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Evidence of Early Multistrange Hadron Freeze-Out in High Energy Nuclear Collisions
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Recently reported transverse momentum distributions of strange hadrons produced in Pbs158A GeVd
on Pb collisions and corresponding results from the relativistic quantum molecular dynamics approach
are examined. We argue that the experimental observations favor a scenario in which multi-
strange hadrons are formed and decouple from the system rather early at large energy densities
(at about 1 GeVyfm3). The systematics of the strange and nonstrange particle spectra indicate
that the observed transverse flow develops mainly in the late hadronic stages of these reactions.
[S0031-9007(98)07927-7]
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The purpose of the current and forthcoming heav
ion programs at the high energy laboratories CER
(Switzerland) and Brookhaven National Laboratory (US
is to probe strongly interacting matter under extrem
conditions, i.e., at high densities and temperatures. T
central subject of these studies is the transition fro
the quark-gluon plasma to hadronic matter. In the ea
phases of ultrarelativistic heavy ion collisions, when
hot, dense region is formed in the center of the reactio
there is copious production of up, down, and stran
quarks. Transverse expansion is driven by the numero
scatterings among the incoming and produced particl
As the medium expands and cools, the quarks combine
form the hadrons that are eventually observed.

On the experimental side, the presence of strong rad
transverse flow in the Pbs158A GeVd on Pb collisions
was deduced from the systematics of nonstrange part
spectra some time ago [1,2]. The long awaited spec
of multiple strange baryonsJ2 and V, measured at
midrapidity, were reported during the Quark Matter ’9
conference [3]. Quite surprisingly, the reported slop
of these hadrons are much softer than expected fr
an interpolation based on the measured slope parame
of nonstrange particles, hadrons with a single stran
quark only and deuterons [2,4]. A compilation of th
experimental data as obtained by the NA44, NA49, a
WA97 collaborations is shown in Fig. 1.

In this Letter we argue that the transverse momentu
spectra encode valuable information on the decoupli
process of strange and nonstrange hadrons in the med
and the time development of flow during the evolutio
[5]. It has been recognized for a long time [6] that hadro
momentum spectra reflect the collective flow developin
in ultrarelativistic heavy ion collisions. The flows may
be related to bulk and transport properties in the ultr
dense matterlike transient pressure and viscosities. H
drodynamic behavior may be expected at least for tru
large colliding systems such as Pb1 Pb.
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Concerning the search for the quark-gluon plasma, o
would like to identify the regions in energy density a
which the equation of state (EOS) softens, presuma
due to the phase transition or crossover between hadro
and quark matter. Another topic of interest is to see t
EOS becoming hard again at yet higher densities.
temperatures much larger than the critical temperatu
the EOS approaches the Stefan-Boltzmann limit, acco
ing to recent lattice calculations [7]. The EOS seems
become remarkably ideal although the regime of pertu
bative quarks and gluons is being reached only at gra
unification scales [8]. In the context of ultrarelativisti
collisions the EOS dependence on energy and baryon d
sity translates into a pressure dependence on time, beca
expansion dilutes the matter continuously. Hadrons w
varying strangeness content decouple at different tim
from the system, due to their different reaction rates
the medium. Therefore, we may employ these spectra
get a sequence of snapshots of the transverse flow pre
at each of the species-dependent decoupling times.

Several scenarios for the unknown earlier stages in ult
relativistic nucleus-nucleus are imaginable and have be
put forward. We will try to use the most recent infor
mation on the spectra to eliminate some of them. L
us list some of the possible choices: (i) Harder tran
verse momentum spectra in heavy ion as compared
pp collisions—collective flow or initial-state scattering
[9]? (ii) Is the expanding matter made of weakly inter
acting quarks and gluons, or of bound states (hadron
(iii) Does the flow already appear at an early stage of t
collision [10] or rather later [11]? (iv) Does freeze-out oc
cur simultaneously [12] or sequentially [13–16]?

In this Letter we argue that the systematics of the tran
verse momentum spectra find their natural explanati
in a reaction scenario in which the multistrange baryo
freeze out in the Pb on Pb reactions before most
the finally observed transverse flow has developed.
order to go beyond a qualitative interpretation we utiliz
© 1998 The American Physical Society
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FIG. 1. Measured slope parameters as a function of parti
mass. Preliminary results of the slope parameters of stra
particles are shown with open symbols. The line serves
guide the eye with respect to the nonstrange data.

a transport theoretical approach—relativistic quantu
molecular dynamics (RQMD)—whose predictions agr
well with the observations. Furthermore, we are goin
to address the question whether data from heavy
experiments allow one to make statements about the
istence of strange hadrons in a medium of high ener
densitye . 1 GeVyfm3.

