Lawrence Berkeley National Laboratory
LBL Publications

Title
RECENT RESULTS FROM NA35 COLLABORATION AT CERN

Permalink
https://escholarship.org/uc/item/6fd2g9tk

Author
Collaboration, NA35

Publication Date
1988-12-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6fd2g9tk
https://escholarship.org
http://www.cdlib.org/

. i e XA

LBL-26258 ..
Preprint N

E Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

RN ;- 3 47 i- -
‘.l‘ REM r‘E
EE?\ELD LABORATORY

MAR 17 1989

LIBRARY AND
DOCUMENTS SECTION

- fla

Submitted to Nuclear Physics A

Recent Results from NA3S Collaboration at CERN

NA35 Collaboration ‘
e N\
December 1988 e CeTe ] .
TWO-WEEK LOAN COPY -
This is a L'ibrary ’Cir;ulating Copy- .
\ Wthh may be, borrowed for two. weeks =~
T )

-2

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098.

Qe e -1a1



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



RECENT RESULTS FROM THE NA35 COLLABORATION AT CERN
John W. HARRIS

Nuclear Science Division, Lawrence Berkeley Laboratory,
1 Cyclotron Road, Berkeley, CA 94720, USA

NA35 Collaboration

A. Bamberger,! D. Bangert,? J. Bartke,® H. Bialkowska,* R. Bock,® R. Brockmann,® S.1. Chase,®
C. De Marzo,” M. De Palma,” I. Derado,® V. Eckardt,® C. Favuzzi,” J. Fendt,® D. Ferenc®
H. Fessler,® P. Freund,® M. Gazdzicki,!® H.J. Gebauer,® K. Geissler,2 E. Gladysz,® C. Guerra®
J.W. Harris,® W. Heck,* T. Humanic,® K. Kadija,®® A. Karabarbounis, 1? R. Keidel,'3

J. Kosiec,’* M. Kowalski,® S. Margetis, 11 E. Napt!;oi,7 G. Odyniec,® G. Paic,® A. Panagiotou,’?
A. Petridis,'? J. Pfenni§,11 F. Posa,” K.P. Pretzl,® H.G. Pugh,® F. Piihlhofer,'® G. Ra1,®

A. Ranieri,” W. Rauch,® R. Renfordt,* D. Rohrich,!* K. Runge,! A. Sandoval,® D. Schall,'°
N. Schmitz,® L.S. Schroeder,® G. Selvaggi,” P. Seyboth ® J. Seyerlein ® E. Skrzypczak,*
P. Spinelli, 7 R. Stock,>!! H. Strobele," A. Thomas,!* M. Tincknell,® L. Teitelbaum,®

S. Tonse,® G. Vesztergombi,® D. Vranic,® and S. Wenig!!

1Fakultat fiir Physik, Universitat Freiburg, D-7800 Freiburg, Germany

2CERN, CH-1211 Geneva 23, Switzerland

3institute of Nuclear Physics, PL-30055 Cracow, Poland

4Institute of Nuclear Studies, PL-00681 Warszawa, Poland

SGesellschaft fiir Schwerionenforschung, D-6100 Darmstadt 11, Germany

SLawrence Berkeley Laboratory, University of California, Berkeley CA 94720, USA
"Dipartimento di Fisica, Universita di Bari, and INFN, 1-70126 Bari ltaly
8Max-Planck-Institut fir Physik und Astrophysik, D-8000 Miinchen, Germany
9Rudjer Boskovic Institute, 41001 Zagreb, Yugoslavia

Oynstitut fiir Hochenergiephysik, Universitit Heidelberg, D-6900 Heidelberg, Germany
1Fachbereich Physik, Universitat Frankfurt, D-6000 Frankfurt, Germany

12Physics Department, University of Athens, GR-157-71 Athens, Greece

13Fachbereich Physik, Universitait Marburg, D-3550 Marburg, Germany

Minstitute of Experimental Physics, University of Warsaw, PL-00681 Warszawa, Poland
®On leave of absence from Central Research Institute for Physics, Budapest, Hungary

Recent results from the NA35 Collaboration are presented for the reactions of 60 and
200 GeV/nucleon p and 10, and 200 GeV/nucleon 32S with various targets ranging from
S to Au. Midrapidity transverse energy distributions and forward energy flow, p, spectra
and rapidity distributions of hadrons are presented. Two-pion interferometry results are
discussed. Neutral strange particle yields and p, distributions are presented. Conclusions
are drawn from the experimental results.

