
PHYSICAL REVIEW D VOLUME 51, NUMBER 7 1 APRIL 1995

Strangeness conservation in hot nuclear Breballs
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Within a thermal model generalized to allow for nonequilibrium strange particle abundances we
study how the constraint that the balance of strangeness in a fireball is (nearly) zero impacts the
allowable thermal fireball parameters. Using the latest data of the CERN-WA85 experiment for
the case of 200A GeV S-A (A 200) collisions we extract the values of the thermal parameters
considering in detail the impact of hadronic resonance decays on the abundances and spectral form
of strange baryons and antibaryons. Given these results and invoking further the observed charged
particle multiplicities we are able to consider the (specific) entropy content of the fireball in order
to understand the nature of the disagreement of the hadronic gas picture of the 6reball with the
experimental data.

PACS number(s): 25.75.+r, 12.38.Mh, 24.85.+p

I. INTRODUCTION

Enhanced production of strange particles, and specif-
ically of strange antibaryons, was suggested more than
10 years ago [1] as a possible signature for quark-gluon
plasma (QGP) formation in relativistic nuclear collisions.
This suggestion followed as a result of enhanced strange
quark production, and therefore speedy equilibration of
the strange quark flavor in the QGP and a large equi-
librium strangeness density in the QGP phase. The (en-
hanced) production of (multi)strange antibaryons is con-
sidered to be more specifically related to deconfinement
than are strange mesons, because of a large difference
in chemical equilibration time scales [2] and chemical
properties in the decon6ned quark-gluon and hadronic-
gas (HG) phases. These studies suggest further that
if a QGP is not formed, its absence reveals itself by a
relative suppression of strange compared to nonstrange
particle production, similar to what is observed in usual
hadron-hadron collisions. Detailed comparisons [3] of the
expected strange particle yields arising from dynamical
thermal systems consisting of a QGP and HG support
this picture and have stimulated a number of experiments
on strange particle production in nuclear collisions, re-
lated to the search for a QGP.

Recently several heavy-ion experiments [4] have re-
ported a strong enhancement of all strange particle yields
relative to proton-proton and proton-nucleus collisions,
increasing with the centrality of the collision. The en-
hancement was seen particularly clearly in 200A GeV
collisions of sulfur with various targets in the strange and
multistrange baryon and antibaryon channels at central

rapidity [5—8]. Furthermore, after accounting for reso-
nance decay contributions [9], the momentum spectra of
all secondary hadrons from these collisions [5,7,8,10] also
show intriguing signs of thermalization and an onset of
collective hydrodynamic flow [11],as would be expected
for a high density "fireball" source of these particles. The
key issue of this paper is the question as to what extent
current data can help to distinguish between the direct
formation of a fireball consisting of a dense and very hot
hadron (resonance) gas [12—22] and the creation of a tran-
sient deconfined state such as the quark-gluon plasma
(QGP) [19,20,22,23], followed by hadronization.

In this analysis we concentrate the discussion on the
strange hadron ratios from S-W collisions at 200A GeV
[5,6] which can be combined with multiplicity data from
the similar S-Pb collision system [24]. Because of the dif-
ferences in baryon and energy stopping, the experimental
results &om the smaller S-S system at 200A GeV cannot
be combined with the results analyzed here. However,
we have recently also developed [25] a similar analysis of
the central rapidity and global S-S data from NA35 [7,10]
which, lacking information on multistrange baryons and
antibaryons Rom this experiment, exploits data on nu-
cleon, hyperon, and charged kaon production, with sim-
ilar conclusions as the ones presented here.

This work was originally submitted for publication prior
to the release of the revised and more precise results [6] of
the WA85 experiment. The full reanalysis here presented is
re8ecting all available information as of Summer 1993. See
also note added in proof at the end of the manuscript.
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Recent experimental results have already prompted
several efforts to explain the observations in terms of the
relatively simple &amework of a thermal fireball model.
The particular virtue of this approach is that the spectra
and particle abundances can be described in terms of only
a few macroscopic parameters. In perfect (local) ther-
modynamical equilibrium knowledge of the temperature
T(x), the chemical potentials p~(x) and ps(x) for the
conserved baryon number and strangeness, respectively,
and the velocity profile u" (z) for the collective expan-
sion of the collision fireball are sufBcient for a complete
description of the final state —the values of these pa-
rameters at the hadronic freeze-out point determine the
spectra and abundances of the observed particles. How-
ever, such a simple approach cannot a priori be expected
to be successful. In particular the implicit assumption of
complete chemical equilibrium is not necessarily consis-
tent with the rapid dynamical evolution of the particle
source. Kinetic arguments drive us to extend the simple
fireball model by allowing for certain nonequilibrium fea-
tures in the chemical composition of the fireball. We will
show that the naive thermal model approach fails to de-
scribe the available data, and that such nonequilibrium
extensions are required for a successful phenomenology.

Strangeness production processes constitute a bottle-
neck in chemical equilibration [1,2,26], and in our opin-
ion even in a simple model one must account for a hi-
erarchy of equilibration time scales in nuclear collisions:
While thermal equilibration (which involves total cross
sections) and chemical equilibration of the light quark
fiavors (which possess low pair production thresholds)
occur fast, the production of strange quark pairs takes
considerably more time in the HG phase where it is sup-
pressed by high thresholds and small inelastic cross sec-
tions. In the HG phase there is in addition an inter-
mediate time scale for the redistribution of the avail-
able strange quarks among all strange hadron channels:
Strangeness exchange processes have in general low or
vanishing thresholds and thus relatively large cross sec-
tions. This leads us to consider the notion of a fi-
nal state in relative chemical equilibrium where all mo-
mentum spectra and nonstrange particle abundances are
thermally and chemically equilibrated, and in particular
the relative abundances of the strange hadrons have had
time to reach a state of maximum entropy, but where
the overall strangeness content is suppressed relative to
its equilibrium value.

This necessitates the introduction of a strangeness sat-
uration parameter 0 ( p, ( 1 [19] which allows us to
parametrize the efFects of incomplete chemical equilibra-
tion of the strangeness sector. For a QGP state with
its fast gluonic strangeness production even the natural
short fireball lifetime of only a few fm/c should be suK-
cient to reach values of p, close to 1. In a purely hadronic
fireball with its expected much longer strangeness satu-
ration time scale small values of p, ~ 0.1 (such as those
extracted from N-N collisions [25]) are much more likely.
A measurement of p, thus in principle provides important
information on the strangeness production time scale and
hence on the possible structure of the collision fireball.

Another interesting nonequilibrium feature arises nat-

urally when considering a scenario in which there was
formation of an intermediate deconfined state. Very lit-
tle is known about the time constants of hadronization;
in particular one need not take for granted that the rel-
ative abundances of mesons and baryons, which may be
produced by quite di6'erent hadronization mechanisms,
obey the laws of relative chemical equilibrium. There
may also be insu%cient time for chemical equilibration
of the meson and baryon components in the HG pro-
cesses which convert mesons into baryon-antibaryon pairs
are generally relatively slow. A simple method to in-
clude the breaking of meson-baryon equilibrium will be
discussed towards the end of Sec. IV where we will spec-
ulate about a possible early deconfined phase as source
for the observed strange particles.

Strangeness conservation leads to a strong constraint
on models of flavor evolution: The balance between s and
s quarks requires nontrivial relations between the param-
eters of the models. These are in general difFicult to sat-
isfy and difFer greatly in the difFerent phases of strongly
interacting matter —formally the QGP and HG phases
of nuclear matter can be distinguished by their charac-
teristically diferent behavior of the equilibrium strange
quark chemical potential p, . In a strangeness neutral
QGP fireball p, is exactly zero, independent of its tem-
perature and baryon densities. In contrast with this, in
any state consisting of locally confined hadronic clus-
ters p, is generally diferent from zero at finite baryon
density, in order to conserve strangeness. Only for the
special case of baryon-free systems, i.e. , p~ ——0, does
the strange chemical potential vanish at any T, due to
particle-antiparticle symmetry. At nonzero baryon den-
sity p~ g 0, there is just one special value T(p~) for
which (s) = (s) at p, = 0. This temperature is
bounded from above by a limiting value T, „which
generally depends on the detailed form of the equation
of state (EOS). For the case of a conventional (Hagedorn-
type) HG these values have been studied previously
[13,14,20]. We find here that there is some sensitivity of
T, to the form of the hadronic gas spectrum, regard-
ing specifically the inclusion of the maximum number
of known states. Use of all known hadronic resonances
rather than only the ground state octets and baryon de-
cuplet (which in general biases the spectrum in favor of
nonstrange particles over strange particles) decreases the
value of the temperature T, „&om 225 to 200
MeV.

The theoretical study of strangeness conservation and
its relationship to the condition p, = 0, which is natural
for the deconfined state, constitutes the main body of
Sec. II. We will consider, for various temperature regions
relevant to present and future heavy-ion experiments, the
relationship between the strange quark chemical poten-
tial p, and the baryon chemical potential p~ in the HG
phase. At T 200 MeV one observes in the HG the
peculiar feature that y, , (pii) stays close to zero over a
relatively large range of yii [20,21]. We also consider the
impact of a given (small) fraction of net strangeness in
the fireball, s = (8 —s)/(s) (( 1, which can arise due to
fluctuations in particle emission.

Within the thermal model, p, and p, of the particle
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source can be obtained from the measured strange parti-
cle ratios [19]. One striking result of our present analysis
of the WA85 data [5,6], confirmed by the analysis [25] of
the NA35 data [7], is the finding of a vanishing strange
quark potential p, 0 with a rather high accuracy. The
analysis of the WA85 data is developed in Sec. III with
considerable sophistication, including in particular the
effects of resonance decays and collective flow on the par-
ticle ratios, confirming the result p,, 0 for a variety of
different freeze-out scenarios.

Combining this apparently rather stable result with
the earlier discussion of strangeness neutrality, we imme-
diately run into a series of problems with the interpreta-
tion of the data in terms of an equilibrated hadron gas:
A literal interpretation of the inverse slope of the trans-
verse mass spectra as the source temperature, T = 232
MeV, is excluded because then the strangeness neutrality
condition cannot be satisfied [the discrepancy amounts to
2.5 standard deviations (s.d. )] and at such high temper-
atures the hadron gas cannot be considered as an ensem-
ble of noninteracting particles. Furthermore, since such
an interpretation would exclude the existence of collec-
tive transverse flow, the freeze-out condition would be
strongly violated. Restoration of strangeness neutral-
ity requires the introduction of transverse collective flow:
Interpreting the inverse transverse slope in terms of a
freeze-out temperature Ty ——190 MeV blueshifted by a
transverse flow velocity Py = 0.20, we recover strangeness
neutrality of the HG. This does not, however, improve
much the problems with the internal consistency of the
noninteracting hadron gas picture and with the freeze-out
condition, since the amount of flow is too low [11].Also,
as will be discussed in Sec. IV, such an interpretation
fails to reproduce the data on the total and net charged
multiplicity densities by about 3 s.d. introducing even
more flow, namely, Py = 0.41, allows one to reduce the
fireball temperature to a value of TJ ——150 MeV which
is consistent with the freeze-out criterium [11], renders
the hadron gas sufIiciently dilute to remove the internal
consistency problems, and is also compatible with lattice
@CD restrictions [27] on the critical temperature for the
transition into a QGP. This interpretation also happens
to correctly reproduce the total and net charged mul-
tiplicity data. However, in this scheme the strangeness
neutrality condition is now broken in the opposite direc-
tion by about 4 s.d. , as measured by the discrepancy be-
tween the measured and required strange quark chemical
potential.

None of these three scenarios gives a natural explana-
tion of the observed large amount of strangeness satura-
tion, p, = 0.7—0.8. A conventional HG does not seem
to provide a suKciently long lifetime to achieve such a
degree of saturation, and also recent two-pion interfer-
ometry data [28] show no evidence at all for a suKciently
long-lived hadronic (i.e. , pion-emitting) source.

With the previously published data [5], which indicated a
somewhat lower temperature and a larger baryon density, the
strangeness neutrality problem could be avoided [20,21], but
not the consistency and freeze-out problems.

In order to allow for future experiments to shed more
light on the nature of the fireball at &eeze-out, we present
a number of predictions for the production of other
strange and nonstrange hadrons, based on the above pic-
ture of a hadronic state in relative chemical equilibrium
for a variety of freeze-out scenarios. These predictions are
quantitative for the S-W collision system at 200M GeV,
and can serve as a qualitative guide for the yet unex-
plored Pb-Pb collisions (for which within our approach
we cannot, however, predict precisely the temperature
and chemical potentials). We have already alluded to the
fact that the HG picture appears to have another prob-
lem when compared to the data, namely, that it does not
reproduce the large measured charged multiplicities. In
Sec. IV we discuss how within the HG framework data
on total and net charged multiplicities can be translated
into a measure of the specific entropy o. = 8/8 of the fire-
ball. At fixed (e.g. , measured) temperature and chemical
potential the specific entropy is a characteristic quan-
tity which distinguishes a HG from a deconfined state of
quarks and gluons [20,22]: It is much larger in the QGP
phase, aq(T, p~) ) a~(T, yg), due to the excitation of
the abundant gluon degrees of freedom. We explore how
the easily measurable ratio of net charge density to total
charged multiplicity density,

dN+ dN
dg d'g

dN+ d%+
dg dg

is related to the (inverse) of the specific entropy, extend-
ing the work of Ref. [22] by including all resonance de-
cays. Since the relationship is nearly the same with and
without strange particles present in the calculations we
believe the relation between specific entropy and Dg is
rather insensitive to the detailed flavor composition of
the observed hadronic system. For this and other similar
reasons we think that Dg is a very valuable observable
from which semiquantitative information about entropy
can be gained even if the source of hadron radiation is
a hadronizing quark-gluon plasma or some other novel
form of matter.

