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Abstract

Recent results from CERN experiment NA36 are discussed and
compared with models. These results refer to reactions of sulfur and
protons of momentum 200 GeV/c per nucleon on a lead target. The A
spectrum for the sulfur beam was found to peak at mid-rapidity rather than
target rapidity as observed in the proton induced reactions. This result
indicates different reaction mechanisms are active. We discuss in some
detail the analysis methods used. The data are consistent with the
assumption of a fireball of high strangeness content being created at mid-
rapidity in S + Pb reactions.. _

1. Introduction

The NA36 experiment was proposed to examine strangeness production in ion-ion
collisions. One of the most robust signals of quark-gluon plasma production is the
excessive emission of strange particles from the reaction.! The yields of neutral strange
particles A , A and KO were detected by observation of their charged decay modes using a



Time Projection Chamber (TPC). The data reported here were taken in 1990 with 200
GeV/c per nucleon sulfur and proton beams on a lead target.2 This report includes some
details of the methods used for signal extraction and correction.

2. Apparatus, Data and Resolution.

The NA36 experimental apparatus is shown schematically in Fig. 1.
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Fig. 1. NA36 experimehtal setup.

The chambers U1, U2 and U3 were used to measure the incoming beam trajectory
thus providing the position of each event at the target. The TPC recorded the trajectories of
charged particles in the 3 Tesla field of the M1 magnet. This allowed the determination of
the momentum of all tracks as well as the sign of their charge. The TPC (Fig. 2) was
specially designed to enhance the two track resolution. The signals were detected by short
anode wires (1 cm) spaced 2.54 mm apart. This is unlike the usual cathode pad readout
where two track resolution is limited because the image charge distribution of adjacent
tracks become superimposed. The advantage of anode readout is that the avalanche is seen
directly on the closest anode wire. This method provided about 5 mm two-track resolution
and also allowed significant cost and data reductions as it was only necessary to read out
the time of the pulses and not their amplitude. The spatial resolutions achieved were 1.05

mm in the bend plane and 1.77 mm in the drift direction, which met with the design
specifications. '
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Fig. 2 NA36 TPC and readout electronics.

The anode readout design provided efficient detection of tracks in the very high
particle density region closest to the target. Shown in Fig. 3 are the track densities observed
in the central collisions of S + Pb. The pickup region is in the back of the TPC where the
track finding software begins the process of track reconstruction. The tracks are well
defined before they are followed into the maximum density region in the front of the TPC.
The single track detection efficiency including all instrumental and analysis effects degrades
only slightly with event multiplicity remaining above, 70% even at the highest multiplicities
as shown in Fig. 4.

40 T T T M 100 T r T T Y T
L —0—na36 maximum region Li o ® e o
30F —&—na36 pickup region 80 ® 3.0 7
o . | i [ N ] o ® Y
12 1 Q
- o 60 1
g
o 20 . .8 - 1
3 & 4of -
10 1“1 *
20 ]
J >
0 L 0 1 1 ' T 1 H I
0 05 1, 15 2 0 100 200 300 400
flux/cm multiplicity

Fig. 3 Track density in NA36 S + Pbdata Fig.4 Efficiency vs multiplicity.



3. Data Sample and Signal Extraction. ,

This report is based on a data sample of 2.2 million events taken with a trigger mix
of 45% central (b<6 fm), 45% minimum bias and 10% beam. The admixture of triggers
allowed trigger normalization and the extraction of absolute producnon Cross sections.
Simple geometric cuts were first applied to filter the reconstructed VO candidates and
significantly reduce the combinatorial background. The total detected yields were A —
30000, A - 10000 and KO - 24000. v

The Podolanski-Armenteros plot for the final sample is shown in Fig. 5. The high
statistics and low background result in a strong and clear signal for A, A and KO. The small
opening angle for the electron pairs coming from the ¥ conversion places them at the bottom
of the plot and makes them easy to eliminate.
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Fig. 5 Plot of the raw signal after geometric cuts.