1. INTRODUCTION

While possible formation of a quark-gluon plasma is the underlying motivation for this field
of physics, a study of the dynamics of the collision processes is of fundamental importance to
understanding the microscopic structure of hadronic interactions at high densities and the condi-
tions for formation of the plasma. In the following re\port, highlights of recent results from the
NA35 Collaboration will be presented. The NA35 experiment will briefly be described, along with
the physical observables accessible in the experiment. Transverse energy distributions and their

relevence to the degree of nuclear stopping in these collisions will be presented. The primary



emphasis of this experiment is the study of hadron production in high energy nucleus-nucleus col-
lisions, where rapidity and transverse momentum distributions of hadrons provide information on
the dynamics of the collision processes. Pion interferometry measurements yield insight into the
space-time evolution of the reaction and possibly the existence of a quark-gluon plasma phase.
The abundances of strange particles produced in these collisions can be compared to predictions
of models based on flavor equilibrium in a plasma phase. All of this information will contribute
to the understanding of hadronic interactions at high densities and the dynamics of high energy
nucleus-nucleus reactions, whose understanding is seminal in the determination of whether or not

a quark-gluon plasma is formed.

2. EXPERIMENTAL SETUP AND PHYSICAL OBSERVABLES

In this experiment 60 and 200 GeV/nucleon p, 1°0 and 200 GeV/nucleon 35S beams incident
on nuclear targets varying in mass from S to Au were studied. The experiment consisted of a 2 x
1.4 x 0.7 m3 Streamer Chamber in a 1.5 Tesla Vertex magnet, followed downstream by combined
electromagnetic and hadronic calorimeters.! These consist of the “Veto” calorimeter, measuring
the leading energy in the projectile fragmentation region (0° < 6,5, < 0.3°), a moderate granu-
larity “Ring” calorimeter and high granularity “PPD” electromagnetic calorimeter, measuring the
transverse energy in the midrapidity region (2.3° < 6, < 12.5°), and an “Intermediate” calorime-
ter in the region .3° < 6,5 < 2.3°. The Streamer Chamber was read out by two independent
optical systems: a set of three 70 mm film cameras, each with a high gain 90 mm image inten-
sifier; and a set of three image-intensified charge-coupled device cameras,? each with one million
picture elements and 9-bit intensity resolution. The Streamer Chamber provides a measure of
the multiplicity of charged-particles and their pseudorapidity (1), rigidity (momentum/charge) and
curvature (charge sign). Neutral strange particles were identified by their charged, decay products
providing a measure of the average abundance of strangeness in the final state. Transverse mo-
mentum (p,) and pseudorapidity (n) distributions of positively- and negatively-charged particles
can be measured. Two-particle interferometry measurements can be made to determine the size

of the emitting source at the time interactions cease (freezeout).

3. TRANSVERSE ENERGY DISTRIBUTIONS

A systematic study of transverse energy (E, ) production at midrapidity and energy flow in the
forward direction for 60 and 200 GeV/nucleon '®0-induced interactions from the NA35 Collabo-
ration has been published.?* One conclusion from that study was that sufficient stopping occurs
in small irr{pact parameter collisions of 60 incident on heavy targets at these energies to pro-
duce energy densities of € & 2-3 GeV/fm3. Additional measurements utilising a 32S beam at 200
GeV/nucleon have since been completed and analysed. These are displayed in Fig. 1 in terms of a
correlation between E; detected in the region 2.2 < < 3.6 and the energy (EvEgro) measured
in the forward 0° < 6 < 0.3° (n > 5.95) fragmentation region for each of four target nuclei used.

There is a distinct anticorrelation between E, and Eypro as expected. In peripheral collisions
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where values of Eygro are near the total energy of the incident 32S beam (6.4 TeV) there is little
E, produced. At lower values of Eygro, corresponding in a geometrical model to smaller impact
parameters, < E;, > increases. For S + S interactions few events are observed for Evpro values
near zero, whereas the data extend down to Eyvgro = O for the most central S + Au interactions.
Thus, for the heaviest targets and the most central collisions all of the incident longitudinal energy
of the projectile has been transformed into transverse degrees of freedom, away from the fragmen-
tation region, leaving Evgro = 0. For S + S interactions there is always some energy remaining
in the projectile fragmentation region, even in the most central collisions, due to noninteracting

nucleons in the dilute corona of the interacting nuclei.
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 Figure 1. Contour plots of constant cross section as a function of transverse energy E, detected
in the region 2.2 < < 3.6 and energy Ey gro measured in the forward 0° < 6 < 0.3° (n > 5.95)
fragmentation region for reactions of 200 GeV/n S incident on various targets for a minimum bias
trigger.

