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Time dependence of strange baryon freeze-out in relativistic heavy ion collisions
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We investigate chemical and thermal freeze-out time dependencies of strange baryon production for CERN
SPS heavy ion collisions in the framework of a dynamical hadronic transport code. We show that theL yield
changes considerably after hadronization in the case of Pb1Pb collisions, whereas for smaller system sizes
~e.g., S1S! the direct particle production dominates over production from inelastic rescattering. Chemical
freeze-out times for strange baryons in Pb1Pb are smaller than for nonstrange baryons, but they are still
sufficiently long for hadronic rescattering to contribute significantly to the finalL yield.

PACS number~s!: 25.75.2q
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Recent model calculations, which were successfully
plied to CERN SPS data, implied that most measured p
ticle distributions in relativistic heavy ion collisions can b
described with statistical models@1#. The underlying kine-
matics requires at least thermal equilibration at freeze-
All kinetic spectra, such as the transverse momentum and
rapidity distributions, can be explained with a single free
out temperature, if one assumes a certain expansion velo
after hadronization. Attempts to describe not only the kine
spectra but also the particle abundances and particle r
with a common temperature were successful, but led t
different temperature. Whereas the slopes of all momen
spectra yield aT around 130 MeV after inclusion of th
expansion velocity, the particle ratios lead to aT of about
180 MeV for a common chemical potential. Two questio
arise: is the chemical freeze-out decoupled from the ther
freeze-out and is the system chemically equilibrated
chemical freeze-out? In a systematic study of measured
ticle ratios and spectra in the framework of a thermal mod
Heinz has shown that for all CERN and AGS data the che
cal freeze-out seems to be decoupled from the ther
freeze-out@2#.

Rafelksi has recently postulated that, on the basis
strange particle ratios measured in Pb1Pb at CERN, one has
to assume a phase transition from QGP to hadron gas,
that at the time of hadronization the system is not in che
cal equilibrium@3#. To describe the kinetic spectra and pa
ticle yields this model requires that the chemical composit
of the fireball remains unchanged between hadronization
thermal freeze-out. That means all interactions during
time interval have to be elastic. This model is in agreem
with the fact that all systems frome1e2 collisions up toAA
collisions seem to yield the same chemical freeze-out t
perature@1#. Thus, the shapes of the particle spectra mi
change due to rescattering, but the particle abundances
ratios remain constant from hadronization on, a theory wh
is commonly referred to as ‘‘sudden hadronization.’’ Th
process explicitly prohibits hadrochemical equilibrati
through rescattering. Only elastic processes can be empl
to explain the difference between the temperature calcul
from particle ratios and the temperature calculated from
netic particle spectra. Thus, the ratios effectively reflect
temperature at hadronization, whereas the kinetic freeze
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temperature describes the actual freeze-out~last elastic final
state interaction!. The fact that the hadronization temperatu
is about 180 MeV, close to the critical temperature, can
viewed as an indicator that the system actually crosse
phase transition. However, the fact that all inelastic scat
ing processes cease at hadronization time is a very st
constraint. Hadronic population ratios are, in this theory,
result of the hadronization mechanism and not caused
interactions during the hadronic rescattering phase. The m
argument employed is that the relaxation times of all relev
hadronic channels is well abovet53 fm/c at which time
the temperature of the system has dropped belowT5185
MeV which leads to a small probability of chemical equi
bration after hadronization. Also based on results of Hanb
Brown–Twiss ~HBT! measurements, Stock argues that t
time between hadronization and thermal freeze-out mi
simply be too short to develop a significant inelastic cro
section contribution@4#. The required time interval for had
ronic processes to adjust the strangeness content is long
the chemical rates are small since the production of pair
strange hadrons carries a large energy penalty factor
Stock’s scenario it takes upward of 3 fm/c to equilibrate
strangeness in the hadronic phase, a time span that, he
tulates, is not available owing to the rapid expansion prev
ing at hadronization time.

