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Abstract

First results are reported on J /¢ and Drell-Yan cross-sections in Pb-Pb reactions at 158 GeV /¢ per nucleon. The ratio of
cross-sections @y ,,/0py is studied as a function of the impact parameter of the collision estimated from the measured

transverse energy. © 1997 Elsevier Science B.V.

1. Introduction

Starting in 1986, the formation of Quark Gluon
Plasma in nucleus-nucleus interactions has been
studied by the NA38 Collaboration [1,2]. Among
other potential signatures [3], charmonium and Drell-
Yan production have been measured using incident
proton, oxygen and sulfur beams. Experiment NASO
has been designed to extend this program to incident
lead beams. This paper reports the results on J/¢
and Drell-Yan cross-sections in Pb-Pb reactions. The
data were obtained at the CERN SPS, using a beam
of 2 Pb nuclei at 158 GeV /c per nucleon incident
momentum on a fixed Pb target.

2. Apparatus

The NASO detector, schematically shown in Figs.
1 and 2 in its high mass set-up version, is an
upgraded version of the NA38 apparatus. It is specif-
ically designed to cope with the high radiation level,
huge multiplicities and background induced by the
incident Pb ions. It consists of a muon spectrometer
with better high mass muon pair mass resolution
than achieved in experiment NA38. It makes use of a
segmented Pb target with vertex identification in
order to precisely recognize the origin of the interac-

tion and reject reinteractions of spectator fragments
which could lead to incorrect measurements. Central-
ity can be estimated on an event by event basis using
three independent detectors, an electromagnetic
calorimeter, a multiplicity detector and a very for-
ward hadronic calorimeter (‘‘zero degree calorime-
ter’”).

2.1. The muon spectrometer

The muon spectrometer uses the same basic com-
ponents as the spectrometer of experiment NA38 [2].
A toroidal air-gap magnet bends the tracks which are
measured by eight three-plane multi-wire propor-
tional chambers (PC1 to PC8). Four hodoscopes (R1
to R4) provide the muon pair trigger. The trigger
efficiency is measured with a new system of two
hodoscopes (P1 and P2) especially designed and
adapted for this purpose. With respect to experiment
NA38, the muon spectrometer used in this experi-
ment has been modified as follows:

— it covers the pseudo-rapidity interval 2.8 < n <
4.0

- the current in the magnet is 7000 A, providing a
pure toroidal field B,=0.51 T at a mean radius
r=75 cm with [Bdl=2.1 Tm.

— the hadron absorber downstream from the target
is made of 60 cm of beryllium oxyde followed by
400 cm of carbon and 80 cm of iron.
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Fig. 1. The NA50 apparatus. Details of the target area are shown in Fig. 2.

The resulting J /¢ mass resolution is 3.1% (r.m.s.)
and the acceptance for muon pairs is of the order of
15% for invariant masses above 3 GeV /c?.

2.2. The segmented target

The target [4] is made of 7 Pb subtargets located
25 mm apart along the beam axis. Each subtarget is a

cm

4

2

1 mm thick disk leading to a total of 17.5% of an
interaction length. Their diameter is 2.5 mm except
for the most upstream one which has 5 mm diameter
and is thus large enough to intercept 100% of the
incident Pb beam. Each subtarget is followed down-
stream by two associated quartz blades located off
the beam axis. Their Cerenkov light provides the
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Fig. 2. Lay-out of the various elements of the NASO detector in the target area.
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needed vertex identification both for the primary
interaction and for any possible further reinteraction
of a spectator fragment. The target assembly is ‘‘pro-
tected’’ against interactions produced upstream by
two ‘‘anti-halo’’ quartz counters located respectively
512 and 187 mm upstream from the central target.
They cover an area of 40 X 40 mm?® and have a 3
mm diameter central hole to let all the Pb beam pass
through, undetected. They are intended to detect
multicharged fragments produced by parasitic up-
stream interactions.