Displayed in Fig. 2 are the E distributions for 200 GeV /nucleon S + S, Cu, RbBr, Ag and Au.
These E, distributions have the characteristic shape® described by a geometrical convolution of
E, distributions for the impact parameters incident in the interaction. The “tail”, or high E; end,
of the E, distribution extends to larger values of E; for higher mass targets. If ET%* is defined
as the maximum transverse energy possible in 47 solid angle, assuming all the energy is emitted

isotropically in the center-of-mass of the participants, then there exists an approximate scaling of
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the distributions of Fig. 2 when plotted as a function of E, /ET*® for the various targets. This
was observed for the case of O + Au.* Comparing the E; distributions for 200 GeV /nucleon 160
+ Au and 325 + Au, the extreme values of E; on the tails of the distributions are identical when
the 10 + Au distribution is scaled by the factor ET**(S) / ET**(O) = 1.77. This is observed
in Fig. 3. This value is close to the expected geometrical dependence in the high energy limit,®
ETe* ~ A;/GAIT/G. However, the slope of the “tail” falls off more rapidly for the heavier projectile
than for the lighter one. The shoulder near the end of the plateau, commonly known as the central
collision vpeak, appears to scale with a value larger than 1.77, approximately 2. Therefore, these
observations do not preclude an explanation of the 32S + Au central collision data in terms of a

convolution of p + Au interactions which was successful in describing the 0 + Au data®
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Figure 2. Transverse energy distributions for reactions of 200 GeV/n S on various targets in
the acceptance 2.2 < n < 3.6 for a minimum bias trigger.

The degree of nuclear stopping can be estimated by considering the average transverse energy
~ observed in central collisions. For 200 GeV/n O + Au and S + Au collisions the average £,
of the central collision peak is < E$™ > = 100 £ 10 GeV and 205 + 10 GeV, respectively,
for the interval 2.2 < n < 3.6. (Measuring on the tail of the E, distribution at one percent of
the cross section we get E{*! = 150 + 10 GeV and 275 + 10 GeV.) Values of < E5mme! >~
95 £ 15 GeV and 175 + 15 GeV (E%" ~ 170 + 10 GeV and 270 + 10 GeV) are observed by
Na34 ®7 for 200 GeV/n O + W and S + W in the interval -0.1 < 5 < 2.9. Assuming negligible
difference between the Au and W targets and subtracting the transverse energy in the overlap
region of the two acceptances (taken to be half of the observed NA35 transverse energy), a total
of < E¢ntrel >~ 145 GeV and 275 GeV (E*' ~ 245 GeV and 405 GeV) transverse energy are
observed for 200 GeV/n O + Au and S + Au, respectively, in the region -0.1 < 5 < 3.6. These

-4-

.)

Y 2



values correspond to 0.37 and 0.40 (0.63 and 0.59 on the tails) of ET** for the O 4+ Au and S +
Au reactions for the interval -0.1 < n < 3.6. They are suggestive of a large degree of stopping at
200 GeV/n, although the stopping is incomplete. It should be emphasized that for light projectiles
incident on heavy targets, the transverse energy distributions are dominated by the geometry of
the collisions. This has enabled the experiments to utilise calorimetry to trigger efficiently on the

centrality of events.
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Figure 3. Transverse energy distributions for the reactions of S + Au and O + Au at 200
GeV/n in the acceptance 2.2 < n < 3.6 for a minimum bias trigger. The E; axis for O + Au is
scaled up by a factor 1.77.

4. PARTICLE PRODUCTION

4.1. Rapidity and Transverse Momentum Distributions

The rapidity distribution of negatively-charged particles in 200 GeV/n S + S collisions is dis-
played in Fig. 4 assuming the particles are pions. An approximate ten percent contamination of this
sample by kaons is expected. Only the region y < 3 is displayed, since measurements in the forward
region 8, < 2.3° are strongly affected by losses due to the high particle track density. Because
of the projectile-target symmetry of the S + S system the rapidity distribution is, on the average,
reflection symmetric about y., = 3. The rapidity distribution peaks at midrapidity with approx-
imately 30 negatively-charged particles per unit rapidity. The width of the distribution Aysuam
= 3.2 is narrower than that observed for minimum bias 200 GeV p + p interactions (Ay yrm =
3.5)® but broader than that for emission from an isotropic. fireball of temperature T > 100 MeV
(Aygurm =~ 1.8). This is consistent with the geometrical picture of partial stopping observed
in the E, distributions. A study® of the cross sections and multiplicity distributions of charged



particles for 60 and 200 GeV/nucleon 'O projectiles by the NA35 collaboration has shown that the
interaction cross sections follow a geometrical dependence on the nuclear radii and the multiplicity
distributions are approximately consistent with a convolution of nucleon-nucleus collisions.