Surprisingly, a partonic cascade approach, which is v
different from the model described above, yields resu
similar to a thermal sudden hadronization theory. Geiger
Ellis @5# have shown that at large incident energies the h
ronization process can determine the final particle ra
based on its combined nonperturbative mechanisms an
can even lead to direct chemical equilibrium. The final m
tihadronic state materializes into maximal entropy~equilib-
rium! straight out of the partonic phase. Although certa
remnants of the initial particle structure functions remain,
hadron yield near midrapidity stems mostly from the init
parton cascade processes. In this theory, the partonic p
exhibits e>2 GeV/fm3 until about 2 fm/c. Hadronization
occurs after a formation time of about 1 fm/c and a mixed
phase of hadrons and partons ends att'20 fm/c, whene is
less than 0.2 GeV/fm3. Although the concept of sudden had
ronization is lost in this theory, due to the required lo
mixed phase between partons and hadrons, the results
comparable to a thermal model without inelastic final st
©2000 The American Physical Society06-1



se

of
u

r-
eq

e
ta
c

al

um
with
-
not

st
fully
ave

al
ea-

icle
tion
ies
ular

to
cre-
e

n

ber
rel-

RN
es
as-

st-
ge
glin

nic,
the

ten

a

R. BELLWIED, H. CAINES, AND T. J. HUMANIC PHYSICAL REVIEW C62 054906
interactions. In addition there are nonequilibrium proces
which may cause a rapid hadronization of the QGP@6#. In
particular nucleation theories that assume supercooling
rapidly expanding quark gluon plasma show a hadroprod
tion rate comparable to thermal hadronization theories@7#.
Spieleset al. nicely documented the similarities and diffe
ences between a static thermal hadronic source and non
librium hadronization of a QGP droplet@8#. While the parton
models require a mixed phase for the proper kinematic
pansion of the system, they do not require any final s
interactions to describe the measured particle abundan

FIG. 1. Particle abundances as a function of time between h
ronization and kinematic freeze-out.
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Kapusta and Mekjian@9# derived estimates for the dynamic
equilibration ~relaxation! times of quark flavors in a quark
gluon gas and deduced predictions for several equilibri
abundance ratios. These ratios are in good agreement
the data, which led Stock@4# to postulate that the equili
brated ratios formed in prehadronization reactions do
change during the final state interactions.

The main motivation for this paper is the fact that mo
dynamic transport codes, which in the past were success
applied to describe data from CERN and the AGS, beh
very differently from either the parton cascade or the therm
sudden hadronization approach. These models employ m
sured inelastic scattering cross sections for different part
species to describe the hadronic transport from hadroniza
to kinetic freeze-out. Many of the relevant particle spec
are susceptible to number changing interactions, in partic
inelastic meson interactions lead to sizable contributions
the hyperon production cross section. Both strangeness
ation interactions~e.g.,pN→KL) and strangeness exchang
interactions~e.g., KN→pL) should affect strange baryo
production.

Pratt and Haglin have recently pointed out that num
changing cross sections after hadronization seem to be
evant for the description of the pion abundance at CE
@10#. They have shown that hadrons interact several tim
before the freeze-out temperatures are reached if one
sumes that binary modeling starts atT5160 MeV in a
chemically and thermally equilibrated system. It is intere
ing to note that the chemical equilibration times for stran
and non strange quarks shown by Stock and Pratt and Ha
are very comparable. An independent study by Huma
using an early version of the transport code which is
basis of this paper, shows that pions interact on average
times between hadronization and freeze-out@11#. The time
from hadronization to freeze-out is quite long~about 15 fm/

d-
FIG. 2. Time dependence of channel contributions to theL cross section in~a! Pb1Pb and~b! S1S.
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TIME DEPENDENCE OF STRANGE BARYON FREEZE- . . . PHYSICAL REVIEW C 62 054906
c) in particular for the lightest mesons. If these transp
models are correct then we should be able to simulat
quantitative dynamic evolution of all particle abundanc
through the rescattering phase.

HADRONIC PARTICLE RATIO SIMULATIONS

In the following we attempt to prove that in particular th
abundance of the singly strange baryon, theL, is affected by
a series of inelastic rescattering processes by the time
mal freeze-out is accomplished. We have employed the

FIG. 3. Proof of detailed balance in a nonexpanding system
fixed maximum radius (r 510 fm!.

FIG. 4. Relation between chemical freeze-out time and ki
matic freeze-out time for measurableL particles.
05490
t
a

s

er-
y-

namic transport code described in Ref.@11# to model the
initial state of the system at hadronization and the subseq
hadronic rescattering to freeze-out. This code has b
shown to well represent the features and dynamic dep
dences of the transverse mass spectra and HBT observ
for CERN SPS Pb1Pb data@11#. In addition to the already
implemented cross sections for pions, kaons, nucleons
their associated resonances@12#, we have augmented th
code to include elastic and inelastic rescattering ofL bary-
ons. Certainly the application of vacuum cross sections
to be considered an approximation at the relevant part
and energy densities. Attempts to parametrize the den
dependence of measured interaction cross sections are u
way @13#, but for the time being most event generators,
particular cascade programs, quite successfully apply
measured cross sections to describe relativistic heavy
measurements. We expect the inelastic and elastic cross
tions to increase at higher densities, in which case our ca
lations of the effect of rescattering between hadronizat
and thermal freeze-out should be considered a lower lim

