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Abstract

We report on a search for a phase transition from ordinary nuclear matter to a state of deconfined quarks and gluons as
predicted by lattice QCD calculations. A new measurement of charmonium production in Pb-Pb interactions at 158 GeV /c
per nucleon agrees with our previous results and confirms the anomalous J/ ¢ suppression we had already observed on a
significantly smaller data sample. New event selection and analysis techniques show that, for peripheral collisions, the J/ s
cross-section per nucleon-nucleon collision agrees with the precise suppression pattern inferred from a wide range of
measurements extending from p-p up to S-U collisions. As the collisions become more central, the Pb-Pb cross-section
exhibits a clear departure from this normal behaviour. The onset of the anomalous J/ s suppression reported here is the first
clear observation of athreshold effect in heavy ion collisions and can be considered as a strong indication of the production
of a deconfined quark-gluon phase in central Pb-Pb collisions. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

In ordinary nuclear matter, quarks and gluons are
confined within nucleons. Above the deconfinement
temperature, T, as predicted by non-perturbative
Quantum Chromodynamics (QCD) calculations,
quarks and gluons are expected to behave as free
objects within a new state of deconfined matter, the
Quark-Gluon Plasma (QGP). It has been suggested
that the phase transition between ordinary and de-
confined matter could occur in ultrarelativistic heavy
ion collisions where, under certain conditions, tem-
perature and energy density could reach the required
values. Heavy ion physics offers thus a unique op-
portunity to test a major prediction of QCD.

The suppression of charmonium states has been
predicted to be an unambiguous signature of decon-
finement [1]. The formation of the c¢€ bound states

! Also at UCEH, Universidade do Algarve, Faro, Portugal.

2 Also at IST, Universidade Técnica de Lisboa, Lisbon, Portu-
ga.
® Now at FPNT, University of Mining and Metallurgy, Cracow,
Poland.

4 Now at ISN, Univ. Joseph Fourier and CNRS-IN2P3, Greno-
ble, France.

®> Now at UERJ, Rio de Janeiro, Brazil.

® On leave of absence from Universitadi Torino/INFN, Torino,
Italy.

7 On leave of absence from YerPhl, Yerevan, Armenia.

would be suppressed in the QGP due to the screen-
ing of the attractive color force which binds the two
quarks together. Charmonia are produced in the very
early stage of the collision. Strongly bound states,
like the J/¢, are expected to interact weskly with
other hadrons. As a result, and more than other
signatures, J/ suppression carries its origina mes-
sage through the different stages of the reacting
medium.

Based on an extensive set of experimental data
obtained with proton, oxygen and sulphur beams on
severa targets, the NA38 and NAS51 experiments
have indeed observed a J/ suppression which in-
creases continuously and monotonically from the
lighter to the heavier interacting nuclei [2]. The same
behaviour is observed in sulphur-uranium collisions
as a function of the centrality of the reaction. The
observed suppression exhibits a completely smooth
increasing pattern which is fully consistent with ordi-
nary nuclear absorption of the charmonium states by
the nucleons of the interacting nuclei. Within the
framework of the Glauber model and from a simple
first order exponentia fit, the data lead to a J/¢
absorption cross-section of 6.1+ 0.7 mb [3] which
accounts for the observed suppression in a range
which extends from p-p up to central S-U reactions.

The J/¢ suppression measured by experiment
NAS5O for Pb-Pb interactions shows a clear departure
from the smooth trend exhibited by measurements
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with lighter projectiles [3]. The data which led to the
discovery of the anomalous J/ suppression were
collected in 1995, a the CERN SPS. The J/¢
cross-section measured in Pb-Pb at 158 GeV /c per
nucleon is a factor 0.71 4 0.03 below the vaue
extrapolated from the NA38/NA51 data according
to pure nuclear absorption. Moreover, the observed
anomaly increases with increasing centrality. Within
a large statistical error, the results obtained for the
most peripheral collisions have been found to be
compatible with normal nuclear absorption as extrap-
olated from p-A and S-U reactions.

In this paper we report the results from a high
statistics sample of Pb-Pb interactions, collected in
1996. The aim of this larger set of dataisto increase
significantly the sample of high mass muon pair
events, in particular those produced in periphera
reactions. The new analysis presented hereafter is
devoted to the study of J/¢ suppression as a func-
tion of centrality. It is intended to explore in detail
the pattern of the observed anomaly and to compare,
as accurately as possible, the most peripheral Pb-Pb
results with the previously studied S-U reactions.
Absolute cross-sections can be found in Ref. [4].