The mean transverse momentum < p; > of produced particles has been proposed’® as a mea-
sure of the temperature!! of the system. A complication in this proposition is that the temperatures
reflected in the p, spectra for hadrons correspond to the temperature of the freezeout stage of the
reaction, after hadronization, expansion and cooling. In fact, the p, distributions at midrapidity
of negatively-charged particles from 200 GeV/n '®0 + Au central interactions cannot be fitted
with a thermal distribution assuming a single temperature (x?/N = 5.2).123 A single temperature
fit assuming the negatively-charged particles are pions in a thermal Bose-Einstein distribution can
reproduce the minimum bias 200 GeV p + p data at midrapidity. The temperature T = 135 £+ 2
MeV fits those data well (x*/N = 2.2), with only slight deviations at p, < 0.1 GeV and p, >
1.0 GeV. 2 However, a two-temperature fireball parameterization is required to fit the 200 GeV/n
160 + Au spectra.!?!3 The two components are T; = 153 + 5 MeV and T, = 43 £+ 6 MeV, with
relative contributions No/N; = 0.23 £ 0.07 and x*/N = 1.8.
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Figure 4. Rapidity distribution of negatively-charged particles in central S + S interactions at
200 GeV/n. Only y < y.n is displayed for the symmetric S + S reaction.

Perhaps a more realistic parameterization is that of a radially expanding fireball assuming an
initial state in thermal equilibrium at fixed temperature with subsequent hydrodynamic expansion
characterised by a radial flow velocity 8(r) = (r/Ry)"8,. The exponent n is a parameter which
categorizes the type of expansion and is fit to the data, r is the distance of the particle from the
center of the system, and f3, is the particle velocity at the surface of freezeout radius Rg. This
formulation is a generalization of the model of Ref. 14 where n = 1 was assumed for the expansion
dynamics. A model with n # 1 was introduced in Ref. 15 to investigate shapes of pion spectra.
The authors of Ref. 16 found that the n = 2 parameterization of the expansion fit well the p,
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distribution of 7° from WAS80 7 and the 7~ distributions of the present experiment. If we fix n
= 2 and B, = 0.78, which are the values of Ref. 16 , and fit the negatively-charged particle data
assuming pions, then a good fit (x?/N = 1.56) is obtained with T = 108 MeV. A similar value of
T was obtained in Ref. 16. The central 200 GeV/n O + Au data on negatively-charged particles
and the radial expansion fit are displayed in Fig 5a. The data rise above the fit for p; < 0.1
GeV/c. Displayed in Figs. 5b,c and d are the p, distributions for K°, A and A measured in the
streamer chamber'® in central 200 GeV/n O + Au interactions. Superimposed are predictions for
the spectra using the values n = 2, 8, = 0.78 and T = 108 MeV which best fit the pion data.

~The calculation for a radially expanding fireball is consistent with the p, distribution for Ks and
A’s, but the prediction for the p, distribution of A’s has a slightly flatter slope than the data. It
appears that the model fairly successfully predicts the p, distributions for the produced particles
(r's, K”s and A's) while it has difficulties describing the A spectrum. Since the A will most easily
be formed from a valence (ud) di-quark and a produced s quark, its spectrum may still have a
nonthermal component due to the (ud) di-quark. The 7's, K®s and A’s will be less influenced
by dynamics of the incident channel. In addition, subtle dynamical effects in the evolution of the
expanding system for the various produced particles, particularly the strange particles,!® can alter
their spectra.

The p, distribution for negatively-charged particles at 2 < y < 3 in the 200 GeV/n S + 5
system is displayed in Fig. 6a. This distribution is identical, within statistical errors, to that of
the 200 GeV/n O + Au data displayed in Fig. -5a. This strongly suggests that the observed
particles, near midrapidity, are not affected by the spectator matter inherently present in the O
+ Au reaction. A radial expansion with parameters fitted to Fig. 5a is also displayed in Fig. 6a
for comparison. Displayed in Fig. 6b is the p, distribution of the difference of positively- and
negatively-charged particles near midrapidity, calculated on the assumption that the difference is
due to protons. The errors are large because the distribution is derived from the small difference of
large numbers. This distribution corresponds to the final distribution of the original (“primordial”)
proton charge in the collision. Predictions of the radial expansion model are superimposed on the
pion data in Fig.6a. As in the case of the p, distribution.ofA's, the radial expansion model predicts
a slightly flatter slope for the “proton” data than observed. This suggests that the incident charge
is not completely equilibrated in the collision, although better statistics are necessary to solidify
this hypothesis.

The general features of the p, distributions for the produced particles are surprisingly well
reproduced by the model. However, details of the spectra, although reproduced by this simple
model, may actually have more complicated origins. Displayed in Figs. 7a and b are ratios
Ro(p1) = (O(p) + AuYSZais™[(p + pIiseisc® of O + Au and p + Au data with respect
to minimum bias p + p data?® as a function of p,. An enhancement at low and high p,, i.e.
pr < 0.2 GeV/c and p; > 1.0 GeV/c, is observed in both systems. The p, distribution for p
+ Au in central collisions exhibits effects which must have similar origin and interpretations as in
the O + Au data. This effect in the ratios plotted in Figs. 7a and b has also been observed in
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Figure 5. Transverse momentum distributions for central collisions of 200 GeV/n O + Au for_a)
‘negatively-charged particles (2 <y < 3), b)) K”s (1.7 <y <2.8),c)A's(1.5<y<24),andd)A’s
gl.S <y < 2.4). Also shown are predictions of a radial expansion mode Ssolid curve) fitted to the

