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" STRANGENESS PRODUCTION IN NUCLEUS-NUCLEUS COLLISIONS:
: EXPERIMENTAL SUMMARY

°

~ G. ODYNIEC
Lawrence Berkeley Laboratory
~Nuclear Science Division
1 Cyclotron Road
Berkeley, CA 94720, USA

1. INTRODUCTION

The possibility of formingfa quark-gluon b]asma (QGP) in hot
and/or dense nuclear matter has been of strong interest for several
years and has recently motivated dedicated experimental programs at
CERN and Brookhaven. ‘One of the earljest, and most discussed, pre-
dictions for a signature of QGP, is strangeness.  Because of the
large mass of the strange quark, the abundance of strangeness in
ordinary hadronic matter is suppressed, but{it is expected to in-
ckeése rapidly and approach the thermal equilibrium value if QGP is
formed as a result of a sufficiently violent collision between heavy
ions. Thus enhancement of strange particlie production in the nuc-

)

However, recent calculations,?*®) based on the hydrodynamical

lear reaction might serve as an indication of QGP formation.®

model, predict that the enhancement in strange particle yields
differs only slightly in a plasma and a hadron gas. Obviously the
fact that the observations are made only in the final stage of the
reaction complicates the interpretation of thg'observed yie1dsvof
strange particles, perhaps even making it impossible td distinguish
between the hadronized prodﬁcts of the quark-gluon plasma and those
of a chemically-equilibrated hadron gas. » :
Nevertheless, whi1elthe enhancement of strange particle produc-

tion in relativistic heavy ion collisions is no longer considered to



be such a clear signature qf QGP formatipn [a) and references
thenein] - it is still a signal which reflects the interesting col-
lision dynamics and may indirectly preVide insight into processes
srespons1ble for strange particle product1on _

It is be11eved that deconf1nement (quarks and gluons propagating
freely throughout an exten@ed volume) is likely to occur when nuc-
lear matter is stressed-te'ektreme values of high density and/or
temperature over a prolonged period'of time. These conditions can
probably be created in a 1aboratory environment only in ultrarela-
tivistic nucleus-nucleus collisions. In particular, centrai col-
lisions of heavy nuclei are the most favorable candidates for QGP
experiments because of the large interaction volume. The ideal
case, would be to study central collisionstéf symmetric systems
where there w111'be no cold nnclear matter (spectators) to compli-
cate 1nterpretat1on of the exper1menta1 data.

Therefore rather than attempt to g1ve a comp]ete review of
strangeness production 1n all k1nds of exper1ments, I will dwe]] on.
the most interesting and prom1s1ng aspects of the experimental re-
sults from nucleus-nucleus (A +'A)jexperiments, using p+p/ﬁ+p'and
p+A/p+A data only as reference when‘needed "1 should also mention
“that much 1nterest1ng information on strangeness production in p+A |
and p+p experiments can be found 1n K B. Luk and S. Oh contr1but1ons
to this conference ’

In this paper I will try:

.1. To identify the important features of the reaction
_ mechanism; _ ‘
2. To understand the mechanisms{
3. To learn aBoUt'quark -gluon p]asma'formation by comparing

"nucleus- nucleus co111s1ons w1th p- nuc]eus p~nuc]eus,‘p +p
and P + p co]11s1ons, '

4.  To see if there.is any def1n1te ev1dence yet support1ng

_ quark—-gluon plasma formation;

5. To suggest further needs for experimental and theoretical
study. ' :



Fig. 1 shows the energy scale (v%) of the experiments, I will
talk about. '
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2. BERKELEY AND DUBNA EXPERIMENTS AT 2-4 GeV/A

