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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 thayitid
changes considerably after hadronization in the case efAPbcollisions, whereas for smaller system sizes
(e.g., S+S) the direct particle production dominates over production from inelastic rescattering. Chemical
freeze-out times for strange baryons inHH®b are smaller than for nonstrange baryons, but they are still
sufficiently long for hadronic rescattering to contribute significantly to the fingfield.

PACS numbeps): 25.75—-q

Recent model calculations, which were successfully aptemperature describes the actual freezeftast elastic final
plied to CERN SPS data, implied that most measured parstate interaction The fact that the hadronization temperature
ticle distributions in relativistic heavy ion collisions can be is about 180 MeV, close to the critical temperature, can be
described with statistical modef4]. The underlying kine- Viewed as an indicator that the system actually crossed a
matics requires at least thermal equilibration at freeze—outphase transition. However, the fact that all inelastic scatter-

All kinetic spectra, such as the transverse momentum and tH89 Processes cease at hadronization time is a very strong
constraint. Hadronic population ratios are, in this theory, the

rapidity distributions, can be explained with a single freeze- esult of the hadronization mechanism and not caused by

g?t;ehrggfé‘;?;;bg Oxt?eﬁsgsn:ce)ijzscc?iré?r;gtxgr?lnstlr?g I\(/iilggél{xteractions during the hadronic rescattering phase. The main
: P y the -argument employed is that the relaxation times of all relevant
spectra but also the particle abundances and particle rati

: $adronic channels is well above=3 fm/c at which time
Wlth a common temperature were successful, but led to the temperature of the system has dropped beTowl85
different temperature. Whereas the slopes of all momenturiyey/ which leads to a small probability of chemical equili-
spectra yield al around 130 MeV after inclusion of the pration after hadronization. Also based on results of Hanbury
expansion velocity, the particle ratios lead tol'af about  Brown—Twiss(HBT) measurements, Stock argues that the
180 MeV for a common chemical potential. Two questionstime between hadronization and thermal freeze-out might
arise: is the chemical freeze-out decoupled from the thermalimply be too short to develop a significant inelastic cross
freeze-out and is the system chemically equilibrated atection contributiod4]. The required time interval for had-
chemical freeze-out? In a systematic study of measured parenic processes to adjust the strangeness content is long and
ticle ratios and spectra in the framework of a thermal modelthe chemical rates are small since the production of pairs of
Heinz has shown that for all CERN and AGS data the chemistrange hadrons carries a large energy penalty factor. In
cal freeze-out seems to be decoupled from the thermebtock’'s scenario it takes upward of 3 fifo equilibrate
freeze-ouf 2]. strangeness in the hadronic phase, a time span that, he pos-