istribution of negatives in a) and the Lund/Fritiof model (dot-dash curve) as described in the text.
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very high charged-particle multiplicity (N.4) p + p and a + a events at v/Syy = 63 and 31.2
GeV, respectively.?! These ratios relative to minimum bias data are plotted in Figs. 8a and b for
intermediate (6 < N, < 10) and high (N, > 18) multiplicity events. The enhancements at low
and high p, are not observed in the low and intermediate multiplicity data. The structure of the
ratios for N, > 18 events are remarkably similar to those of the central p + Au and O + Au data
in Figs. 7a and b. The marked similarity of central p + Au and O + Au collisions to very high
multiplicity “hard-scattering” p + p and a + a collisions suggests an explanation may need to be
found at the quark-parton level.
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Figure 6. Transverse momentum distributions for central collisions of 200 GeV/n S + S for a)
negatively-charged particles (2 < y < 3) and b) the difference of positively- and negatively-charged
particles assuming they are protons. Also shown are predictions of a radial expansion model fitted
to the distribution of negatives in Fig. 5a as described in the text.

4.2. Two-Pion Interferometry

Hanbury Brown and Twiss (HBT) correlations?? between negatively-charged pions have been
measured by NA35 in the 200 GeV/n O + Au reaction and the results published.?* A summary
of the results are listed in Table 1. The approach involves a Gaussian parameterization®* of the
pion-emitting source with Ry the transverse radius, Ry the longitudinal radius and A the chaoticity
parameter. Also listed are results of fits using another parameterization?® of the source distribution
which is Lorentz-covariant and incorporates the inside-outside cascade for the collision dynamics.
The parameters in this model are the source lifetime 7o, Rt and A. A value of A = 1 corresponds
to chaotic emission from the source. Values of A < 1 correspond to decreasing chaoticity, with
A = 0 total coherence. As observed in Table 1 pions at 2 < y < 3 near midrapidity in the effective
80 + Au center-of-mass (yo. = 2.5) originate from a large (Ry ~ 8 fm), relatively chaotic
(A ~0.8), long-lived (r, = 6.4 fm/c) source. This picture suggests the formation of a thermalised
fireball at midrapidity. These conditions are necessary for the possible formation of a quark-gluon

plasma. In fact, considering the large number of produced particles, mostly pions, near midrapidity
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Figure 7. Ratios R(pr) of the transverse momentum distributions of central a) °0 + Au
and b) p 4+ Au collisions relative to minimum bias p + p collisions at 200 GeV/n. The dashed
lines indicate R(pr) = 1. The trigger conditions were a) “forward energy trigger” FET(56) and
b) “transverse energy trigger” TET(260) with trigger cross sections of 56 and 260 mb, respectively.
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Figure 8. Ratios R(pr) of the transverse momentum distributions of selected charge multiplic-

ity (Nsx) p + p and a + a events at v/Syn = 63 and 31.2 GeV, respectively, relative to minimum

bias data for a) intermediate (6 < N_, < 10) and b) high (N, > 18) multiplicity events from Ref.
21.
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in central collisions of O + Au at 200 GeV/n (approximately 120 - 140 per unit rapidity'>?%) and
the 7w strong interaction cross sections, one predicts a similar size (R >~ 8 fm) for the system of
pions at the time of their last interaction (freezeout). Preliminary results on HBT correlations for
negatively-charged pions from central 200 GeV/n S + S collisions are displayed in Table 2 assuming
a static Gaussian source. The same effect of a large source of midrapidity pions, in this case y.,».

= 3, is again observed. The errors are still fairly large due to the small data set presently analysed.

Table 1. Pion source parameters extracted from analysis of the 200 GeV/n O + Au — 77
correlation data for various rapidity intervals.

Rapidity Gaussian , Kolehmainen-Gyulassy

Interval Rr(fm) RL(fm) A Rr(fm) | 7o(fm/c) A v
l<y<4|41+04)31+07/-04]0.31+40.07/-003[36+03{29+0.7|029+0.05
l1<y<?2|43x06| 26106 |0.34+0.09/-0.06 |40+0.7]25+1.0{0.30%0.12
2<y<3(81+16/|56+1.2/-0.8 0.77 £ 0.19 73+16(64 10084 £0.15

Table 2. Pion source parameters extracted from analysis of the 200 GeV/n S + S — =~
correlation data for various rapidity intervals.