Calculating Dg from the HG with chemical parame-
ters extracted from the strange particle production data,
we find that the HG does not reproduce sufIicient total
multiplicity to explain the data from experiment EMU05
[24]. This was already argued by us before [22], but
our present analysis takes into account a significant re-
cent change in the experimental strange particle data [6],
and corrects earlier calculational inaccuracies. These de-
velopments reduce considerably the discrepancy between
the ensemble of experimental results and a HG fireball,
but we are still left with a 3.5 s.d. efFect. Because of
the relative smallness of this difference we have made a
considerable effort here considering, e.g. , off-equilibrium
states, in order to find some HG-based model which
might resolve this discrepancy, but the incompatibility
remains and is a further strong indication that a HG in-
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terpretation of the data is not possible.
What then is the nature of the particle-emitting

source'? At this point one might be inclined to give up
the concept of thermal and chemical equilibrium alto-
gether. However, the beautiful thermal phenomenology
of the hadronic momentum spectra [11] and the intrigu-
ing stability of the vanishing strange chemical potential
combined with a large amount of strangeness saturation
(which are confirmed by other heavy-ion experiments at
CERN [25], but differ strongly from N-N phenomenology
[25] at the same energy and from heavy-ion results at
the lower energy reached at the BNL Alternating Gradi-
ent Synchrotron (AGS) [29]) prompt us to speculate in
the rest of the paper about a hadronizing QGP as the
possible source of the observed particles. Although on
the basis of existing data we are not able to come to
definite conclusions in this paper, this possibility raises
interesting questions which motivate further theoretical
and experimental studies.

While p, = 0 is natural for the deconfined state, this
value could be in principle compatible with other forms
of hadronic matter in which mesons are the dominant
carriers of the strange flavor, but we are not aware of
such a model. These arguments can also be used to
advance a chirally symmetric hadronic phase in which
all hadronic masses are lower than considered here: Al-
though an in-depth analysis is hampered by the lack of
reliable equations of state for such a scenario, it is nat-
ural to expect a behavior between QGP and HG phases
for many observables. But even in such a "chiral" sce-
nario the value of p, 0 remains an accidental mystery,
since strangeness conservation at finite baryon density
would in general again lead to a nonzero strange chem-
ical potential. However, we note that other attempts to
explain the enhanced strange antibaryon production have
invoked very strong medium modifications of the masses
in the hadron gas [30] and the formation of color ropes
with unusually strong color electric fields [31]. All these
approaches imply rather vi.olent modifications of conven-
tional hadron physics and form, in our opinion, just an-
other way of stating its breakdown and postulating new
physics. In neither case have compatibility of the models
with the global reaction picture and the difFerent detailed
characteristics of the experiments such as p, 0, p, 1,
which we address, been demonstrated. .

Our paper is organized as follows. In Sec. II we
present our thermal model with special attention given
to the thermal parameters describing the approach to
relative chemical equilibrium. We investigate the im-
portance of the u-d asymmetry and study the condition
of strangeness balance in a HG. In Sec. III we extract
the thermodynamic parameters from the WA85 data on
strange baryon and antibaryon production, taking into
account hadronic resonance decays and transverse and
longitudinal flow. In Sec. IV the implications of the ex-
tracted thermal parameters for the entropy content of the
fireball and for the charged particle multiplicity are dis-
cussed. We also explore a parametrization of a hadroniz-
ing QGP state regarding the agreement with the data.
In Sec. V we discuss the implications of our results for
the nature and dynamical evolution of the fireball.

II. THERMAL MOI3ELS

The use of thermal models to interpret data on particle
abundances and spectra from nuclear collisions is moti-
vated by the hope and expectation that in collisions be-
tween sufIiciently large nuclei at sufFiciently high energies
a state of excited nuclear matter close to local thermo-
dynamic equilibrium can be formed, allowing us to study
the thermodynamics of QCD and the possible phase tran-
sition from a HG to a QGP at a critical energy density.
Since we do not yet reliably know how big the collision
system and how large the beam energy have to be for this
to occur (if at all), thermal inodels should be considered
as a phenomenological tool to test for such a behavior.
Even if successful, the validity of such an approach must
be checked later by a more detailed theoretical analysis
of the kinetic evolution of the collision fireball.

Much of our analysis will be carried out assum-
ing a specifi. c form of the equation of state. For the
hadronic gas state we follow in this paper the conven-
tional hadronic gas model first developed by Hagedorn
et al. [32] in which the equation of state of any hadronic
system is obtained from a partition function which sums
over all hadronic resonances. It is believed that by in-
cluding a complete set of intermediate scattering states
in the form of (usually zero-width) hadronic resonances
the dominant interactions within the hadronic system are
automatically taken into account. However, an impor-
tant, but tacit approximation, is made in this approach,
concerning the parameters such as mass (and sometimes
widths) of the resonances which are inserted with their
free space values. This neglects the possibility that in
particular at high temperature and particle or baryon
density, there may occur significant shifts from the free
space values one often speaks in this context of the
melting of hadronic masses as one approaches extreme
conditions. The standard hadronic gas model is certainly
not sufIiciently precise for our purpose if we were to ask
questions concerning the absolute values of energy, en-
tropy, baryon density, etc. , which strongly depend either
on the ever increasing mass spectrum of particles or on
the proper volume occupied by the particles [33]. On the
other hand the condition of zero strangeness and quanti-
ties such as the entropy per baryon, which involve ratios
of extensive variables, are independent of the absolute
normalization of the volume and of the renormalization
introduced by the diverging particle spectrum and hence
can safely be considered in our approach.

When considering the properties of the deconfined
phase we shall employ the perturbative QCD result for
quarks and gluons with strong interactions taken into ac-
count up to first order in the coupling constant o, De-
tails of these equations of state can be found in numerous
references; see, e.g. , [3,16].

A. Fireball parameters

We assume that in collisions between two nuclei a re-
gion with nearly thermal equilibrium conditions is formed
near "central" rapidity, i.e. , at rest in the center-of-
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momentum kame of the projectile and a target tube
with the diameter of the projectile. This central fireball
from which the observed particles emerge is described by
its temperature T and by the chemical potentials, which
we shall discuss below. The temperature is convention-
ally extracted from the inverse slope of the experimental
transverse mass spectra at central rapidity. However, if
at "freeze-out" (where the particles cease to interact) the
source expands collectively with a transverse Bow veloc-
ity Py, this inverse slope is governed by a superposition
of random thermal and collective 8ow motion. Except at
low p~, "Bow spectra" resemble purely thermal spectra
[11],with an asymptotic slope at high m~ corresponding
to an apparent "blueshifted" temperature:

1+Py
T&pp Tf

1 —pf
(2)

Vq = p'&/3 ~

Ps = PB/3 PS 1

PS=Pq P8 &

where the minus signs are due to the conventional assign-
ment of strangeness —1 to the strange quark. If Bh, Sh
are the baryon number and strangeness of hadron 6, its
chemical potential can thus be written either as

Ph —@h PH + Sh PS (4)

in terms of p~ and pg, or as

ph = ~hpq+ ~hp» (5)

The separation of the two contributions, i.e., the isolation
of Tf, from the experimental value T pp is not straightfor-
ward, but has been attempted in [ll] exploiting in partic-
ular slight differences in how How afFects particles of dif-
ferent mass, and by requiring consistency with the freeze-
out kinetics. Such studies favor a rather low freeze-out
temperature Tf 150 MeV and attribute the remain-
der of the slope to Bow. We note that experimentally
T pp 235 MeV

As we shall see, the particle abundance ratios deter-
mine the ratios p,,/Tf of the chemical potentials to the
temperature at freeze-out, independent of the amount of
fiow and of the absolute value of the temperature. There
are two independent chemical potentials for baryon num-
ber and strangeness conservation, p~ and pg. These have
been used in [18,21,23]. Alternatively, and more conve-
niently for our purposes, one can use the quark chemical
potentials pq and p, for light and strange quarks, respec-
tively. This in no way assumes quark deconfinement, but
merely recognizes the fact that in the quark model the
quantum numbers of hadrons are obtained by adding the
quantum numbers of their constituent quarks. One can
further account for isospin conservation by distinguish-
ing between up and down quarks, introducing separate
chemical potentials p„and p~ (see Sec. IIB).

The relationship between the two sets of chemical po-
tentials is given by

where vh, vh count the number of light and strange va-
lence quarks inside the hadron, respectively, with anti-
quarks counted with a minus sign.

As mentioned the particle numbers are more directly
given in terms of the fugacities, related to the chemical
potentials by

The fugacity of each hadronic species is simply the
product of the valance quark fugacities, viz. , A„
A„Ag, A~+ ——A„A;, etc. Since the strong and electro-
magnetic interactions do not mix the quark flavors u, d,
and s, these are separately conserved on the time scale of
hadronic collisions and can only be produced or annihi-
lated in particle-antiparticle pairs. In absolute chemical
equilibrium with respect to these pair creation processes
the chemical potentials for particles and antiparticles are
opposite to each other, implying, for the respective fu-
gacities,

A-. = A.
2 2

If absolute equilibrium in the strange sector is not
reached, a convenient way of parametrizing this e8'ect
is by introducing a common saturation factor 0 ( p, & 1
for both strange quarks and antiquarks. Their abundance
is then regulated by the eIII'ective fugacities

A, =p, A, ,

A'- = p, A, (8)

and the relation (7) between the particle and antiparticle
fugacities is preserved. Following Eqs. (5) and (6) the in-
dividual hadron fugacities Ah are then given by a product
of valence quark fugacities,

Ah ——II~ A~,

and the approach to equilibrium is controlled by the fac-
tor

n, (h, s3
+h +s (1O)

where the power n(h, s) counts the total number of va-
lence strange quarks plus antiquarks in the hadron species
h. This parametrization takes into account that once a
strange-antistrange quark pair has been created its re-
distribution among the various strange hadronic species
is no longer hindered by thresholds and occurs relatively
fast. It thus makes sense to introduce the concept of a
HG in relative chemical equilibrium, in which the strange
phase space is not fully saturated (viz. , p, g 1), but
strangeness has been distributed among the available
strange hadron channels according to equilibrium fugac-
ities in order to maximize the entropy.

Up to this point the fireball is thus described by the
following six thermal parameters: the freeze-out temper-
ature Tf and its freeze-out radial velocity Pf, its baryon
chemical potential p~, the strange quark chemical po-
tential p„the light quark asymmetry potential hp, (see
Sec. IIB), and the strangeness saturation factor p, .

The number of independent variables can be, however,
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reduced by considering theoretically the u-d asymmetry
in the fireball and relating it to the asymmetry poten-
tial bp, and by the condition of strangeness conservation
which can be used to fix p, —this leaves us with four
parameters (e.g. , Tf, Pf, p~, p, ). Among the four, the
spectral form is most sensitively related to Tf and Py,
while p~ and p, control the relative particle abundances.
The thermal parameters enter the thermodynamic de-
scription through the partition function from which all
observables are derived.

We now look more closely at the theoretical constraints
which limit the number of free thermal parameters in the
fireball.
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B. u-d asymmetry

In our calculations we will distinguish between the u
and d quarks by introducing separate fugacities A„and
A&, substituting them for Aq in the partition function as
appropriate. For exact u-d symmetry we can revert to
the previous notation via
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FIG. 1. Isospin asymmetry 8p/p» for Bf = 1.08
collisions) and By = 1.15 (Pb-Pb collisions). Solid
A, = 1.00; upper dotted lines, A, = 1.05; lower dotted
A, = 0.95.
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Here pz is the "light quark" chemical potential (p~/3 in
terms of the baryon chemical potential). Since even in
the heaviest nuclei the neutron excess causes only a small
u-d asymmetry, the difI'erence

is generally small. We also define the light fIavor ratio
between the net number of down and up quarks in the
fireball:

(d —d)
(u —u)

In a central S-W collisions, where a tube with the trans-
verse area of the S projectile is swept out from the W tar-
get and participates in the fireball, one has By 1.08;
in Pb-Pb collisions BPy ——1.15. The value of $p is at
each fixed T determined by the value of By, but depends
on the assumed structure of the source, i.e. , the EOS. We
have investigated this relation for the two cases consid-
ered here: the conventional HG and the QGP.

In the HG phase we include in the partition function
all mesons and baryons up to 2 GeV mass [34], adding
the only known B(2250) resonance. Higher resonances
would matter only if their number were divergent (as
is the case in the Bootstrap approach of Hagedorn et at.
[32]) and if the HG was sufficiently long lived to populate
them all. Strange hadrons are included as described in
Eq. (16) below, with A~ replaced by A„~as appropriate
if the system is not isospin symmetric.

In Fig. 1 we show how in the conventional hadron gas
the difference bp/p~ induced by the isospin asymmetry
of the fireball depends on the temperature, for the two
selected values By ——1.08 and 1.15 discussed above, and
for three fixed values of A, = 0.95, 1.00, and 1.05. The
curves shown correspond to the nontrivial solutions (i.e. ,

B@cP Pd 1 + ~P
y )

P~ Pq
(14)

such that bp/p~ is exactly equal to R&~ —1. It is re-
markable that towards the maximum temperature con-
sistent with strangeness conservation the HG- and QGP-
based results for bp at a given By nearly agree. We
thus find that, although small, the difI'erence between
the chemical potentials of u and d quarks is not always
negligible. We note for later applications that in the re-
gion of interest to us here (T 150—200 MeV) we have
irrespective of the nature of the fireball:

8P Pq———(Rf —1) .
T T (15)

C. Strangeness partition function

In the Boltzmann approximation, it is easy to write
down the partition function for the strange particle frac-

solutions with p~ g 0) of the strangeness balance equa-
tion with the given values for A„aswe will explain below,
these solutions cease to exist (since we require (s—s) 0)
above a certain critical temperature, which is given by
T, „200MeV for A, = 1 and decreases (increases)
for smaller (larger) values of A, . We see that, while for
T + 0 the ratio 8p/ps vanishes in the hadron gas, it is of
the same order as the deviation from unity of By once T
reaches values around 150—200 MeV which are of interest
here.