The mass resolutions integrated over the data sample were 6 Mev for A, A and 8
MeV for KO respectively. The high statistics data also facilitated background removal. To
evaluate the signal for a specific bin of rapidity, transverse momentum or event multiplicity,
a trigger weighted mass histogram of the raw data in that bin was made. Fig. 6 shows the
mass plot for the A signal in the region 2.00 <y <2.25, this plot is summed over all Py
~and multiplicity. The signal is clearly seen over a smooth background. The background
was studied with Monte Carlo techniques and found to consist of a combinatorial
. component and a comgonen_t_ due to the kinematic regions where the signals are almost
identical for A and KO, or A and K©. These regions can be seen on the Podolanski-
Armenteros plot near o =+ 0.75. Signal extraction was achieved by fitting
signal+background to the mass distributions. These curves are also shown individually in
Fig. 6. ' :
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Fig. 6 Raw mass histogram. Fig.7 Acceptance comparison.

‘The acceptance of NA36 was identified as the region where we had sufficient
statistics to apply the background subtraction method described above. This acceptance
region is shown in Fig. 7, where comparison is also made with the experiments NA35 and
WARS. Also shown in Fig. 7 are the expected rapidity distributions of A (solid curve) and
A (dashed curve) from the Fritiof 1.7 generator. The larger coverage of NA36 allows
studies to be made of signal dependence on rapidity and transverse momentum.

4. Strangeness Enhancement

The question is whether ion - ion collisions produce more strange particles than
one would expect from p + p or p + A results. The NA35 experiment found that the A
production per negative track was enhanced for S + S collisions and that the enhancement
actually increases with multiplicity.3 Experiment WAS85 found that for central collisions of
S + Pb there was a general enhancement but that the enhancement did not increase with
rapidity density.# The disagreement could possibly be due to the fact that WAS85 triggers
on only very central events. Since the NA36 trigger covers a wide range of event
multiplicities we have been able to resolve this question.

In order to examine the number of strange particles per negative track we need to
extract a measure of the event negative multiplicity from our data. To do this we have used
a the technical Monte Carlo for the NA36 configuration. Qur approach to the simulation of
NA36 data was to use the emperical TPC response to tune the simulation to accurately
reproduce the observed response. Measurements of resolution and efficiency were
performed on representative tracks and then compared with simulated tracks of the same

\
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momentum. The simulation program was adjusted till the results were identical. One of the
crucial parameters is the TPC efficiency and its dependence on particle momentum. The
comparison of efficiency seen for data and the Monte Carlo versions of the same tracks is
shown in Fig. 8. The distributions of relevant track properties such as pull distributions etc
were compared in all momentum intervals. A particularly sensitive comparison is the y2
probability. The comparison for tracks between 2 and 3 GeV/c per nucleon momentum is
shown in Fig. 9.
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Fig. 8 TPC efficiency vs momentum Fig. 9 Fit probability data and Monte.Carlo

Having established the ability of the Monte Carlo to reproduce the properties of
individual tracks we now turn to complete events. Exactly how tracks merge and how the
analysis software recognizes them determines the observed number of tracks in the TPC.
The only input to the Monte Carlo relative to these effects is the simulation of the overlap of
. signal pulses on the individual anode wires. In order to test the accuracy of the observed
tracks in the TPC for minimum bias events we compared data and events generated by the
- technical Monte Carlo. We chose Fritiof 1.7 as the event generator because it has been
shown to reproduce the multiplicity distributions in collisions of this type.> This is a
stringent test of the entire Monte Carlo program because the number of tracks seen in the
TPC is not simply dependent on the target used but on all the secondary production of
particles in all the various gases and other materials in the experimental apparatus. The
comparison between the multiplicity of NA36 minimum bias and Monte Carlo data shown
in Fig.10 is strong evidence that the simulation accurately describes the experimental
response.
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Fig. 10 Multiplicity of data and simulation Fig.11. Determination of negative multiplicity.
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Having verified that the simulation of the number of tracks in the TPC agrees well
with the data it is natural, therefore, to examine the relationship between tracks in the TPC
and the actual négative multiplicity in the input Monte Carlo events. This is shown in
Fig.11. As one would expect there is a well behaved correlation between negative
multiplicity of the event and number tracks observed in the TPC. The deviation from a
linear behavior at high multiplicities is due to spiraling tracks which are seen by the analysis
software as multiple tracks. The observed correlation is used to assign a negative
multiplicity to each data event in our studies of strangeness enhancement.