The first experimental data on A, K+, K~ and Kg production

in nucleus-nucleus collisions were obtained in Berkeley at the
Bevalac, and, shdrt]y afterwards at slightly higher energy, on A
and Kg, in Dubna“at the Synchrophdsotron. I will remind you of
some of the most interesting findings:of this experiments since
there were no contributions in this energy range at this confer-
ence. First of all, we have to remember that in these analyses the
main emphasis was on separation of the effects which may be explain-
ed as results of quasi-free nucleon-nucleon collisions from those
which are caused by collective nuclear processes.
_ At Bevalac energies, up to 2.1 GeV/A, we are either below or at

best bare]Q above the threshold for the production of strange par-
ticles (the threshold for NN > AKN is 1.58 GeV, for NN - NNK+K_

it is 2.5 GeV). Data ekist for Kf, K, Kg and A production
from the Bevalac®'®'”) and for Kg and A production at the Dubna
energy of 3.6 GeV/A.%°)
tection of charged kaons and neutral strange particles due to their
different 1ifetime. k¥ and K- have a sdfficient]y long lifetime
that they can be observed in spectrometers whereas the short lived
Kg and A have to bp'idenfified in visual detectors by their charg-

Different techniques were used for de-

ed particle decays, K> «'w, A > p w, where the observed A yield

S
includes the primary ¥° production after fast }° » A y decay.
Because of the low beam energy A production at the Bevalac is

very sensitive to nuclear Fermi motion effects. Harris at al. in



1981%) observed (Fig. 2) that almost all A's in central Ar + KC1
collisions at 2.6 GeV/c were outside the kinematical Timit for free
nucleon-nucleon collisions. A distinct forward-backward asymmetry

in the A product1on was attributed to rescatter1ng of the A's,

produced only in the earliest stages of the collision, from the not .

yet equilibrated surrounding nuclear matter. At the Synchrophaso—

tron the situation is changed significant]y Fig. 3 .from Agak1sh1yev

et al.%®) shows the two dimensional plot p, versus yy,, for A gen—
erated in C + C at 4.2 GeV/c. For C + C.interactions only about 18%
of A's Tie outside the kinematical 1imit for free N + N collisions.
Thus'at'the higher'beam energy,.Fgrmi motfon is not needed for the
production threshold to be exceeded. Conversely, to study Fermi
motion of interacting nucleons and the contributions of other nuc-
lear effects the lower energy range of Bevalac is more relevant.
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Fig. 2. - Ar + KC1 » A events as a function of pt and py in nucleus-
’ nucleus c.m. at 2.6 GeV/c. , The hatched curve shows the
region where events were excluded due to limited detector
efficiency. The solid curve corresponds to the NN >
AKN k1nemat1c Timit. .
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Fig. 3 C + C » A events as a funct1on of pt and rapidity in
lab.system at 4.2 GeV/c. The solid line shows the limit of
the kinematically allowed region for the reaction N + N =
N + A + K. The dotted- 1ine is the 1imit of this region
when Fermi motion of nucleons from both nuclei is taken
into account.

An interesting result from the Dubna experiment is related to
the angular distribution of A's produced in nucleus-nucleus re-
actions. On Fig. 4 the angu]ar distributions of A and « are
shoWn.g) The upper part of Fig. 4 shows distributions obtained
from nucleon-nucleon interactions at similar momenta. The middle
part of Fig. 4 shows distributions of A and v produced in He + Li
collisions. It is seen that the angular distributions for N + N and
minimum-bias He + Li interactions are consistent with each other.
The lower part of Fig. 4 shows the A angular distribution is much
more isotropic in central C + C collisions. The flat angular distri-
bution observed for A's in the most central C + C collisions sug-
gests that these part1c1es may be em1tted from a thermal source at
rest in the N-N c.m. system. The Boltzmann shape of the kinetic

energy d1str1but1on wh1ch is observed ) for this sample of par-

- ticles suggests that therma] equ111br1um is reached in the sources

from which the part1c1es_were emitted. The source temperature~To
can be obtained from the slope of the spectrum or, equivalently,
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Fig. 4 coso distributions fof mesons and hyperons produced in

hadron-hadron, He-Li inelastic and C + C, C + Ne, 0 + Ne

~central collisions at 4.5 GeV/c momentum per nucleon.
0 is the em1ss1on angle calculated in the N- N c.m.
system. :