Rapidity Gaussian

Interval Rr(fm) | R.(fm) A
15<y<45|56+08{3.1+£03]047 £0.15
15<y<25|62+12|17+08]057+0.17
25<y<35|87+2736+20|0.68+0.25

Pions over the larger rapidity range reflect a much smaller source (R, ~ 3 fm), with much
less chaoticity. Away from midrapidity the transverse size is near that of the incident projectile,
the longitudinal size is small and the chaoticity parameter is low, near that of ete~ and hadron-
hadron collisions. The observation R, < Rr for all rapidity intervals studied. is a result of the
pion coherence length and the effect of relativistic kinematics.?¢ R is less than Rt because of the
Lorentz contraction of Ry, away from y., whereas Rr is unaffected. Furthermore, after unfolding
the kinematics Ry, can be used to determine the correlation length Ay = 1. It has been suggested?®
that the correlation length in momentum space is related to the QCD string tension. Further
investigation is necessary to determine the correlation length and ultimately the QCD string tension
in_high energy nucleus-nucleus collisions where large numbers of overlapping strings are expected.

A suggestion was recently made?”?8 to analyse the wm correlation in the cm frame in terms of
the two orthogonal directions transverse to the beam, labelled “outward” (along the direction of
one of the pions or the momentum vector sum transverse to the beam) and “sideward” (perpendic-
ular to the beam and the outward direction). A measure of the transverse size along the outward
direction will reflect any prolonged emission or long-lived state such as a quark-gluon plasma state.
The 200 GeV/n O + Au central collision data analysed in Table 1, have been analysed.in these
parameters near midrapidity (2 < y < 3) and away from midrapidity (1 < y < 2). The results are
displayed in Table 3. The R, and A parameters were held constant at the best-fit values of Table
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1 and the Ry subdivided into R3** and R$% and both allowed to vary. Away from midrapidity
we find that R$** = R3$'%, whereas near midrapidity R$* = 11.2 + 2.3 fm and R}% = 6.6 +
1.8 fm. According to Refs. 27 and 28 these data suggest a long-lived state which prolongs the
outward emission reflecting a larger outward than sideward size in the midrapidity region. Away
from midrapidity the two sizes are the same as would be expected for a hadron gas. A recent
pa’per29 has investigated further the sensitivity of the outward and sideward analysis of 77 inter-
ferometry. They conclude that the results described in Tables 1,2,3 are consistent with a range
of pion source parameters for a hadron gas when additional dynamical effects including higher
resonances are included in the analysis. It appears that the spacetime evolution of these collisions
is quite complicated with possible phase changes and subsequent hadronisation and should be a

source of much future interest and debate.

Table 3. Pion source parameters extracted from analysis of the 200 GeV/n O + Au — =«

correlation data with separation of Ry into R$!% and R$** as suggested in Refs. 27 and 28. Rapidity
intervals at midrapidity (2 < y < 3) and backward of midrapidity (1 < y < 2) were analysed.

Rapidity Gaussian
Interval Rr(fm) RL(fm) A
l<y<?2 43106 26 £06 |0.34 +0.09/-0.06

Ry%* = 4.0+ 1.0 fm
R$“ = 4.4 £ 10 fm " "
2<y<3 8.1+16 56 +1.2/-08 | 0.77 £ 0.19
R7% = 6.6 + 1.8 fm " , "
R$“ =112 423 fm " "

4.3. Neutral Strange Particle Production

One of the earliest predictions for a signature of the deconfinement transition was an enhance-
ment of s and 5 quarks in a quark-gluon plasma in thermal and chemical equilibrium.3® Most
calculations predict an enhancement in the observed § yield as a signature of plasma formation
while s quark yields, although enhanced, differ only slightly in a plasma compared to a hadron
gas. It has recently been noted®® that the actual observation of 5 enhancement after plasma
formation is severely complicated by the spacetime evolution of the collision process, making it
difficult to discriminate between the hadronisation products of a quark-gluon plasma and those of
a chemically-equilibrated hadron gas. However, it is highly unlikely that hadronic processes in the
nonplasma phase are best represented by an equilibrium hadron gas. In any case the dynamics
complicate the issue and both the reaction dynamics and the strange particle abundances must be
understood.

The streamer chamber can be used to identify the decays of neutral strange particles into
charged particles. The decay vertex is identified in the streamer chamber and the momenta of the
positively- and negatively-charged products are measured. Assuming masses corresponding to the
decays K — n*m—, A — pr~, A — n*p and applying kinematic fitting criteria, unambiguous K°,

A, A decays are identified and the strange particle momenta determined. Efficiency corrections are