The efficiency of the standard algorithm allowing
to identify the subtarget where the interaction took
place depends only on the multiplicity of the colli-
sion. In particular, for a given multiplicity or, equiv-
alently, transverse energy E, this efficiency is the
same whether the interaction produces a J/ or a
Drell-Yan muon pair and cancels out in the ratio of
the two cross-sections. Nevertheless, as the trans-
verse energy distributions associated with J /¢ and
Drell-Yan events are different, the detection efficien-
cies averaged over the whole transverse energy
range are different. They are determined and applied
separately when computing cross-sections integrated
over E;.

When studying separately the sample of the most
peripheral events, and only in this case, a target
algorithm looser than the standard one is used to
identify the interaction subtarget. This allows to
increase the statistics of this specific sample of events
and thus to study more peripheral collisions.

2.3. The multiplicity detector

The multiplicity detector (MD) is located between
the last subtarget and the beryllium oxyde preab-
sorber. It consists of two identical units, each one
with about 7000 silicon microstrips, measuring
charged particles in the pseudo-rapidity range 1.5 <
1< 3.9. A preliminary description of this device is
given in [5]. Due to the incomplete configuration of
the MD in the 1995 run, and to the preliminary status
of its analysis, it has not been used for the work
presented in this paper.

2.4. The BeO preabsorber

The multiplicity detector is followed downstream
by a 60 cm long conical preabsorber, made of BeO,

which has its front face 25 cm downstream from the
target center. It covers the pseudo-rapidity region
2.65 < 1 <6.20 and is thus located along the muon
paths from the target to the spectrometer. A central
hole along the beam axis allows the ions which have
not interacted in the target to pass through on their
way to the ZDC and the uranium beam dump.

2.5. The electromagnetic calorimeter

The BeO preabsorber is surrounded by the elec-
tromagnetic calorimeter (EC) which measures the
transverse neutral energy produced in the interaction.
The EC has its front face 32 cm downstream from
the target center. It covers a pseudo-rapidity interval
1.1 <m<2.3, outside the spectrometer acceptance.
It is made of 2 mm diameter scintillating fibers
embedded in a 14 cm thick lead converter in a 1:2
volume ratio (L, = 0.93 cm). Its readout is di-
vided into six sextants and each sextant is subdivided
into four sectors allowing measurements in roughly
equal pseudo-rapidity bins. Its resolution is 5% for
central Pb-Pb collisions. Contamination due to
charged particles contributes to 40% of the raw
transverse energy measured by the electromagnetic
calorimeter. This contamination is estimated from a
Geant-based simulation and subtracted from the raw
measurement in order to provide the neutral trans-
verse energy spectrum which is used in this paper.

2.6. The very forward calorimeter

The very forward calorimeter or ‘‘zero-degree’’
calorimeter (ZDC) measures the energy carried out
from the Pb-Pb reaction by the beam spectators. It is
located along the beam axis, with its frent face 165
cm downstream from the target centre. It is placed
within the main carbon muon filter, immediately
upstream from the beam dump core of the hadron
absorber. In order to stand the huge radiation dose, it
is based on the quartz fibre technique [6]. Similarly
to the classical ‘‘spaghetti’’ calorimeters, silica opti-
cal fibers (365 um in diameter) are embedded in a
tantalum converter with a volume ratio 1:17. This
converter is 65 ¢cm long and its section normal to the
beam direction is 5 X 5 cm?. The calorimeter mea-
sures the Cerenkov light produced by beam specta-
tors showering in the tantalum converter. In order to
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minimize the contamination arising from particles
produced in the collision, its angular acceptance is
defined by an upstream 60 cm long copper collima-
tor, through a conical hole slightly larger than the
beam divergence. Its energy resolution is 7% for
32.7 TeV incident °Pb nuclei.

