by Eq.~5!.

The values of̂ pT
2&pp and sgNd0 at 158A GeV/c are ob-

tained from a fit to the NA50 data@11#. One obtains
^pT

2&pp51.03–1.10(GeV/c)2 and sgNd050.39–0.47
.10.0–12.1(GeV fm)2 ~depending on whether the effect o
comovers is included or not!. The value ofsgNd050.39 we
obtain for nuclear absorption withsabs57.3 mb and no co-
movers, agrees with that obtained in Ref.@28#, 9.4
60.7 (GeV fm)2, from a fit topA andSU data@29,30#. As
suggested in Ref.@31#, we should take different values o
^pT

2&pp in SU and PbPb, since this value increases with
ergy. Using the values measured@32# in p2p collisions at
150 and 200 GeV/c, the value ^pT

2&pp51.07 (GeV/c)2

would correspond tôpT
2&pp51.23(GeV/c)2 at 200 GeV/c.

This last value coincides with the one measured in Ref.@32#,
1.2360.05(GeV/c)2, in pp collisions at 200 GeV/c. ~From
a fit to DY data inpA,OCu,OU, andSU @29#, a value of
sgNd050.13 is obtained, whose ratio over the values forJ/c
is ;0.33, smaller than the value 4/9.0.44 suggested@27# by
the difference of coupling between gluons and quarks or g
ons.!

Our results for nuclear absorption plus comovers w
sabs56.7 mb andsco50.6 mb ~nuclear absorption alon
with sabs57.3 mb!, for SU with ^pT

2&pp51.23 (GeV/c)2

and sgNd050.42 ~0.40!, and for PbPb collisions with
^pT

2&pp51.10 (GeV/c)2 ~in agreement with the mentione
rescaling between 200 and 158A GeV/c) and the same
sgNd0 as in SU, are shown in Fig. 9 and compared wi
experimental data@11,33#. We see that, in PbPb collision
with comovers, there is a small maximum atET;125 GeV.
However, after this maximum,^pT

2&AB is practically constant
and only slightly smaller than the one obtained with nucl
absorption alone. This is in contrast with the sharper
crease at largeET found in a deconfining scenario@28#. The
physical origin of this decrease is the same in both
proaches. At largeET , corresponding to large comover o
energy density, theJ/c, with large^pT

2& due to a large num-
ber of initial gN collisions, is suppressed by either the c
mover or the deconfining mechanisms. However, this ef
turns out to be numerically much smaller in the former a
proach. Unfortunately, with the present data it is not poss
to clearly discriminate between these two predictions.

VI. CONCLUSIONS AND PROSPECTS

We have presented a direct comparison of the availa
NA50 data for theET distribution of theJ/c with the results
obtained in a conventional framework based on nuclear
sorption plus comover interaction. Our analysis suggests
the presence of new physics in the regionET,100 GeV is
unlikely. On the contrary, the regionET.100 GeV is very
-

-

-

r
-

-

-
ct
-
le

le

b-
at

interesting and should be studied with great care in the 1
high statistics run. Agreement of theJ/c cross section with
the comovers results forET&100 GeV together with a sig
nificantly sharper decrease forET.100 GeV ~for which
there might be some hint in the 1996 data!, would signal the
onset of a truly anomalousJ/c suppression.

Is it possible with the present data to distinguish a dec
fining phase transition scenario from the more conventio
one described here? In order to answer this question we h
to distinguish between deconfining scenarios produc
sharp breaks in the ratioR(ET) @12,6# from others leading to
a smooth behavior of this ratio@3–6#. For the former, a clear-
cut answer will probably come from the 1998 data. On t
contrary, it will be more difficult to distinguish the secon
type of deconfining models from the comover approach p
sented here.

A very clear way to do so would be to show that the on
of the anomalous suppression is abrupt, i.e., it is not pre
below some critical density—for instance, the maximal o
reached inSU collisions @3#. Up to a recent date, there wa
some evidence for that@11#. Indeed, the effect of the comov
ers inSU produced a somewhat larger suppression@8,9# than
the measured one. At present, however, the experimenta
rors in the ratioR(ET) in SU collisions have been increase
by a factor 2.8~see Ref.@34#; also the experimental errors fo
PbPb have increased, by a factor 1.4, which has been ta
into account in this work!. In view of that, it is no longer
possible to claim that theJ/c suppression inSU is too large
in the comover approach@9# or that the onset of the anoma
lous suppression is an abrupt one.

As we have shown in Sec. V, there is a difference b
tween comovers and deconfining scenarios regarding the
havior of ^pT

2& versusET . According to Ref.@28#, in a de-
confining scenario this quantity has a maximum atET;100
GeV and decreases at largerET values. In the comover ap

FIG. 9. ^pT
2&AB in ~a! SU and~b! PbPb collisions at SPS. Solid

line: nuclear absorption plus comovers; dotted line: nuclear abs
tion alone~see text for the values of the corresponding paramete!.
Black circles are experimental data from Refs.@11,33#.
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proach presented here, this drop is practically absent and
ET dependence is close to the one obtained with nuc
absorption alone. Although no such drop is seen in the d
the present experimental errors are rather large and a
conclusion is not possible.

A promising possibility is the measurement of theJ/c
suppression at higher energies. TheJ/c suppression due to
either comover interactions or deconfinement, is expecte
increase substantially with increasing energy. In the fi
case, this is due to the increase of the density of como
with increasing energy. In the second case, it is due to
corresponding increase of energy density—while the crit
value of this quantity is unchanged. Therefore, it is import
to make predictions at higher energies in both approac
using the values of the parameters determined from pre
data. One can hope that the differences in the prediction
the two approaches will be sufficiently large to be expe
mentally measurable.

The main uncertainty in the determination of the absol
value of the suppression at high energies resides in the v
of dN/dy at y* ;0. For instance, in central PbPb collision
at RHIC energies, one expects in DPM a value@35# for nega-
tive particlesdN2/dyuy* ;051000, and 3500 atAsNN55.5
TeV. On the contrary, from the scaling in the number
participants ~WNM! one expects a valuedN2/dyuy* ;0

5400 atAsNN5200 GeV and 800 atAsNN55.5 TeV. In the
first case, there is an increase by roughly a factor 5 at RH
~17.5 at LHC! with respect to the value atAsNN517 GeV. In
the second case, there is only an increase by a factor
RHIC ~4 at LHC!, which is due to the corresponding increa
of dN/dyuy* ;0 in pp collisions. An estimate at RHIC~LHC!
of the J/c survival probability in central PbPb collisions
given in Table I. The numbers in this table, for comov
absorption alone, are obtained from Eq.~2! by rising the
comover absorption, computed atAsNN517 GeV for a cen-
tral ET bin (ET;145 GeV!, to a power 2~4! in the case of
the WNM and to a power 5~17.5! in the case of DPM. The
corresponding numbers for the totalJ/c suppression are ob
tained by multiplying the ones for comovers alone given
an
b

s
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b i
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ar
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Table I, by the nuclear absorption. The latter is expected
depend little on energy@36#.

These estimates illustrate the important increase of
J/c suppression with energy and also the dramatic unc
tainties associated to the value ofdN/dyuy* ;0. Clearly, a
more detailed calculation is needed which takes into acco
the modifications of parton densities inside nuclei~usually
neglected at SPS energies! and also the changes in th
Glauber formulas due to the increase with energy ofspp .
However, it is obvious that theJ/c suppression will increase
strongly with increasing energies and it is very unlikely th
the results will be the same in the comover and in the dec
fining frameworks.
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