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ABSTRACT

A systematic study of particle production in nuclear S-S and S-W
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collisions at 200 GeV/A is presented within the context of an equili-
brium interacting hadron gas model. It is shown that the results for
strange particle multiplicities and for non-strange baryons obtained
in the NA35 and WAS85 experiments can be well described in terms
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1 Introduction

Relativistic heavy ion reactions provide a useful tool for studying matter at high den-
sities and temperatures. Sufficient energy is available to excite new collective modes
such as a quark gluon plasma [1]. It has been suggested that a remnant of the quark
gluon plasma might be observable as an enhancement of the production of strange
particles as compared with that seen in p-p or p-A collisions {2]. Recent experiments
have therefore concentrated on the measurement of the strange hadron multiplicities in
relativistic heavy ion collisions [3] [4]. An enhancement of the strange hadrons has been
observed in all of these experiments. The measured A, A and K? multiplicities in the
NA35 experiment for central S-S collisions at 200 GeV/A {3] exceed the re-scaled p-p
productions by a factor of ~ 1.5. An increase in the =/Z ratio has also been observed
for central S-W collisions in the WAS85 experiment [4]. Also, an enhancement has been
seen in the A/A~ ratio as a function of charged particle multiplicity A~ [3]. In order to
ascertain the origin of this strange particle enhancement it is crucial to understand to
what extent these results can be explained in terms of an equilibrated interacting rel-
ativistic hadron gas model. In such a model, strange particles are produced thermally
without the requirement of the initial formation of a quark gluon plasma.

Recently, different hadron gas models [9}{5} [6] {7] [8] have been used to explain the
observed strange particle enhancement. However, a systematic study of all experimen-
tal data has not been undertaken.

In this paper we present a detailed study of thermal particle production in a rela-
tivistic hadron gas model which is consistent with the present experimental data with
the exception of the pion multiplicity. Both baryon number and strangeness conserva-
tion have been taken into account which is crucial in obtaining a consistent description
of the available experimental data.

2 The Thermal Model

Equilibrium hadron gas models describe hadronic matter in terms of a gas of hadrons
with different masses, where the individual mass states are populated according to equi-
librium distributions ( Fermi-Dirac or Bose-Einstein). The conservation of quantities
such as barvon pumber and strangeness is achieved either within the grand canonical
{GC) ensemble via the introduction of appropriate chemical potentials 6] {11}, or in the
canonical ensemble {12} {131 [14] {15]. Although the limitations of the GC formulation

for small systems should be noted, its computational simplicity makes it the prefered
choice for our calculations. In what follows, we shall thus have two chemical poten-
tials, ¢y and p,, corresponding to the conservation of baryon number and strangeness
respectively.

Hadrons are strongly interacting particles, and any realistic model must include the
effects of these interactions in some way. While these interactions should ideaily be
derived from first principles within the framework of QCD, this approach is at present
unfeasible. It is therefore necessary to resort to a phenomenological description of the

‘particle interactions in the framework of a hadron gas model.

Since we will apply hadron gas models to situations of high temperatures (T" > 100
MeV) and densities, the important part of the hadron-hadron interactions will be the
short range repulsive piece. While there are certainly attractive interactions, to explain
the stability of nuclear matter at normal nuclear matter density (no = 0.17 fm~3), the
effect of these interactions at the temperatures considered will be negligible. In this
paper we will therefore only concentrate on the repulsive hadron-hadron interactions.