2.7. The beam hodoscope

A beam hodoscope (BH) is used to identify and
count the incident ions. It is also used to reject
events where two or more incoming ions arrive so
close in time, i.e. less than 20 ns ° apart, that poten-
tial piled-up interactions could bias the measure-
ments provided by the detectors in the target region.
Finally, the BH signals are also used, after the
spectrometer has detected a muon pair candidate, to
precisely time the dimuon trigger with less than 1 ns
jitter with respect to the Pb-ion time of arrival. The
BH is made of a single plane of 16 quartz counters,
0.7 mm thick each. It is located 22 m upstream from
the target, in a region where the beam spot is large
enough to reduce individual counting rates. Six aux-
iliary detectors (BHI) made of scintillator counters
are located immediately downstream, off the beam
axis. They tag, for off-line rejection, events where
the incident Pb-ion has interacted in the BH itself.

3. Data taking conditions

The experiment made use of an incident beam of
3107 ions per burst on the average, leading to 4.8 10°
interactions in the 4.5 s spill. The muon pair trigger
provided by the hodoscopes of the spectrometer fired
at the rate of 900 events per burst.

During the spill, the data from each detector
subset (MD, PC, ZDC,...) are stored into buffer
memories by means of a network of 24 transputers,
providing enough parallelism to stack the informa-
tion of the whole burst, i.e. up to 5000 events
and/or 17 Mbytes. At the end of the spill, the
network checks the validity of the data and the result

°20 ns is the duration of the reading gate of most of the
individual subdetectors (12 ns for the ZDC).

is summarized for each event in a status register. The
data of the whole burst and the status are then
transferred in parallel via transputer links (20
Mbits /s) to the burst buffers located in the acquisi-
tion crate. The same data are simultaneously sent to
identical burst buffers in the ‘‘spy’’ crate, shared by
6 microprocessors dedicated to flexible on-line anal-
ysis, without interference with the activity in the
acquisition crate.

During the interburst, a front end microprocessor
reads the event partitions located in the burst buffers
in order to build the events, rejects them when a
partition mismatch is detected, checks for event in-
tegrity and writes on cartridge the good events in the
burst. It also transmits the same information to the
central computer which controls the whole acquisi-
tion system (run types, hardware and software initial-
izations and controls). Data from individual subde-
tectors are monitored with the help of three dedi-
cated work stations.

More details on the acquisition procedure can be
found in [7] and [8]. A total amount of about 60
million events were written on tape during the 1995
run (6 weeks).

4. Event selection

The muon off-line reconstruction program re-
quires that at least two tracks in the air sectors of the
toroidal magnet are reconstructed from the hits in the
multiwire proportional chambers and that the corre-
sponding trigger counters have fired. Furthermore,
the tracks must have a common origin in the target
region. The above reconstruction criteria are satisfied
by 45% of the offline processed events. In order to
be selected for the final analysis event sample, events
have to satisfy a ‘‘general’’ selection procedure ac-
cording to the criteria described hereafter:

— One and only one incident ion is detected by
the beam hodoscope within the 20 ns gate opened by
the trigger. This severe beam condition selects inter-
actions totally free from pile-up at the price of
rejecting 20% of the events. It can be dropped
without affecting the results as in most of the cases
(84%) where two ‘‘simultaneous’’ incoming ions are
present, only one of them interacts in the target and
in the remaining 3.2% of the total sample. the target
algorithm still rejects about half of them.
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— Only one incident ion is detected by the ZDC.
This selection is based on a shape analysis of the
ZDC signal. 1t is redundant with the previous one
when inefficiencies are neglected.

— The target algorithm identifies one and only
one subtarget as origin of the interaction. This condi-
tion rejects events where two incoming ions have
interacted in two different subtargets and events
where a projectile spectator reinteracts in a subse-
quent subtarget.

— The Pb-ion associated with the event has not
interacted in the BH or, more generally, somewhere
upstream from the target. This selection is based on
the information provided by the BHI and anti-halo
counters as described above.

— Two and only two tracks satisfy the reconstruc-
tion requirements.

The kinematical parameters of the muons are then
computed with their common origin assigned to the
center of the identified subtarget.

