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The study of oxygen-uranium reactions at 200 GeV/nucleon shows a significant transverse energy dependence of the yield of 
J/~'s relative to muon pairs produced in the mass continuum. This feature, observed for the first time, is in agreement with 
predictions from quark-gluon plasma formation, although alternative explanations by hadronic effects cannot be ruled out at this 
stage. 

Non-perturbative QCD predicts that extreme con- 
ditions of temperature and/or  density induce a phase 
transition in hadronic systems, leading to the decon- 
finement of quarks and gluons of ordinary matter and 
to the formation of a quark-gluon plasma (QGP) 
[ 1 ]. According to these predictions, the conditions 
required for the phase transition could be reached in 
ultrarelativistic heavy ion collisions. Among several 
signatures which have been proposed in order to 
identify the QGP formation, the suppression of the 
J/U/production has been pointed out by Matsui and 
Satz [2]. They assume that the binding potential 
necessary for the c¢ pair to form a J/U/is screened 
inside the plasma above a certain temperature, so that 
the bound state can only appear if formed outside the 
hot volume [2, 3]. 

The first experimental study of these predictions 
became possible with the availability of intense ion 
beams of 200 GeV/nucleon, successfully delivered, 
for the first time in the fall of 1986, by the CERN 
accelerators. The goal of the NA38 experiment at 
CERN is to measure the production of muon pairs 
originating from virtual photons and vector mesons, 
in correlation with the energy density of the collision, 
estimated from the transverse energy deposited in an 
electromagnetic calorimeter. This paper reports re- 
sults on the j /u/product ion in 200 GeV/nucleon ox- 

ygen-uranium interactions. Preliminary results ob- 
tained while the analysis was still in progress can be 
found elsewhere [ 4 ]. 

The detector [ 5 ] consists mainly of a muon spec- 
trometer and an electromagnetic calorimeter. The low 
probability to produce a muon pair in a hadronic in- 
teraction requires a high luminosity, achieved with 
an intense incident beam (of the order of several 107 
ions/burst) and a 20o/0 interaction length target. Un- 
der such extreme conditions, beam counters and a 
segmented active target are needed to reject pile-up 
and events with a reinteracting spectator fragment 
which can lead to an incorrect measurement of the 
transverse energy of the reaction. 

The muon spectrometer, already used in the CERN 
NA 10 experiment [ 6 ], is shown in fig. 1. It is sepa- 
rated from the target region by a 4.8 m long hadron 
absorber made of carbon with a tungsten-uranium 
central plug to absorb the beam particles which do 
not interact in the target. The air-core magnet, with 
hexagonal symmetry, produces a toroidal field which 
leads to a bending angle inversely proportional to the 
transverse momentum of the muon. With a current 
of 4000 A, the field is B0=0.29 T at a mean radius 
r=  75 cm and fB d/= 1.2 Tm. Four plastic scintillator 
hodoscopes, R l-R4, provide the trigger. A muon is 
defined by the quadruple coincidence of two counters 
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Fig. 1. Lay-out of the muon spectrometer. 
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of R1 and R2 which select particles pointing to the 
target, and two counters R3 and R4 which allow a 
fast estimate of its transverse momentum. The trig- 
ger requires two such coincidences in different sex- 
tants. Two sets of four multiwire proportional cham- 
bers, CP1-CP4 and CP5-CPS, located respectively 
upstream and downstream of the magnet, measure the 
muon tracks. The spectrometer detects dimuons in 
the rapidity 2.8 < y <  4 in the laboratory. Mass reso- 
lution is essentially due to multiple scattering for 
masses lower than 3 GeV/c 2 and is about 0.15 GeV/ 
c 2. Acceptances in mass M, rapidity and transverse 
momentum PT of the muon pairs are of the order of 
10%. 

A schematic lay-out of the detectors associated with 
the spectrometer is shown in fig. 2. The multiple tar- 
get [ 7 ] consists of ten rectangular uranium subtar- 
gets, 1 mm thick each, with transverse dimensions of 
10 X 10 mm 2 for the first one and 3 X 1 mm 2 for the 
others, adapted to an actual beam spot size of ~= 0.5 
mm. The subtargets are separated by 24 mm inter- 
vals and are surrounded by 24 ring scintillators. The 
pulse height pattern of the scintillators allows to 
identify the location of the primary interaction and 
of reinteracting spectators, if any. The large spacing 
between the subtargets and their small area are needed 
to minimize reinteractions of photons and improve, 
consequently, the performance of this identification. 