Let us turn now to the recent data as presented in Fig
We may draw several conclusions from the compilation
slope parameters. We do not believe that the existence
strong transverse flow in the Pbs158A GeVd on Pb reac-
tions belongs to the unresolved questions. The differen
between flow—a space-momentum correlation—and e
citations purely in momentum space (temperature or ra
dom kicks) shows up in observables which are sensit
to the phase-space densities of the finally emitted hadr
(such as nucleon cluster formation [17] and pion inte
ferometry [18]). Indeed, transport calculations [16] an
fits to experimental data based on the fireball model [1
consistently give transverse flow velocities in the range
,0.4c 0.6c for the Pb on Pb reactions.

The frequently employed picture—one-fluid flow unt
breakup of the matter at a common freeze-out state
is untenable in view of these data. It is impossible
reconcile the proton and deuteron values with the sma
V slope parameter in such a scenario. In contrast to
V baryon, theJ2 spectrum displays a slope which has
value very similar to the proton andL spectrum. All of
them cluster around 290 MeV. The common freeze-o
temperatures and underlying flow velocities would me
that these spectra are purely thermal and collective flow
completely absent. Such a large freeze-out temperat
well above the quark-gluon plasma transition temperatu
seems very unlikely.

Furthermore, the apparent softness of the multi-stran
baryon spectra points to a dynamics in the hadronic sta
cle
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that causes the nonuniversal pattern. Early work
strangeness as a quark-gluon plasma signal [20] show
that strange flavor impacts reactions in quark mat
rather differently than in a hadron gas. Interaction
among quarks at temperatures of several hundred M
are only mildly affected by quark mass variations at abo
5–160 MeV. On the other hand, transport properties
the heavy omega baryons with mass of 1672 MeV a
expected to differ completely from the almost massle
pions (140 MeV) [21]. A smaller collective component i
the final transverse momentum spectrum of multistran
baryons, rather than for pions, kaons, and nucleons
corroborated by an analysis of the chemical compositio
The slope parameter237 6 24 MeV of the omega is
consistent with the “temperature” value extracted from t
particle ratios [22].

We now turn to the RQMD calculations in order to g
beyond qualitative statements. The RQMD model [2
provides a microscopic description of heavy ion collision
which has been highly successful in predicting most
the observed features over a wide range of conditio
We generated 1600 events for Pbs158A GeVd on Pb
employing an RQMD model (version 2.3) and analyze
the final spectra in the same fashion as has been done
the measurements. Before we analyze the aspects of
RQMD evolution dynamics which are pertinent for ou
discussion we present the results for the slope parame
of the various species in Fig. 2. Very good agreement
found between RQMD predictions and preliminary data

The expansion dynamics generated by RQMD for ce
tral Pb on Pb reactions may be schematically decompo
into three stages. The prehadronic stage which lasts ab
1.5 fmyc is modeled by initial excitation and fragmenta
tion of color strings and ropes. After hadronization, th
produced ultradense hadron matter needs some time
chemical and kinetic equilibration (3 4 fmyc). Multi-
strange baryons such asJ’s are clearly involved in the
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FIG. 2. The RQMD version 2.3 model prediction of the slop
parameters.
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equilibration process as demonstrated already for the c
of light ion S onW reactions [24]. The effective transverse
pressure is ultrasoft during these preequilibrium stag
[11]. The state when local kinetic equilibrium is finally
achieved (after5 fmyc) is soon followed by a breakdown
of equilibrium due to the diluteness of the hadron gas a
the finite size of the system. In equilibrium, the RQMD
evolution is governed by a “resonance matter” EOS. It h
been shown that the RQMD evolution of the multicom
ponent hadronic fluid is characterized by nonideal effec
even in the dense regime [16]. The pions accelerate qu
easily, their motion more or less governed by their ow
EOS. In contrast, the rarer heavy particles cannot keep
with the pion “fluid” and are left behind.

The developing flow of matter according to the RQMD
calculations is illustrated by plotting the mean transver
distance of hadrons from the center of the collision regio
(see Fig. 3). We see from Fig. 3 that the baryon matt
does not expand at all during the first5 fmyc. The
baryons develop collective flow only after the soft stag
has elapsed, which is reflected in the increase of th
spatial distribution.