There are several approximations for these interactions, including the exciuded vol-
ume approximation, in which the hadrons are given a hard-core volume in a van der
Waal's fashion (5] [16], and the mean field approximation, which we will use in the
present work (17] [18] [19]. The central idea of the mean field approximation is to
start with some two body interaction, and to caiculate the self-energy correction to
the single particle energy in the Hartree approximation. In this approximation the
self-energy correction is proportional to the number density of the hadron species {20},
so that the single particle energy ¢; of a hadron of mass n; and momentum p'is given by

&=\p? + m} + Kin. (1)

Here K; is the strength of the repulsive potential and n; is the average number density
of hadron species i. This then leads to a simple transcendental equation for the num-
ber density ny; for example, for a Maxwell-Boltzmann gas of component i (ignoring
chemical potentials for simplicity) we obtain

n; = {d,- /°° dpg(p) exp{—p5/p? +m?]] exp[—AKini] (2)
0

where d; is a degeneracy factor such as spin-isospin. g(p) is the density of single particle
momentum states. and 3 = /T is the inverse temperature.
I is »mportant 10 note that the inclusion of interactions in a hadron gas model can
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require moatiications to the grand potential  in order to ensure that :he interaction
is not Joun!s ~ounted. This requirement is known as thermodynamic consistency. It
is easy to snow that the grand potential for a single component hadron gas of species
i+ with interactions treated in the mean field approximation is given by

T > 3
0 =d = ]o dpg(p) In{l — asexp[—3(e — uybi — masi)]} = F: (3)

s

where a; = i for bosons, a; = —1 for fermions and §; and s; are the baryon number and
strangeness respectively of hadron species i. The function F? originates in the energy
density and corrects for double counting of the interaction. For interactions of the
form (1), F¥ = 1Kin?V, where V is the volume of the system. It should be noted that
thermodynamic consistency for models in which the hadronic interactions are treated
in the excluded volume approximation is more subtle, requiring either the replacement
of the total volume as a free parameter by the effective volume (i.e. the total volume
minus the volume occupied by the hadron hard cores) (16}, or the modification of the
chemical potentials (21] [22]. )

In theory, of course, there should be a K; for each hadron species. However, since
there are approximately 150 known hadron states (stable and resonances) with masses
“below 2 GeV, this is not viable. Also, attempts might be made to take interactions
between hadrons of different types into account in a model, e.g. meson-baryon interac-
tions. As the form of these interactions is not generally known due to spin and isospin
dependences. the following assumptions are usually made {17] {23]:

» Hadrons of a particular type (meson, baryon or antibaryon) interact only with
hadrons of the same type.

o The interactions between all species of a particular hadron type are identical,
so that the self-energy correction (in the Hartree approximation) becomes K,n,
where A, is the potential strength for hadrons of type o and n, is the total
average number density of hadrons of type a.

o Antibarvons interact among themselves in the same way as baryons , i.e. K =
K;.

With these assumptions, the grand potential for a gas of hadrons of different species
becomes

0= : d;az- /:o dpg(p) In{l — a;exp[-B(e; — ui)]} - -17-2 K.N2/V, (4)

where the sum over ¢ runs over hadron species. and the sum over « is taken over hadron
types.

In our subsequent calculations, we take into account ail hadron species with masses
less than 2 GeV. Previous calculations, in which the higher mass resonances were in-
cluded in the form of a continuum level density (23] indicate, that for temperatures
below 200 MeV, the contribution of these states to thermodynamic observables is of the
order of 1-2%. In the light of the other approximations made in the model described
here, the neglect of the higher mass resonances is justified. However, the contribution
of the hadronic states with masses in the range 1-2 GeV have been found to be impor-
tant in the calculation of particle multiplicities. v

We thus have to find two effective potential strengths, K,, and K, which fulfill
the role of compressiblity coefficients for the meson and baryon sectors respectively.
A reasonable value for K., is that obtained from Weinberg’s effective Lagrangian for
the # — » interaction {24], which yields a value of around 600 MeV fm3. This value
has been quite widely used, and should be an acceptable approximation for a general
meson-meson repulsive interaction since the pion, being the meson with the lightest
mass, is expected to dominate the total meson number density.