The electromagnetic calorimeter [ 8 ] is made of 1 
mm diameter scintillating fibers embedded in lead in 
a 1:2 volume ratio. The 12 cm long (15 radiation 

lengths) converter has an outer radius of 12 cm and 
an inner radius of 1.2 cm. Its front face is located 32 
cm downstream of the target center. It covers the 
pseudo-rapidity range 1.7 < r/< 4.1. The readout is 
divided into sextants, according to the general ge- 
ometry of the apparatus, and each sextant is divided 
into five sectors corresponding to roughly equal 
pseudo-rapidity bins. The transverse energy for an 
element i is E°i sin 0i, where 0i is calculated off-line 
using the position of the primary interaction. Such a 
calorimeter would have a poor resolution if we had 
to measure the energy of a single particle, because the 
dimensions of its smallest elements are comparable 
with the size of an electromagnetic shower. In fact, 
we measure an energy flow and, in that case, the res- 
olution increases with the multiplicity. A Monte Carlo 
calculation based on GEANT.3 leads to a resolution 
tT(ET) /E  T of 5% for oxygen-uranium central colli- 
sions. It also shows that the contamination of charged 
particles results in a measured transverse energy 
which is 1.5 times higher than the neutral transverse 
energy, assuming a ratio of 2 between charged and 
neutral particles. 

A beam hodoscope [ 9 ] is used to count and iden- 
tify each ion, as well as to reject events where another 
ion contaminates the signals of the calorimeter and 
active target measured within the 20 ns wide gate of 
the ADC's. It is made of two parallel planes of 14 and 
16 plastic scintillators respectively, 1 mm thick each. 
It is located 33 m upstream of the target, in a region 
where the beam spot is wide enough to reduce indi- 
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Fig. 2. Lay-out of the electromagnetic calorimeter, the active target and the beam detectors. 
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vidual counting rates and avoid radiation damage. 
Further redundancy is provided by two 3 mm thick 
quartz ~erenkov counters [10], insensitive to the 
high level radiation, located at both ends of the active 
target. They are divided into four quadrants, which 
allows to center the beam on the subtargets with a 50 
gm accuracy. The interaction rate is finally moni- 
tored by three scintillator telescopes pointing at 90 ° 
to the target. 

The average intensity of the incident beam was 
3 × 107 ions per burst, with a spill of 2.8 s, leading to 
6 X 10 6 interactions/burst. The first level trigger re- 
quired two muons and fired at a rate of 600 events 
per burst. A second level trigger, based on the rejec- 
tion of events where both muons had a transverse 
momentum lower than 0.26 GeV/c, led to about 250 
events per burst, with an acquisition live-time greater 
than 90%. A total amount of 4.5× 10 6 events were 
finally written on tape. 

The offline treatment requires that at least two 
tracks in the air sectors of the magnet are recon- 
structed from the hits in the proportional chambers 
and that the corresponding trigger counters are fired; 
the tracks must be in two different sextants and have 
a common origin in the target region. These first re- 

quirements lead to a sample of 1.7X106 recon- 
structed events. A further selection is made accord- 
ing to the following criteria: 
- The active target algorithm identifies one interac- 

tion and only one. This condition rejects events where 
two ions have interacted in two different subtargets 
and events where the projectile spectator reinteracts 
in a subsequent subtarget. 
- One and only one incident ion is detected by the 

beam hodoscope and the quartz counters within the 
20 ns gate opened by the trigger. This beam condition 
selects events totally free from pile-up at the price, 
however, of rejecting also events where the second 
incident ion has not interacted. 
- Two and only two tracks satisfy the reconstruction 

requirements. The corresponding rejection of events 
with more than two muons is less than 1%. 

The kinematical parameters of the muons are then 
computed by assigning their origin at the center of 
the identified subtarget. After this selection, the re- 
maining number of events amounts to 8.5 × l05. 