2. Experimental setup

The experimental setup used in 1996 was almost
identical to the one used in 1995. The detector has
been described in detail in Ref. [4]. Muon pairs are
deflected by an air gap toroida magnet in the
pseudo-rapidity interval 2.8 < n,,, < 4.0 and tracked
by a set of multi-wire proportional chambers. A very
forward (*‘zero degree’’ or ZDC) hadronic calorime-
ter [5] covers rapidities higher than 6.3 and measures
essentialy the energy, E, 5, of the spectator (non-
interacting) nucleons from the incoming Pb projec-
tile.

The centrality of the collision is estimated by an
electromagnetic calorimeter which measures E-, the
neutral transverse energy produced in the reaction in
the range 1.1 < m,, < 2.3. It should be underlined
that this measurement suffers from a significant
global absolute scale uncertainty as compared with
similar measurements done in experiment NA38 in
which a more central rapidity region was covered.
We have thus renormalized the E; absolute scale

published in Ref. [4] or recently presented as prelimi-
nary results from the present data [6]. The new scale
provides identical values for the 1995 and 1996 Pb
data and is, furthermore, consistent with the NA38
S-U results according to simulations done using the
RQOMD Monte-Carlo event generator [7]. The aver-
age correction multiplicative factor, aready applied
here, amounts to 0.81 for the 1996 preliminary re-
sults and to 0.74 for the 1995 published data. This
change of E; scale does not affect any other central-
ity estimator currently used in the analysis. The
typical resolution achieved in the E; measurement is
~ 10% for E; =40 GeV and ~ 7% for E; =100
GeV.

The average beam intensity during the 1996 run
was 5 X 107 Pbions per burst as compared to 3 X 107
in 1995. With a spill of 4.5 s nominal duration, the
resulting pile-up of two or more incident ions arriv-
ing within the 20 ns gate of the multichannel beam
hodoscope amounted to 28% of the total sample of
events. These pile-up events were tagged by the
beam hodoscope and rejected from the final set of
data. We recorded ~ 2000 triggers per burst. Be-
sides the dimuon triggers, these included 10% of
downscaled minimum bias triggers obtained by re-
quiring only a non-zero energy deposit in the ZDC.
A total of 170 million triggers (60 million in 1995)
were written on tape. The target assembly was made
of 7 sub-targets spaced 25 mm apart. Its total thick-
ness was 12 mm, a major change with respect to the
1995 setup which used 7 mm instead (i.e. 30% of an
interaction length in 1996 against 17% in 1995). A
major improvement with respect to 1995 was the
better beam optics and sharply limited beam spot
which resulted from a significantly higher primary
beam intensity coupled to a severe upstream collima-
tion. The fine tuning of the beam line led to a
significant reduction of off-target background trig-
gers with respect to the 1995 running conditions. The
use of pre-interaction and halo detectors to tag beam
interactions upstream from our target allowed, fur-
thermore, a clean selection of on-target events. Fi-
naly, the contamination due to off-target dimuon
events which survived the selection criteria could be
estimated from the empty target special runs recorded
during normal data taking. It amounts to about 3% of
the events with E; below 50 GeV and is negligible
for higher E; values.
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The fina analysis of the 1996 run presented here
is based on 190000 J/ ¢ events and 2100 Drell-Yan
muon pairs with invariant mass higher than 4.2
GeV /c?. This sample corresponds to an average
fourfold increase in statistics as compared to the
1995 sample; as explained below and thanks to a
new event selection procedure, the increase is signif-
icantly higher for peripheral collisions.

3. The ‘‘standard’’ analysis

The ‘*standard’’ analysis method has aready been
described in Ref. [4]. The /¢ and ' resonances
are identified through their decays into muon pairs.
The numbers of J/¢ and ¢’ events and the number
of Drell-Yan dimuons are obtained from the analysis
of the muon pair invariant mass spectrum, taking
into account the contributions originating from both
the open charm associated production and the combi-
natorial background due to decays. The measured
quantity is B,, 03,/ opy, the ratio of J/¢ to
Drell-Y an cross-sections multiplied by the branching
ratio of J/¢ into two muons. The branching ratio
B,,. is always included but generally omitted in the
notations of this article. This quantity is referred to
asthe‘*J/ s cross-section per nucleon-nucleon colli-
sion’’ since the Drell-Yan cross-section is expected
to be proportional to the number of elementary colli-
sions in the reaction [3]. The study is done as a
function of the neutral transverse energy E; mea
sured on an event by event basis and used as an
estimator of the centrality.