For the QGP EOS, the ratio 8p/p~ is independent of
A„due to the decoupling of the strange and nonstrange
chemical potentials in the partition function. For pq (
AT one finds [19]
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tion of the hadronic gas, Z„and we follow the notation
of Ref. [14], except for including a larger set of strange
particles and resonances. Including the possibility of an
only partially saturated strange phase space through the
factor p, above, but suppressing for simplicity the isospin
asymmetry bp, we have

torize as has been the case for the hadron gas, because
for T ms the Boltzmann approximation is not always
satisfactory and can produce errors of the order of 20%
in Eq. (18). Recall that in general the strange particle
density in a QGP is larger by a factor 2—5 than in a HG,
due to the lower threshold (m, & m~) and the presence
of the color degeneracy factor in Eq. (19).

~HC
s (A, A + A. 'Aq)p. FIr

2vr2

+(A, A + A, A )p,Fy- D. Strangeness balance

where all kaon (K), hyperon (Y'), cascade (:-),and omega
(0) resonances plus their antiparticles are taken into ac-
count. The phase space factors E; of the various strange
particle families are

F~ = ) gIi-, W(mg, /T),

K~ =K, K*,K2, . . . , m & 1780 MeV,

We will now discuss the reduction of the number of
free parameters caused by the condition of strangeness
balance. Since the net strangeness of the colliding nuclei
in the initial state is zero, and strangeness is conserved
by strong interactions, the net strangeness of the collision
fireball will stay close to zero throughout the collision,
except for a possible strangeness asymmetry in surface
radiation of strange hadrons [13,37] (strangeness distilla-
tion) which could arise during QGP hadronization. Dis-
tillation is thought to occur when chemical equilibrium is
enforced during a slow QGP hadronization process. The
associated phase diagram and the strangeness balance
conditions for systems with (large) finite net strangeness
are presented elsewhere [35].

The condition of vanishing total strangeness takes the
form

Y~ = A, Z, Z(1385), . . . , m & 1940 MeV,

0
0 = p, = (s) —(s) = A, ln Z, ,'OA,

where p, is the net strangeness density,

(20)

F- = ) g-, W(m-, /T), ps = 8ipi ) (21)

:-~ =:-,:-(1530),. . . , m & 1950 MeV,

Fii = ) gii W(mii, /T), 0,. = 0, D(2250) . (17)

~QGP s 2 d l 1+ P
— vn, +~ /T

+ln(1+ p.A, 'e + +" ~ )], (18)

with the strange quark spin-color degeneracy factor

g, =2x3=6.
For the value of the strange quark mass (usually consid-
ered range 150—180 MeV) we take, in Eq. (18), m, = 160
MeV; we note that the coeKcients p, and A, do not fac-

The g, are the spin-isospin degeneracy factors, W(x) =
x K2(x), and K2 is the modified Bessel function.

For the quark-gluon plasma, on the other hand, the
strange contribution to the partition function is much
simpler, because the strange quarks and antiquarks are
isolated and do not occur in clusters with nonstrange
quarks as in the hadron gas:

with si being the strangeness of particle species i having
density pi, and the sum going over all particle species i
existing in the respective phase (QGP or HG). While for
the QGP this relation leads always to the result A, = 1
or p,, = 0 [as one easily verifies by inserting Eq. (18)], for
the hadron gas it is an implicit equation relating A, to
A~ in a way which depends on the temperature T [13,14].

In order to be certain that our conclusions do not sen-
sitively depend on exact conditions of strangeness bal-
ance, but also in order to be able to account for surface
emission Buctuations, we introduce the net strangeness
fraction

(s) —(s)
(s)

(22)

and will also consider solutions for the analogue of
Eq. (20), where the left hand side is given by —e(s).
In this work we consider asymmetries ~e~ & 0.1 which
should occasionally arise as result of purely statistical
fluctuations caused by surface emission. We note briefly
the practical consequences of e = +O.l: For the Bre-
ball created in central S-W collisions one has about 108
baryons in the interaction tube. If we consider a hadron
gas with the thermal parameters (without flow compo-
nent) as determined for the S-W collision data [20], we
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find a strange pair abundance of about 0.4 per baryon or
about 40 strange pairs in total. The maximum asymme-
try considered here in the HG phase at T 200 MeV is
thus about +4 strange quarks. Fluctuations in surface
emission leading to such a breaking of strangeness neu-
trality in the remaining fireball can be expected to occur
in about half of the collision systems.

Condition gs, = 0 (A, = g)

Since the vanishing of p, for all values of T and p~ in
a strangeness-neutral QGP appears to be such a unique
feature of this state, it is interesting to ask to what extent
this characteristic value could arise in a HG as well. Of
course, for a baryon-free system (p~ = 0) p, = 0 is
a natural consequence of strangeness neutrality even in
the hadron gas. For systems with nonvanishing baryon
number [like the central rapidity fireballs created at AGS
and CERN Super Proton Synchrotron (SPS) energies]
this is no longer true. We therefore ask under which
conditions p, = 0, viz. , A, = 1, allows for nonzero values
of p, & to be consistent with strangeness neutrality. This
issue can be resolved analytically: Inserting the partition
function (16) into the strangeness neutrality condition
(20), we see that at A, = 1 the phase space for 0 and 0
cancels out, giving the exact. result

(z= 3 T arccosh
~(2Fy I'y ) (23)

Real solutions exist only when the argument on the right
hand side is larger than unity. It turns out that this
condition is a sensitive function of the temperature T
and of the hadronic resonance spectrum included in the
E;. For any given resonance mass spectrum, there is
a temperature T, „beyond which no such solution is
possible this occurs since I"~/I"y is a monotonically
decreasing function of T (see Fig. 1 in Ref. [14]).

The case of exact strangeness neutrality (e = 0) in a
HG in absolute chemical equilibrium (p, = 1) was consid-
ered in [21], and in this special case our following anal-
ysis agrees with their work. However, as shown in the
following section, the new experimental data are in clear
disagreement with such a simple model. One can eas-
ily generalize the result Eq. (23) to include a small net
strangeness and/or to allow small nonvanishing values
of the strange quark chemical potential. An important
result is that there is a domain of temperatures near
T = 200 MeV for which even a considerable change of
p~ between p~ ——0 and p& does not induce a significant
change of p, 0. The characteristic temperature where
this occurs depends only weakly on the values p„p„and
e, as long as their deviations &om the canonical values
are not too large. For example, taking into account all
known resonances up to a mass of 2 GeV, we find that
this behavior occurs at T 200 MeV for e = 0 and
at T 190 MeV for e = —0.1. When the number of
hadronic resonances is reduced by a factor 2 by cutting
the spectrum off at 1.6 GeV, this temperature increases
by about 15 MeV.

We illustrate the situation in Figs. 2(a) and 2(b), where
we present the constraint between p, and p~ at fixed T =
200 MeV (solid curves), 150 MeV (long-dashed curves),
300 MeV (short-dashed curves), and 1000 ( oo) MeV
(dotted curves) for c = 0 computed with mass spectrum
of resonances up to 1.6 GeV [Fig. 2(a)] and up to 2 GeV
[Fig. 2(b)]. We see that the larger set of resonances leads
to a small reduction in the value of p, at fixed p~, T,
of the order of 8 MeV at the maxima of the curves. We
further see that for p,~ 200 MeV at T = 200 MeV the
strangeness-neutral state is found for p, = 0; for p~
300 MeV, which we will see applies to the experimental
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FIG. 2. Strange quark chemical potential p, , versus baryon
chemical potential p, ~ in a strangeness neutral HG. In (a) a
smaller set of hadronic resonances was used as compared to
(b) (see text). The long-dashed line corresponds to T = 150
MeV, the solid line to T = 200 MeV, and the dashed line
to T = 300 MeV. The dotted line is the limiting curve for
large T, computed here at T = 1000 MeV. The horizontal
solid line corresponds to p,, (pn) = 0 (independent of T) in a
strangeness-neutral QGP.
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situation at CERN, one can estimate already from these
figures that the strangeness neutrality is found at T =
190 MeV. Similar results hold for the cases c = +0.1,
with negative (positive) e acting to reduce (iiicrease) the
temperature at which p, 0 by bT 10 MeV. We note
that these and other calculations we present are carried
out at p, = 0.7, which is justified by the experimental
results. However, in this instance the choice p, = 1 would
not visibly modify our results.

The flat behavior of p, as a function of p@ for T 200
MeV makes it hard to distinguish the hadron gas from
a QGP (which has p, = 0 independent of p~) around
the temperature Ty ——190 MeV. This peculiar property of
the Hagedorn-type hadronic gas was first pointed out in
Ref. [21]. Our analytical result Eq. (23) and the cor-
responding Figs. 2(a) and 2(b) explain the origin of this
effect and allow us to understand the accidental nature of
this behavior. We stress that this "indistinguishibility" of
the HG and QGP, based on strangeness conservation for
p, = 0 in both phases, happens only in a small window of
temperatures, which is below the apparent temperatures
extracted from the transverse spectra from S-W collisions
at SPS energies, and it is present only as long as we pre-
tend that strangeness production differences between the
QGP and HG are not an important factor.

III. ANALYSIS OF THE DATA
WITHIN THE FIREBALL MODEL

It has been noted repeatedly that, especially in colli-
sions involving heavy nuclear targets, the observed par-
ticle spectra, after correcting for resonance decay effects
[9], resemble thermal distributions with a common in-
verse slope (apparent temperature) T. This slope param-
eter can be understood [see Eq. (2)] in terms of thermal
motion plus collective flow, with the true temperature be-
ing significantly lower, but appearing blueshifted by the
collective expansion of the source [11]. It was observed

in [19] that the observed particle ratios appear to be con-
sistent with a generalized thermal model, which assumes
equilibration only of the momentum distributions and
the light quark abundances, but allows for deviations in
particle abundances from absolute chemical equilibrium
in the strange sector arising from incomplete occupation
of the accessible strangeness phase space.

In this section we will reanalyze the detailed infor-
mation on strange baryon and antibaryon production
obtained by the experiment WA85 [5,6]. We will first
review shortly the approximate analytical scheme de-
veloped in [19] and then expand it numerically to in-
clude the effects of resonance decays and collective flow.
We And in Secs. IIIA—IIIC that the simple analytical
discussion gives remarkably accurate results, especially
if the true temperature of the emitting system is not
above 190 MeV. For T T ~~ 232 MeV reso-
nance production is very significant, and their decays
cannot be neglected. However, they mainly affect the
extraction of the strangeness saturation factor p, (inclu-
sion of resonance decays drives the extracted p, closer
to 1, i.e. , towards full saturation of the HG phase space),
while the extracted fugacities, in particular the vanishing
strange quark chemical potential, are remarkably stable
against resonance decays and temperature variations due
to transverse flow.

A. Cancellation of the Boltzmann factor

It was argued in [19] that within the thermal model it is
quite easy to extract the fugacities from a given particle
ratio at fixed m~ and y, thus eliminating the need to
extrapolate the experimental data to full phase space.
Specifically, for a stationary fireball one finds for the ratio
of particles i and j, for each of which the invariant cross
section is experimentally known at a certain rapidity y +
dy/2 in the region m~ ) m&" .

dN;/dy f,„,m~ cosh y exp( —m~ cosh y/T) dm&~

de. /dy & . , gi p~ &~ f .„,m~ coshy exp( —m~ coshy/T) dm~&
(24)

Here we used the identity E = m~ cosh y for the particle
energy (with y measured relative to the center of mass of
the collision fireball) to rewrite the transverse mass inte-
gral over the Boltzmann distribution E exp( —E/T) (the
factor E results from starting with the Lorentz-invariant
cross section EdsN/d p). If the fireball is not station-
ary, but expands in the longitudinal direction in a boost-
invariant way, dN/dy is independent of y, and the factors
E exp( —E/T) under the integrals on the right-hand side
(RHS) of Eq. (24) have to be replaced by a Bessel func-
tion [ll]:

d~therxIlal
= g, p; A;m~r, (25)dy dms T

where we neglected a common normalization constant

containing the fireball volume which drops out from the
ratio. We note that the same result is obtained if the
spectrum in Eq. (24) is integrated over rapidity, i.e. , if one
wants to describe data obtained over a relatively large
rapidity window —longitudinal flow effectively widens
the acceptance in rapidity of an experiment. The impor-
tant observation is here that obviously in both cases the
Boltzmann factors (and with them all dependence on the
particle rest masses) drop out from the ratio, due to the
common lower cutoff on m~ (which, of course, must be
larger than either rest mass). The same remains true if
m~ is not integrated over, but the ratio is evaluated at
fixed m~. Since the degeneracy factors g; are known, this
immediately yields the ratio of the generalized fugacities
p, A, [see Eq. (10)].
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B. Extraction of p, and pq from antibaryon data

Thus, comparing the spectra, of particles with those
of their antiparticles within overlapping regions of m~,
the Boltzmann and aljt other statistical factors cancel
from their relative normalization, which is thus a func-
tion of the equilibrium fugacities only. In Sec. IIID
we show that this statement still remains approximately
valid when feed-down by resonance decays is included.
For the available two such ratios in experiment WA85
one has specifically

from the values published before. The = /:- ratio is

B= = 0.41+ 0.05

for y E (2.3, 2.8) and m~ ) 1.9 GeV. (30)

Note that, in p-W reactions, in nearly the same (Jr~, y)
region, a smaller value for the B- ratio, namely, 0.27 +
0.06, is found. The A/A ratio is

B~ ——0.20 + 0.01

s
AgA2

(27)

These ratios can easily be related to each other,
in a way which shows explicitly the respective isospin
asymmetry factors and strangeness fugacity dependence.
Equations (26) and (27) imply

for y 6 (2.3, 2.8) and m~ ) 1.9 GeV. (31)

In Eq. (31), corrections were applied to eliminate hyper-
ons originating from cascade decays. The ratio B~ for
S-W collisions is comparable to p-W collision results in
the same kinematic range.