In the following analysis, we study the yield of 
J/~F's as a function of the energy density estimated 
from the measured transverse energy ET. In order to 
compare this yield in different ET bins, we need to 
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Fig. 3. The mass spectra for opposite-sign and background muon pairs (a) and for the signal (b). 
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normalize the number of produced J/q~'s to some 
process of understood physical meaning, for instance 
to muon pairs produced by the Drell-Yan mecha- 
nism. Both the J /qrs  and Drell-Yan events lead to 
opposite-sign muon pair events. Opposite-sign pairs 
originate also from the production and decay into 
muons of low-mass vector mesons, 913 pairs, and 
q~"s; the main contribution to this sample, however, 
is due to multiple n and K meson production and de- 
cay, called from hereon the "background". The n and 
K decays lead also to like-sign pairs which are used 
to estimate this background in the sample of oppo- 
site-sign dimuons. We assume that the probability to 
detect a muon of any sign in our apparatus is inde- 
pendent of the sign of the second one and that the 
muon multiplicity distribution obeys a Poisson law. 
The number of background events is then given by 
2~/N++N - -  , where N ++ and N - -  are the num- 
bers of ~t+~t + and ~t-~t-, respectively. The signal is 
then obtained by subtracting differentially in mass 
and PT, for different intervals of ET, this background 
from the total number of opposite-sign muon pairs, 
N + +, according to the formula 

Signal + - = N + - - 2~/N + +N - - . (1) 

Because of the limited statistics of our sample of 
events, this procedure systematically underestimates 
the background. The resulting bias does not exceed 
20% and is independent of the transverse energy ET. 

Fig. 3 shows the mass spectra of opposite-sign 
background and signal muon pairs, not corrected for 
acceptance, as is the case for all distributions pre- 
sented in this letter. The signal to background ratio is 
0.5 for a mass of 2 GeV/c 2 and is larger than 100 at 
the J/W peak. In order to keep a good statistics to 
estimate the continuum and, at the same time, mini- 
mize the effects of the decays of charmed mesons, we 
perform the analysis only for dimuons of mass greater 
than 1.7 GeV/c 2. This final sample contains about 
12 000 events and more than half of them are J/W's. 

The numbers of J/W's and of muon pairs in the 
continuum are obtained from the data according to 
the following procedure. The mass spectrum is fitted 
to an expression which represents a superposition of 
a continuum, given by an exponential divided by M 3 

and two gaussians for the J/W and the W', 
respectively: 

dN/d.M=Noexp ( -M/M~)  / M  3 

+N,  exp [ - (M-Mv)2/2a~, ] 

+ N2 exp [ - (M-My,)2/2cr%, ] . (2) 

The fit is done using the maximum likelihood 
method. The free parameters are Me, related to the 
shape of the continuum, and the constant No, NI and 
N2, constrained by the absolute normalization. My, 
M~,,, av and aw, are the standard masses and the ex- 
perimental resolutions of the J/W and W' respec- 
tively, which are fixed inputs to the fit. In a separate 
check of the reconstruction procedure we obtain the 
fitted values M y =  (3.102+0.003) GeV/c 2, very 
close to the value given by the Particle Data Group 
tables [11], and av=(0 .145+0 .003)  GeV/c a, in 
agreement with the mass resolution of the 
spectrometer. 
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Fig. 4. The Ev-distribution for opposite-sign, background and 
signal muon pairs. 
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From the fitted values of  the parameters, we com- 
pute analytically the number Nv of  J/UL's and the 
number Arc of  continuum events in the J/W mass re- 
gion ( 2 . 7 < M < 3 . 5  GeV/c 2) and define the ratio 
S=Nv/Nc. The dependence of  the J/re production 
on the transverse energy is studied by calculating the 
ratio S in six Ex intervals. These intervals contain ap- 

proximately equal numbers of  signal events and cor- 
respond hence to unequal shares of  the differential 
minimum biased cross section, o f  which the first ET 
bin covers roughly 74% and the last one 3%. Fig. 4 
shows the distributions of  the measured transverse 
energy E-r, associated with opposite-sign, back- 
ground and signal muon pairs, with masses higher 
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Fig. 5. Mass spectrum and fit of the signal muon pairs in two different ET bins: E x <  34 GeV (a) and ET> 85 GeV (b). 