3.1. Data selection

The muon pairs selected for the final data analysis
have to satisfy the normal selection criteria aready
detailed in Ref. [4]. This selection has been modified
for the analysis of the 1996 data as detailed here-
after.

The target algorithm makes use of the signals
given by the two quartz blades located off the beam
axis, on the left and right sides of each sub-target,
which measure a fraction of the particles emitted in
the interaction [8]. It identifies the sub-target where
the primary interaction took place. Furthermore, it
can aso identify, if any, interactions of the spectator

fragments with downstream sub-targets, a type of
events called *‘re-interactions'’. The identification of
the interaction sub-target rejects efficiently most of
the off-target events. Nevertheless, this powerful
cleaning tool induces a significant loss for the most
peripheral (low multiplicity) on-target reactions and
fails to identify part of the re-interactions which,
usualy, are made of at least one very peripheral
reaction. These two types of events give signals
which are indistinguishable from those generated by
the & rays of the non interacting incident ions across
the Pb targets. In order to recover the peripheral
reactions, a new selection method has been devel-
oped which rejects most of the off-target contamina
tion without requesting necessarily a positive re-
sponse from the target algorithm (which is aways
used if present). The new method is based on the
correlation between E; and E,p. measured on an
event by event basis by the two NAS0 calorimeters.
A contour-cut on the E;—E,y correlation is ap-
plied, limited to the 2 o distance from the average
correlation. It efficiently rejects events originating
both upstream and downstream from the target re-
gion and is therefore practicaly equivalent to a
selection of Pb-Pb events, as shown by the analysis
of the empty target runs.

Fig. 1 shows the E;—E, . correlation for high
mass dimuons identified with the new method (a)
and with the target algorithm (b). As can be seen, the
new method recovers the sample of peripheral colli-
sions regjected by the target algorithm. The contour-
cut rejection applies to all events. The interaction
sub-target is taken according to the response of the
target algorithm, if any, and is arbitrarily considered
to be the central (fourth) sub-target when the re-
sponse is missing. In this last case, the resulting
vertex smearing leads to a dlightly worse resolution
in the transverse energy and in the dimuon invariant
mass calculations, since both depend on the precise
interaction vertex. The mass resolution at the J/y
peak, therefore, increases smoothly from 97 to 105
MeV (3.1% to 3.4%) between central or semi-central
and the most peripheral collisions. This variation is
due to the increasing mass smearing and is well
reproduced by Monte-Carlo simulations.

Fig. 2 shows the ratio of the number of events
selected by the contour-cut method and by the target
agorithm. No event is recovered for E; higher than
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Fig. 1. Correlation between neutral transverse energy and very

forward hadronic energy for J/¢ events using the new selection

procedure with (b) and without () requiring the vertex identifica-

tion by the target algorithm.

55 GeV as, in this range, the target agorithm effi-
ciency is close to unity, while for lower E; values
the number of events recovered by the contour-cut
method increases smoothly as the collisions become
more peripheral.

In order to reject dimuon events produced up-
stream and down-stream from the target in Pb-air
interactions, severe cuts on the distance between the
muon tracks and the beam axis are applied. The
study of the ¢ dimuon vertex distribution along the
beam axis, measured from the extrapolated muon
tracks detected in the spectrometer, shows that these
dimuon ‘‘vertex cuts’ reduce the contribution of
off-target events by a factor 3.

Events identified by the target algorithm as re-in-
teractions are rejected from the data analysis. They
amount to 3% of the 1996 final analysis data sample
(corresponding to 5.4% at the raw-data level), to be
compared with 2% in the 1995 data. As explained
above, the rate of reinteraction identification is lower
than expected. For example, a target thickness corre-
sponding to 30% of an interaction length should lead
to a re-interaction contamination of 10—15% (at the
raw-data level). The re-interaction rejection ineffi-
ciency could induce a bias in the data analysis,
which could be significant for values of E; above 90

GeV, as suggested by the E; distribution of the
events positively tagged for re-interaction.