The initial conditions in our model are described by
common temperature and spatial extension. All partic
hadronize at a proper time of 1 fm/c. A Bjorken-type geom-
etry was used to simulate the dynamic evolution of the fi
ball from hadronization time. No initial radial flow is neede
for the calculations to agree with data@11#. Calculations are
carried out assuming initial parameter values and multipl
ties for each type of particle. In the last stage of the calcu
tion, the freeze-out and decay momenta and space-times
used to produce single-particle and two-particle observa
such as pion, kaon, nucleon, and lambda multiplicities, tra
verse momentum and rapidity distributions, and two-bos
correlation functions. The values of the initial parameters
the calculation are constrained to give observables wh
agree with available measured hadronic observables. Fo

f

-

FIG. 5. Chemical freeze-out time for measurableL particles.
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FIG. 6. ~a! Kinetic freeze-out time for the different components of theL spectrum.~b! Comparison between the kinetic freeze-out tim
distributions of measurableL ’s, p ’s, and protons.
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calculations studied in the present work, measured obs
ables were obtained from the NA44@14,15# and NA49@16–
18# experiments. Initial resonance multiplicity fractions a
taken from the HELIOS experiment@19#.

Figure 1 shows the effect of rescattering on all four r
evant particle abundances (p, K, nucleons, andL). In the
case of the nucleons, the nucleon resonance production
subsequent decay leads to no change in the number of n
ons and is thus considered an elastic process, whereas i
pion case, generation from resonance decay is consider
number changing process~e.g., Np→Dp→Npp). The
same is true for vector meson production (r,f,v) and decay
into pions. Figure 1 shows that the nucleon abundanc
close to constant, but the meson and strange baryon a
dances display a steady increase. One of the large contr
ing elastic reactions ispp→r→pp which is fast and keeps
the number ofr ’s in equilibrium but does not change th
pion number. Reactions that change the overall pion num
such aspp→h8→ppp are generally slower and thus d
not have a large effect on the chemical state formed at h
ronization. In addition reactions that conserve the net num
of strange quarks occur rapidly, e.g.,KN→Lp, but reac-
tions that change the number of strange quarks, e.g.,pN
→KL, are slow as they require a strange and an antistra
hadron to either interact or to be produced jointly.

Figure 2 shows the relative contributions of all releva
reaction channels to theL abundance as a function of tim
for the Pb1Pb and the S1S systems at the SPS. In the P
case the directL production at hadronization yields onl
around 50% ('30 L ’s! of the total yield at kinetic freeze
out. The additional enhancement can be attributed toL pro-
duction well after hadronization. In comparison, in t
smaller S1S system the rescattering contributes only ab
10% of the totalL yield. It should be noted that, in eithe
05490
v-

-

nd
le-
the
d a

is
n-

ut-

er

d-
er

ge

t

t

case, the contribution from the strangeness creating, e
thermic reaction (p1N→K1L) is considerably higher
than the one from the simple exothermic strangeness
change reaction (K1N→p1L). We attribute this effect to
the large pion density in the rescattering volume.

The plots also show thatL production and annihilation
through inelastic rescattering stops after a certain ti
~chemical freeze-out!. It turns out, though, that this is not du
to our model reaching strangeness chemical equilibrium
rather based on the rapid expansion and the resulting dro
particle density. After around 30 fm/c the particle density is
simply too small to support further inelastic scatterin
which produce strange baryons. To prove that our mo
properly invokes detailed balance in our cross sections
chose a fixed maximum radius of 10 fm and plotted theL
production and annihilation channels as a function of tim
Figure 3 shows that, for the case of a nonexpanding sys
the totalL yield becomes constant as the annihilation yie
equals that of the production at long times. Thus, chem
equilibration is possible if the expansion velocity is suf
ciently small. However, our calculations agree with oth
thermal model calculations in predicting that the Pb1Pb sys-
tem at CERN SPS energies does not reach chemical equ
rium before freeze-out. Based on Fig. 1 we can conclude
all particle ratios that include theL yield will undergo sig-
nificant changes during rescattering, a fact which is inco
patible with the notion of sudden hadronization. If we for
sudden hadronization in our code by simply turning off
inelastic rescattering modes, our model calculations lead
much smaller HBT radius in both thepp andKK channels
compared to the actually measured radii.