Why are the multiply strange particles not dragge
with the heavy particle flow? Their interactions in the
expansion stage are dominated by resonance format
which is built into the RQMD approach (for details se
[23]). A good measure of the reaction rates is therefo
the decay widths of the baryon resonances to which t
baryons couple. We see from the Particle Data Gro
tables that the decay widths of resonances are a stro
function of their flavor content [25]. Approximately,
the trend is 0.45:0.62:0.85:1 forVp:Jp:Y p:Np. We
expect from these numbers that theJ collision rates
will be suppressed by on the order of30% to 40%
compared toL’s and nucleons. TheV is basically not
involved in forming these resonances. Thep-V system
does not match any of their flavor quantum number
Collisions of V’s with h and K mesons which may
form such resonances are suppressed as these colli
partners of theV are much rarer than pions. Relativistic
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FIG. 3. Time evolution of the transverse source size fo
midrapidity baryons and pions.
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quantum molecular dynamics predicts considerably earlie
freeze-out ofV baryons (andJ’s) than nucleons (and
L’s). The time and spatial distributions of nucleons and
V’s are displayed in Fig. 4. Most of theV’s freeze-
out between 2 and8 fmyc while the nucleon freeze-
out distribution is centered around20 fmyc. Note that
the freeze-out time spectra are characterized by sizab
differences between median and averages. Very so
collisions between particles of almost equal velocities
lead to the long tails in the distributions but are of no
importance for the reaction kinetics.

The corresponding transverse distance distributio
which is also shown in Fig. 4 reveals that theV source at
freeze-out is very similar to the initial source. In contrast
nucleons are transported by the collective flow to large
radial distances nearer the surface of the system. We c
analyze the RQMD results concerning the local energ
densities at which the multistrange hadrons decouple fro
the system. Typically, these local energy densities cluste
around1 GeVyfm3. Clearly, if true, these values would
just set a lower limit for the densities at which quarks
may bind to form these particles. So far, experimenta
information about survival or “melting” of quark bound
states was restricted to charmonium states only [26]. Ou
studies, like the work done in [22], seem to imply that
V baryons exist at energy densities and temperatur
which are significantly larger than the preferred lattice
values for the quantum chromodynamics (QCD) phas
transition. We find this possibility intriguing. The nature
of strongly interacting matter aroundTc is still badly
understood. Most recently, Witten has conjectured tha
QCD with large number of colors may be expressed
as a certain string theory [27]. This has stimulated
enormous activities to put the old idea of duality betwee
hadronic (or string) degrees of freedom and quarks an
gluons on solid ground. It may also provide an incentive
to look closely for quasihadronic modes in the quark
gluon plasma.

The evolution of the late dilute hadron gas stage shou
be reliably simulated by RQMD, as it relies upon hadronic
cross sections rather than a QCD-based calculation. F
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FIG. 4. The time and transverse radius distributions of midra
pidity V’s and nucleons at freeze-out in central Pb1 Pb colli-
sions at158A GeV from RQMD.
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the initial stage (and only here) our inability to calculat
nucleus-nucleus reactions based on quantum chromo
namics can be compensated. Utilizing the empirical i
formation about the interactions between hadrons, kine
equations can be set up and solved the same as RQ
and other approaches [23,28–30]. Theoretical justific
tion for semiclassical transport comes essentially fro
the particlelike behavior with the DeBroglie wavelength
being typically much smaller than the mean free path
Of course, the final hadron momentum spectra are a pro
uct of the time-integrated dynamics, starting with th
initial interpenetration of the two nuclei. The agreemen
between RQMD and experimental data for the final slop
parameters indicates that the expansion dynamics in
first ultradense stage is modeled reasonably well in th
approach. As a further check, we have simulated Pb
Pb collisions employing the hydrodynamical model. Th
results confirm our essential conclusion presented he
Agreement with the multistrange baryon data requires
soft evolution before freeze-out of these species and
large decoupling temperature.Tc. Detailed results of
these studies and the implied constraints on the EOS w
be presented elsewhere. Therefore we believe that
dominantly “late” production of the transverse matter flow
holds true model independently.

One might be tempted to look for other explanation
of the initial “softness” than what is provided by the
RQMD model. For instance, Hung and Shuryak hav
put forward the idea that the system created in Pb1 Pb
may be close to the so-called softest point of the EO
[31]. Initial conditions for hydrodynamical calculations
may be tuned to get good agreement with the nonstran
hadron spectra measured in Pb on Pb reactions [3
However, this hydrodynamical approach fails to expla
the mass dependence of the transverse flow, i.e., the d
for S projectiles [32]. On the other hand, the RQMD
model provides an explanation for the systematics fro
p 1 A and S 1 A to Pb1 Pb [11]. According to the
RQMD model the transverse pressure during the ea
stages is small in all of these systems, implying th
equilibrium has not yet been reached at the early sta
of the collisions.

In summary, we report the results of the analys
of the particle transverse momentum distributions fro
the central158A GeV Pb1 Pb collisions. At present,
the data seem to favor a scenario in which the ma
component of the transverse flow develops only rath
late, after most of the multistrange particles have alrea
frozen out. We infer from the analysis of RQMD result
that characteristic energy densities at which the mul
strange hadrons freeze out are at about1 GeVyfm3 for
central Pb on Pb collisions. Presumably, they may b
formed at even larger densities.
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