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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 producétsBARBeV)
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 about1 GeV/fm?®). 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 heavy Concerning the search for the quark-gluon plasma, one
ion programs at the high energy laboratories CERNwould like to identify the regions in energy density at
(Switzerland) and Brookhaven National Laboratory (US)which the equation of state (EOS) softens, presumably
is to probe strongly interacting matter under extremedue to the phase transition or crossover between hadronic
conditions, i.e., at high densities and temperatures. Thand quark matter. Another topic of interest is to see the
central subject of these studies is the transition fromEOS becoming hard again at yet higher densities. At
the quark-gluon plasma to hadronic matter. In the earlfemperatures much larger than the critical temperature,
phases of ultrarelativistic heavy ion collisions, when athe EOS approaches the Stefan-Boltzmann limit, accord-
hot, dense region is formed in the center of the reactioning to recent lattice calculations [7]. The EOS seems to
there is copious production of up, down, and strangdecome remarkably ideal although the regime of pertur-
quarks. Transverse expansion is driven by the numerousative quarks and gluons is being reached only at grand
scatterings among the incoming and produced particlesnification scales [8]. In the context of ultrarelativistic
As the medium expands and cools, the quarks combine teollisions the EOS dependence on energy and baryon den-
form the hadrons that are eventually observed. sity translates into a pressure dependence on time, because

On the experimental side, the presence of strong radiaxpansion dilutes the matter continuously. Hadrons with
transverse flow in the Rb58A4 GeV) on Pb collisions varying strangeness content decouple at different times
was deduced from the systematics of nonstrange particlieom the system, due to their different reaction rates in
spectra some time ago [1,2]. The long awaited spectrthe medium. Therefore, we may employ these spectra to
of multiple strange baryon&~ and (), measured at get a sequence of snapshots of the transverse flow present
midrapidity, were reported during the Quark Matter '97 at each of the species-dependent decoupling times.
conference [3]. Quite surprisingly, the reported slopes Several scenarios for the unknown earlier stages in ultra-
of these hadrons are much softer than expected fromelativistic nucleus-nucleus are imaginable and have been
an interpolation based on the measured slope parametgrat forward. We will try to use the most recent infor-
of nonstrange particles, hadrons with a single strangenation on the spectra to eliminate some of them. Let
guark only and deuterons [2,4]. A compilation of the us list some of the possible choices: (i) Harder trans-
experimental data as obtained by the NA44, NA49, andrerse momentum spectra in heavy ion as compared to
WAQ97 collaborations is shown in Fig. 1. pp collisions—collective flow or initial-state scattering

In this Letter we argue that the transverse momentuni9]? (ii) Is the expanding matter made of weakly inter-
spectra encode valuable information on the decouplingcting quarks and gluons, or of bound states (hadrons)?
process of strange and nonstrange hadrons in the mediufiii) Does the flow already appear at an early stage of the
and the time development of flow during the evolutioncollision [10] or rather later [11]? (iv) Does freeze-out oc-
[5]. It has been recognized for a long time [6] that hadroncur simultaneously [12] or sequentially [13—-16]?
momentum spectra reflect the collective flow developing In this Letter we argue that the systematics of the trans-
in ultrarelativistic heavy ion collisions. The flows may verse momentum spectra find their natural explanation
be related to bulk and transport properties in the ultrain a reaction scenario in which the multistrange baryons
dense matterlike transient pressure and viscosities. Hyfreeze out in the Pb on Pb reactions before most of
drodynamic behavior may be expected at least for truljthe finally observed transverse flow has developed. In
large colliding systems such as RbPb. order to go beyond a qualitative interpretation we utilize
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that causes the nonuniversal pattern. Early work on
strangeness as a quark-gluon plasma signal [20] showed
that strange flavor impacts reactions in quark matter
rather differently than in a hadron gas. Interactions
among quarks at temperatures of several hundred MeV

are only mildly affected by quark mass variations at about
5-160 MeV. On the other hand, transport properties of
the heavy omega baryons with mass of 1672 MeV are
expected to differ completely from the almost massless
7 pions (140 MeV) [21]. A smaller collective component in

] the final transverse momentum spectrum of multistrange
01 |- - baryons, rather than for pions, kaons, and nucleons, is
. . . ) | corroborated by an analysis of the chemical composition.
_ The slope paramete237 = 24 MeV of the omega is

0 05 : NN consistent with the “temperature” value extracted from the
Particle Mass (GeV/c") particle ratios [22].

FIG. 1. Measured slope parameters as a function of particle W& now turn to the RQMD calculations in order to go
mass. Preliminary results of the slope parameters of strangeeyond qualitative statements. The RQMD model [23]
particles are shown with open symbols. The line serves tgrovides a microscopic description of heavy ion collisions
guide the eye with respect to the nonstrange data. which has been highly successful in predicting most of
the observed features over a wide range of conditions.
a transport theoretical approach—relativistic quantumWe generated 1600 events for (P#8A GeV) on Pb
molecular dynamics (RQMD)—whose predictions agreeemploying an RQMD model (version 2.3) and analyzed
well with the observations. Furthermore, we are goingthe final spectra in the same fashion as has been done with
to address the question whether data from heavy iothe measurements. Before we analyze the aspects of the
experiments allow one to make statements about the eXRQMD evolution dynamics which are pertinent for our
istence of strange hadrons in a medium of high energgiscussion we present the results for the slope parameters
densitye > 1 GeV/fm?. of the various species in Fig. 2. Very good agreement is
Let us turn now to the recent data as presented in Fig. found between RQMD predictions and preliminary data.
We may draw several conclusions from the compilation of The expansion dynamics generated by RQMD for cen-
slope parameters. We do not believe that the existence ¢fal Pb on Pb reactions may be schematically decomposed
strong transverse flow in the AI38A GeV) on Pb reac- into three stages. The prehadronic stage which lasts about
tions belongs to the unresolved questions. The differencé.5 fm/c is modeled by initial excitation and fragmenta-
between flow—a space-momentum correlation—and extion of color strings and ropes. After hadronization, the
citations purely in momentum space (temperature or ranproduced ultradense hadron matter needs some time for
dom kicks) shows up in observables which are sensitivehemical and kinetic equilibratior3 ¢4 fm/c). Multi-
to the phase-space densities of the finally emitted hadrorstrange baryons such &'s are clearly involved in the
(such as nucleon cluster formation [17] and pion inter-
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ferometry [18]). Indeed, transport calculations [16] and
fits to experimental data based on the fireball model [19]
consistently give transverse flow velocities in the range of
~0.4¢ -0.6¢ for the Pb on Pb reactions.