- from the <pt$ value. Thé latter way 6150'a110ws the average tem-
perature to be estimated when a single thermalized source has not
been formed. Extracted Té vé1u¢s are plotted against the average .
number of participant protons in Fig. 5 The temperatures for A's
emitted from central co111s1ons and for ﬂ approach the values
predicted by the thermodynam1ca1 mode of Hagedornll) and. calcu-
lated under the assumption that the nuclear matter 1nvo]9edv%n the
collision has been fully stopped and fherma]ized in the N-N c.m.
system. - For the mostvcentral C + C‘events the A "temperature"

%]



reached a very high value of 150 MeV, the highest "temperature" seen

for A particles in any experiment.
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Fig. 5 The temperature parameter, T,, plotted against <Q> -

the average number of participant protons. Dashed lines
_show the T, value predicted by the thermodynamical
model of Hagedorn.ll)

3. K E K EXPERIMENT p + Ta AT 3 AND 4 GeV/c-

Since the annihilation of P in nuclei releases 2 GeV of energy,
one may expect a local heating of nuclear matter in the p-nucieus
reaction, with production of a "hot spot." Theoretical calcula-
tionslz) suggest a possible enhancement of strangeness’production
in p-nucleus reactions due to plasma formation in highly excited
nuclear matter inside suchiPhot spots.”

~ The results from low-momentum (608 MeV/c) studies of p colli-
sions with nuclei at_LEARla) at CERN show that P predominantly
annihilate on the surface of the target nuclei. Therefore less than
half of the pions originating from p-p anﬁihi]ation'(average mutti-
plicity ~ 6) are emitted towards the nuclear interior. It is
'estimatedla) that in order to deposit all the energy re]eased in



the annihilation of p-p inside the nuclei, -the incident p momentum
should be higher, of the order of a few GeV/c.

Recently Miyano et al.*%'*¢) have analysed bubble-chamber
data (KEK, exp E62) with p + Ta reactions at 3 and 4 GeV/c. The
group also took data on p-p at the same energies for comparison with
the p-Ta data. Cross sections for the inelastic processes and Kg,
A, A production, for the p-Ta reaction at 4 GeV/c, are shown in
Table 1. The cross section for each process in the p-Ta reaction

was compared with a "geometrical cross section" calculated by multi-

(o = o~ X A2/3

plying the elementary pp cross section by A geom Bp
As seen in the table, the inelastic cross section for the p-Ta

reaction'was almost equal tq the geometrical one, as was the Kg

2/3 ).

- production cross section. The production cross section for A
was ;, however, larger then the geometrical estimate by factor 10.

Table 1. Hyperon production cross section in p-Ta reaction at
4 GeV/c, and comparisons with geometrical estimates of
the cross sections.

orTa on XA2/3 orTa/orn+A2/3
[ﬁb] pEmb] prTPP
Inelastic 1628 + 30 2210 0.74
Kg + X 82 + 6 60.8 1.3
A+ X 193 £ 12 17.0 1.3
Ao+ X 3.8+ 2 15.4 0.25

The cross section for A production was suppressed by a factor of 4
if compared with geometrical estimates. A similar effect was obseré—
ed for p + Ta collisionsat 3 GeV/c per nuc]eon:ls) Although the
experimept had good statistics (107,000 pictures scanned), the idgn—
tificafion of "vee" particles was made only by setting windows On.
invariant mass spectra - no kinematic fit was performed. Therefore

one might expect a small difference (~ few percent) betweén the

"2y
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final values of the cross sections from this experiment and the cur-
rently presented ones. Nevertheless the result is striking. While

)

it was discussed in the framework of QGP formation by J. Rafelski,’
a much simpler explanation was proposed by the authors themselves.*®)
They noted that the pfbduction of A throughlsecondary p}ocesses '
such as KN - AX and aN > AX must play an important role. They es-
timated the productidn cross sections due to the secondary processes
and obtained 80 mb and 100 mb, respectiVe]y. The sum of these is in
very good agreement with'thé experimental result 193 + 10 mb.
Thus, the enhancement of A production was explained as the effect
of secondary processes. However, the smallness of the observed cross
section for the p-Ta - K?AX reaction is not yet understood.

Summarizing the p-Ta expehiments, one may conclude that the rich
production of strangeness in BFnQCTeus reactions can be explained by
the superposition of e1ementary P-N processes. For the study of
high-energy density in nuclear matter it should be better to use

relativistic nucleus-nucleus collisions.