From these two results, together with Eqs. (28), (29),
and (15), and the value Rt = 1.08 mentioned after
Eq. (13), we obtain the following values of the chemical
potentials for S-W central collisions at 200A GeV:

~—2 6p, , /T 2bp, /T (28)

~—2 6pq/T —bp, /T (29)

Equations (28) and (29) are generally valid, irrespective
of the state of the system (HG or QGP), as long as the
momentum spectra of the radiated particles are "ther-
mal" with a common temperature (inverse slope). We
see that once the left hand side is known experimentally,
it determines rather accurately the values of pq, p, which
enter on the right hand side with a dominating factor 6,
while the (small) isospin asymmetry hp plays only a mi-
nor role. This explains how, by applying these identities
to the early WA85 data [5], it has been possible [19] to
determine the chemical potentials with considerable pre-
cision in spite of the still relatively large experimental
errors on the measured values of R~, B=.

Turning to the pertinent experimental results we first
recall the recently released data on the rapidity depen-
dence of A and A production rates measured by the ex-
periment NA36 [8]. There is a clear indication that the
production of these particles in nuclear S-Pb collisions is
concentrated in the central rapidity domain it does
not follow in its behavior the FRITIOF simulations which,
on the other hand, are consistent with the production
rates from p-Pb collisions. This supports the notion of
a central fireball reaction picture also for the S-W col-
lisions studied by WA85 [5,6]. The most striking result
of the latter experiment is the fact that the abundance
of charged anticascades (ssd) is unusually enhanced, in
particular when compared to the abundance of cascades
{ssd) and antilambdas {sud). We will now interpret the
data in terms of the local equilibrium model, thus fixing
the values of p~ and pq.

We shall use in this analysis the revised more precise
data [6] presented at the Quark Matter '98 meeting in
early summer 1993. These differ in some critical detail

lnR= B2=/ ' =0.39+0.04,
5.94

Pq
T

(Rt —1) = 0.031 + 0.003,
T T
p, ln B~/B- —0.062
T 6

= 0.02 + 0.05.

(32)

(33)

(34)

We will see that these qualitative results are in good
agreement with the more detailed numerical evaluation
given below. The last result translates into the value

1.02 + 0.05 for the strange quark fugacity (com-
pared to the exact value 1.03 + 0.05). Much of what we
do later in this paper will rest on this stunning result that
the strange chemical potential is very small and entirely
compatible with zero. In our calculations below we will
thus consider in particular a HG constrained to this range
of values (as well as to near strangeness neutrality).

In order to obtain absolute values for the chemi-
cal potentials we need to know the temperature of the
source. A study of the apparent temperatures (inverse
m~ slopes) in S-A collisions at SPS was made. Leaving
aside possible flow effects, the maximum temperature al-
lowed by the data of T = 232 + 5 MeV would lead to the
following chemical potentials:

In the originally preprinted version of this paper we used the
older and less precise data [5] which were also consistent with
our fireball model, albeit at diferent values for the chemical
potentials.

This value has changed by 2.5 (old) standard deviations
and is now given much more precisely.

The old data [5] yielded nearly the same strange chemical
potential, namely, y,, /T = —0.02 + 0.05, but a considerably
larger baryon chemical potential, p~/T = 0.53 + 0.1.
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p~ ——275+ 10 MeV, bp = 7.2 + 0.7 MeV,
p, =4.5+12 MeV . (35)

C. Determination of p,

A complete cancellation of the fugacity factors occurs
when we form the product of the abundances of baryons
and antibaryons. We further can take advantage of the
cancellation of the Boltzmann factors by comparing this
product for two diferent particle kinds; e.g. , we consider

mg)m~"
(36)

If the phase space of strangeness, like that of the light
flavors, were fully saturated, the fireball model would
imply I', = 1. However, any deviation from absolute
chemical equilibrium as expressed by the factor p, will
change the value of I', . Ignoring at present the feed. -down
efFects from higher resonances we find

In the presence of transverse flow the temperature would
be lower, resulting in a proportional reduction of the
chemical potentials.

Intersecting Storage Rings (ISR) [39] and all other val-
ues reported in the literature, which amounts to a 4 s.d.
effect [5,6]. Combining the experimental result Eq. (40)
with Eqs. (36) and (37), we find the value

p, = 0.55 + 0.04. (41)

We shall see that in a full analysis which accounts for
resonance formation and decays, in particular when al-
lowing for flow, this result moves to p, = 0.7—0.8. How-
ever, we find it impossible to adjust the amount of flow
to approach the full equilibrium value p, = 1 to less than
3 s.d. ; this shows clearly the incompatibility of the data
with the naive hadronic gas model investigated in [21,23].
On the other hand, given the general prejudices about
strangeness equilibration time scales in a HG environ-
ment, the observed value of p, = 0.7—0.8 is still surpris-
ingly large, especially if compared to the much smaller
value p, 0.2 characterizing N-N reactions [25]. It indi-
cates the presence of new, unexpectedly fast strangeness
equilibration mechanisms in nuclear collisions. We be-
lieve that a systematic investigation of the observable I',
in Eq. (36) as a function of the geometric size of the in-
teraction region and of the collision energy is needed in
order to clarify the mechanisms for this fast approach to
strangeness equilibrium.

(37) D. Temperature, flow, and transverse mass spectra

AA
78

mg)m~ mg)m~

2= 2=—
m& )mc&ut

(38)

where in the last relation the factors 2 in the denomi-
nator correct for the spin-3j2 nature of the A. As we
will see in Sec. IIIE, these double ratios are consider-
ably afFected by resonance decays. We note that in the
kinematic domain of Eqs. (30) and (31) the experimental
results reported by the WA85 collaboration are

= 0.4 + 0.04, = 0.19 + 0.01. (39)A+ Zo

If the mass difFerence between A and E is neglected, this
implies in the framework of the thermal model that an
equal number of A's and Z 's are produced, such that

In principle the measurement of p, can be done with
other particle ratios; in the absence of resonance feed-
down we have

The recent data from the WA85 collaboration [5,6] cor-
respond to an apparent temperature (from the slope of
the m~ spectra) of T &z

——232 6 5 MeV in the central
rapidity interval 2.3 & y ( 2.8. This value is extracted
by fitting the data with a thermal distribution without
transverse flow as described in Sec. III A. If the slope of
the experimental spectra is not entirely due to thermal
motion, but contains a flow component due to collective
expansion of the emitting source [11],then "flow spectra"
(i.e. , boosted Boltzmann spectra) have to be used in the
numerator and denominator of Eq. (24). If the flow is
azimuthally symmetric and boost invariant in the lon-
gitudinal direction, the thermal spectrum Eq. (25) has
to be replaced by (neglecting a common normalization
constant)

dN," (m~ cosh p) (p~ sinh p=am* * ~ i T ~
o

y m~ )
(42)

where Ki and Io are the modified Bessel functions and

p = arctanhPf

= 0.8 + 0.08,
A

= 0.38 + 0.02 . (40)

The fact that the more massive and stranger anticas-
cade practically equals at axed m~ the abundance of the
antilambda is most striking. These results are inexpli-
cable in terms of simple cascade models for the heavy-
ion collision [38]. The relative yield of:- is 3.5 times
greater than seen in the p—p experiment at the CERN

is the transverse flow rapidity. This spectrum has an
asymptotic slope corresponding to an apparent "blue-
shifted" temperature given in Eq. (2).

The same result as in Eq. (42) is obtained if the spec-
trum from a spherically expanding fireball is integrated
over rapidity. Since some longitudinal low is likely to
be present in S-W collisions, and also the kinematic win-
dow of the WA85 experiment is half of a rapidity unit,
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we think that the form, Eq. (42), in which integration
over a large rapidity window is implied, is most appro-
priate for an analysis of the experimental spectra. (The
"large window" combines the acceptance in WA85 with
about 1.5 units of Flow expected [11] for this system. )
Because of the dependence on m~ and p~ in Eq. (42)
there is no exact cancellation of the spectral shape from
the m~-integrated particle ratios, and their independence
from the m~ cut mentioned. in Sec. III A is lost as well.
This renders the analysis of the data and extraction of
the thermal parameters (fugacities, etc.) in general more
complicated.

E. Resonance decays

As already mentioned, Eq. (24) is only correct if feed-
down to the observed particles by strong decays of higher
resonances is neglected. At T 200 MeV these res-
onance decays can no longer be totally ignored. This
has two annoying consequences: First, since the decay
products have a steeper m~ spectrum than the original
resonances [9], the various contributions to numerator
and denominator in Eq. (24) have different slopes, and
the integrals over the Boltzmann factors no longer cancel
exactly. Second, since different sets of resonances con-
tribute to i and j, the ratio is modified by an a priori
unknown factor which turns out to be hard to calculate

m

dN thermal/flow (T)
87K~.ut 0g Oman

de (T)+) ba,
d d

(44)

with the direct thermal or Bow contribution given by
Eq. (25) or Eq. (42), respectively, and the contribution
from decays of resonances R a i + 2 + ~ + n (with
branching ratio b~~, into the observed channel i) calcu-
lated according to Ref. [9]:

and in general does depend on the experimental m~ cut-
o8' as well as on the temperature.

Since the decay spectra drop more steeply as a func-
tion of m~ than the thermal ones, the role of resonance
feed-down can in principle be suppressed by going to suf-
ficiently large m~. For pions and kaons, for example, the
thermal contribution dominates for m~ ) 1—1.5 GeV, in
spite of the huge contribution of decay pions to the total
yield [9]; these all end up at lower m~. For baryons due
to their larger masses, the di8'erence in slope between
the thermal and decay baryons is less drastic, and one
has to go to still larger m~ before the resonance decay
contributions are suKciently suppressed.

Including resonance decays, the numerator and denom-
inator of Eq. (24) take the form

dSR
0g QfD~

Y+
ds g„(s) «YdM~)Y M~

M
X

QP~2p2~ —[ME* —M~m~ cosh(Y —y)]2
(45)

Capital letters indicate variables associated with the resonance B, v s is the invariant mass of the unobserved decay
products 2, . . . , n, and the kinematic limits are given by

s = ) m„
k=2

s+ —(M —m, ) (46)

E*m~ cosh(Y —y) + p~ p* —m& sinh (Y —y)
M~ ——M

m2~ sinh (Y —y) + m2

1E*= (M +m, —s),2M
2 (49)

Jn Fq. (45), g (s) is the decay phase space for the n-body
decay B ~ i + 2 + . + n, and for the dominant two-
body decay (assuming isotropic decay in the resonance
rest frame) it is given by

g2(s) = b(s —M ),4vrp*

for n ) 2 (see [9]).
The resonance spectrum dN~/dydM&2 entering the

RHS of Eq. (45) is in general itself a sum of a thermal or
flow spectrum like Eq. (25) or Eq. (42) and of decay spec-
tra from still higher-lying resonances; for example, most
decays of high-lying nucleon resonances into protons or
antiprotons proceed through the A(1232) or its antipar-
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ticle [e.g. , N(1440) ~ A(1232) + 7r -+ p+ 2vr]. This has
been taken into account in our calculations. Extracting
the degeneracy factors and fugacities of the decaying res-
onances, we write shortly

A mJ mg

p2AqA2%= + p3A3N+
(55)

N;R = PRARNR PRAR dy
y window cut

GmJ

d¹
X ) gRbRmi 2dg Gmg

(51)

iV-. =PRAR ¹ =AR m." (52)

The three independent particle ratios measured by WA85
[5,6] are thus given by

with the sum now including only resonances with iden-
tical quantum numbers; if these quantum numbers agree
with those of species i, the sum is meant to also include
the thermal contribution.

Between particles and antiparticles we have the rela-
tion

N& contains also (in fact as its most important con-
tribution) the electromagnetic decay E ~ A + p. We
have not included the (small) effect of the weak decay
0 ~ YK since this contamination should be eliminated
by experimental cuts. If the right hand sides are evalu-
ated using Eqs. (44), (45), and (51) with m&" ——1.9 GeV,
for the left hand sides the experimental values (30), (31),
and (39) can be inserted, and Eqs. (53), (54), and (55)
can be solved for p„A„andA~. Note that we do not
distinguish here between A„and Ag since this would re-
quire the calculation of a separate decay cascade for each
member of an isospin multiplet. The smallness of bp in
Eq. (33) justifies this approximation.

mg)m~

&.2A, 'A.-2m=- + ~,'A.-'~="
&2A A2X=-' + ~3A:W="

F. Fireball parameters and particle yields

Values of the thermal model pat'ameters

A

A )mg m&

A
—3~17 + A

—2A —1~Y + 2A —1A—2~=

A %~ + p, A A, N~ + p, AqA, %~'

(53)

(54)

We now proceed to determine numerically the values
of the thermal parameters which were introduced in the
analytical discussion in Secs. III B and III C. The precise
results of our analysis are given in Table I, including the
full error progression arising from the uncertainties in the
input particle ratios. We present in the table three cases.

(A) A thermal model without fiow, Py = 0, where
the temperature Tf is assumed to correspond directly
to the value T pp: 232 MeV following from the

TABLE I. Thermal fireball parameters extracted from the WA85 data [6] on strange baryon and
antibaryon production, for three different interpretations of the measured m& slope. Resonance
decays were included. For details see text.

(A) "thermal"

T=232MeV, Py =0
(B) "thermal and flow"

T = 150 MeV, pf = 0.41
(C) strangeness balance

T = 190 MeV, Py = 0.20

A,
V./T

p, (MeV)

1.03 + 0.05
0.03 + 0.05

7+11

1.03 + 0.05
0.03 + 0.05

4+7

1.03 + 0.05
0.03 + 0.05

6+9

Aq

pa/T
pii (MeV)

1.49 + 0.05
0.40 + 0.04

278 + 23

1.48 + 0.05
0.39 + 0.04

176 + 15

1 48 + 0 05
0.39 + 0.04

223 + 19

0.69 + 0.06 0.79 + 0.06 0.68 + 0.06

—0.22 0.37

8/8
Dg

18.5 + 1.5
0.135 + 0.01

48 + 5
0.08 + 0.01

26 + 2.5
0.12 + 0.01
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slope of the transverse mass spectra of high-m~ strange
(anti) baryons.