Finally, for background subtraction purposes and
as explained below, a fiducial cut is required which
guarantees that the acceptance of the spectrometer is
independent of the electric charge of the detected
muons. This is obtained by rejecting muon pairs
where at least one of the muons would be lost from
the sample of accepted tracks if it had the opposite
charge at the entrance of the magnet.

The above selection criteria lead to a final sample
of events which includes about 50 000 J /¢, and 630
Drell-Yan events with mass higher than 4.2 GeV /2.

5. Analysis

The aim of the analysis presented hereafter is to
determine the J/¢ and Drell-Yan yields in Pb-Pb
interactions. J /¢ mesons are identified through their
muon pair decay. A good reference is provided by
the Drell-Yan mechanism which also produces oppo-
site sign muon pairs of similar features in the same
invariant mass range.

For invariant masses above 2 GeV /c?, opposite
sign pairs originate also from the production and
decay into muons of DD pairs and ¢’ mesons. The
main contribution to this sample, however, is due to
multiple 7 and K meson production and decay,
called from here on ‘‘the background’’. The 7 and

K decays lead also to like-sign pairs which are used
to estimate this background in the sample of opposite
sign dimuons. Using a standard procedure [9] which
requires, nevertheless, that the probability to detect a
muon in the apparatus is independent of its sign and
of the sign of the second muon of the pair (hence the
“fiducial” cut described above), the number of
“‘signal’’ events is obtained from the raw number
N™~ of opposite sign muon pairs after subtraction of
the background according to the relation:

Signal " "=N""—2XyNt*X N~

where N** (resp. N™7) is the number of pairs made
of two positive (resp. negative) charged rnuons.

The analysis is restricted to muon pairs within the
kinematical domain where the acceptance of the
spectrometer is sizeable, i.e. above 10% of its maxi-
mum. It is thus required for the final sample of
events that the dimuon rapidity in the laboratory
frame lies in the range 2.92 <y, < 3.92 ' and
that the polar decay angle of the muons in the
Collins-Soper reference frame satisfies | cos 6.5 | <
0.5. Fig. 3 shows the invariant mass specirum for the
opposite sign, background and signal muon pairs of
the final sample, not corrected for acceptance. The
signal to background ratio is larger than 10 at the
J/¢ peak. There are roughly 5% non-J/¢ signal
events under the J /¢ peak. They are mainly due to
Drell-Yan events as the DD contribution is expected
to be, at a mass of 3 GeV /c?, one order of magni-
tude lower.

In order to determine the number of events origi-
nating from the J /¢ decay and from the Drell-Yan
mechanism, the analysis proceeds as described here-
after.

The mass spectrum above 3.05 GeV /c? is fitted
to an expression which accounts for the superposi-
tion of a continuum and two ‘‘pseudo-gaussian’’
functions which reproduce with good accuracy the
resolution of the detector as determined by Monte
Carlo simulations. The lower bound of the fitted
spectrum is chosen in order to reduce unknown
contributions [10] and minimize background subtrac-
tion systematics.

" In the cms reference frame, the corresponding condition is
0<yems <1
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Apart from the background, the dominant contri-
bution to the continuum is due to the Drell-Yan
events, parametrized as the sum of two exponential
functions:

dN/dM a [exp(—P,M) — P, X exp(—P;M)]

with the parameters P; deduced from a fit to Monte
Carlo generated Drell-Yan events after simulated
detection, reconstruction and selection.

The shape of the tail of the DD contribution is
likewise parametrized as:

dN /aM
@ [exp(—ClM) —CZXexp(—C3(M—C4)3)]

from a fit to Monte Carlo generated DD events. The
ratio of the DD to Drell-Yan events is fixed from the
study of the dimuon mass spectrum in p-W collisions
at 200 GeV /c [10].

The mass shape of the reconstructed J /i reso-
nance is well described by:

dN/dMCIexp((M— #)2/2002 f(M))

with f( M) determined by simulation. A similar shape
is taken for the ¢’ resonance. More details on the
Monte Carlo procedures can be found in [11].

