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Abstract : We have studied the production of J /4, ¥’ and prompt muon
pairs in the mass continuum from a sample of sulfur-uranium interactions
at 200 GeV/c per nucleon. We report, in this letter, results obtained
for the transverse momentum distributions and their dependence on the
transverse energy released in the collision, used as an estimator of the
centrality of the nucleus-nucleus interaction.
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1 Introduction

Since the initial prediction made by T. Matsui and H. Satz [1], the production of char-
monium has been studied extensively in ultrarelativistic nucleus-nucleus reactions as a
potential signature of a phase transition of matter, from its ordinary state to the the-
oretically predicted Quark Gluon Plasma (QGP) phase. In the search for the predicted
J /% suppression, experiment NA38 has reported results on J/+ and v’ production ob-
tained with 200 GeV/c per nucleon incident O and *?S ion beams on various targets [2].
Theoretical studies have been extended to the transverse momentum distributions of char-
monium states which, according to some authors {3], could help to identify and sign QGP
production. First transverse momentum results of experiment NA38 can be found in [4].

We report in this letter the final results obtained by the experiment from high precision
measurements in sulfur-uranium interactions. We study the transverse momentum dis-
tributions of J/¢ and ¥’ and, for comparison purposes, we also consider the muon pairs
in the mass continuum. The size of the experimental data sample allows to investigate
the dependence of the distributions as a function of the transverse energy of the reaction
which is directly related to the centrality of the sulfur-uranium interaction.

2 Apparatus

The data were collected at the CERN SPS with a 200 GeV/c per nucleon sulfur beam and
a 12 mm thick segmented uranium target. Muon pairs were detected in the kinematical
domain defined by a laboratory rapidity range 2.8 < yip < 4.1 and a decay angle in the
Collins-Soper frame -0.5 < cos 8, < 0.5 [5]. The neutral transverse energy was measured
by an electromagnetic calorimeter in the pseudorapidity range 1.7 < n < 4.1. Details
on the experimental apparatus and data selection criteria can be found in ref. {6]. The
statistics collected amounts to ~ 120000 J /1.

The muon pairs detected by the apparatus have invariant masses up to 8 GeV/c?. In
the mass range considered here, i.e. above 1.5 GeV/c?, they originate from the decay of
the J/¢ and 9’ mesons, as well as from the mass continuum which is due to both the
Drell-Yan pair production mechanism and to the semi-leptonic decay of charmed mesons
from DD associated production. All these signal contributions lead only to opposite-sign
(OS) muon pairs. An additionnal contribution to the muon pair mass continuum is due
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to background. It arises from = and K meson decay and leads to opposite-sign as well as
to like-sign (LS) muon pairs. The opposite-sign muon pair mass spectrum of the selected
data sample, as measured by the experiment, is shown in Fig. 1.

3 Analysis

The transverse momentum distributions are obtained from the measured data using a
4-dimensional unfolding method [7]. The main advantage of a multidimensional method
is that no assumptions have to be made neither on the shape of the different kinematical
distributions nor on the nature of the physical processes involved in a particular mass
region. Four kinematical variables are used to completely define the dimuon quadrivector,
i.e. the mass M, the transverse momentum Pr, the rapidity y.» in the center of mass
system and cos .. Four dimensional acceptance and smearing matrices are determined
as follows. For computing practical reasons, the acceptance is calculated on a limited set
of nodes and interpolations between these nodes are made where needed. The calcula-
tion is based on Monte-Carlo programs [8] which simulate the whole apparatus and uses
the standard reconstruction and selection procedures. The smearing matrix depends on 8
variables, which leads to ~ 10'® elements. Again for practical computing reasons, instead
of handling directly muon pairs, the dimuon smearing matrix is deduced with the sim-
ulation program from a limited sample of single muons which are then recombined into
pairs. Such an approach is much faster and avoids huge storage of data. Details on the
method can be found in [7].