The enhancement of strangeness is measured by comparison of S + Pb with
p + Pb data taken with the same apparatus. The comparison of yield per negative track is
shown in Fig.12a,b,c in all cases we see that the yield of strange particles per negative
track is about twice that observed in p + Pb reactions. There is a clear dependence on
event multiplicity for the A and KO produced in S + Pb reactions. The yield rises at low
multiplicities and saturates in the region of a negative multiplicity of 50. This resolves the
discrepancy between NA35 and WASS results because the NA35 data were taken in the
relatively low multiplicity environment of minimum bias S + S collisions while the WA85
data were taken in § + W collisions at the highest multiplicities. The origin of this
multiplicity dependence is not understood. The effect is larger than possible kinematic
acceptance effects as evidenced by the Fritiof 7.0 curves (The Fritiof 7.0 result for KO is
known to be an overprediction. It over predicts p + p data) and may be an indication that
when the number of participants of the reaction increases beyond a certain value new
reaction mechanisms come into play. Possibilities range from various re-interaction
scenarios to quark-gluon plasma production.
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Fig. 12a,b,c Flux of A, KO and A per negative track.

5. Transverse Momentum

In Fig. 13 we show the transverse momenta of A, A and KOin S + Pb reactions.
These spectra are dominated by events in the mid-multiplicity range (about 100-200 tracks
in the TPC). The slope of the transverse momentum spectra are usually related to a
“temperature” of the reactions. This concept is strictly applicable only to a perfectly
equlibrated system. Our data are integrated over all impact parameters and it is not probable
that such an assumption is fulfilled. However, it has been found that the transverse
momentum spectra are well fit by the formulation and it provides a measure of violence and
a means of comparing different sets of data. We measure temperatures rather close to 200
MeV for the three particle choices. This is a value that is much higher than that seeninp +
p reactions and is consistent with the critical temperatures predicted using lattice gauge
calculations for the phase transition to quark-gluon plasma.6

X O O

o]
T




[
o]
[¢]

g7 T T T L

—_ F m
= 10tL rel %)
S U F
= C
E 1035-
Q:'
g 1025—
3 A T =204 £ 8 MeV
pf‘lol_ K3T = 201 + 5 MeV _
Z E A T =197 + 7 MeV A
4

100- 2 i a1 PR SN I | 141;1 Lo L

0.5 1.0 1.5 25

Fig.13 Transverse momentum distributions for A, A and KO in S + Pb reactions.

6. Rapidity distributions

m, = Vm +pJ_ (GeV)

In p + p reactions, particles with a large sea quark content have a tendency to be
produced at mid-rapidity as their partons are produced by string breaking. This simple
reasoning gives some understanding of the tendency for A and KO rapidity distributions to
peak at mid rapidity while A peaks more toward the target or projectile regions due to its -
constituent quark content. Therefore rapidity distributions are a general indicator of the
reaction mechanism. Below in Fig.14a we see the rapidity distributions measures by NA36
for A production in p + Pb reactions and S + Pb reactions. The distribution for p + Pb
peaks towards target rapidity as expected, however, the distribution for S + Pb reactions
peaks near mid-rapidity. This behavior clearly cannot be described as a simple
superposition of p + N collisions as is shown in Fig.14b where the prediction of the

model Fritiof 1.7 is compared with the data.
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Since such a unusual result may signify important changes in the reaction
mechanism we now describe some of the extensive checks we have made of the correction
procedures applied to the data.