(B) A model with a freeze-out temperature of Ty = 150
MeV, i.e. , a value consistent with the kinetic freeze-out
criterion developed in [11] and with lattice QCD data on
the phase transition temperature, which entails a flow
velocity at freeze-out of Py = 0.41.

(C) In order to maintain zero net strangeness in the HG
fireball at relative chemical equilibrium between strange
meson and baryon abundances, we consider the case Ty ——

190 MeV with Py = 0.20.
Since the probability to excite the various resonances

contributing to the observed final particle abundances
depends on Ty, it is not surprising that slightly different
values of the chemical parameters result from the same
data in the three different scenarios. Comparing the nu-
merical results of Table I with the simple analytical ap-
proximation Eqs. (32), (34), and (41), which contained
only a rough estimate of the radiative E decay but no
contributions from higher resonances, we can draw the
following conclusions.

(1) The extraction of Av and A, according to Eqs. (26)
and (27) is only very weakly affected by resonance de-
cays and by the origin of the slope of the m~ spectrum
(thermal or flow). (The absolute value of the associated
chemical potentials does, of course, depend on the choice
of the freeze-out temperature. ) The reason is that in
Eq. (53) [Eq. (54)] the first [second] term in the sums oc-
curring in the numerator and denominator completely
dominates. Taking the results for the "thermal" sce-
nario (Ty = 232 MeV) from Table I and evaluating with
them the = /:-, A/A, and:- /A ratios excluding the
contributions from higher resonances changes them by
—2%, —7%, and +31%, respectively (leaving out also the
Z ~ Ap contribution totally changes the = /A ratio by
115%).

(2) Since the = /A ratio is the crucial ingredient for
the determination of the strangeness saturation factor
p„the effects from resonance decays and flow can be
clearly seen in this number. From Eq. (40) we had ex-
tracted [cf. Eq. (41)] p, = 0.55 + 0.04; improving this
simple factor 2 estimate for the E contribution by its
correct thermal weight would have lowered this value
however, consideration of the decay of higher-lying res-
onances raises p„and we obtain at Ty ——232 MeV, the
value p, = 0.69+0.06; cf. Table I. Taking conditions with
conserved strangeness [case (C) with T = 190 MeV and

Py = 0.2] has not much impact —but at a low freeze-out
temperature of T = 150 MeV with Py = 0.41 [case (B)]
we fi.nd an increase to p, = 0.79 + 0.06; both results are
inconsistent with the equilibrium p,''i = 1.

(3) The conclusion of [19] that the WA85 data on
strange baryon and antibaryon production from 200A
GeV S-W collisions establish a vanishing strange quark
chemical potential is confirmed; this result is stable
against large variations in the temperature and trans-
verse flow velocities with their implied considerable
changes in the excitation and decay of high mass res-
onances. This finding will serve as the cornerstone of
the following studies in Sec. IV. Note that also the light
quark fugacity is practically unaffected by the complex

pattern of resonance formation and decay as well as by
the amount of transverse flow in the spectra.

It is clear that the extraction of three thermodynamic
parameters (Az, A„and p, ) from three independent par-
ticle ratios [the forth value presented by WA85 is related
by the simple algebraic relation; cf. Eq. (56) below] can-
not be considered a very convincing test of the general-
ized thermal model considered here, in particular since
the extracted values depend on the choice of the tem-
perature whose independent derivation from the shape
of the m~ spectrum is not model independent, and since
the theoretical consistency arguments of Ref. [11] which
prefer the lower temperature of around 150 MeV lead to
a situation where strangeness conservation in the fireball
is not automatically guaranteed. It is therefore manda-
tory that our model receive further experimental tests in
the form of measurements of other independent particle
ratios, see note added in proof. We note that several
additional particle ratios, in particular those involving
0, 0 and p, p, are expected to become soon available
from the WA94 Collaboration [6,40] in a kinematic re-
gion compatible with the WA85 results. We draw here
attention to the very preliminary report [6] of the cen-
tral rapidity abundance of 0 = 4 + 2 and 0 = 7 + 3.6
which can be used to form a ratio since the experimental
acceptances are the same for both particles. This result
implies 0/0 0.6 + 0.4 which is compatible with the
prediction shown in Table II (see discussion below). This
prediction is extremely sensitive to the fireball character
of the model and to the value of A, : 0/0 = A, , which
implies 4, = 1.1+0

2. Wansverse mass spectra

We present, in Fig. 3, the m~ spectra of the various
particle species of interest here, computed for two scenar-
ios (I) for the "thermal" scenario, [Figs. 3(a) and 3(b)]
with T = 232 MeV, Pf —0 A~ = 1.49, A, = 1.03,
0.69; p, p, A, A [Fig. 3(a)];:-, :-, 0, 0 [Fig. 3(b)]; (II)
for the hadronic kinetic freeze-out scenario with flow,
with T = 150 MeV, Py = 0.41, Az —— 1.48,
1.03, p, = 0.79 [Figs. 3(c) and 3(d)]; p, p, A, A [Fig. 3(c)];

0, 0 [Fig. 3(d)]. Dashed lines marked "th" indi-
cate the direct thermal contribution to the spectra, while
the solid lines marked "tot" include in addition all reso-
nance decay contributions. In order to separate the yields
of particles and antiparticles shown in Figs. 3(a)—3(d) we
have multiplied the latter yield by a factor 0.1 . The pres-
ence of flow affects the spectra mostly at low m~ near
the mass threshold [ll], where it leads to a flattening, i.e. ,

to a higher apparent temperature. The effect is propor-
tional to the particle mass (since for small p~ the effect
of flow can be estimated by ps mo vs ) and thus
most obvious in the " and 0 spectra.

These results comprise several resonance decays with
the exception of the 0 and its antiparticle there are
effectively no resonance contributions since only the very
heavy O(2250) is known and has been considered here.
While the overall common normalization of all spectra is
arbitrary, their relative normalization is highly signifi. cant
and in general characteristic for the model employed.
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TABLE II. Input ( ) and predicted high-m~ particle ratios for the S-W 200A GeV collisions.
The parameters for the three "thermal, " "thermal and How, " and "balanced strangeness" scenarios
are as speci6ed in Table I.

N, /N2
~cut=&. 9 GeV

(A)

"thermal"

(B)

"thermal and Bow"

(c)

"strangeness balance"

A/A
/A

:"—
/A

A/p
A/p

0 /:-
0—/:-—
0 /A
0—

/A
0—/0

pip
K /K+

0.41 + 0.05*
0.20 + 0.01'
0.19 + 0.01*
0.40 + 0.04'
0.60 + 0.06
1.2 + 0.1

0.53 + 0.05
1.1 + 0.1

0.10 + 0.02
0.42 + 0.08
0.85 + 0.25
0.10 + 0.02
0.53 + 0.08

0.41 + 0.05*
0.20 + 0.01*
0.19 + 0.01*
0.40 + 0.04*
0.62 + 0.06
1.2 + 0.1

0.29 + 0.03
0.60 + 0.06
0.05 + 0.01
0.23 + 0.05
0.85 + 0.25
0.10 + 0.02
0.51 + 0.08

0.41 + 0.05*
0.20 + 0.01*
0.19 + 0.01*
0.40 + 0.04
0 59 + 0 06
1.2 + 0.1

0.45 + 0.04
0.94 + 0.09
0.08 + 0.02
0.36 + 0.07
0.85 + 0.25
0.10 + 0.02
0.53 + 0.08

We immediately notice that the two scenarios considered
here could be distinguished more easily if we knew the
relative yields of omegas to cascades or hyperons (and
their antiparticles), with the most notable observation
that the 0 yield is predicted to be near to = yield at
fixed m~ for the flow scenario, and is even larger for the
thermal scenario. We will next see that in principle it
is possible to distinguish the flow model cases (A), (B),
and (C) using multistrange-baryon abundances. Recent
reports [6j (see above) allow us to expect that sufficiently
precise relative yields of 0 and 0 will be soon available.

8. Particle ratio8

When the transverse mass spectra are integrated over
m~ one obtains the particle multiplicity in a given ra-
pidity window. As discussed in Sec. IIIA, the analysis
within a thermal model should be based on particle ra-
tios with a common minimum m~ for the integral. In
the experiment WA85 the most recent results are given
for m&" ——1.9 GeV. In our analysis we have chosen m&"
to be a parameter in order to show how the particle ra-
tios depend on the cutoff of the acceptance. In this way
we explore in our calculations the consequences (for both
the "thermal" and "ffow" scenarios) of an increase of the
experimental acceptance towards lower transverse mo-
menta. This allows to better compare results of different
experiments with different acceptances.

We present in Figs. 4(a)—4(d) the particle ratios as
function of m&", for the two cases considered in Fig. 3.
The solid curves are obtained without fIow, T = 232
Me V, and the dashed curves with Ty —— 150 Me V,

Pf = 0.41. The crosses indicate the experimental input
data used to fix the parameters of the model and dis-

play the experimental error. Comparing m~-integrated
particle ratios with different m~ cuts gives an idea of
the effects coming from the somewhat different slopes of
thermally emitted particles and resonance decay prod-
ucts. We notice that the particle ratios available so far
from the WA85 experiment are both insensitive to the
amount of flow present and almost insensitive to the value
of m&" remarkably the slight model dependence which

can be barely observed in the ratios of:-/A and:-/A
ratios just disappears for m&" ——1.9 GeV.

On the other hand we note that the ratios involving
omegas (which are under analysis in WA85) are sensitive
both to the model temperature and the value of m&" .
This is a natural consequence of the fact that all baryons
have a considerable number of cascading resonances con-
tributing noticeably to their abundance, with the excep-
tion of the omegas. Consequently, in any particle ratio
involving 0 or 0 we see the dependence on temperature
and m&" of the resonance contributions to the other par-
ticle yields. As the temperature drops, the dominant fea-
ture is a drop in the yield of 0 and O. At fixed T, as
m&" increases we see the fading of the cascading reso-
nance contributions to the other particle abundance in
the ratio. This very interesting result, however, demands
some caution: The effective absence of resonance decay
contributions to the 0 spectrum in our calculation could
be impacted by the discovery of so far unknown 0* res-
onances. We also recall that the large 0/:- and (in
particular) 0/:- ratios are in part due to the additional
spin degeneracy of the spin-3/2 0 .

From Fig. 4(a) we further see that for K and K+
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the decay contributions differ at Gnite p~, leading to an
appreciable upward curvature of the particle ratio at low
m&", particularly strongly visible for the high temper-
ature case. One sees a flattening towards high m&"
1.5—2 GeV, where the direct thermal component domi-
nates. We refrain here from a comparison between abun-
dances of mesons to baryons, as we are uncertain, also in
view of the deviation of p, from the equilibrium value,
whether it is prudent to assume that the relative meson to
baryon abundance follows the thermal equilibrium ratio

(see Sec. IV). We summarize our findings about particle
ratios with m&" in Table II and draw attention to the
errors in the prediction arising from full propagation of
the error in the experimental particle ratio input values.
Ratios, at high m~, which are insensitive to the scenario,
such as p/p, 0/0, A/p, A/p, K /K+, should be seen as
consistency tests of the model here developed; the other
ratios involving either 0 or 0 will help deconvolute in the
apparent temperature the flow and thermal components.
Ratios involving protons should be taken with a grain of
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FIG. 3. m, ~ spectra of baryons and antibaryons (yields of antibaryons are shown reduced by a factor 10), arbitrary overall
normalization. Spectra in (a) and (b) are for T = 232 MeV (no 8ow) and in (c) and (d) are for T = 150 MeV (with flow); for
other corresponding parameters see Table I. Dashed lines indicate direct thermal production (subscript "th"); solid lines give
total yields including the contributions from resonance decays (subscript "tot").
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salt since it may not be easy experimentally to remove
the contamination due to projectile and target spectator
protons.

In general we regard the ratios predicted in Table II
and Fig. 4 as a qualitative test of the idea that the emit-
ter is a fireball which is in thermodynamic equilibrium
with the given thermodynamic parameters. It should be
kept in mind, however, that even if all predicted ratios
should be confirmed experimentally, this will not yet tell

us immediately the nature of the emitting source (HG or
QGP). To this end we believe that supplementary infor-
mation concerning the global properties of the source and
their relationship to the extracted thermodynamic pa-
rameters is required, and equally importantly, a study of
the systematic behavior of these parameters under vary-
ing experimental conditions (collision energy, projectile
and target size, collision centrality, etc.). These impor-
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tant issues will be discussed in more detail in Secs. IV
and V.

Itelations between strange (anti)baryon yields

There are a number of scenario-dependent and
scenario-independent relations between the particle ra-
tios considered. We have already noted some in the pre-
ceding discussion. For example, (i) a trivial relationship
arising from definitions, e.g. , using Eqs. (26) and (27),
we see that

B= (56)

(ii) a consequence of the finding that the strange quark
chemical potential is (nearly) vanishing [see Eq. (28],

B =1.07R',
0 0,

(57)
(58)

and (iii) relations arising from cancellation of quark
abundances, e.g. , (here A is the direct abundance and it
excludes all cascading decays such as Z ~ Ap),
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FIG. 5. RA versus R=. The long-dashed line corresponds
to T = 150 MeV, the solid line to T = 200 MeV, and the
dashed line to T = 300 MeV in the HG. The dot-dashed line
corresponds to p, = 0, typical of a QGP. The large cross is
the old data [5], the smaller cross more recent results [6] of
the experiment WA85.

n-
2:- A n

and the same for antibaryons; also

(59)
:-, which in turn increase more than A and finally N,
provided that again we have A, = 1.