4. EB802 EXPERIMENT AT AGS AT 14.5 GeV/c -

Last year, at the QM'87 conference, E802 Collaboration bresented
preliminary results for integrated K to » ratios in Si + Au central
collisions, in an angular range from 14° to 28°, of K¥'/a" = 24 + 5%
and K/« = 4fg%. The K'/«" yields were in excess of typical
values obtained at AGS energies in p-p and p-A collisions, whereas
the K /v yields agreed, within the large experimental errors, with
typical values measured in p-p and p-A collisions. Theoretically,
such an effect is expected ifvvery high baryon dehsity matter is
formed. It has been called "K distillation" effect, closely related

) However, ‘these results

to associated A production.
included only preliminary acceptance corrections and in addition,
the low statistics in the K channel precluded a definitive
comparison to p-p and p-A dataf' Finally, it is worth noting in
general that the integrated ratios of the particle yields are

strongly affected by the momentum acceptancé of the éxperimenta]



apparatus (low Py cut off) and by the extrapolation procedure to
Py = 0. Therefore, it is important to investigate the Py
dependence of the particle yields and their ratios before any
positive statement can be made. Such an analysis has been com-

pleted by the E802 collaboration during last year. K*/«" and K /v~ .
integrated ratios were presented here (see S. Steadman contribution
to this conference2°)) as a function of p, and also compared to a ‘ .

compilation of published p-p and p-Pb data at AGS energies.

A MM S DA MM B R
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Fig. 6 Compilation of K*/«* ratios vs. pt in p-p and p-A
collisions at AGS energies compared to Si + Au.

The K+/1r+ ratios increase with increasing Py reflecting, at least.
in part, the influence of approximatele scaling. However, there
is an additional systematic increase in the ratios as the number of -
nucleons involved in the collisions increases. The Si + Au ratios are

substantially larger then typical values observed in p-p or'p—Pb

collisions. The ratio at low Py is about 20% which is in agreement

with the integral ratio presented at QM'87. The K /v ratios exhibit

similar tendencies, but the overall magnitude of the ratios is reduced

for all collisions systematically. There are large discrepancies in



the values of measured negative K to » ratios for p-p collisions,
particularly.at 16w Py The integral ratios are, of course, dom-
inated by the values at low Py with mean values for p-p lying in
the 2-4% range, and Si + Au exhibiting somewhat higher values of
5-6%. At high Py the heavy ion data'systematically exceed typical
values from p-p and p-A.

One should be very cautious with interpretation of these results. .

as evidence for présence of baryon-rich QGP at AGS energies until
simultaneous measurements of the K/x ratios and A yields are in
hand. We also need to see whether enhanced K"/« ratios occur
in less central or peripheral co]]isiong and in p-Au reactions at
AGS energies. | ,

On the theoretical side, recently published ca]cu]ations,zl)-
based on the fireball model, suggest that the observed ratio of
K+/1r+ in nucleus-nucleus collisions at AGS energies can be

‘largely explained by the reaction wv - KK from the secondary

pions created from the interaction.

5. NA-35, WA-85 AND NA-36 AT CERN SPS AT 60 AND 200 GeV/c

Nucleus-nucleus collisions at 60 and 200 GeV/c per nué]eéh héve
been studied at the CERN SPS with oxygen and sulphur beams aqd a
variety of targets. Three major experiments, NA-35 (with streamer
chamber as a main detector), WA-85 (with omega spectrometer), and
NA-36 (with time projection chamber) have investigated strange

particle production. Most of the data shown during this conference

)

which provides information oﬁ the volume dependence of strangeness

stem from the NA-35 experiment. The most intriguing result,??

production came from analysis of neutral strange particle production
in 200 GeV/c S + S interactions. Fig. 7 shows the mean yield of

*A's as a function of the mean charged particle multiplicity in the

event. Inckeasing multiplicities of charged particles corresponds
to smaller impact parameters. Very little spectator matter is
expected to remain in central-collisions of S + S. The A yield

rises as a function of event centrality to a value more than twice

11



'that expected from the Lund/Fritiof model (dashed Tine) or an
Also plotted in

Fig. 7 are predictions of a simple hadron gas model( solid ‘line),

independent nucleon-nucleon model (dotted 1line).