Figure 4 shows the relation between kinetic and chem
freeze-out time for everyL measurable in the Pb1Pb system
after kinetic freeze-out. It is apparent that only about half
6-4
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the emittedL ’s show a chemical freeze-out time consiste
with the hadronization time, which is required for sudd
hadronization (tchem50,tkin5any). ManyL ’s ~about 25%!
are actually produced in their final rescattering step (tchem
5tkin). The one-dimensional projection of the chemic
freeze-out time distribution for theL ’s, as shown in Fig. 5,
reveals that the chemical freeze-out occurs fast but it is
‘‘sudden.’’ 90% of theL ’s are chemically frozen out after
fm/c, but of those about 40% freeze-out after hadronizati
Details of the according kinetic freeze-out times are d
played in Fig. 6. Figure 6~a! shows the difference in kinetic
freeze-out time between the direct and the producedL com-
ponent. The production after rescattering significantly
hances the average freeze-out time and alters the shape
distribution. But theL freeze-out is still peaked significantl
earlier than the pion and proton freeze-out in our model@11#
as seen in Fig. 6~b!. The main reason is that the inelastic a
elastic cross sections forL induced reactions are muc
smaller than the proton or pion interaction cross sectio
This trend will continue for multistrange baryons and
should lead to a very early decoupling of theV from the
fireball @20#. For multistrange baryons the notion of sudd
hadronization seems thus more sensible.

Figure 7 shows the transverse mass spectrum of the
zen outL ’s. The model is in perfect agreement with the da
measured by NA49@21#, as it is for the pions and nucleon

CONCLUSIONS

Based on our calculations we conclude that neither thL
yield nor any particle ratio includingL ’s are suitable ther-
mometers for the hadronization temperature. These meas
ments may still be indirect QGP indicators in any transp
code description, though, simply through determination

FIG. 7. Transverse mass spectrum forL from our calculations.
The extracted slope parameter is seen to agree with data~NA49!.
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the required initial hadronization conditions~initial tempera-
ture and energy density!. This is a departure from the origi
nal wisdom that only leptonic probes can act as real indi
tors of the initial conditions.

We have shown that theL abundance is strongly affecte
by final state interactions and is not reproducible under
strict assumption of sudden hadronization, which requires
inelastic rescattering after hadronization. This does not p
clude a very short mixed phase and there is no attempt in
paper to describe the prehadronization phase or hadron
tion itself. Our model simply estimates the considerable c
tributions between hadronization and thermal freeze-out.
probability of inelastic scattering is sufficiently large th
even during the rather short time lapse between hadron
tion and thermal freeze-out the yields change considera
Thus, conclusions drawn from the strange baryon ratios
CERN concerning a QGP phase transition are probably
oversimplification regarding the actual interactions inside
fireball.

Our simulations agree with other thermal models that
chemical properties are frozen well before the kinetic spe
but we also demonstrate that hadronization and chem
freeze-out mostly do not coincide for strange baryons p
duced in Pb1Pb. Thus the hadronization should occur abo
T5180 MeV which was deduced from the ratios as the te
perature for chemical freeze-out. Indeed, in our calculat
the system hadronizes at 213 MeV, well above the criti
temperature. It is also evident that both, theL chemical and
thermal freeze-out, occur much earlier than the proton
pion freeze-out. Recent detailed simulations of multistran
baryon ratios and spectra, seem to indicate that this e
decoupling follows a trend as a function of the strangen
content. This effect can be attributed to differences in
rescattering probabilities@22#. In particular the apparent lac
of flow in the V transverse momentum spectrum could
correlated with the very highV particle ratios@23#. Both
point at a uniquely different production mechanism for t
V. In Dumitru’s calculations theV ’s undergo on average
two collisions after hadronization, whereas the number
creases to 3.5 and 5 forJ and L, respectively@22#. This
early decoupling of theV led van Heckeet al. to postulate
that this is the reason for the lower emission temperatures
V ’s as measured at the SPS@20#. Our calculation indicates
that even theL thermally freezes out after a few fm/c, due to
the rather small elastic scattering cross section during
rescattering phase. It is our goal to extend our transport c
to include the multiply strange baryons to determine m
quantitatively the dynamic differences between strange
multistrange baryons.

The complete measurement of strange particle produc
at RHIC, from the kaon to theV, will be an important ex-
ercise. Our SPS study shows that final state interactions h
to taken into account in order to properly describe singl
trange particle production. Thus, kaon andL measurements
alone might not lead to conclusive proof of the formation
a QGP. However, plans for detailed measurements
strangeness production up to and including theV are well
underway at RHIC and we are looking forward to this exc
ing new era in relativistic heavy ion physics.
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