To find a value for Kj, we make use of the N ~ N interaction. However, very dif-
ferent values for K, are obtained depending on the two-body interaction used. For
example, on the grounds that it costs approximately 500 MeV of energy to force
two nucleons to overlap completely [25], a rather arbitrary parameterization of the
N — N interaction of the form V(r) = 500 exp{~m.r] MeV, where m,, is the w-meson
mass, leads to K3 = 200 MeV fm® [19]. The use of a repulsive w-exchange poten-
tial, i.e. V(r) = 36x exp[—m,r|/r yields K, = 1700 MeV fm? [26]. Between these
two extremes, the Reid soft core potential [27] gives K = 680 MeV fm? [18]. In our
subsequent calculations, we will use this last value. This choice is motivated by the
success of the Reid potential in studies of nuclear systems. As it turns out, the results
of calculations are (fortunately) not too sensitive to the precise value of the potential
strengths; the important point is that there should be some non-negligible repulsive
interactions in the calculations.

In applying hadron gas models to heavy ion collisions, it is important that the
effect of small system size be taken into account when performing the integrals over
phase space. A simple method of including such effects is through a modification of
the density of states g(p). A careful analysis of the derivation of g(p) (see for example
[28}) shows that the form of g(p) depends on both the surface area of the system and
its linear dimension; the exact dependence is determined by the boundary conditions
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imposed on the single particle states.
If the single particle states obey Dirichlet or von Neumann boundary conditions,
the density of states g(p) must be modified to 28]

V., A L
g(p) = 5P Fg Pt g (5)

where A and L are the surface area and linear dimension of the system of volume V re-
spectively. For spherical systems, which we will consider here, V = 4xR® /3, A = 4z R?
and L = 2x R where R is the radius of the system. The positive and negative signs in
(5) refer to von Neumann and Dirichlet conditions respectively. Clearly, in the limit
R — oo the volume-dependent term dominates g(p), as would be expected.

The use of (5) requires some care, since the error implicit in its derivation is of the
same order of magnitude as the last term in (5) [28]. One should therefore check that
this term is small compared to both the volume- and surface area-dependent terms,
and, in the case of Dirichiet boundary conditions, their difference.

Another important point which should be included in a hadron gas model when
applied to heavy ion collisions is the influence of resonance decays on the measured
hadron multiplicities. After the hadrons freeze out, they free stream towards the de-
tectors. The high mass resonances will then decay, increasing the number of low mass
hadrons which are experimentally observed. To take this into account in a hadron gas
model, we allow the high mass hadrons to decay according to the measured branching
ratios {29]. The total multiplicity of a particular low mass hadron species is then the
sum of the thermal contribution and the decay products of heavier resonances.

3 Particle Production

Having established a thermodynamical model of hadronic matter produced in heavy
ion collisions, we can now calculate different particle multiplicities. It is clear that
the thermal multiplicities depend on the set of freeze-out parameters T', u, x, and
V. In order to compare the thermal particle production with that measured in the
NA35 experiment, we have to fix the above four parameters from experimental data.
Two of those parameters can be determined from the requirement of strangeness and
baryon number conservation. We have assumed that the total strangeness of equili-
brated hadronic matter is equal to zero. Thus we have not allowed for strange particle
production in the pre-equilibrium state which could escape from the system before

thermalization.

The central trigger in the NA35 S-S collisions was a zero degree calorimeter, which
ensured that only events in which less than 1/6 of the incoming energy was deposited in
the forward direction were selected. This also implies that only 4-6 of the 32 projectile
nucleons are spectators. Thus the lowest value of the baryon number for S-S collisions
in NA35 experiment would be ~ 52 (3] [30]. On the other hand, the baryon number
cannot be larger that 64. In our actual calculation we have fixed the baryon number
B ~ 38, which is the average between the minimum and maximum values expected in
the experiment. .

By constraining the average strangeness and baryon number to the values indicated
above we can determine two parameters relevant for the estimation of mean values of
particle multiplicities. The two parameters left we fix by equating the thermal aver-
ages of lambda and anti-lambda particles to the experimental mean values A = 8.2 and
A = 1.5, as measured in the NA35 experiment for central S-S collisions.