The frequently employed picture—one-fluid flow until
breakup of the matter at a common freeze-out state—
is untenable in view of these data. It is impossible to
reconcile the proton and deuteron values with the smaller
Q) slope parameter in such a scenario. In contrast to the
Q baryon, the=~ spectrum displays a slope which has a
value very similar to the proton andl spectrum. All of
them cluster around 290 MeV. The common freeze-out
temperatures and underlying flow velocities would mean
that these spectra are purely thermal and collective flow is
completely absent. Such a large freeze-out temperature,
well above the quark-gluon plasma transition temperature,
seems very unlikely.
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Furthermore, the apparent softness of the multi-strange|g. 2. The RQMD version 2.3 model prediction of the slope
baryon spectra points to a dynamics in the hadronic staggmrameters.
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equilibration process as demonstrated already for the casgiantum molecular dynamics predicts considerably earlier
of lightion S onW reactions [24]. The effective transverse freeze-out of() baryons (and=’s) than nucleons (and
pressure is ultrasoft during these preequilibrium staged’s). The time and spatial distributions of nucleons and
[11]. The state when local kinetic equilibrium is finally )’s are displayed in Fig. 4. Most of th@'s freeze-
achieved (aftef fm/c) is soon followed by a breakdown out between 2 and® fm/c while the nucleon freeze-
of equilibrium due to the diluteness of the hadron gas andut distribution is centered arourtd) fm/c. Note that
the finite size of the system. In equilibrium, the RQMD the freeze-out time spectra are characterized by sizable
evolution is governed by a “resonance matter” EOS. It haslifferences between median and averages. Very soft
been shown that the RQMD evolution of the multicom- collisions between particles of almost equal velocities
ponent hadronic fluid is characterized by nonideal effectsead to the long tails in the distributions but are of no
even in the dense regime [16]. The pions accelerate quitenportance for the reaction kinetics.
easily, their motion more or less governed by their own The corresponding transverse distance distribution
EOS. In contrast, the rarer heavy particles cannot keep uphich is also shown in Fig. 4 reveals that thesource at
with the pion “fluid” and are left behind. freeze-out is very similar to the initial source. In contrast,
The developing flow of matter according to the RQMD nucleons are transported by the collective flow to larger
calculations is illustrated by plotting the mean transverseadial distances nearer the surface of the system. We can
distance of hadrons from the center of the collision regioranalyze the RQMD results concerning the local energy
(see Fig. 3). We see from Fig. 3 that the baryon mattedensities at which the multistrange hadrons decouple from
does not expand at all during the firstftm/c. The the system. Typically, these local energy densities cluster
baryons develop collective flow only after the soft stagearound1 GeV/fm?. Clearly, if true, these values would
has elapsed, which is reflected in the increase of theijust set a lower limit for the densities at which quarks
spatial distribution. may bind to form these particles. So far, experimental
Why are the multiply strange particles not draggedinformation about survival or “melting” of quark bound
with the heavy particle flow? Their interactions in the states was restricted to charmonium states only [26]. Our
expansion stage are dominated by resonance formatiaiudies, like the work done in [22], seem to imply that
which is built into the RQMD approach (for details see ) baryons exist at energy densities and temperatures
[23]). A good measure of the reaction rates is thereforevhich are significantly larger than the preferred lattice
the decay widths of the baryon resonances to which thealues for the quantum chromodynamics (QCD) phase
baryons couple. We see from the Particle Data Groupransition. We find this possibility intriguing. The nature
tables that the decay widths of resonances are a strom@f strongly interacting matter around, is still badly
function of their flavor content [25]. Approximately, understood. Most recently, Witten has conjectured that
the trend is 0.45:0.62:0.85:1 fof)™:E*:Y*:N*. We QCD with large number of colors may be expressed
expect from these numbers that tiZ collision rates as a certain string theory [27]. This has stimulated
will be suppressed by on the order 80% to 40%  enormous activities to put the old idea of duality between
compared toA’s and nucleons. Thé) is basically not hadronic (or string) degrees of freedom and quarks and
involved in forming these resonances. The() system gluons on solid ground. It may also provide an incentive
does not match any of their flavor quantum numbersto look closely for quasihadronic modes in the quark-
Collisions of ’s with » and K mesons which may gluon plasma.
form such resonances are suppressed as these collisionThe evolution of the late dilute hadron gas stage should
partners of the) are much rarer than pions. Relativistic be reliably simulated by RQMD, as it relies upon hadronic
cross sections rather than a QCD-based calculation. For
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FIG. 4. The time and transverse radius distributions of midra-
FIG. 3. Time evolution of the transverse source size forpidity {)’s and nucleons at freeze-out in central kPb colli-
midrapidity baryons and pions. sions atl1584 GeV from RQMD.
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