-12-
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applied for obscuration of the decay vertex, problems of identification, measuring and reconstruction
inefficiencies and the finite chamber geometry. Displayed in Fig. 9a,b and c are ratios of the
number of strange particles (K°, A, A) to the number of negatively-charged particles for 60 and
200 GeV/n O + Au, and 200 GeV p + Au in the acceptances measured in the NA35 experiment.
This acceptance corresponds to fairly high p,, p; > 0.7 GeV/c, near midrapidity. The rapidity
ranges are given in Fig. 9. The events were selected by triggering with external calorimeters on
trigger cross sections of 1.14, 0.24 and 0.13 barns for the reactions 200 GeV p + Au, 200 GeV/n
O + Au and 60 GeV/n O + Au, respectively. These correspond to 0.67, 0.07 and 0.04 of the total
inelastic cross sections for those reactions. Also shown are ratios for 205 and 360 GeV p + p from
Refs. 32 and 33 and 200 GeV p + Au from NA35 measured over larger acceptances, p; > 0.1
GeV/c and rapidities stated in Fig. 9. At 200 GeV/n the p + Au ratios are identical to those of
O + Au measured over the same acceptance. Predictions of the Lund/Fritiof model®* taken over
these acceptances are in agreement with all the data for K's and the high p, A-data for p + Au
and O + Au. However, the Lund/Fritiof model underpredicts by approximately a factor of 2 the
high p, A-data. More importantly, the Lund/Fritiof model appears to overpredict the A and A
production in the elementary p + p reaction.
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Figure 9. Ratios of the mean numbers of strange particles a) <N(K°®) >, b) <N(A) > and ¢)

<N(A) > to the mean number of negatively-charged particles <N(-)> as a function of incident
beam momentum.

The ratios displayed in Fig. 9 are very much dependent upon the p; region over which they
are accumulated. Displayed in Fig. 5 along with the p, distributions of K®'s, A’s and A’s for 200
GeV/n O + Au are predictions of the Lund/Fritiof model. The mode! underpredicts the slopes of
the K®,A and A data. [t's obvious from Fig. 5 that comparisons such as particle ratios or ratios
of experiment to theory will be strongly influenced by the region of p, under consideration. With

the exception of the large acceptance p + p and p + Au data, the discrepancies observed in Fig.
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9 can be understood from the difference in the slopes of the p, spectra. The data in Fig. 5 can
also be fitted with (1/p, )do/dp; = Ae™B™: where A is a normalization parameter, B represents
the inverse slope of the spectrum and m; = {/m? + p% denotes the transverse mass. The best-fit
values of the slopes of the spectra are listed in Table 4. These values are similar within errors for
the K, A, and A data measured in the 60 and 200 GeV/n O + Au and 200 GeV p + Au interactions.

Table 4. Slope parameters B derived from fits of the form (1/p,)do/dp, = AeB™+ to the

transverse momentum distributions for p; > 0.7 GeV/c. The m, = y/m? + p? is the transverse
mass.

200 GeV/n | 200 GeV/n | 60 GeV/n
p + Au 0+ Au O + Au
K| 49+04 | 42404 4607
A 47105 | 49+03 |47104
A[58+£07 | 32+14 |58+13

The ratios of the multiplicities of K°, A, A and all negatively-charged par’éicles for O + Au
relative to p + Au measured at 200 GeV/n are listed in Table 5. These ratios are close to the
value 16, which is the ratio of the numbers of incident projectile nucleons. Since the triggers
correspond to very central O + Au (where most of the incident nucleons of the O projectile would
be expected to interact) and relatively inelastic p + Au interactions, it appears that a super-
position of 16 p + Au interactions reproduces the observed O + Au particle multiplicities This
was also the case for the E, distributions®, cross sections and shapes of charged particle mul-
tiplicity distributions.® Detailed calculation of the ratios in Table 5 will have to include, among
other geometrical constraints, subtle effects of the difference in the center-of-mass and the various

penetration depths seen by incident nucleons at impact parameters constrained by the two triggers.

Table 5. Ratios of K° A, A and negatively-charged particle multiplicities measured in central
O + Au relative to inelastic p + Au reactions at 200 GeV/n. The ratios are for the high p,
acceptance regions in Fig. 9. Also shown are predictions of the Lund/Fritiof model.

200 GeV/n Data | 200 GeV/n Fritiof
< Ngo >04Au / < Ngo >t Au 151+ 34 165+ 0.8
< Np>04au/ < Na >pian 186 £ 25 201 +21
< Nj >04au ]/ < Nj >piau 16370 184 + 3.8
< N_>04aus/ <N_>ptau 159 £ 1.2 162 +£0.3