Rafelksi has recently postulated that, on the basis ofulates, is not available owing to the rapid expansion prevail-
strange particle ratios measured intH?b at CERN, one has ing at hadronization time.
to assume a phase transition from QGP to hadron gas, and Surprisingly, a partonic cascade approach, which is very
that at the time of hadronization the system is not in chemidifferent from the model described above, yields results
cal equilibrium[3]. To describe the kinetic spectra and par-similar to a thermal sudden hadronization theory. Geiger and
ticle yields this model requires that the chemical compositiorEllis [5] have shown that at large incident energies the had-
of the fireball remains unchanged between hadronization angnization process can determine the final particle ratios
thermal freeze-out. That means all interactions during thidbased on its combined nonperturbative mechanisms and it
time interval have to be elastic. This model is in agreementan even lead to direct chemical equilibrium. The final mul-
with the fact that all systems from" e~ collisions up toAA tihadronic state materializes into maximal entragguilib-
collisions seem to yield the same chemical freeze-out temrum) straight out of the partonic phase. Although certain
perature[1]. Thus, the shapes of the particle spectra mightremnants of the initial particle structure functions remain, the
change due to rescattering, but the particle abundances ahddron yield near midrapidity stems mostly from the initial
ratios remain constant from hadronization on, a theory whictparton cascade processes. In this theory, the partonic phase
is commonly referred to as “sudden hadronization.” This exhibits e=2 GeV/fn? until about 2 fmé. Hadronization
process explicitly prohibits hadrochemical equilibration occurs after a formation time of about 1 fim&dnd a mixed
through rescattering. Only elastic processes can be employgihase of hadrons and partons ends-aR0 fm/c, whene is
to explain the difference between the temperature calculateléss than 0.2 GeV/ffh Although the concept of sudden had-
from particle ratios and the temperature calculated from ki+onization is lost in this theory, due to the required long
netic particle spectra. Thus, the ratios effectively reflect themixed phase between partons and hadrons, the results are
temperature at hadronization, whereas the kinetic freeze-ogbmparable to a thermal model without inelastic final state
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© 2000 ra 180 [ Kapusta and Mekjiaf9] derived estimates for the dynamical
1750 160 equilibration (relaxation times of quark flavors in a quark
1500 140 gluon gas and deduced predictions for several equilibrium
1250 120 abundance ratios. These ratios are in good agreement with
1000 Jgg the data, which led Stock4] to postulate that the equili-
750 60 brated ratios formed in prehadronization reactions do not
500 40 change during the final state interactions.
250 ¢ 20 | The main motivation for this paper is the fact that most
0 20 40 60 00 "% " w dynamic transport codes, which in the past were successfully
Time (fm/c) Time (fm/c) applied to describe data from CERN and the AGS, behave
< < 60 very differently from either the parton cascade or the thermal
+ 500 [ s0 b sudden hadronization approach. These models employ mea-
= wo b W@ / sure(_j inelastic scattering cross sections for different pgrtu_:le
species to describe the hadronic transport from hadronization
300 ¢ 30 to kinetic freeze-out. Many of the relevant particle species
200 £ 20 F are susceptible to number changing interactions, in particular
inelastic meson interactions lead to sizable contributions to
100 | 10 F . .
the hyperon production cross section. Both strangeness cre-
O ™% "0 w0 0% 0 w0 ation interactionge.g., mN—KA) and strangeness exchange
Time (fmic) Time (fm/c) interactions(e.g., KN—wA) should affect strange baryon
FIG. 1. Particle abundances as a function of time between ha -rogéct:tl(;:{d Haglin have recently pointed out that number
ronization and kinematic freeze-out. changing cross sections after hadronization seem to be rel-

evant for the description of the pion abundance at CERN
interactions. In addition there are nonequilibrium processef10]. They have shown that hadrons interact several times
which may cause a rapid hadronization of the Q@GP In before the freeze-out temperatures are reached if one as-
particular nucleation theories that assume supercooling of sumes that binary modeling starts &&=160 MeV in a
rapidly expanding quark gluon plasma show a hadroproducehemically and thermally equilibrated system. It is interest-
tion rate comparable to thermal hadronization theofi@s ing to note that the chemical equilibration times for strange
Spieleset al. nicely documented the similarities and differ- and non strange quarks shown by Stock and Pratt and Haglin
ences between a static thermal hadronic source and noneqaire very comparable. An independent study by Humanic,
librium hadronization of a QGP droplf#]. While the parton using an early version of the transport code which is the
models require a mixed phase for the proper kinematic exbasis of this paper, shows that pions interact on average ten
pansion of the system, they do not require any final statéimes between hadronization and freeze{di]. The time
interactions to describe the measured particle abundancesom hadronization to freeze-out is quite lofapout 15 fm/
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FIG. 2. Time dependence of channel contributions toAheross section irfa) Pb+Pb and(b) S+S.
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FIG. 3. Proof of detailed balance in a nonexpanding system of
fixed maximum radiusr(=10 fm). FIG. 5. Chemical freeze-out time for measuraldlgarticles.

c) in particular for the lightest mesons. If these transportnamic transport code described in REf1] to model the
models are correct then we should be able to simulate @itial state of the system at hadronization and the subsequent
guantitative dynamic evolution of all particle abundanceshadronic rescattering to freeze-out. This code has been

through the rescattering phase. shown to well represent the features and dynamic depen-
dences of the transverse mass spectra and HBT observables
HADRONIC PARTICLE RATIO SIMULATIONS for CERN SPS Pk Pb data[11]. In addition to the already

implemented cross sections for pions, kaons, nucleons and
their associated resonancgk?], we have augmented the