3.2. Analysis

The fina invariant mass spectrum of the
opposite-sign pairs obtained from the whole sample
of events collected in 1996 is shown in Fig. 3.

It is fitted to the sum of five contributions, i.e. the
combinatorial background, the open charm, J/¢, '
and Drell-Yan. The combinatorial background origi-
nating from uncorrelated 7= and K decays is deter-
mined with the standard procedure using the sample
of like-sign pairs. The shapes of the open charm,
J/ ¢, ' and Dréll-Yan contributions shown in Fig.
3 are determined by Monte-Carlo simulations. For
open charm and Drell-Yan production, the simula-
tion is based on PYTHIA [9] calculations using the
MRS A [10] set of parton distribution functions. It
has been checked that the results reported in this
paper are insensitive to the specific set of parton
distribution functions adopted for the analysis. The
open charm continuum shown on the figure corre-
sponds to DD semileptonic decays; its normalization
is obtained from afit to the intermediate mass region
22<M<29 GeV/c? with the Drell-Yan ampli-

107

Ratio of number of events
+

0 20 40 60 80 100 120
Neutral transverse energy (GeV)

Fig. 2. Ratio of the number of events selected by the contour-cut
method and by the target algorithm.
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tude determined from the high mass part of the
distribution.

The final fit is performed for M > 2.9 GeV /c?
with three free normalization parameters, i.e., the
number of Drell-Yan, J/¢ and ¢’ events. Addition-
aly, the /¢ mass is taken as a free parameter for
better fit quality. The fitted value for the mass of the
J/ ¢ is found to be systematically 0.3% higher than
the value of the Particle Data Group [11], due to the
average energy loss correction. The best fit gives a
x2/dof = 1.03 using the maximum likelihood
method. The two-step fitting procedure is used to
estimate the contribution of the DD ““excess’ [12] at
high mass; it reduces to a negligible level the sys-
tematic error from this source on the o,,, / opy
ratios. The global fit reproduces the trend of the data
even below 2.9 GeV /c? as can be seen from Fig. 3,
which suggests a clean selection and a fair agree-
ment with the shapes of the different contributions.

3.3. Results

The ratios of cross-sections o, / oy @€ given
integrating the Drell-Y an differential cross-section in
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Fig. 3. Opposite-sign muon pair invariant mass spectrum for
Pb-Pb collisions at 158 GeV /¢ incident momentum.
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Fig. 4. The standard o;,,, / oy ratios for the 1995 and the 1996
data samples. The difference at the upper end of the E; range is
probably due to re-interactions in the target. See the text for
details.

the mass interval 2.9 <M < 4.5 GeV /c?. The ratio
a3,/ Tpy has been measured for the whole sample
of Pb-Pb events. From the 1996 data we obtain

B.. 74/ 0oy =17.0£0.2

while from the 1995 data[4] we had obtained 16.1 +
04+02 &

The new ratio together with the now final analysis
of the NA38/NAGL data [2] leads to

R=0.77 £ 0.04

for the anomalous suppression factor as defined in
Ref. [3] (ordinary nuclear absorption would corre-
spond to R=1). This value is compatible with the
vaue 0.71 + 0.03 published in Ref. [3].

The ratio of the J/ to Drell-Yan cross-sections
can be studied as a function of centrality. The analy-
sis method described above is now applied in differ-
ent E; bins. For comparison purposes only, Fig. 4
shows the results obtained from the 1996 data with
the coarse binning required by the limited number of
events collected in 1995.

® The statistical error 0.3 published in Ref. [4] was underesti-
mated.
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The agreement between the two different samples
is fairly good except for the highest E; bin, which is
attributed to a bias due to re-interaction type events
(see Section 3.1). Their mis-identification induces a
smooth event migration from medium to high E;
values. It leads to an overestimated ratio of cross-
sections for the upper end of the E; range. This
assumption is supported by the fact that re-interac-
tions are expected to play a larger role for the 1996
data due to a significantly thicker Pb target. Further
studies are therefore in progress to clarify the results
for E; > 100 GeV.

The size of the 1996 data sample alows a more
detailed centrality analysis in 15 different E; bins.
The results obtained for the ratios of J/ to Drell-
Y an cross-sections are listed in Table 1 together with
the x?/dof of each individual fit. The quoted errors
are purely statistical.