The final fit to the signal mass spectrum uses the
maximum likelihood method to determine the num-
ber of events of the different contributions, i.e. Ny,
N, S and Nd,/. For a better quality fit to the data, the
J/{ parameters u and o, are left free. The corre-

——— Range of the fit
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Fig. 3. Muon pair invariant mass spectrum for Pb-Pb collisions at
158 GeV /¢ incident momentum.

Table 1
Detector efficiencies, selection cut losses and acceptances. All
numbers are in %

J /4 (DY) target identification :85(86)+3

Muon pair trigger 19245

Track reconstruction 1 95+2

Targetting :75+20r 100+0-2
Lifetime 196+ 1

Pile-up cut loss 12041

Reinteraction cut loss (241

BHI cut loss 2405

Anti-halo cut loss 1341

Drell-Yan acceptance
(29GeV/c> <M,, <80GeV/c?) :154
(29GeV/c? <M,, <45GeV/c?) 152
J /¢ acceptance 1135

sponding parameters for the ', i.e. u' and oy, are
related to u and o, according to the nominal mass
difference and simulated width ratio. The best fit to
the data provides a y*/dof = 0.99.

6. Absolute cross-sections

Absolute cross-sections are computed taking into
account the incident Pb-ion flux given by the BH
detector. The beam spot size !' is small enough so
that after precise steering on the center of the targets
monitored by the trigger rate itself, 100% of the
beam intercepts the first (large) target. Targetting
efficiency on the subsequent (small) subtargets is
obtained from the ratio of events produced relative to
those originating from the first target.

The absolute numbers of events, corrected for
detector inefficiencies, selection cut losses and ac-
ceptances as detailed in Table 1 lead, in the kinemat-
ical domain & defined by:

0<y..<1 and [cosf.l<0.5

a Depending on the two different optics which were used
during the run, the horizontal and vertical beam spct sizes were
respectively g, = 0.5 mm, o, = 0.5 mm and o, = 0.35 mm, o, =
0.45 mm. With the first optics, the small subtargets intercepted
only 75% of the beam.
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to the following cross-sections:
B Loy, =219+02116ub
and 0py=149+0.02+0.11 ub

in the mass range [2.9-8.0] GeV / ¢?. The lower limit
of this range has been chosen for comparison pur-
pose with other existing results.

The systematic error of 7% results from the uncer-
tainties in the corrections given in Table 1. It in-
cludes also a contribution of + 1.5% arising from
the change in cross-section occurring when the ratio
open-charm to Drell-Yan varies from the value ex-
trapolated from p-W data to the value obtained from
the Pb data themselves [10]. In order to reduce
sources of systematic uncertainties, the same cross-
sections have been computed making use of muon
pairs originating only from the first target. The corre-
sponding results agree, within errors, with the values
obtained for the whole sample of events.

The data have also been analyzed in the mass
range M, > 2.7 GeV /c?. The detailed procedure
can be found in [4]. Although less insensitive to
systematic effects, the results completely agree with
the values reported in this paper within the 1.5%
systematic error due to the uncertainty in the descrip-
tion of the mass continuum below the J /i peak.

7. Ratio of the J /¢ to the Drell-Yan cross-sec-
tion as a function of centrality

In order to further investigate the J /¢ cross-sec-
tion in Pb-Pb interactions, the behaviour of the J/
yield is studied hereafter as a function of the central-
ity of the collision. The impact parameter of the
reaction can be experimentally estimated on an event
by event basis from the neutral transverse energy or
from the energy carried by the projectile spectators,
as measured respectively by the electromagnetic and
ZDC calorimeters. Fig. 4 displays the E; — b corre-
lation computed using an upgraded version of the
method presented in [12]. The strong correlation
between the measured value of E; and the impact
parameter of the collision is experimentally con-
firmed, as shown in Fig. 5, by the observed correla-
tion between E; and the energy measured by the
ZDC, more directly related to the impact parameter
b.
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Fig. 4. Correlation between the transverse energy E; and the
impact parameter b calculated for Pb-Pb collisions at 158 GeV /¢
for Drell-Yan events.