In Table 1 we show the results of our model for the values of the four relevant ther-
mal parameters at freeze-out. These results have been obtained as explained above
to satisfy baryon number and strangeness conservation as well as to reproduce the
experimentally measured multiplicities of A and A particles. Thg radius at freeze-out
in Table 1 is calculated assuming that the system has spherical symmetry. Decreasing
the baryon number to its lowest possible value would slightly change the temperature
whereas 1, would decrease by ~ 10% compared to the results indicated in the above
table.

In order to investigate how relevant our model could be in explaining the particle
production observed in the NA35 experiment, some other particle multiplicities have
to be calculated with the parameters indicated in Table 1, and then compared with
available experimental data. The model predictions and the experimental results are
shown in Table 2 and 3. As seen in the tables, we obtain excellent agreement for K7,
K*, K~ and proton production between the model and the NA35 data. We have also
shown in Table 3 the value of the Z/Z ratio as measured in the WA85 S-W experiment.
This value agrees with the model. The experimental ratio, however, is obtained for the
central kinematic region. The 4x value, which should be compared with the results
of the thermal model, is not available. If the Z/= behaves in the same way as the
A/ A ratio, which increases with the extrapolation from the central region to 4x [3), the
agreement between the experimental and calculated values for the =/= ratio may be

cven better than shown in the table.
-For completeness we have quoted in Table 2 the results for some other strange par-



ticle multiplicities (calculated with the model using the parameters indicated in Table
1) which has not been experimentally measured until now.

It is clear from Table 3 that the pion multiplicity calculated from the thermal
model is ~ 30% less than the experimental value. Several mechanisms have already
been suggested in the literature [7] [10] (31] to explain the discrepancies of measured
multiplicities and predictions of different thermodynamical models. In particular, the
low p; enhancement of pion spectra has been found to be well reproduced by assuming
a positive chemical potential for pions or a non-thermal pion distribution [10]. A fit
to the pion p; distribution with two different temperatures, corresponding to pion gas
and quark gluon plasma contributions also gives good results [31]. The decay of higher
resonance states into pions has been found to have important consequences for the
soft pion spectrum {7]. Some of these calculations have reproduced almost all available
experimental data on the p; spectra of measured particles [7]. In our calculations, as
mentioned above, we could not reproduce the experimental results for pion multiplic-
ities by requiring full agreement with all available experimental data and assuming
strangeness and, in particular, baryon number conservation.

The lack of agreement between experiment and the model for the pion multiplicity
could be related to our assumption that the system reaches complete chemical equilib-
rium. Recently, however, it has been argued [2] that one could not expect to reproduce
the abundance of strange particles in central heavy ion collisions by applying hadron
gas model. It would therefore be interesting to check how sensitive our results are to the
degree of chemical equilibration. In particular one could expect that by overestimating
the strange particle multiplicities by taking their equilibrium values, the entropy con-
tent of pions would be underestimated. Consequently, the pion multiplicity decreases.

The analysis of particle production in a non-equilibrium gas model would require
a detailed study based on kinetic theory. In order, however, to test how important
non-equilibrium factors could be in explaining the experimental data we make a sim-
ple model. Denoting by a factor ¥ < 1 the deviation from the absolute chemical
equilibrium abundance of strange and anti-strange particles, i.e replacing the fugaci-
ties A, = exp{u,/T| and A by 4A, and vA;! in the grand potential in (4) we have
constructed an effective non-equilibrium model. This model contains an additional
parameter v accounting for non-equilibrium effects in the strange particle sector. We
can now ask whether it is possible to find a set of five parameters which will reproduce
the experimental data of the NA35 Collaboration. With strangeness conservation and
by requiring that the total A, A, n,- and K? multiplicities be equal to their experi-
mentally measured values [3], we have found a consistent set of parameters. Values of

% ~ 0.5, T ~ 180 MeV and py ~ 280 MeV are required. However, when calculating the
baryon number with this set of parameters, we find B ~ 100. This evidently violates
baryon number conservation, as the maximal value of the baryon number allowed for
S-S collisions is B = 64.