In the followi hat i icular th . : . i 4
n the following we attempt to prove that in particular the code to include elastic and inelastic rescattering\obary-

abundance of the singly strange baryon, s affected by opns. Certainly the application of vacuum cross sections has

a series of inelastic rescattering processes by the time th 5 be considered an approximation at the relevant particle

mal freeze-out is accomplished. We have employed the d and energy densities. Attempts to parametrize the density

dependence of measured interaction cross sections are under-
way [13], but for the time being most event generators, in
particular cascade programs, quite successfully apply free
measured cross sections to describe relativistic heavy ion
measurements. We expect the inelastic and elastic cross sec-
tions to increase at higher densities, in which case our calcu-
lations of the effect of rescattering between hadronization
and thermal freeze-out should be considered a lower limit.
The initial conditions in our model are described by a
common temperature and spatial extension. All particles
hadronize at a proper time of 1 fm/A Bjorken-type geom-
Ezee R etry was used to simulate the dynamic evolution of the fire-
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for the calculations to agree with ddthl]. Calculations are
carried out assuming initial parameter values and multiplici-
ties for each type of particle. In the last stage of the calcula-
tion, the freeze-out and decay momenta and space-times are
used to produce single-particle and two-particle observables
such as pion, kaon, nucleon, and lambda multiplicities, trans-
verse momentum and rapidity distributions, and two-boson
correlation functions. The values of the initial parameters of
FIG. 4. Relation between chemical freeze-out time and kinethe calculation are constrained to give observables which
matic freeze-out time for measurable particles. agree with available measured hadronic observables. For the

054906-3



R. BELLWIED, H. CAINES, AND T. J. HUMANIC PHYSICAL REVIEW C62 054906

b
th

. (@] 3
: g140
g N — Total g
= T A R — Direct 8120
o /N Produced ©

N
th
.

100

80 1

15t 60 |

40 ¢
osl; 20 [
o L . . . . A 0
0 5 10 15 20 25
Kinetic Freezeout Time (fmic) Kinetic Freezeout Time (fm/c)

FIG. 6. (a) Kinetic freeze-out time for the different components of thespectrum(b) Comparison between the kinetic freeze-out time
distributions of measurabl&’s, 7’s, and protons.

calculations studied in the present work, measured obsencase, the contribution from the strangeness creating, endo-
ables were obtained from the NA444,15 and NA49[16—  thermic reaction £+N—K+A) is considerably higher
18] experiments. Initial resonance multiplicity fractions arethan the one from the simple exothermic strangeness ex-

taken from the HELIOS experimeht9]. change reaction+N— 7+ A). We attribute this effect to
Figure 1 shows the effect of rescattering on all four rel-the large pion density in the rescattering volume.
evant particle abundancesr( K, nucleons, and\). In the The plots also show that production and annihilation

case of the nucleons, the nucleon resonance production amittough inelastic rescattering stops after a certain time
subsequent decay leads to no change in the number of nucl@hemical freeze-outlt turns out, though, that this is not due
ons and is thus considered an elastic process, whereas in ttteour model reaching strangeness chemical equilibrium but
pion case, generation from resonance decay is consideredrather based on the rapid expansion and the resulting drop in
number changing proces&.g., Nm—A7—Nmm). The particle density. After around 30 fimthe particle density is
same is true for vector meson productign$, ) and decay simply too small to support further inelastic scatterings
into pions. Figure 1 shows that the nucleon abundance iwhich produce strange baryons. To prove that our model
close to constant, but the meson and strange baryon abuproperly invokes detailed balance in our cross sections we
dances display a steady increase. One of the large contributhose a fixed maximum radius of 10 fm and plotted the
ing elastic reactions ism— p— ma which is fast and keeps production and annihilation channels as a function of time.
the number ofp’s in equilibrium but does not change the Figure 3 shows that, for the case of a nonexpanding system,
pion number. Reactions that change the overall pion numbehe total A yield becomes constant as the annihilation yield
such asmm— 5’ —m are generally slower and thus do equals that of the production at long times. Thus, chemical
not have a large effect on the chemical state formed at hadequilibration is possible if the expansion velocity is suffi-
ronization. In addition reactions that conserve the net numbeciently small. However, our calculations agree with other
of strange quarks occur rapidly, e.¢KN— A7, but reac- thermal model calculations in predicting that thetftb sys-
tions that change the number of strange quarks, erty., tem at CERN SPS energies does not reach chemical equilib-
—KA, are slow as they require a strange and an antistrangéum before freeze-out. Based on Fig. 1 we can conclude that
hadron to either interact or to be produced jointly. all particle ratios that include th& yield will undergo sig-
Figure 2 shows the relative contributions of all relevantnificant changes during rescattering, a fact which is incom-
reaction channels to th& abundance as a function of time patible with the notion of sudden hadronization. If we force
for the Pbt+Pb and the $S systems at the SPS. In the Pb sudden hadronization in our code by simply turning off all
case the directA production at hadronization yields only inelastic rescattering modes, our model calculations lead to a
around 50% 30 A’s) of the total yield at kinetic freeze- much smaller HBT radius in both thes andKK channels
out. The additional enhancement can be attributed foro-  compared to the actually measured radii.
duction well after hadronization. In comparison, in the Figure 4 shows the relation between kinetic and chemical
smaller S-S system the rescattering contributes only aboufreeze-out time for everjs measurable in the PbPb system
10% of the totalA yield. It should be noted that, in either after kinetic freeze-out. It is apparent that only about half of
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0.7 the required initial hadronization conditiofisitial tempera-
- g-g Fit Inverse Slope = 292+5 MeV ture and energy densijtyThis is a departure from the origi-
é 0:4 NA49 = 293+10 MeV nal wisdom thgt only I_e_ptonic probes can act as real indica-
3 tors of the initial conditions.
g 03 We have shown that th& abundance is strongly affected
3 02 by final state interactions and is not reproducible under the
~§ ' strict assumption of sudden hadronization, which requires no
% inelastic rescattering after hadronization. This does not pre-
=l clude a very short mixed phase and there is no attempt in this
§%§ paper to describe the prehadronization phase or hadroniza-
~0.07 tion itself. Our model simply estimates the considerable con-
8-32 tributions between hadronization and thermal freeze-out. The
0'04 probability of inelastic scattering is sufficiently large that
' even during the rather short time lapse between hadroniza-
0.03 tion and thermal freeze-out the yields change considerably.
Thus, conclusions drawn from the strange baryon ratios at
0.02 CERN concerning a QGP phase transition are probably an
oversimplification regarding the actual interactions inside the
‘ ‘ . . ‘ . . . fireball.
0 100 200 300 400 500 600 700 800 Our simulations agree with other thermal models that the
my,-my (MeV) chemical properties are frozen well before the kinetic spectra