which lies near the Lund/Fritiof and nucleon-nucleon model
Thus the observed strong enhancement of A yield is
"Naive" -

predictions.
difficult to describe using standard hadronic processes.
parton gas model calculations,?? 2) on the other hand, give the-

predictions quite close to the observed values.of A yield (double
Within this model, the enhancement arise
from secondary parton-parton interactiohs.l)A The Kg yield, which
rises above predictions but less then the A's, and details of the

solid line on Fig. 7).

analysis can be found in M.Gazdzicki's contribution to. this confer—
ence.22) A similar enhancement of A production was already

previously reported by NA-35 [23) and see also I. Derado cohtri—'
bution to this conference z4)] in 0 + Au central collisions at 60
-and 200 GeV/c. The Lund/Fritiof model,

proximately a factor 2 the high pt A yield (NA-35 acceptance

again, underpredicts by ap-

¥ ¥

RGeS~ AeX 200GeVin

. PRELIMINARY Fig. 7

Average A multiplicity in
the NA35 acceptance versus
“mean charged particle
. multiplicity in three data
samples (peripheral,
relaxed-central and central
-collisions). The black .
point shows the NN data.
Dashed and dotted lines
shows Fritiof and NN model
predictions, respectively.
~ Double solid and solid - ' W
i lines indicate the result o
SEZ ~ of secondary interactions

gD

300 -
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g - calculations performed for L
~cases of a parton gas and a '

hadron gas, for central S-S

collisions.



. corresponds to fairly high Py» Py > 0.7 GeV/c, near‘midrapidityj.

Another interesting number was presented during this conference by
the NA-35 co]]aboration,'namely the number 16, - it appears that the
ratios of the multiplicities of K , A, A and all negat1vely charged
particles for 0 + Au re1at1ve to p+Au measured at 200 GeV/c and 60
GeV/c are close to the value 16 which is the ratio of the numbers
of incident projectile nuc1eons Since the triggers correspond to
very central 0 + Au ( where most of the incident nucleons of the O
prOJect11e would be expected to 1nteract) and re]at1ve]y inelastic
p+Au interactions, it appears that a superpos1t1on of 16 p+Au 1n—
teractlons reproduces the observed 0 + Au particle multiplicities.
This was already found to be the case for the transverse energy
distribution around m1drap1d1ty, cross sections and shapes of
charged particle multiplicity d1str1but1ons 25,26) However, one

should be careful with the s1mp1e interpretation of the number 16,
and even more careful with general conclusions concerning the whole
phase space for this process.‘The NA~35 acceptance covers only the
low rapidity (Y < 2.5) domain where it is known that cascading in
spectator matter dominates. The ratio may vary from 16 when studied
in other regions of phase space e.g. in ;he projectile fragmenta-
tion domain. ,

WA-85, another large CERN experiment designed to study strange
particle production, analyzed A, A and Kg production in the reaction
S + W at 200 GeV/c. Comparing WA-85 findings with NA-35 data one has
to bear in mind a significant difference in p, range between the
two experiments with WA-85 having a Py < 1 GeV/c cut off (i.e. well
above <pt>) whereas NA-35 has a py cut off only below 0.5 GeV/c.
Therefore, the ratio of A/A as a function of Py» presented by
WA-85 collaboration, is for Py > 1 GeV/c. The data are consistent
with a 1inear decrease of the ratio as Py - .increases from 1-to 3 GeV/c.
It was shown27) that the p/p ratio determined at Xg = 0 in proton-
tungsten interactions at 200 GeV/cze) has a similar tendency
(however, the magnitude is approx1mate1y a factor two less then -
A/A ratio of WA-85 at a given pt). Needless to say that it would -
be interesting to compare with p/p ratio in the same phase space

13



region as A and A decays. All WA-85 results?”) are still prelim-
jnary. Evaluation of the corrections due to geometrical aCceotance
and detector efficiency are still in progress. " Also, a comparison
with A, & and Kg yields in p .+ W data at 200 GeV/c is underway.