Fig. 5 shows the cross-section ratios for the 15 E;
bins presented in Table 1 (closed circles). In order to
check the stability of the results, the figure shows
also the cross-section ratios for bins shifted by half a
bin (open circles). The curve represents the ordinary
nuclear absorption fitted to the NA51 and NA38

40 ——— L L B A B B A R
® pp — Pb 1996 DATA
0 ™pb — Pb Shifted Bins

w
(5]

w
o

N
o
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B0 (J/¥)/a(Drell =Yan)ye-us

;_LIlIIlLIIIl[llillllllllllll‘lll

Hyas
AT

E; (GeV)

Fig. 5. Ratios of J/¢ to Drell-Yan cross-sections as a function of
centrality in Pb-Pb collisions at 158 GeV / c. The line corresponds
to the fit to lighter interacting nuclei shown in Fig. 6. It is
supposed to account for ordinary nuclear absorption (see text)
with oy, = 6.4mb.

Table 1

Cross-section ratios for the 1996 Pb-Pb data as a function of
centrality. The ratios are given for Drell-Yan events in the mass
interval 2.9-4.5 GeV /c2. The values of (E;) and (b) corre-
spond to the average neutral transverse energy and impact parame-
ter for the events observed in each interval

(Er> {b) B,y / Toy )(z/dof
(Gev) (fm)
14 10.8 35.8+2.6 1.08
24 9.6 28.2+2.2 1.20
32 8.9 26.0+1.7 0.84
41 8.1 24.2+14 0.85
49 7.3 18.6+1.0 1.22
56 6.6 18.0+1.0 1.02
63 5.9 16.7+1.0 1.24
70 53 18.0+1.0 1.32
7 4.7 16.7+1.0 0.83
83 4.2 135+1.1 0.90
20 3.6 14.4+09 0.94
97 29 16.1+1.1 1.20
103 2.2 16.6+1.3 0.98
110 1.7 141+11 0.88
119 1.3 13.7+13 0.52

results obtained with lighter projectiles [3]. It should
be noted that, for the first time, the anomalous
suppression pattern can be seen within the same data
sample. It is clear from the figure that whereas for
E; <40 GeV J/i suppression agrees with measure-
ments obtained from lighter systems, there is a sig-
nificant departure from this behaviour for E; > 50
GeV. The onset of the anomaly can be seen as adrop
of yield in a limited 10 GeV wide E; range which
corresponds to an impact parameter b = 8 fm.

The ratio of the J/y to Drell-Yan cross-sections
is plotted in Fig. 6 as a function of L [13], the mean
path length of the prompt (cC) object through nuclear
meatter, which is related to E; as explained in detail
in Ref. [3]. The fina results from the NA38 (p-W,
p-U and S-U) and NA51 (p-p and p-d) experiments
[2] are also presented in the figure. The NA38/NA51
measurements at 200 GeV /c and 450 GeV /c have
been rescaled to 158 GeV /c and corrected, together
with the Pb-Pb data, for the different proton and
neutron content of the interacting nuclei, according
to the procedure explained in Ref. [3]. Thefull lineis
a simple exponentia fit of exp(—p, oy L) t0 the
proton and sulphur data, where p,=0.17 fm~2 is
the nuclear matter average density. It describes the
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Fig. 6. Ratios of the J/ to Drell-Y an cross-sections as a function
of the mean nuclear path length L, for NA38, NA50 and NA51
data. The NA38 and NA51 data are rescaled to 158 GeV /c. The
line corresponds to the simple exponentia fit with oy, = 5.8 mb.

ordinary nuclear absorption of charmonia. It is
worthwhile noting that the value obtained for o,
from this type of simple fit is a good first order
approximation of the absorption cross-section of
charmonia in nuclear matter when o, is smal.
Strictly speaking, however, the full absorption calcu-
lation [14] gives sytematically higher values.

The exponential fit shown in Fig. 6 leads to
5.8+ 0.7 mb (equivaent to 6.4 + 0.8 mb for a full
caculation) for the absorption cross-section. The
cross-section ratios obtained for the first four Pb-Pb
bins corresponding to the most peripheral collisions
(L < 8 fm) can also be described by the same expo-
nential. A clear additional suppression can be ob-
served for the more central Pb-Pb collisions.