Table 1 
Values of S, Mc and R for the six ET intervals. Only statistical errors are quoted. 

E-r ( GeV ) Mc (GeV/c  2 ) S R z2 /do f  

ET <34  1.14+0.14 13.8+ 1.7 1 0.8 
3 4 < E T < 4 9  1.35+0.19 12.3+ 1.4 0.89--+0.15 1.0 
49 < E T <  62 1.21 -----0.12 11.2+ h0  0.81 -+ 0.12 0.7 
6 2 < E T <  72 1.04__+0.12 11.2+ 1.5 0.81 +.+0.14 0.9 
7 2 < E T < 8 5  1.28+0.15 9 .0+2.0  0.65+--0.11 0.6 

ET>85  1.19+0.14 7.2+0.9 0.52_+0.09 0.6 
all Ea- 1.13___0.06 13.3_+0.7 1.5 
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than 1.7 G e V / c  2. The fall of the spectrum in the low 
ET region, which corresponds to peripheral colli- 
sions, is due to the muon pair trigger and to the re- 
quirement of subtarget identification, which both fa- 
vour central collisions. Figs. 5a and 5b show the fitted 
mass spectra in the two extreme intervals, Ex<34  
GeV and ET> 85 GeV. 

Table 1 gives the values of S and Mc for the six ET 
intervals, as well as the ratios R of the different val- 
ues of S relative to the one obtained in the lowest ET 
interval (ET < 34 GeV). Fig. 6 displays the evolution 
of S with ET. The values of S show a clear decrease of 
the j /u /product ion  relative to the continuum with 
increasing transverse energy. The value of R for 
Ex> 85 GeV is R=0.52_+0.09. The values of S will 
obviously change after acceptance correction. How- 
ever, a preliminary study indicates that this accep- 
tance correction does not affect significantly the evo- 
lution of S and R with ET. It should be pointed out 
that results are unchanged if the lower limit of the 
fitted mass interval is moved from 1.7 to 2.1 GeV/ 
c 2, whereas the signal to background ratio increases 
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Fig. 6. The evolution of S=N,e/N¢ as a function of Ex. 

by a factor of two. Furthermore, a significant residual 
contamination of background events would change 
the shape of the continuum spectrum in the different 
Ev bins, in contradiction with the observed stability 
of Me. It is therefore unlikely that the observed ET 
dependence is due to an inadequate background sub- 
traction procedure. 

The J/U/suppression has been predicted as an un- 
ambiguous signature of the quark-gluon plasma for- 
mation [ 2 ]. Several calculations have also been made 
recently to explain our results. They are based either 
on final state interactions [12] or on distortions of 
the initial state in a nuclear environment [ 13 ]. These 
different interpretations will have to be compared 
with experimental data obtained with other projec- 
tiles and targets in a study including other variables, 
in particular the transverse momentum of the muon 
pair. 

In conclusion, the study of J/U/production in 200 
GeV/nucleon oxygen-uranium interactions shows 
that the ratio S of the number of J/u/ 's over the num- 
ber of muon pairs in the mass continuum between 
2.7 and 3.5 GeV/c 2 decreases with increasing trans- 
verse energy, i.e. with increasing energy density. In 
particular, S changes by a factor 0.52 _+ 0.09 between 
our two extreme Ev intervals. Although the J/U/ 
suppression has been predicted as a signature of QGP 
formation, it is not excluded that alternative mecha- 
nisms could explain, at least partly, our experimental 
results. 

We wish to thank all the experts of CERN, GSI and 
LBL who have made possible the development and 
acceleration of ion beams at CERN. We also thank 
the EA group and particularly H. Atherton for their 
work on our beam line. We are grateful to the tech- 
nical staff of the Collaboration for their work on the 
detector design, construction and setting-up. 