The NA36, experiment at CERN designed for strangeness study, does
not present physics results yet. The NA-36 collaboration is still in
the process of understanding their main detector - a time projection
- chamber of innovative design. The'first analysis of Nn36 TPC data
. obta1ned with the S beam at 200 GeV/c momentum demonstrate clearly
the exce]]ent two track separat1on of this detector, ?
together with the E810 TPC' 1§29} 5t Brookhaven has a p1oneer1ng
role in heavy jon physics. For the time: being the NA36 data are not

yet acceptance corrected, but the data présented indicate already

-

which

that the real results are soon to be expected

One would expect the production rates of strange part1c1es thCh

contain more than one strange quark (cascades, omegas) to be a

Fig. 8 &~ decay in 0 + Au reaction at 60 GeV/c register in
NA35 streamer chamber. .

14
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better probe of the strange quark content in QGP. Of course, this .
depends on the non-trivial assumption that final yields.of strange
hadrons will be strongly correlated with the abundance of strange

quarks in the QGP.1’31’32) Nevertheless it would be very important

to get from the experiment direct information on production of cas-
cades, 6megas and their antipartigles. For the time being only NA35
has demonstrated the capability .to detect, record and reconstruct
cascades. Fig. 8 shows a reconstructed ( with probability 99.99%
after kinematic fit) & from 0 + Au at 60 GeV/c.

At this point I would 1ike to finish discussion of CERN experi-.
mental results on strangeness. I touched only the most interesting
topics, complete reports from NA-35, WA-85 and NA-36 can be found in
contributions to this conference.  Only small fractions of the data
have been analyzed so far. There are still very many "pictures”
(those on film and these "electronic" ones from CCD cameras and
TPCfsvon magnetic tapes) to be looked at. The acceptance of NA-35,
WA-85 and NA-36 have certain areas of overlap. Therefore, once the
analysis is completed, it will be important to compare strange par-
ticle yields and distributions from all three experiments in the the

overlapping areas.

6. CONCLUDING REMARKS

During this conference such a large volume of new data was pre-

'sented that it will take quite some time to digest even a part of
" it. Taking into account the preliminary status of the data - it is

important to be cautious about drawing final conclusions at this
time. We need to remember that all the experimental set-ups are very
complex and it will take a lot of time and work before their ac-
ceptances, efficiencies and all kinds systematic errors become fully
understood. | o | ‘
Nevertheless , what we see now is'very impressive. The most
provbcative and, at the same time, promising recent resu]ts,_which
might soon shine some light on the "vefy foggy" QGP environment, are
from £802 (K+/1r+ ratio in Si+Au at 14.5 GeV/c) from BNL and from.



NA=35 (A enhancement in S+S at 200 GeV/c) from CERN. Both need
further study, which is underway.
For the future, more and better data and calculations are needed.
In the experiments the first priority is to study symmetric
systems with their easier interpretation. Experiments with larger
projectiles will emerge in the next year or two : in 1991 at’AGS *
Au+Au at 12-GeV/t and in 1993 at CERN Pb+Pb at 170 GeV/c. There is a
need both for e]ectronicé detector experiments which will guarantee
reliable information on statistically poor "tails" of the distri-
butions and for 4-v (or semi 4-wv) visual detector experiments
which will provide data from the areas not accessible for e]ectron1c'
detectors such as in low p, areas of phase space Only having
both, complementary, sets of information one might try to understand

73

what is actually happening dur1ng collision.

In ‘the theory new, parton»mode] based, calculations, which would
incorporate nuclear effects'Tike e.g.'cascading, are urgently needed
in order to "cghnect" p-p with p-A and A-A data. o )

Finally, let me conclude with an optimistic remark:

We live in a very interesting time in this field of physics:
Almost every conference in this field brings new and eXciting
.experimental information and theoretical progress: A1l of it is
still not enough to provide a complete picture of the properties of
and‘conditions for forhation of the state of nuclear matter in which
the pr1mord1a1 quarks and gluons are no 1onger confined as const1t—
uents of ord1nary particles. '

A3

But, clearly, we are on the right track ........
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