An increase of pion multiplicity in the thermal model under consideration can only
be achieved by increasing the freeze-out volume as the temperature should not be
larger than the critical deconfinement value T, where 150 < T, < 250 MeV. In taking
a reasonable value for the temperature and adjusting the volume to reproduce the pion
multiplicity n,- ~ 100 within a thermodynamical hadron gas model, we will therefore
most likely violate baryon number conservation.

An increase in the pion multiplicity can also be achieved by allowing for a positive
chemical potential p, < m, for pions, as suggested in [10]. In terms of our model
only 25% of the pions have a thermal origin, with all others being due to the decay of
higher mass resonances. Thus if one were to include an additional factor exp(u,/T)
in the calculation of the pion multiplicity, then with 4, ~ 130 MeV one could get at
most 15 additional pions in the final state. This is still not sufficient to reproduce the

experimental value.

The above discussion suggests that the non-equilibrium effects of strangeness pro-
duction in hadronic matter may not be sufficient to reproduce all the experimental
NA35 data. Also the non-equilibrium pion production calculated in a hadronic model
which allows pions to be produced from the decay of higher mass resonances does not
seem to be sufficient to explain these data.

Besides the enhancement of strangeness production there are also other inter-
esting features of the experimental data reported by the NA35 Collaboration which
could suggest a non-trivial behaviour. The A°* and (K?)** multiplicities (the super-
script “acc” indicates that the multiplicities are taken within some fiducial acceptance
region) divided by the multiplicity of negative hadrons h~ (~95% of which are »~),
shows a rapid increase with increasing A~. Here A~ is the parameter which measures
the centrality of the collisions [3]. If S-S collisions were a sum of independent p-p in-
teractions then all multiplicities would be proportional to the average number of such
collisions, i.e. the ratios A**/h~ and (K?)°*/h~ would be independent of A~. The ob-
served increase of these ratios with charge particle multiplicity is a clear sign of some
non-trivial collective phenomenon in S-S collisions.

This behaviour of the ratios has recently been explained using a picture based on
quark gluon plasma formation {32]. It is interesting to see to what extent a thermal
gas model can reproduce this property. There are, however. immediate difficulties
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when trying to understand the dependence of A**/h~ and (K?)**/h~ ratios on the
charged particle muitiplicity. Firstly, the particle multiplicities in the experimentally
measured ratios have been taken in some acceptance region. Thermal models are ap-
propriate for bulk particle production but are less reliable in the calculation of particle
production in a given kinematical window. Secondly, the model considered does not
correctly reproduce the pion multiplicity, so that we cannot make a direct comparison
with the experimental results. We can, however, assume that extending the A and
K? multiplicities in the A**/h~ and (K7?)**/h~ ratios to their full phase space values
one would expect to see the same relative increase of these ratios when going from
periferal to central collisions. In fact, restricting the A~ multiplicity to the acceptance
region appropriate to A or K? leads to a similar rapid increase in the (A/A™)** and
(K?/h™)"* ratios when going from periferal to central collisions [3].

We therefore proceed as follows. We first perform a minimum x? fit to the experi-
mental multiplicities as functions of A~. This step is necessary due to the large error
bars on the experimental data [3]. We then assume the same proportional decrease
in the negative hadron multiplicity in our calculations as has been observed in the
experimental results for the transition from central to periferal collisions. We then fit
parameters to reproduce the A, K? and A~ multiplicity appropriate for each set of
experimental conditions. ’

The results of this procedure are plotted in Figures 1 to 3 where we show the fitted
parameters as functions of the negative hadron mulitiplicity, normalized to its value
for central collisions, i.e. A~ /R - As one might expect, the freeze-out temperature
decreases steadily as one moves from central to periferal collisions, due to the lower
energy deposition in the periferal collisions. The chemical potentials change smoothly
during the transition.