4. The ‘““minimum bias’ analysis

The statistical fluctuations of the ratio o, / opy
are essentially due to the small number of Drell-Yan
events. In order to overcome this experimental draw-
back, an alternative independent analysis has been
developed with only the J/¢ sample of events in
common with the standard analysis. The sample of
Drell-Yan events is now replaced by the huge sam-

ple of minimum bias events and a new estimator of
theratio a,,, / opy isbuilt, according to the proce-
dure detailed heresfter.

4.1. Data selection

Minimum bias events are those defined by an
incident Pb ion which interacts in the Pb target of the
experiment. They are collected with a beam trigger
made of specific hardware which is completely inde-
pendent of the usual muon pair trigger used for
dimuon on-line selection. The beam trigger fires
when hadronic energy is measured in the zero degree
calorimeter. The minimum detectable zero degree
energy does not induce any bias on the E; distribu-
tion since even for head-on collisions a few pions are
produced in the acceptance of the ZDC. Although
collected simultaneoudly with the dimuon events, the
minimum bias events are prescaled by a factor which
brings their rate down to about 10% of the total
number of events recorded on tape. In the off-line
analysis, a further cut requires E; > 5 GeV.

A key feature of the analysis based on minimum
bias events is that, due to the large size of the data
samples involved, the target algorithm can be used
for sub-target identification despite the induced
losses. The result is a constant mass resolution in the
whole range from peripheral to central collisions.
Furthermore, no fitting procedure is used. The num-
bers of events are obtained from a simple counting
technique. In each E; bin are counted, indepen-
dently, the number of minimum bias events and the
number of muon pairs in the mass range between 2.9
and 3.3 GeV /c? (after combinatorial background
subtraction) which, corrected for the continuum con-
tribution, leads to the number of J/ ¢ events.

4.2. Analysis

The analysis uses the very similar structure of the
transverse energy distributions for minimum bias
(MB) and Drell-Yan events (DY) in A-B collisions,

(dN/dE;)yg o [P(Eq,b) bdb

(dN/dEr)gy o [Nyg(b) P(Ey,b) bdb
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where P(E;,b) is the probability that a given E; is
measured for a collision with impact parameter b.
The analytical expression of P(E;,b) depends on 2
parameters, the mean number of hadrons produced
per wounded nucleon in the collision, ¢h), and the
mean transverse energy of each of these hadrons,
(€. The parameters are obtained from a fit to the
experimental E; distributions. Further details on
these analytical descriptions can be found in Refs.
[14,15] and references therein. N,g(b) is the number
of binary nucleon-nucleon collisions, calculated by
the Glauber model with the nuclear density described
by a three parameter Woods-Saxon distribution.
Based on these relations, the Drell-Yan distribution
(noted hereafter as (AN/dE;)py -) can be obtained
directly from the minimum bias experimental distri-
bution according to:

(dN/dEq)py - = (dN/dE; a(g O(E)

with

O(Er) « (dN/dET)chY / (dN/dET)mB

The ratio between the theoretical E; distributions of
Drell-Yan and minimum bias events, O(E;), is plot-

ted as a function of E; in Fig. 7. For comparison
purposes, the same figure also shows the ratio of the
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Fig. 7. Theratio ®(E;) of Drell-Yan to minimum bias theoretical
E; distributions (open circles). Also shown is the corresponding
ratio for the data (closed circles) and the caculated number of
elementary nucleon-nucleon collisions (dotted line).

Table 2

Cross-section ratios for the 1996 Pb-Pb data as a function of the
average neutral transverse energy ( E;). The ratios are obtained
from the minimum bias sample of events

<ET> B,LM T3/ / Opy <ET>

B,m Ty/y / Opy

(GeV) (GeV)

28.1 281+1.3 76.8 16.0+0.3
31.8 27.2+0.9 80.6 15.24+0.3
35.6 2494+ 0.6 84.3 152403
39.3 23.6+05 88.1 14.7+0.3
43.1 21.7+04 91.8 143+0.3
46.8 20.0+0.3 95.6 13.9+0.2
50.6 19.1+0.3 99.3 13.84+0.3
54.3 18.84+0.3 103.1 13.0+0.3
58.1 18.2+0.3 106.8 13.3+0.3
61.8 17.5+0.3 110.6 13.4+0.3
65.6 16.7+0.3 114.3 136404
69.3 17.0+0.3 118.1 13.6+0.5
73.1 16.1+0.3 121.8 13.3+0.7

experimental distributions and the number of nu-
cleon-nucleon coallisions calculated with the Glauber
model, using the Woods-Saxon nuclear density dis-
tribution. The agreement of the ratio @(E;) with the
number of nucleon-nucleon collisions is remarkable
all over the range below the knee of the E; distribu-
tion.