The unfolding procedure is applied only to the signal sample of events, after prior subtrac-
tion of the background. In the OS muon pair sample, the contribution of the background
to be subtracted from any considered kinematical cell is given by 2v/N*++* N-—, where
N*+ (N-7) is the number of positive (negative) like-sign muon pairs [2,4]. In a multidi-
mensional approach, this usual subtraction procedure can no longer be applied since very
often, in a given cell, either N** or N=~ will be zero. In order to overcome this practical
problem arising from the limited size of the background sample of events, the shape of
the background is determined using the exhaustive combinatorial method developed in
ref. [9]. The combination of each single background muon of a given sign with all the
other muons of the other sign allows to build a huge sample of background muon pairs
which, appropriately normalized, smoothly populates all the individual cells considered
in the analysis. Finally, a smoothing procedure has been developed [7] in order to treat
the cells where, due to statistical fluctuations of the signal, the subtraction leads to a
negative content.

4 Pr distributions

An unfolded muon pair mass spectrum, without any selection on the transverse energy E,
is shown in Fig. 2. The width of the J /¢ peak in the deconvoluted spectrum is 66 MeV /c?



to be compared with 147 MeV/c? in the original data, which allows an easier separation
between J /¢ and 9'. The unfolded Pr distributions are displayed in Fig. 3 for muon pairs
with invariant mass in the ranges 2.1 < M < 2.7 GeV/c? (intermediate mass region,
IMR), 2.8 < M < 3.4 GeV/c? (J/¢), 35 < M < 3.9 GeV/c? (¢') and M > 4.2 GeV/c?
(Drell-Yan). In order to correct for muon pairs in the mass continuum which contaminate
the resonances mass ranges as defined above, the transverse momentum distribution for
the J/¢ (resp. ¢') is obtained after subtraction of the Pr distribution of muon pairs in
the IMR mass region (resp. with masses above 4.2 GeV/c?) normalized according to a
phenomenological fit to the deconvoluted mass spectrum, as shown in Fig. 2.

The same analysis has been repeated for the 5 transverse energy bins shown in Table 1.
The results obtained for the first and second moments of the transverse momentum dis-
tribution, < Pr > and < P} >, are shown in Table 2 for the two mass continuum regions
and in Table 3 for the J/¢ and ¢'. They are plotted in Figs. 4 and 5. Concerning the
< P? > values of the J/1, the systematic error due to the choice of the continuum mass
region (IMR or M > 4.2 GeV/c?) taken into account in the subtraction procedure is 0.01
(GeV/c)?. The results reported here are fully compatible with those of ref. [10] based on
an independent and significantly smaller data sample which was analyzed with a less elab-
orated method. As a function of transverse energy, < Pr > and < P2 > exhibit a clear
increase for the J/+. A qualitatively similar albeit much milder behaviour is observed for
muon pairs in the IMR continuum. The < Pr > and < P} > values for 3’ are higher
than for J/¢. However, the available statistics does not allow to deduce a conclusive trend
from the results obtained for the ' and for muon pairs with masses above 4.2 GeV/c%.

In the case of S-U collisions, current theoretical models of Pr distributions for J/4 favour
an interpretation based on initial state parton scattering [11-13]. Gavin and Vogt [12]
point out that such a model implies a flattening of < P% > as a function of E}. Kharzeev
et al. [13] take into account both initial state parton scattering and the absorption of a
pre-resonant state before J/v formation. The results of their calculations are compared
with the data in Fig. 5.

In order to study J/% production as a function of transverse momentum, we consider the
ratios Ri(Pr) of the Pr distribution obtained in the transverse energy bin E7.;, and nor-
malized by the number of muon pairs with mass M>4.2 GeV/c?, to the same distribution
obtained in the first bin E$,. These ratios, plotted in Fig. 6, show that, at low Pr, J/¢
is more and more suppressed when centrality increases. The general tendancy of these
ratios is to increase with Pr. However, the accuracy of the measurements does not allow
a clear-cut conclusion for Pr values above 2.5 GeV/c. Theoretical models predict that
J /% production at high Pr saturates in the case of QGP formation whereas, in the case
of initial state parton multiple scattering models [11], it keeps increasing with centrality.
The R;(Pr) results alone do not allow to select one of the two models but, as seen in
Fig. 5, the < PZ > values agree well with the initial state interaction description. This is
coherent with the present understanding of J/v suppression in S-U collisions which does
not require the formation of deconfined matter [14].