A' A'

p p A~ 4
(60) 5. IIigh-m~ kaon abundancea

(relations involving 0 and 0 do not hold well as the
omegas do not contain resonance decays).

An interesting question is how sensitive the particle
multiplicities are to the constraint arising from the ob-
servation of a vanishing strange quark chemical potential
and the resulting relationship Eq. (57). In Fig. 5 we
show the resulting relation between R- and RA. The
HG results are given for temperatures T = 200 MeV
(solid line), T = 150 MeV (dashed line), and T = 300
MeV (short-dashed line), where in each case we insist on
strangeness neutrality. The appearance of a finite p, im-
pacts the results considerably. For comparison we show
(dot-dashed line) results which arise setting p, = 0, a
natural value for the QGP. The small cross corresponds
to the new results reported by the WA85 experiment [6];
the larger cross corresponds to the older data [5]. As
can be seen, the p, = 0 curve nearly coincides with the
T = 200 MeV curve and tangents the new data (and old
data, as was observed before [20,21]).

We note that the above relations constitute a number
of important predictions for the forthcoming Pb-Pb colli-
sions, for which in central interactions we expect p, = 1,
in view of the expected longer life span of the high density
state. The expected increase in the baryon density of the
Pb-Pb fireball will be reflected in an increase in the value
of Aq. This will amplify the anomalies in the strange
baryon ratios, raising the relative yields of 0 more than

In addition to the baryon ratios we can also study the
ratio of kaons to hyperons, again at fixed m~. We have
so far not considered this ratio as we are aware of a pos-
sible off equilibrium in the relative abundance of mesons
and baryons. Thus any deviation seen from the result
here obtained should be considered not the failure of the
model, but a determination of the relative off-equilibrium
abundances of mesons and baryons.

Because of the experimental procedures used, which
rely on the observation of the disintegration of neutral
strange particles into two charged decay products, a com-
parison of the K, with the A (which includes the A's from
the electromagnetic decay of Zo's) is the most useful next
step. We therefore introduce

Ko 1 A, /Ag + Ag/A,

A+ Z0 8 A%A& (61)

where the second identity is only valid if resonance decay
contributions cancel. For the rather light kaons there
exist many different possibilities for secondary produc-
tion through resonance decays, which limits somewhat
the practical usefulness of this ratio, except at very high
m&" & 2 GeV. However, since the data of the experi-
ment WA85 can be constrained to such large values of
m&" we show in Fig. 6 the ratio B~ as a function of Rg,
both ratios are here to be taken as observed at high m&" .
We checked that the effect of resonance cascading indeed



3426 LETESSIER, TOUNSI, HEINZ, SOLLFRANK, AND RAFELSKI
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FIG. 6. R~ versus RA with the same conventions as in

Fig. 5. The experimental result 0.19 & RA & 0.21 is indicated,
as well as the resulting range 0.115 & R~ & 0.125.

largely cancels in this ratio. The different curves are as in
Fig. 5 the solid line is for T = 200 MeV, long-dashed
line for T = 150 MeV, with strangeness conservation.
The dot-dashed line follows for A, = 1, natural for QGP.
We also show (short-dashed line) the unrealistically high
T = 300 MeV, HG result.

Figure 6 shows clearly that the principle of strangeness
conservation and the use of the thermal fireball model are
sufFicient to make a highly precise prediction for B~ once
B~ is measured. For the observed value B~ ——0.20+0.01
we expect to obtain B~ ——0.12 + 0.01. If a significantly
difFerent result is found, one might interpret this as an
indication for off-equilibrium meson to baryon ratios in
the strange sector (see also discussion in Sec. IV).

particle multiplicity. Here we note the relatively high
final charged particle multiplicity arising in nuclear col-
lisions: Total charged particle multiplicities (excluding
target-projectile fragments) above 600 in the central re-
gion have been observed by EMU05 [24] in 200A GeV
S-Pb collisions, corresponding to a total final particle
multiplicity of up to 1000. It is clearly difricult to
design an experiment which can simultaneously mea-
sure this high particle yield and identify multistrange
(anti)baryons. When combining information from the
two experiments (EMU05 and WA85) we will also have
to remember that the two targets used (2o~Pb and s4W,
respectively) differ in mass by ll'Fo and hence we can ex-
pect slightly less stopping of baryon number in the WA85
experiment than in EMU05, resulting very probably in
slightly smaller values of baryon density, baryon fugac-
ity, and baryon chemical potential in WA85 compared
to EMU05 as we shall see, this small effect goes in
the direction of enlarging the disagreement between the
hadronic gas and data; thus, when ignoring it we take
the conservative side.

We will argue that in principle the QGP and HG
phases are distinguishable in the interesting regime of
p,~, T, p, by their entropy content. Since each collision
event may have a somewhat difFerent geometry, it is ac-
tually more convenient to consider the specific entropy
8/8. It is worthwhile to recall that in a hydrodynamic
fIow model, in the absence of shock discontinuities, both
entropy and baryon numbers are conserved; thus, the
time evolution of an isolated fireball occurs at approxi-
mately constant specific entropy while the thermal por-
tion of the fireball energy is decreasing due to buildup of
the collective fIow. We will also develop a relationship
between specific entropy and the observable particle How

and discuss a number of possible interpretations of the
combined data of WA85 and EMU05.

A. Entropy of a HG fireball

IV. ENTROPY AND PARTICLE MULTIPLICITY

We have alluded already several times to the fact that
while large (multi)strange (anti)baryon abundances in-
dicate the appearance of new physical processes, it is
difFicult to conclude anything alone on the basis of the
current results obtained for one particular collision sys-
tem at one energy. Other than waiting for the more sys-
tematic study of the Pb-Pb system we can only seek to
supplement the strange particle multiplicities of the ex-
periment WA85 with complementary data regarding the
global particle production and flow [20,22]. Even though
for S-W/Pb collisions at 200A GeV no data concerning
multiplicity densities in coincidence with strange particle
production are yet available, we can consider multiplicity
data from a S-Pb emulsion experiment (EMU05 [24]) to-
gether with the S-W strangeness production experiment
(WA85 [5,6]), both being taken with high multiplicity
triggers.

Entropy is the key element in any such discussion, and
the entropy content of the reaction is visible through the

For a fireball consisting of hadronic resonances in ther-
mal and relative chemical equilibrium the entropy con-
tent 8 can be easily computed given the partition
function [see Eq. (16)]. The resulting values for the three
investigated scenarios are given in Table I. We note that
the numbers presented here contain a small correction
arising from the nonequilibrium abundance (p, g 1):

(62)

where (s ) is the number of hadrons with strange and/or
antistrange valance quark content number n. Consid-
ering how close p, is to the equilibrium value it is not
surprising that this adds only 0.7 units of entropy per
baryon at Az 1.5. This correction is thus small and
on the same scale as other uncertainties inherent in our
model (like those introduced by the Boltzmann approxi-
mation for pions in particular). We will not incorporate
these small corrections in the results presented in the fig-
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ures, given their qualitative character
For a hypothetical source consisting of a stationary HG

at Tf = 232 MeV, pI3 ——278+23 MeV, p, = 7+11 MeV,
and p, = 0.7 we obtain from the resonance gas equation
of state 8 /8 = 18.5 + 1.5. This leads to only about
three primary mesons per baryon (before resonance de-
cays), which is not consistent with the high observed to-
tal multiplicity. Furthermore, as we have shown, this
high Tf is not consistent with the strangeness conserva-
tion requirement (it implies a strangeness asymmetry of
s = —0.22). More generally, if we demand strangeness
conservation at A, = 1 by appropriately adjusting the
temperature as a function of pq, we obtain a unique re-
lationship between 8/8 and A~. This is shown in Fig. 7
by the thin solid line (with Rf = 1.08 appropriate for
S-W, S-Pb collisions). The value at Az ——1.48 MeV cor-
responds to the thermal parameters for the case (C) in
Table I (Tf = 190 MeV, p~ = 223 + 19 MeV); at A, = 1,
p, = 0.7, we have a specific entropy content of 25 units.
This is the only point in the equilibrium hadronic gas
consistent with the notion of strangeness conservation
(for discussion of dashed, dotted, and thick lines, see
Secs. IV C 1 and IV C 2). A considerable increase in spe-
cifi.c entropy ensues when we consider the freeze-out tem-
perature Tf = 150 MeV (for the reasons given before).
While such a HG source would be sufBciently rich in en-
tropy to be consistent with the high particle multiplicities
seen by EMU05 experiment (see below), strangeness neu-
trality would require A, 1.2, nearly 4 s.d. outside the
limits established by our data analysis. At A, = 1.03 (see
Table I), we find a net strangeness asymmetry s = 0.37.
Furthermore, this state has also a thermal energy per
baryon of F/8 = 8 GeV, which is 85% of the available
center-of-mass energy in the experiment and in strong
contradiction with the evidence for incomplete stopping

and partial transparency from the particle rapidity spec-
tra. We conclude that this way to enhance multiplicity
(low T only) is fraught with insurmountable difficulties.

B. Particle multiplicity and charge flow

The above remarks about an insufBcient entropy con-
tent of the HG model can be made more quantitative by
relating them to the observed charged particle produc-
tion. A very useful quantity is the ratio of the net charge
to the total charged multiplicity [22]:

(63)

Within the HG model the value of Dg can be calcu-
lated for any set of thermal parameters. To this end the
resonance decays have to be decomposed into their var-
ious isospin channels. In particular the decay of neutral
mesons into charged particle pairs impacts the value of
Dg significantly. To illustrate this we also computed the
value D at freeze-out before the decay of resonances. In
Fig. 8 we show the relationship between D, Dg, and
p~, again assuming A, = 1 and strangeness conservation

the upper curves are for D&, the lower curves include
decays, and we have indicated the range of the uncer-
tainty in A, = 1 + 0.05; the dotted line is A, = 1.05,
and the dashed line is A, = 0.95. The decay of neutral
resonances raises the charged particle multiplicity and re-
duces at given p~ (and hence T) the observed value of
Dg. Because of the complexity of the calculation, the
simplicity of this result is surprising. From Fig. 8 we
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FIG. 7. Specific entropy 8/8 as function of quark fugacity
&~ f» the HG phase with A, = 1 (as fixed by experiment) and
with T fixed by the strangeness neutrality condition, Eq. (23)
(thin solid line), Eq. (71) (dashed line for Rc = 1.5 and
long-dashed line for Rc ——0.39). Thick solid line: QGP.
Horizontal and vertical lines guide the eye.
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FIG. 8. D& (upper curves) and D~ as a function of pii for
fixed A, = 1 + 0.05 and conserved zero strangeness in a HG.
The error in A, is bracketed by dotted and dashed curves:
dotted for A = 1.05, dashed for A, = 0.95. Horizontal and
vertical lines guide the eye.
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obtain, approximately,

D0 PI3
1.2 GeV

p
1.95 GeV

for p~ ( 0.3 GeV,

for p~ ( 06 GeV.

8 I I I I i I I I I
i

I I I I I I I I I

The horizontal and vertical lines guide the eye to show
that the experimentally observed values of Dg and p,~
are not consistent with each other. We will return to this
question further below.

I

4 e

Relation betuieen S/8 and ling

The variable Dg represents essentially the inverse of
the specific entropy. To see this we note that the quantity
D&(8/8) is effectively a measure of the entropy per pion.
Very qualitatively we have (in the absence of strange par-
ticles, neglecting the small u-d asymmetry, and assuming
pion symmetry 1V + = N = 1V 0 = 1V /3)

8 1

where the last term in the denominator involves the sum
over all initial charged particles other than pions, in par-
ticular heavy mesons, protons, antiprotons, etc. In the
product D&~ with 8/8 the baryon content cancels, and
the result is roughly the entropy per pion. Consequently
we expect the result to depend only weakly on the ther-
mal parameters. . This is confirmed by Fig. 9 where we
show the product Dg8/8 at p, = 0.7, as a function of
Aq for fixed A, = 1 + 0.05, with T adjusted at each value
of Aq to ensure strangeness neutrality. The lower set of
curves includes resonance decays whereas the upper set
is for D. We observe that within the here interesting
range of parameters these curves are pretty Bat, and the
strangeness neutral equilibrium HG fireball, allowing for
cascading and decays, satisfies the relation

2 I I I I I I I I I I I I I t i I I I I

FIG. 9. The product D&(8/8) (upper curves) and

Dq (8/8) (lower curves) as a function of Aq for fixed
A, = 1+0.05 (compare to Fig. 8). The dot-dashed curves were
obtained with negligible strange particle content (p, —+ 0).
Note the suppressed zero on the vertical axis.

the strange Havor content plays a rather minor role in es-
tablishing the relation between 8 /8 and D&, which
indicates that both strange and nonstrange particles sep-
arately satisfy similar functional relationships. For a dis-
cussion of the long-dashed and short-dashed curves see
Sec. IV C 2; the vertical lines guide the eye regarding the

60

(8/8)Dg - 3.0+ 0.2

determining the entropy content in terms of the normal-
ized charge asymmetry. We note in Fig. 9 the lack of
sensitivity of the result to the presence of strange parti-
cles: The dot-dashed curves show results obtained with a
very small fraction of strangeness being present, but with
temperature T still constrained by the requirement that
for each value of Aq we have strangeness conservation at
A, =1.

Finally we consider in Fig. 10 the relationship between
the specific entropy 8/8 and D& at A, = 1, by eliminat-
ing the remaining thermal parameter (A~ or equivalently
p~). The solid upper curve is the result without decays
(note that for this case the horizontal axis corresponds
to I/D&). The dot-dashed line gives the result in the ab-
sence of strange particles (e.g. , for p, m 0). We note that

6The result for D& is slightly difFerent from [22] due to im-

provement of the equation of state to include twice as many
hadronic resonances.