The cross-sections ratio o;,, / opy -, based on
the directly counted J/y and minimum bias events,
can be compared to the usual cross-section ratio
a3,/ oy, based on the fitted ratio of J/¢ and
Drell-Yan events, after adjustment on the data of a
free normalization constant. The method has a
twofold advantage. The cross-section ratio o,,, /
opy + IS practically free from statistical fluctuations.
It is aso free from most inefficiencies as it is till
computed from a ratio of experimental numbers.
The drawbacks of using minimum bias events are
due to potential new systematic effects induced both
by their specific trigger (no muons required in the
spectrometer) and by their selection criteria (no
dimuon-based geometrical cuts) which are different
from those used for J/ ¢ events.

4.3. Results
The ratio of cross-sections a;,, / opy - IS given

in Table 2 for the different E; bins and plotted in
Fig. 8, superimposed on the values obtained with the
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Fig. 8. Comparison of the ratios o;,, / opy and o3, / opy -
based respectively on Drell-Yan and minimum bias events. The
curve shows the same ratio for norma nuclear absorption, as
plotted in Fig. 5.

standard method. The absolute normalization for
T3,/ Opy- Wascomputed in the E; interval 5575
GeV. The analysisis limited to values above E; = 26
GeV due to a contamination of off-target interactions
which affects, in particular, the more peripheral min-
imum bias events. The statistical errors are signifi-
cantly reduced and the shapes obtained by both
analyses are compatible. In particular, an excellent
agreement is observed between the two sets of points
in the energy range 30 < E; <55 GeV, where a
clear drop of the J/ yield is observed.

5. Summary and conclusions

A high statistics data sample of Pb-Pb interactions
at 158 GeV /c per nucleon incident momentum has
been collected in 1996 by experiment NA50. The
ratio o,,, / opy has been measured as a function of
the centrality of the reaction estimated, for each
event, from the measured neutral transverse energy
E;. The new data have been analyzed with the same
method as used for the 1995 smaller sample, except
for a new selection procedure which alows to in-
clude more peripheral interactions.

The results obtained are in good agreement with
the published ones [3,4], obtained from the data
collected in 1995, except at the upper end of the E;
range where there is a difference probably due to
re-interactions in the target. These results are corrob-
orated by a new and independent analysis which
makes use of the sample of minimum bias events
instead of the Drell-Yan events and which, although
potentially sensitive to experimental systematic ef-
fects, leads to smaller statistical uncertainties. They
confirm quantitatively the anomalous J/ suppres-
sion previously reported and describe its E; depen-
dence which much improved accuracy.

The large size of the 1996 data sample allows a
detailed study of the anomaly as a function of cen-
trality. Whereas peripheral events exhibit the normal
behaviour already measured for lighter projectiles or
targets, the J/¢ shows a significant anomalous drop
of about 20% in the E; range between 40 and 50
GeV, which approximately corresponds to an impact
parameter between 7.3 and 8.3 fm. The drop can
only be due to the J/¢s sample since it is the only
sample of events in common in the two methods.
The detailed pattern of the anomaly can be seen in
Fig. 9 which shows the ratio of the J/¢ to the
Drell-Yan cross-sections divided by the exponen-
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Fig. 9. The o,,, / opy ratios divided by the normal nuclear
absorption suppression inferred from the NA38 and NA5L1 results.
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tially decreasing function accounting for normal nu-
clear absorption.

Charmonium suppression is expected to sign the
phase transition between normal and deconfined nu-
clear matter predicted by lattice QCD calculations.
The sudden change of behaviour observed in our
data suggests that the observed abnormal suppression
results from a discontinuity in the state of nuclear
matter. The normal J/ cross-section measured for
peripheral Pb-Pb collisions agrees with the general
pattern determined from proton, oxygen and
sulphur-induced reactions which can be accounted
for by nuclear absorption. A clear onset of the
anomaly is observed as a function of transverse
energy. It excludes models based on hadronic scenar-
ios since only smooth behaviours with monotonic
derivatives can be inferred from such calculations.
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