Neutral strange particle production in 200 GeV/n S + S interactions has been analysed to
provide information on the volume dependence of strangeness production. The yields of K%'s and
A’s as a function of event centrality are displayed in Fig. 10. Plotted are the mean numbers of
K%s and A's as a function of the mean charged particle multiplicity in the event sample. Details
of the analysis can be found in Ref. 35. Increasing multiplicities of charged particles correspond to
smaller impact parameters in a géometrical model. Little spectator matter is expected to remain
in central collisions of S + S, in differentiation to collisions of O + Au. The A yield rises as a
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function of event centrality to a value more than twice that expected from the Lund/Fritiof model
or an independent nucleon-nucleon model extrapolated from p + p to the S + S case.® The K®
yield also rises above predictions but to a lesser degree than the A’s. The dependence of <N(\)>
on <N(+—)> is steeper than linear, i.e. <N(A)>~<N(+—)>* where a > 1. Also plotted in Fig.
10 are predictions of a simple hadron gas model (double line), which lies near the Lund/Fritiof and
nucleon-nucleon model predictions, and a parton gas model (triple line) which predicts enhanced

yields3® near those observed.
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Figure 10. For 200 GeV/n S + S interactions, the mean multiplicities of a) A’s and b) K°'s as
a function of the mean charged particle multiplicity in each event sample. The solid lines are pre-
dictions of the Lund/Fritiof model and the dashed lines those of an independent nucleon-nucleon
model. The double line is the prediction of a hadron gas model for central collisions and the triple

line that for a parton gas (see Ref. 35).

5. CONCLUSIONS ‘

Most of the data presented on transverse energy distributions, forward‘energy flow, mean
particle multiplicities, interaction cross sections and rapidity distributions provide information which
can be interpreted by a geometrical folding of nucleon-nucleus interactions in a nucleus-nucleus
collision geometry. The stopping is incomplete at 200 GeV/n, but at least 40 percent of the
maximum available transverse energy is observed in average central O + Au and S + Au collisions
and at least 60 percent for collisions with a cross section of one percent of that of the average
central collision. The resultant nucleus-nucleus interactions appear to have sufficient stopping to
produce energy densities € = 2-3 GeV/fm? in the tails of the distributions. From geometrical
considerations and the scaling observed in the experiment, the transverse energy of average central
collisions scales as £, ~ A,,; for A,ro; < Aarger. The volume V scales as V ~ A:ﬁj A}‘{fg,,.
Therefore, the energy density e = E;, / V ~ A:,fzj. In extrapolating from the measured S + Au

transverse energy distributions by use of the A:,f‘zj scaling for €, the energy densities for Pb + Pb
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are expected to increase by approximately a factor of 1.8 - 1.9 and the volume by 3 - 4 over present
values for S + Au.

A large number of produced particles, mostly pions, is observed at midrapidity in 200 GeV/n
O and S induced interactions. These are strongly peaked at midrapidity in the rest frame of
geometrical overlap of the nucleus-nucleus collision. Estimating from the observed charged particle
multiplicities, approximately 90 - 100 charged and neutral particles per unit rapidity for S +
S and 120 - 140 particles per unit rapidity for O + Au exist in the final state at midrapidity.
The transverse momentum distributions of negatively-charged particles at midrapidity cannot be
described in terms of a thermal distribution with a single temperature at midrapidity. A multiple
temperature parameterisation fits the data. A thermal distribution with superimposed radial flow
also fits the negatively-charged particle data. Predictions of the radial flow model are also consistent
with the transverse momentum distributions of heavier produced particles measured in NA35. The
large source sizes observed in the 77 interferometry data appear to be consistent with the freezeout
conditions taking into consideration the large number of hadrons present in the system and the
nm mean-free-path. In addition, the source parameters determined from == interferometry, the
measured p; distributions and the rapidity density of charged particles measured in NA35 can be
used to constrain the freezeout conditions in the radial expansion model, resulting in an average
energy density of 1 - 2 GeV/fm?® for central O + Au collisions.® It should be emphasized that the
transverse momentum distributions of negatively-charged particles in central collisions of O + Au
and p + Au at 200 GeV/n have enhancements at p; < 0.1 GeV/c and p; > 1.0 GeV/c which are
not present in minimum bias p + p data. These enhancements have been observed in very high
multiplicity p + p and a + a events at higher energies suggesting a possible common description
in terms of the “hard” scattering of partons. A sufficient number of hard parton scatterings might
occur in central nucléus-nucleus collisions to dissolve the structure of the incident nucleons, thereby
satisfying a prerequisite for quark-gluon plasma formation.

Ratios of neutral strange particles to negatively-charged particles measured in NA35 are the
same for p + Au and O + Au at 200 GeV/n. Furthermore, the strange particles and negatively-
charged particles are a factor of 16 more abundant in central O + Au than inelastic p + Au. These
results are entirely consistent with a description of central O + Au interactions in terms of 16
inelastic p + Au interactions. For 200 GeV/n S + S an enhancement of the A, and to a lesser
degree, the K° multiplicity in central interactions relative to peripheral ones has been observed.
This strong dependence of the strange particle multiplicities as a function of centrality is neither
reproduced by the Lund/Fritiof model nor by a superposition of nucleon-nucleon interactions. A
parton gas model appears to be successful in producing the multiplicities observed in the data.
Further study of this interesting effect for the asymmetric O + Au system should aid in under-

standing strange particle production in the two different systems.
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