5 Mr distributions

Finally, for comparison purposes with thermal models [15], we have studied the transverse
mass of the produced muon pairs. We show in Fig. 7, for different muon pair mass intervals,

the distributions of Mr — M where My = /(P} + M?). In the case of the J/¢, the My

distribution has been fitted with the analytical function M7 K (%) where K is the
modified Bessel function and the ”inverse slope” T is linked to the temperature of the
system. The mean values of M7 — M obtained from the unfolded distributions and the
T values determined from the fit are shown in Table 4 as a function of transverse energy.
Both exhibit a similar behaviour.

6 Conclusion

We have studied the transverse momentum distributions of muon pairs in the mass range
[2.1, 8 GeV/c?] produced in sulfur-uranium reactions at 200 GeV/c per nucleon. In
particular, the transverse momentum of J/v and ¢’ has been determined as a function
of the transverse energy which is used as an estimator of the centrality of the collision.
The ”inverse slope” parameter T' of the J/v transverse mass distribution has also been
measured as a function of centrality. Models based on parton scattering in the initial state
reproduce reasonably well the < PZ > values of the J/%.
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Table 1

Upper and lower limits of the five transverse energy intervals, together with the corresponding

mean values.

E} range (GeV)

<E3> (GeV)

2
Ez,
Ers
Etq

0
ETS

13<E2<34
34<E2<50
50< E2.<64
64< B2 <TT
TT<E3<88

2544+ 2.5
42.2 +£3.2
57.2 +3.7
70.6 +4.1
82.11+44

2.1< M <2.7 GeV/c? M >4.2 GeV/c?
<Pr> | <P*> | <Pr> | <P’>
E2, 0.87 £0.04 | 1.02 £0.06 | 1.09 +0.15 | 1.69 +0.40
E?, 0.89 +0.04 | 1.15 £+0.07 | 1.07 £0.13 | 1.47 4-0.22
E2, 10.90 £0.04 | 1.09 +0.06 | 0.97 £0.12 | 1.34 £0.26
E2, 0.92 +0.04 | 1.14 £0.06 | 0.97 £0.11 | 1.29 £0.20
E2 0.92 +0.04 | 1.12 +0.07 | 1.15 +0.13 | 1.82 £0.28
All E? | 0.89 £0.02 | 1.07 £0.03 | 1.02 £0.05 | 1.44 +0.11

Table 2

Mean values of Pr (GeV/c) and P% (GeV/c)? calculated from the Pr distributions of two

different mass continuum regions, for the different E2 bins.

I[P
< Pr> < Pr* > < Pr> < Pr’ >
E2, 1.11 £0.01 | 1.60 +0.03 | 1.20 +0.28 | 2.33 +0.67
E2, 1.13 +0.01 | 1.66 £+0.03 | 1.24 +0.29 | 2.33 +0.68
E3, 1.15 £0.01 | 1.72 +0.03 | 1.45 +£0.36 | 2.80 +0.81
E2, 1.18 +0.01 | 1.82 +0.03 | 1.54 +0.43 | 3.35 +1.03
E% 1.18 £0.02 | 1.81 +0.03 | 1.13 +£0.43 | 2.11 +1.00
All B | 1.16 40.01 | 1.75 £0.02 | 1.21 +0.12 | 2.16 +0.29

Table 3

Mean values of Pr (GeV/c) and P} (GeV/c)? calculated from the J/¢ and ¢’ Pr distributions,

for the different Egv bins.




< My —M > (MeV/c?) | T (MeV) | x?/ndf
B2, 239 + 4 213+3 | 1.8
ES, 249 + 4 222 £3 | 1.1
E}, 256 + 4 226 + 3 3.1
E2, 269 + 4 238 £ 3 3.1
B2, 269 + 4 234 +3 | 28
All EY 261 + 2 232 + 2 2.7

Table 4

Mean values of My — M (MeV/c?) calculated from the J/¢ Pr distributions, for the different
EY bins. The parameter T and x?/ndf correspond to a fit with the modified Bessel function (see
text).
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Fig. 1. Opposite-sign muon pair mass distribution. The dotted line stands for the contribution
from pion and kaon decay, estimated from the like-sign dimuon mass spectra using the exhaustive
combinatorial method (see section 3). IMR stands for the mass region 2.1 < M < 2.7 GeV/c?
(see section 4).
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Fig. 2. Deconvoluted mass spectrum. The curve corresponds to a phenomenological fit (see text).
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