40

20

10
D -1

15

FIG. 10. Entropy per baryon 8/8 as a function of D&
for Axed A, = 1 and conserved zero strangeness. Only the
one upper solid line curve corresponds to D& (prior to strong
decays of hadronic resonances); all others include resonance
decay. The solid lines are both for Rz ——1. The long-dashed
curve corresponds to Ac ——0.39, the lower dashed curve to
R~ = 1.5, and the dot-dashed curve shows the limit p, ~ 0
(negligible strange particle content).
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range of experimental values for Dg, (see below); the
horizontal lines indicate the resulting values of specific
entropy.

2. Compav'i8on with emulaion data

The EMU05 Collaboration has made available to us
some of their unpublished data [24] on charged multiplic-
ity as a function of pseudorapidity. They are shown in
Fig. 11. In order to be independent of the bias introduced
by the high multiplicity trigger, we only consider the par-
ticle ratio Dg as a function of (pseudo)rapidity. The data
points correspond to 15 fully scanned "central" events of
200A GeV S-Pb interactions, with the trigger require-
ment being a total charged multiplicity & 300. Reaction
spectators (target &agments) are not observed in this
experiment. At central rapidity a value of 0.08—0.09 is
found for Dg. The smallest values of Dg correspond to
a peak in the total charged multiplicity distribution com-
bined with a slight dip in the net charge distribution near
central rapidity [24]. We also note the rise of Dg in the
projectile and target pseudorapidity regions, caused by a
faster decrease in the fragmentation regions of the total
particle multiplicity (mostly pions) than of the positive
particle excess (protons). Obviously these features dis-
play the partial transparency at CERN energies of the
Pb nucleus to the incoming sulphur projectile; it will be
interesting to see whether this behavior of Dg persists
for heavier projectiles, and in particular how the shape
Dg(y) changes for Pb-Pb collisions.

We note that the measured very small central values
of Dg imply a relatively large value for 8/8. Taking
the experimental value Dg ——0.085 6 0.01 we find from
Fig. 10 (see vertical lines there) and Eq. (67) that the
specific entropy of the source ought to be 35+2 5. In
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I rs
L J

+ 0.3—
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order to obtain the values of entropy characteristic of
the strangeness neutral HG, with thermal parameters ex-
tracted &om the strange particle multiplicities and spec-
tra, we need Dg 0.12 —0.13 which is about 4 s.d. away
from the EMU05 data; see Fig. 11. We have thus not suc-
ceeded in the task of developing a HG-based model which
could yield the observed Dg 0.08 when Aq

——1.48 and
1 with strangeness neutrality being satisfied.

We conclude that none of the equilibrium HG freeze-
out models listed in Table I can describe all data and/or
is logically satisfactory. As described this is not primarily
due to a failure of the thermal picture and/or the fireball
model, but is caused by the impossibility of satisfying all
of the strict constraints imposed by the assumption of a
HG equation of state. For example, as just seen this EOS
is not able to provide sufficient particle multiplicity (and
thus entropy) to yield agreement with the multiplicity
data. The principle of strangeness neutrality has fur-
ther constrained us to a freeze-out temperature T = 190
MeV which is incompatible with our general knowledge
of hadronic interactions. In the remainder of the paper
we will therefore feel free to embark on more speculative
studies of the nature of the thermal fireball in order to
assess the chances for possible alternative explanations
of the data.

C. Entropy content and hadronization
of a quark-gluon plasma

The major reason to think about the QGP phase as an
alternative for the structure of the fireball is the appear-
ance in all experiments done at 200A GeV of a large de-
gree of strangeness saturation (p, —+ 1), accompanied by
a practically vanishing strange quark chemical potential.
We believe that in a QGP phase strangeness equilibration
occurs relatively fast, and the value p, = 0 is a natural
consequence of strangeness neutrality at any T and p~.
This implies in particular that p, = 0 is also compat-
ible with a low freeze-out temperature of 150 MeV or
even less (accompanied by a correspondingly large trans-
verse flow), which would bring the freeze-out picture into
agreement with lattice QCD estimates of the hadroniza-
tion temperature. Thus a hadronizing QGP phase has
some attractiveness worth to be explored as an alterna-
tive to the HG model which we found to be in discrepancy
with the data.

1. Specific entropy of the QGP phase

0.1 pFI
rh

0
0

I I

4
pseudoro. pidity

FIG. 11. Emulsion data for the charged particle multiplic-
ity from central S-Pb collisions at 200A GeV as a function
of pseudorapidity: the di8'erence of positively and negatively
charged particles normalized by the sum of both polarities.
(Courtesy of CERN-EMU05 collaboration, Y. Takahashi et
al. [24].)

T 14(1 —50~./21~)
g 2 Ijq 15(1 —2n, /~)

32(1 —15m. /4~)+ 45(l —2o., /vr)

17= »(T/~q) = for o., = 0.6. (68)

The specific entropy of a quark-gluon plasma can be
estimated from the perturbative QGP equation of state.
Up to corrections of order (pq/7rT) 0.02, the leading
term of the specific entropy from light quarks and gluons
1S
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We see that the specific entropy from light quarks and
gluons depends only on the ratio p~/T, and that isen-
tropic expansion (at Sq /8= const) of an equilibrated
QGP occurs at constant A~. To the extent that the mea-
sured value of A~ refiects its value in the early QGP
phase (see Sec. IV C 2), the specific entropy of that phase
is thus independent of the specific combination between
freeze-out temperature and transverse flow reflected in
the slope of the m~ spectra. At the extracted value

Aq
—— 1.48 + 0.05 already the nonstrange fraction of

the QGP contributes 43 + 4 entropy units per baryon.
We must add to this result also the entropy content of
the strange quarks in the plasma, which have no net
baryon number. In principle this contribution does de-
pend slightly on the temperature, due to the nonvanish-
ing strange quark mass, for the here relevant regime of
T ) m, 150 MeV; however, this temperature depen-
dence can be ignored. For the same reason we can argue
that perturbative QCD corrections are of the same mag-
nitude as for light quarks considered before and hence
the entropy content of hadronizing QGP is as if there
were not two, but three quark flavors. We thus obtain,
instead of Eq. (68),

gQGP 19
5 ln Aq

for o., = 0.6 (69)

which is shown as the thick solid line in Fig. 7. We thus
expect the QGP to possess in total about 50 + 10 units
of entropy per baryon at the given value of Aq

——1.48
(see long vertical line in Fig. 7), where the error estimate
includes the uncertainty in the value of o., and of the
strange quark mass and its influence on the o., correc-
tions.

To understand better the difFerence between QGP and
HG models we consider under which conditions a QGP
would have a similarly low specific entropy ( 25) as
the (equilibrium) HG considered above. We find that a
value A~ = 2.1 (see short vertical line in Fig. 7) would
yield about the right answer this would imply quite
diff'erent particle ratios than those measured (which cor-
respond to A~ = 1.48+0.05). On the other hand, we can-
not obtain such large specific entropy in a HG phase at
the given value of Aq, respecting A, = 1 and strangeness
conservation. If A, = 1 is forsaken, then the tempera-
ture to be considered is as low as T 135 MeV (which
requires Py 0.5); at this temperature strangeness neu-
trality leads to A, 1.3 which is far outside the observed
parameter range (A, = 1.03 + 0.05). Thus it appears
that the specific entropy content of the final state should
easily distinguish between the two extreme phases of the
fireball.

2. Meson- bar yon nonequilibrium,

In our consideration of strangeness conservation we
have implicitly assumed that the ratio of strange mesons
to baryons is the same as found in full equilibrium. Sim-
ilarly, in our discussion of the relationship of Dg with pq
and specific entropy 8/8 the important implicit assump-
tion was the presence of a relative meson-baryon abun-

dance equilibrium. Are these assumptions justified when
we consider the QGP as source of the diverse particles?
We should think so only if hadronization is a slow process.
However, the motivation to study the QGP came from
observations which require a rapidly hadronizing QGP
phase such that it is possible to preserve the chemical
potentials which parametrize the relative abundances of
the various quark flavors and would then lead to corre-
sponding relative abundances of the hadrons. For previ-
ous discussions of a rapid QGP breakup with statistical
quark recombination we refer to [3,19,41—43]. Since the
internal phase space of three quarks inside a baryon is dif-
ferent from that of a quark-antiquark pair in a meson, we
should expect an overall difference between baryon and
meson coalescence rates in the recombination process [3].
Thus while relative chemical equilibrium among baryons
and among mesons may be preserved separately by the
hadronization process the overall meson/baryon ratio
need not follow the laws of relative chemical equilibrium.
Subsequent hadronic processes are not likely to reestab-
lish meson-baryon equilibrium: It takes a three-body re-
action to absorb a meson, and it takes a rare collision
such as p+w ~ %+% at sufFiciently high ~s to produce
a baryon-antibaryon pair. At sufIiciently low hadroniza-
tion temperatures these processes are suppressed. We
must also require that most particles be produced at low
enough temperature for the emerging hadron system to
be sufficiently dilute for immediate (chemical) decoupling
of the abundances. Inelastic hadronic final state interac-
tions would tend to change these relative abundances in
the direction of HG equilibrium (with generally p, P 0)
and should have a sufFiciently slow rate to be negligible
until thermal decoupling.

We thus expect that the hadronic gas which will
emerge from the QGP hadronization will have particle
abundances which are largely off equilibrium and a direct
comparison of meson and baryon abundances is not eas-
ily possible. We have made a number of studies in order
to assess the remaining predictive power of our approach
in such more complex circumstances. While a complete
discussion goes beyond the scope of this paper we can
explore briefly a minimal model in which globally the
abundances of mesons and baryons are multiplicatively
changed compared to the chemical abundance expecta-
tions. All quantities depend only on the ratio of the
off-equilibrium factors for mesons CM and for baryons
Cg..

+M
C —~ ) (70)

with the exception of the final state Dg which can be
affected by difI'ering numbers of mesons available to the
decay. Note that in general the nonequilibrium abun-
dance factors drop out from baryon/(anti) baryon and
meson/meson (but not from baryon/meson) ratios
iv. particular, Aq and A, can still be extracted from the
strange (anti)baryon ratios as before, with the same out-
come.

In the strange particle sector the effect of Bc is unex-
pectedly large; the strangeness conservation condition at
A, = 1, Eq. (23), now takes the form
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Fz I"=)
p&

——3 T arccosh
~

R~
2Fy +y ) (71)

Even for the relatively modest range 0.39 ( B~ ( 1.5
one finds a wide range of T-p~ parameters which al-
low strangeness conservation. In Fig. 12 we show the
strangeness conservation constraint (for A, = 1) with
R~ = 1 (solid line), R~ = 0.39 (long-dashed line), and
R~ = 1.5 (short-dashed line). The hatched area indi-
cates the values of p,~ and T compatible with the chem-
ical abundances fixed by the WA85 data, with the scale
of temperature gauged by the transverse mass spectra

the cross corresponds to the value of T = 232 + 5
MeV (no flow) where R& = 1.5 in order to satisfy
strangeness neutrality condition; for T = 190 MeV we
need B~ ——1, and for T = 150 MeV, B~ ——0.39. There
is also considerable impact of B~ on the relation between
8/8 and D& shown in Fig. 10; the long-dashed curve
corresponds again to B~ ——0.39 and the short-dashed.
curve to R~ = 1.5 (in both cases C~, which was the
same for strange and nonstrange particles, was changed,
and C~ ——1; for C~ ~ 0 the long-dashed line and the
upper solid line nearly coincide since there is no meson
disintegration impacting Dg).

We see in Fig. 10 that the values of D which corre-
spond to the central rapidity result of EMU05 [24] (see
Fig. 11, bracketed by the vertical lines) correspond to
8/8 40—48, which is nearly consistent with a hadroniz-
ing QGP state. However, we note that this range of
values of Dg would be attained at Aq 1.3 as shown
in Fig. 13, where we display the relation between Dg
and Aq for a strangeness neutral system at A, = 1. The

experimental data point is based on the direct EMU05
observation [24] of Dq and our interpretation in Eq. (32)
of the WA85 data [6] in order to obtain Aq. The upper
curves which show D& before resonance decays miss the
measured value by EMU05 by more than a factor 2 [22];
the lower three curves show Dg after resonance decays
again the long-dashed curves correspond to B~ ——1.5
and short-dashed curves to R~ ——0.39 (recall that we
kept C~ ——1 and hence the changes in Dg with B~ re-
Hect changes in CM). The disagreement with EMU05 is
smaller after resonance decays, in particular for values
B~ ) 1, which, however, imply unreasonably high tem-
peratures of hadronization (see Fig. 12) each point
on every curve is characterized by a definite tempera-
ture at which the strangeness neutrality is satisfied with
the given Az. We see that for the preferred lower freeze-
out temperatures (T = 150 MeV, R~ = 0.39) the dis-
agreement with the EMU05 data gets actually worse
when we have just one hadronization parameter which
is adjusted to ensure strangeness neutrality. The effect
amounts to about three standard deviations, and in our
opinion necessitates introduction of a second (or more)
QGP hadronization parameter(s).

This point is also noted considering two other results:
Introducing just one off-equilibrium parameter B~ we
have found that the results presented in Fig. 6 where
we compare strange mesons and baryons are not much
affected. Similarly, there is little impact of R~ on 8/8:
In Fig. 7 we show by a dashed line the specific entropy
relation with Aq for Bc ——1.5 and the long-dashed line
is the case B~ ——0.39. Despite this relative wide range
of parameters we see little impact, as the curves have
for each Aq a different value of temperature at which the
strangeness neutrality is reached: T = 232 (150) MeV for
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FIG. 12. Strangeness conservation constraint in the p~-T
plane for A, = 1 with Rc = 1 (solid line), Rc = 1.5 (dashed
line), and Rc = 0.39 (long-dashed line). The hatched area
indicates the values of p~ and T compatible with the relative
particle abundances and transverse mass spectra; the cross
corresponds to the experimental values without flow.