Fig.14a,b A rapidity distributions for p + Pb, S + Pb and Fritiof 1.7
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The raw data is divided by acceptance and efficiency to produce the quoted cross
sections. Acceptance was calculated to better than 5% accuracy in all cases by generating
Monte Carlo V0's and propagating them through the experimental apparatus and accepting
them if theg‘ passed the cuts used on the data. Efficiency was calculated by embeding the
accepted VV's in actual events and running the analysis software to determine if they would
be detected. In both the acceptance and efficiency calculations the origin of the VO was
determined by actual empirical beam positions at the target taken from a set of
representative data tapes. This positioning was done to properly account for the finite beam
size. Efficiencies were calculated to an accuracy of 5-15%. The errors shown on all cross
sections quoted include the contnbuuons from the acceptance, efficiency and background
subtraction. The efficiency for finding VO's decreases with multiplicity reaching 5% at the
highest multiplicities. To make sure that the distributions are not unduly affected by high
multiplicity events we plot the multiplicity of events in which A’s were found in Fig. 15.
We conclude that the bulk of the observed signal comes from events at about 1/3-1/2 of the
maximum multiplicity avoiding dominance of low efficiency data. Efficiency also changes
with rapidity, this effect is shown in Fig. 16 where it is clear that we have our optimum
detection efficiency in the region 1.7 <y < 2.5 exactly where the rapidity distribution
rises instead of dropping as the model predicts.
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Fig. 15 Lambda event multiplicity Fig.16 Efficiency vs rapidity

The acceptance and efficiency corrections will of course change the shape of the
rapidity distribution. To see this change we have plotted the raw, acceptance corrected and
efficiency corrected data in Fig.17. Here, the curves are normalized to the same area to
allow comparison of their shapes. We see that the rise in cross section with rapidity is
evident at all stages of the analysis. The effect is not introduced as a result of any of the
corrections.

Another test of the correction methods was made possible by a data set with the M1
magnet set to the opposite (positive) polarity. The topology of lambda decays are not
symmetric with respect to a field reversal because most of the momentum is carried by the
proton. The proton track is stiff and the acceptance depends primarily on the trajectory of
the soft pion. The positive polarity data favored bending the pion from lambda decays up
into the TPC thus giving a 40% larger acceptance. Comparing the results of the two
polarities therefore is a test of the entire signal extraction and correction methods. We did a
low statistics extraction and correction of the positive polarity data and compare both data -
sets where there were sufficient statistics in Fig. 18. There is clear agreement between the
two sets of data. The conclusion is that the correction process gives consistant answers
when apphed to data sets quite different in both acceptance and efficiency.
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The distributions for A and KO are somewhat closer to what is seen in p + p data
and are shown in Fig. 19a,b for p and S projectiles.
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If the mid-rapidity peak in the A cross section is due to a change in reaction
mechanism when the number of participants increases it should also become weaker when
the low multiplicity S + Pb reactions are examined. With the large statistics data of NA36
we are able to subdivide the A data into target rapidity region (1.25 <y < 2.25) and mid-
rapidity region (2.25 <y < 3.25) the “cross section ratio” of production in these two
regions then is a measure of the strength of the mid-rapidity peak. Fig.20 shows this ratio
as a function of negative multiplicity and also the prediction from Fritiof 1.7. We see that
the enhancement at mid-rapidity is a strong function of multiplicity and is not present at the
lowest multiplicities. The Fritiof comparison shows that this dependence is not expected
from superposition of nucleon - nucleon reactions.
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7. Conclusions

The reactions of S + Pb at 200 GeV/c per nucleon have been found to have three
interesting properties:

1. Strangeness is enhanced over p+ Pb reactions by roughly a factor of two.

2. Strange particle “temperatures” are near 200 MeV, which is the predicted region

of quark-gluon plasma production.®

3. The rapidity distribution of A particles is increasingly peaked at mid-rapidity as

~ the event multiplicity increases.

None of these properties are predicted by conventional models which use a
superimposition of nucleon + nucleon reactions to simulate ion + ion reactions. We are
thus lead to the conclusion that some other reaction mechanism is active. It should also be
noted that these properties are qualitatively consistent with the production of a dense,
deconfined fireball formed at mid-rapidity 7. The experimental data in the ultra-relativistic
ion-ion collisions has progressed to the point that it is imperative that quantitative
predictions of non-superposition models be prepared and compared with existing data.
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