Fig. 6 shows the distribution of the measured
transverse energy E;, associated with Drell-Yan
muon pairs of invariant mass higher than 4.0
GeV /c*. The fall of the spectrum in the low E,
region, which corresponds to the most peripheral
collisions, is due to the muon pair trigger and to the
requirement of subtarget identification, both favour-
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Fig. 5. Observed correlation between the neutral transverse energy
measured in the electromagnetic calorimeter and the forward
energy measured by the ‘‘zero degree calorimeter’’. The data
correspond to dimuon events with M, > 2.0 GeV/ ¢?, not cor-
rected for subtarget identification efficiency.
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efficiency.

ing central collisions. The E; distribution after cor-
rection for the latter effect is also shown in Fig. 6.

The events of the whole Pb-Pb sample are subdi-
vided into 5 subsamples according to the transverse
energy of the interaction. An identical fit procedure
as used for the whole sample of events is then
applied to each of the five mass spectra. We are thus
led to the numbers of events given in Table 2 from
which we can deduce the corresponding cross-sec-
tions.

From these values, we can extract the ratio of
cross-sections dj ,,/0py, as a function of E;. Ex-
perimentally, this ratio has the advantage of being

Table 2
Number of events as a function of centrality obtained from the fit
to the mass spectrum. The numbers of Drell-Yan events are given
in the mass interval 2.9-4.5 GeV /¢?. The values of E; and b
correspond to the average of E; and b for the events observed in
each bin

E; bin range E; b I/4 DY

(GeV) (GeV) (fm)

5-45 34 9.2 6083 268
45-70 58 7.7 10273 620
70-105 88 59 16561 1035
105-135 120 39 12278 984
135-175 147 2.0 8201 726
All E 94 53396 3633

Table 3

The ratio of the J /i to the Drell-Yan cross-section as a function
of centrality. The Drell-Yan cross-sections are taken in the mass
interval 2.9-4.5 GeV /2 In the last line presenting the results
averaged over Er, the values were corrected to take into account
the subtarget identification inefficiency

E; bin range B, o,y /%Dy

(GeV)

5-45 256+2.11£03
45-70 18.7+£09+03
70-105 18.0+04+0.2
105-135 14.1+04+0.2
135-175 127+£05+£0.2
All E; 16.1+03+0.2

free from most systematic errors, and in particular
the detector inefficiencies and flux uncertainties.
These systematic effects are identical for the two
samples of events and thus cancel in the ratio.

The values obtained are listed in Table 3 and
plotted in Fig. 7 as a function of E;. The Drell-Yan
cross-sections are taken in the mass interval 2.9-4.5
GeV/c?. To the quoted statistical errors on
03,4/ 0py should be added a 1.5% global system-
atic uncertainty arising from the difficulty in describ-
ing the lower mass continuum of the Pb data as a
trivial superposition of Drell-Yan and open charm
contributions (see [10]).

>~
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Fig. 7. The ratio of J /¢ to Drell-Yan cross-sections as a function

of E;. The Drell-Yan cross-sections are taken in the mass range
2.9-4.5 GeV /L
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The J /¢ to Drell-Yan cross-section ratio has also
been measured for the full sample of events, what-
ever the centrality. The result is:

B,, 0y,,/0py=16.11£03102

8. Conclusion

In summary, we have measured J /i and Drell-
Yan production cross-sections in Pb-Pb interactions
at Vs = 17.4 GeV. The ratio of the J /¢ cross-sec-
tion to the Drell-Yan cross-section decreases signifi-
cantly with decreasing impact parameter. From pe-
ripheral to central collisions, J /¢ production is sup-
pressed by a factor of 2 with respect to Drell-Yan.
These results are compared in the following letter of
this issue [13] with measurements obtained previ-
ously with lighter incident ions.
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