FIG. 13. Lower three curves: D~(A~) at A, = 1. Up-
per three curves: same before decays (D&) Rc = 1 (solid.
lines), 1.5 (dashed lines), and 0.39 (long-dotted lines) for
strangeness-neutral systems. The experimental point is based
on EMU05 [24] data for Dg and our interpretation [see
Eq. (32)] of WA85 data [6].
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Rc = 1.5 (0.39). This finding, viz. , that the relation of
entropy to Aq is little dependent on B&, clearly indicates
that in a hadronizing entropy-rich QGP there must at
least be two nonequilibrium parameters in order to allow
for the transfer of the high entropy to the final hadronic
state. Note that in principle the off-equilibrium factors
for strange and nonstrange particles are independent of
each other,

(72)

and hence there are at least two additional parameters
(e.g. , Rc and R&) in a model of this character. We be-
lieve that it is possible to obtain a satisfactory descrip-
tion of all currently available data in such an approach,
since we could change independently the ratio of pions
to baryons and in that way explain the high entropy and
particle multiplicity observed, while R& provides for a
suitable change in the constraint between Aq and A, .

We conclude that in a phenomenological descrip-
tion of hadronizing QGP phase the breaking of the
meson/baryon thermal equilibrium ratio in the final
hadronic state by the single parameter is not sufFicient
to save simultaneously the strangeness neutrality and en-
hance entropy balance during hadronization of a QGP.
More complicated changes in particle abundances, which
in particular decouple the strange from nonstrange par-
ticle abundances, are needed in order to describe the full
set of current data. A valid description, involving a QGP,
must await development of detailed QGP hadronization
models in order to reduce the large number of possible
parameters to be considered. However, it should not be
believed that the introduction of a large number of pa-
rameters will automatically yield a good description of
the experiments the constraints between the observ-
ables and conservation laws are very strong and not easily
satisfied, as we have experienced in this qualitative first
exploration.

V. CONCLUSIONS

Our present work was primarily oriented towards an
in-depth thermal and chemical analysis of the S-W and
S-Pb results obtained by the WA85 [5,6] and EMU05
[24] Collaborations at the CERN SPS with 200A GeV/c
beams. Within a thermal model we have extracted, from
the nuclear collision data, the characteristic statistical
properties of the particle-emitting source. Our analy-
sis relies strongly on the (at least approximate) validity
of the concepts of thermal and relative chemical equi-
librium. We have provided predictions which allow one
to test these ideas. In the following discussion we will
summarize the implications for conceivable nuclear colli-
sion scenarios, in particular regarding the evolution and
freeze-out (breakup) of the fireball into the final state
hadrons.

We first address the stunning result A, = 1, which ac-
quires particular importance if it is combined with the
constraints arising from strangeness conservation. We
have considered the possibility that the appearance of

this value for A, could be an accident of usual hadronic
reaction dynamics, especially if one initially disregards
entropy considerations. For this to work the observed
apparent temperature T ~~ = 232 + 5 MeV has to be
taken as just the right mixture of the true freeze-out tem-
perature Tg ——190 MeV and a collective transverse How

Py = 0.2 —only under these conditions can the require-
ment of strangeness neutrality be satisfied with a hadron
gas picture. Aside from the clearly accidental nature of
such an explanation we note the difhculties in justifying
such high freeze-out temperatures.

This seemingly accidental appearance of A, = 1 re-
peats itself [25] in S-S collisions at 200A GeV, but
not at the lower AGS energies of 154 GeV. There one
finds A, 1.7 [29], which is entirely consistent with
strangeness conservation in a HG at the corresponding
value Aq 3.7. This conventional result obtained at low
energies amplifies the importance of the result A, = 1
obtained at 2004 GeV, since this is a natural value in
all forms of hadronic matter in which strangeness is not
bound inside baryons or baryonlike clusters in the
latter case the finite baryon density breaks the strange
particle-antiparticle symmetry.

While the appearance of A, = 1 is in itself strongly sug-
gestive of novel physics, it is even harder to explain the
large degree of strangeness saturation, p, 0.7. The
corresponding value in N-N collisions is known to be
much lower (p, = 0.2 [25]), and estimates of the usual
hadronic equilibration time scales [2] suggest that there
is not nearly enough time to raise it to the observed value
during a nuclear collision. In particular the implicit as-
sumption p, = 1 in complete chemical equilibrium HG
scenarios [21,23]) cannot be justified. We find it sig-
nificant that the new higher precision data from WA85
[6] indeed exclude the possibility of a fully equilibrated
HG with p, = 1. A thermal explanation of these data
clearly requires the option of nonequilibrium strange par-
ticle abundances.

Of course, once this has been established, the ques-
tion arises whether the introduction of the single param-
eter p, is suKcient to describe the observed deviations,
or whether the deviations from chemical equilibrium are
more complex, perhaps indeed to the extent that the
concept of (even the less demanding relative) chemical
equilibrium becomes useless. Our introduction of the pa-
rameter p, was motivated by the intuitive idea based
on kinetic arguments that the dominant deviations from
equilibrium should be due to an overall under saturation
of the strange sector. This particular way of generalizing
the thermal model still allows one to keep some order
in the chemical nonequilibrium structure, thus salvaging
most of the attractive simplicity of thermal models. As
shown it permits us to explain the WA85 (multi)strange
(anti)baryon data in a systematic way using the concept
of relative chemical equilibrium in the strange sector, and
provides predictions for further particle ratios.

However, in addition to the problems with strangeness
neutrality in this approach which requires one to assume
an inconsistently high freeze-out temperature, we found
a problem of this interpretation with the net and to-
tal charged multiplicity data of EMU05 [24]. If inter-
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preted within this model these data indicate the pres-
ence of a larger specific entropy than compatible with
the extracted thermal parameters. This manifests itself
in the observation Dg ——0.085 at central rapidity, in-
stead of the value 0.12 expected &om the model —this
translates into a 40% higher charged multiplicity pseu-
d.orapidity density per participant baryon than provided
by the HG model. A very similar result is found in an
analysis of global (4') particle production data from S-S
collisions [25]. This implies that there are further devi-
ations from chemical equilibrium in the final hadron gas
state residing in those particle species not observed or
properly identified by WA85 [5,6] and NA35 [7], which
are responsible for the excess specific entropy.

Looking for a possible origin of the high specific en-
tropy in the Anal state, which at the same time explains
the vanishing of the strange quark chemical potential and
the high degree of strangeness saturation, we also stud-
ied the thermodynamic properties and hadronization of
a deconfined quark-gluon plasma phase. If the observed
chemical potentials of the Anal hadrons are indicative of
the chemical conditions of this QGP phase (which, as we
pointed out, requires rapid hadronization followed by im-
mediate decoupling), the specific entropy is nearly 100%
larger than that of the generalized HG with the same
parameters. This might indicate QGP formation in a
fraction of the fireball volume or of the nuclear collision
events at the SPS energy of 2004 GeV, promising larger
&actions and larger values of 8/8 and p, in the upcoming
Pb-Pb experiments.

Following this line of thought we then discussed pos-
sible QGP hadronization scenarios which would be com-
patible with the experimental observations. A sudden
transition is required to preserve the chemical potentials,
in particular the vanishing strange quark chemical poten-
tial. Immediate (chemical) decoupling after hadroniza-
tion would guarantee the preservation of these values
until thermal freeze-out, indicating the need for a suf-
ficiently low freeze-out temperature. This would also
bring the model in line with recent QCD lattice calcula-
tions [27] which predict a transition temperature of about
150 MeV and would imply the existence of a strong Bow
component in the m~ spectra as previously suggested. on
the basis of kinetic freeze-out arguments. This picture
also suggests a particular mechanism for an additional
breaking of chemical equilibrium in the final hadron state
which (as we saw above) is required by the entropy dis-
crepancy: We propose that QGP hadronization breaks in
a natural way the relative chemical equilibrium between
mesons and baryons. The condition of immediate chemi-
cal decoupling already required by the preservation of p,
would also guarantee the survival of this new nonequilib-
rium feature until thermal freeze-out.

We have parametrized this efFect by the ratio Bc of
relative meson to baryon coalescence probabilities. We
found that the introduction of this parameter makes it
easy to reconcile low freeze-out temperatures with the
strangeness neutrality condition, but that we cannot eas-
ily satisfy the entropy balance. The development of a
consistent hadronization scenario which also solves this
crucial remaining problem remains a challenge for the

future.
Others have tried in various ways to salvage the equi-

librium HG picture. In this paragraph we would like
to take issue with one such approach, thereby further
emphasizing the crucial difEculties faced by any thermal
interpretation of the presently available nuclear particle
production data. It was postulated in [23] that strange
and nonstrange hadrons freeze out at diferent tempera-
tures and diferent values of p~. The nonstrange hadrons
are assumed to decouple at T 130 MeV with a suK-
ciently low value of p~ to reproduce the large specific
entropy, while the strange particles are supposed to es-
cape already at T = 210 MeV (as indicated by the old
data [5,36]), with values of p~ and p, consistent with
our analysis. Since with these parameters the conven-
tional hadron resonance gas yields only 70% of the mea-
sured specific entropy, and it is unlikely that the missing
entropy can be created in the hydrodynamic expansion
process while cooling from T ——210 MeV to T = 130
MeV, it is postulated that at the earlier stage of strange
particle freeze-out the HG is in an "exotic," very strongly
interacting, state whose specific entropy is by about a
factor of 1.4 larger than usual. However, under such
circumstances one has to expect strong medium modi-
fications of the properties of all hadrons (including the
strange ones), and it is no longer consistent to use the
smaller free-space cross sections of strange hadrons as an
argument for their earlier freeze-out [23]. Furthermore,
this picture of sequential freeze-out at two quite diferent
temperatures does not automatically yield the observed
similar m, ~ slopes of all hadrons, and a detailed study
of the amount of Qow generated in the time interval be-
tween strange and nonstrange particle freeze-out has not
been performed. Finally, the analysis in [23] of the non-
strange hadrons by a HG at T = 130 MeV does not take
into account the considerable loss of energy, entropy, and
baryon number by the earlier freeze-out of the strange
hadrons, and hadrons with hidden strangeness like the P
are treated like nonstrange hadrons, although their cross
sections are also small and should cause them to freeze
out early together with the other strange particles. These
severe consistency problems imply in our opinion that
the sequential HG freeze-out scheme of Ref. [23] does not
provide a valid framework for an explanation of the data.
(Also, the new WA85 data [6] appear to cause further dif-
ficulties for this model. )

We see that the freeze-out criterium turns out to be
a severe constraint on all thermal models. Together
with the particle abundances and their characteristic de-
viations from chemical equilibrium we hope that even-
tually enough information becomes available to permit
construction of a fully dynamical hadronization scenario.
Present data show an intriguing compatibility with the
ideas of thermal and chemical equilibrium in certain par-
ticle sectors, but at the same time a characteristic failure
of these concepts in others. It is necessary to widen the
investigation of strange meson and (anti)baryon ratios
to higher and lower nuclear beam energies and to study
simultaneously the particle multiplicity and charge How
at high and low m~, in order to eliminate the remaining
&eedom in the models. We are therefore looking forward
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with anticipation to the forthcoming Pb-Pb collisions at
about 170A GeV projectile energy, which will allow us
to check and extend the results of our analysis by going
to the largest possible thermodynamic systems using nu-
clear collisions. For the time being, we have shown that
the interpretation of the S-W, S-Pb data in terms of a
thermal model implies a primordial state, which is not a
conventional HG phase.

Note added in Jrroof

Since the revised version of this paper was submitted,
new results appeared, which are relevant to the analysis
presented here.

(i) The WA85 Collaboration has measured at central
rapidity the yield of 0 and 0 in 200A GeV S-W colli-
sions. From these results they now obtained the ratio
(0 + 0)/(:- + =) = 1.7 + 0.9 (& 0.79 at the 95% confi-
dence level) in a common mi range (m~ & 2.3 GeV/c )
[44,45]. This rather large value is within the range of
predictions made in Sec. III F 1 (see in particular Fig. 4).

(ii) The NA35 Collaboration [46] has given the ratio
A/p = 0.8 + 0.3 for the system S-Au at 200 GeV/c (full
phase space coverage). This allows to estimate [47] the
ratio of the I/m~ dX/dm~ distributions (see Fig. 3) at
fixed m~ in the rapidity interval 3 ( y ( 4 for A and p
to be greater than unity we obtained such large result,
1 ( A/p ( 1.2, see Fig. 4(c) (note the values of p, shown
in Table I). A still greater ratio A/p = 1.5 + 0.4 (full
phase space) was measured for the S-S collision system,
consistent with the corresponding analysis [25].

These results confirm the internal consistency of our
analysis and support the concept of relative chemical
equilibrium in the baryon sector developed in this paper.

Our data analysis work presented here has since con-
tinued:

(1) The analysis [29] of 15 GeV A collisions at the
BNL Alternating Gradient Synchrotron (AGS) was com-

pleted. In particular the entropy content of the ther-
mal fireball was determined —it is consistent with both
hadronic gas as well as quark-gluon plasma matter fire-
balls being formed at this energy [48].

(2) The values of T and A~ which arise in the present
work from the analysis of the data were derived within a
simple dynamical model assuming that initially a QGP
plasma fireball is formed [49].

(3) The analysis of S-S collisions [25] led to a more re-
fined model $0] which allows for variations of the chemi-
cal potentials as functions of rapidity. A rapidity indepen-
dent vanishing strange quark chemical potential p, = 0
and a large strangeness saturation factor p, = 0.75—1 is
confirmed despite a strong variation of the baryochemi-
cal potential: p,~ ——130 MeV is found at central rapidity,
rising to about 350 MeV in the &agmentation regions.

(4) In this improved S-S analysis [50] the normaliza-
tion of the pion spectrum indicates a strong deficit (fac-
tor 2.5) of the hadronic gas model entropy, favoring the
QGP picture, as was also noted in another analysis of the
S-W/Pb data [51].
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