As mentioned above, the experimental measurements of the particle multiplicities,
particularly for the minimum-bias, non-periferal events, have large error bars. To re-
flect this, we have also shown in each of Figures 1 to 3 the parameters for fits to the
experimental mean values. The chemical potentials show the most change, while the
temperature displays a rather small variation with the change from the minimum 2
fit to the experimental means.

Since we are able to find sets of physically reasonable parameters which repro-
duce the experimental behaviour of the hadron multiplicities with changing centrality,
we may conclude that the thermal model considered in this paper reproduces in a
qualitative way the experimentally observed dependence of neutral strange particle
multiplicities as functions of h-.
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4 ‘Conclusions -

We have made use of a thermodynamical model, with the assumption of complete ther-
mal and chemical equilibrium, to describe particle production in relativistic heavy ion
collisions. The main purpose of this paper was to investigate whether such an approach
can be used to understand the enhancement of the strange particle production which
was recently reported by the NA35 and WA85 Collaborations. Since we require only
baryon number and strangeness conservation, two experimental particle multiplicities
are needed to specify the model. All the remaining hadron multiplicities can then be
determined and compared with the experimental results.

We have shown that the thermodynamical model gives excellent agreement with all
experimental results for strange particles and non-strange baryon multiplicities mea-
sured by the NA35 and WAS85 Collaborations (see Tabie 3). We have also shown that
the observed increase of A/h~ and K?/h~ ra.txos with increasing centrality can be ex-
plained within this model.

A discrepancy between the thermodynamical gas model and the experimental re-
sults occurs when one compares the pion yields. We have suggested that this dis-
crepancy cannot be explained by simply including non-chemical equilibrium effects in
the thermal hadron gas model. However, the lack of agreement on the level of pion
multiplicities does not necessarily invalidate our approach. Pions can be produced in
rescattering processes in the initial and final states. We therefore conclude that the
predictions of the thermal gas model considered in this work are consistent with the
presently available experimental data.
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Table 1: Thermodynamic parameters at freeze-out (temperature T, radius R, baryon-
and strange chemical potentials uy and u,, meson density n.,, baryon number density

np, baryon number B) obtained from fits to measured A and X multiplicities for the
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Central 335 - 3§
Hadron Multiplicities
Mesons

x* | =~ | K* | K- | K| 9

£

57.1 1 56.9 | 14.25 | 7.15 | 10.7 ] 2.90

23.311.821820 1.50 | 1.85{0.83 ] 0.12 | 0.13

Table 2: Calculated hadron multiplicities for the NAS5 central S - 33§ ezperiment.



Central &5 - 7§
Hadron multiplicities
K? K* K- A X P ™
Model - 107 14.2 7.15 8.2¢ 1.5¢ 23.2 56.9
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¢ Experimental values from NA35 Collaboration used for fitting.
* Central rapidity value from WAS85 Collaboration, see text for details.

Table 3: Comparison of calculated and measured hadron multiplicities and production

ratios for the NAS5 central S - 5 and WASS5 central 35 - ' W experiments.
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Figure Captions
Figure 1
The freeze-out temperature 7' as a function of the negative hadron multiplicity A~
normalized to its value for central collisions AZ,,,;. The solid curve is determined
using the minimum x* hadron multiplicities (see text). The paints marked with x are
determined using the experimental mean values for the hadron multiplicities.

. Figure 2 o
The baryon chemical potential at freeze-out 4y as a function of the negative hadron

multiplicity A~ normalized to its value for central collisions ;. The solid curve is
determined using the minimum x? hadron multiplicities (see text). The points marked
with X are determined using the experimental mean values for the hadron multiplicities.

Figure 3 , o ‘

The strange chemical potential at freeze-out p, as a function of the negative hadron
multiplicity A~ normalized to its value for central collisions AZ,,,,;. The solid curve is
determined using the minimum x? hadron multiplicities (see text). The points marked
with X are determined using the experimental mean values for the hadron multiplicities.
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