References 

[ 1 ] K. Kajantie, ed., Quark Matter '84, Proc. 4th Intern. Conf. 
on Ultrarelativistic nucleus-nucleus collisions, Lecture 
Notes in Physics, Vol. 221 (Springer, Berlin, 1984). 
L.S. Schroeder and M. Gyulassy, eds., Quark Matter '86, 
Proc. 5th Intern. Conf. on Ultrarelativistic nucleus-nucleus 
collisions, Nucl. Phys. A 467 (1987) 1; 

477 



Volume 220, number 3 PHYSICS LETTERS B 6 April 1989 

R. Stock, H. Specht and H. Satz, eds., Quark Matter '87, 
Proc. 6th Intern. Conf. on Ultrarelativistic nucleus-nucleus 
collisions, Z. Phys. C (1988), to be published; 
S. Raha and B. Sinha, eds., Proc. Intern. Conf. on Physics 
and astrophysics of quark-gluon plasma (Bombay, 1988 ) 
(World Scientific, Singapore, 1988) to be published. 
J.D. Bjorken, Phys. Rev. D 27 (1983) 140. 

[ 2 ] T. Matsui and H. Satz, Phys. Lett. B 178 (1986) 416. 
[3] F. Karsch, M.T. Mehr and H. Satz, Z. Phys. C 37 (1988) 

617. 
[4]C. Gerschel (NA38 Collab.), in: Hadrons, quarks and 

gluons, ed. J. Tran Thanh Van (Editions Fronti6res, Gif- 
suroyvette, France, 1987) p. 443; 
A. Romana (NA38 Collab. ), in: Proc. Intern. Europhysics 
Conf. on High energy physics (Uppsala) ed. O. Bodner 
(Uppsala, 1987) p. 150; in: Proc. Intern. Conf. on Physics 
and astrophysics of quark-gluon plasma (Bombay, 1988) 
(World Scientific, Singapore, 1988 ), to be published; 
A. Bussi6re (NA38 Collab. ), in: Proc. Quark Matter '87, Z. 
Phys. C (1988) 117; 
S. Ramos (NA38 Collab.), Proc. IXth Automn Lisbon 
School (World Scientific, Singapore, 1988 ), to be published. 
P. Bordalo (NA38 Collab.), in: Proc. Rencontres the 
Moriond (Editions Fronti6res, Gif-sur-Yvette, 1988), to be 
published; 
L. Kluberg (NA38 Collab. ), in: Proc. IXth Intern. Seminar 
on High energy physics problems, relativistic nuclear physics 
and quantum chromodynamics (Dubna, June 1988 ), to be 
published; 

P. Sonderegger (NA38 Collab.), in: Proc. XXIVth Intern. 
Conf. on High energy physics (Munich, August 1988), to 
be published; 
J.Y. Grossiord (NA38 Collab. ), in: Proc. of Quark matter 
'88 (Lenox, September 1988 ), to be published; 
C. Racca (NA38 Collab.), in: Proc. Hadronic matter in 
collision (Tucson, October 1988 ), to be published; 
D. Contardo (NA38 Collab.), in: II Entretiens Jacques 
Cartier (Montr6al, October 1988 ), to be published. 

[ 5 ] M. Abreu et al., Nucl. Instrum. Methods, to be published. 
[6] L. Anderson et al., Nucl. Instrum. Methods 223 (1984) 26. 
[ 7 ] M. Alimi, Thesis, Universit6 Claude Bernard, Villeurbanne 

(1988), unpublished. 
[8] A. Devaux (NA38 Collab.), in: Proc. Quark Matter '88 

(Lenox, September 1988 ) to be published. 
[9] A. Sinquin, Thesis, Universit6 Paris XI, Orsay (1988), 

unpublished. 
[10] C. Chariot, Thesis, Universit6 Louis Pasteur, Strasbourg 

( 1988 ), unpublished. 
[ 11 ] Particle Data Group, G.P. Yost et al., Review of Particle 

Properties, Phys. Lett. B 204 (1988) 32. 
[ 12] C. Gerschel and J. Huefner, Phys. Lett. B 207 (1988) 259; 

A. Capella et al., Phys. Lett. B 206 ( 1988 ) 354; 
J. Ftacnik et al., Phys. Lett. B 207 (1988) 194; 
J.P. Blaizot and J.Y. Ollitrault, Preprint Saclay SPhT/88- 
111; and Phys. Rev. D, to be published; 
S. Gavin et al., Phys. Lett. B 207 (1988) 257. 

[ 13 ] A.V. Efremov et al., preprint JINR Dubna ( 1988 ). 

478  