but we also demonstrate that hadronization and chemical
freeze-out mostly do not coincide for strange baryons pro-
duced in PB-Pb. Thus the hadronization should occur above
) . . ) T=180 MeV which was deduced from the ratios as the tem-
the emittedA’s show a chemical freeze-out time consistentperature for chemical freeze-out. Indeed, in our calculation
with the hadronization time, which is required for suddenthe system hadronizes at 213 MeV, well above the critical
hadronization {cpeni=O.tyn=any). ManyA’s (about 25%  temperature. It is also evident that both, thechemical and
are actually produced in their final rescattering stefiefy  thermal freeze-out, occur much earlier than the proton and
=t4n). The one-dimensional projection of the chemicalpjon freeze-out. Recent detailed simulations of multistrange
freeze-out time distribution for tha’s, as shown in Fig. 5, paryon ratios and spectra, seem to indicate that this early
reveals that the chemical freeze-out occurs fast but it is nqgecoup”ng follows a trend as a function of the Strangeness
“sudden.” 90% of theA’s are chemically frozen out after 5 content. This effect can be attributed to differences in the
fm/c, but of those about 40% freeze-out after hadronizationrescattering probabilitie2]. In particular the apparent lack
Details of the according kinetic freeze-out times are dIS-of flow in the ) transverse momentum spectrum could be
played in Fig. 6. Figure @ shows the difference in kinetic correlated with the very higlf) particle ratios[23]. Both
freeze-out time between the direct and the produtezbm-  point at a uniquely different production mechanism for the
ponent. The production after rescattering significantly en{). |n Dumitru’s calculations the&)'s undergo on average
hances the average freeze-out time and alters the shape of iy collisions after hadronization, whereas the number in-
distribution. But theA freeze-out is still peaked significantly creases to 3.5 and 5 f& and A, respectively[22]. This
earlier than the pion and proton freeze-out in our mgd&]  early decoupling of th€) led van Heckeet al. to postulate
as seen in Fig.®). The main reason is that the inelastic andthat this is the reason for the lower emission temperatures for
elastic cross sections foA induced reactions are much ()'s as measured at the SP=0]. Our calculation indicates
smaller than the proton or pion interaction cross sectionsihat even the\ thermally freezes out after a few foy/due to
This trend will continue for multistrange baryons and it the rather small elastic scattering cross section during the
should lead to a very early decoupling of the from the  rescattering phase. It is our goal to extend our transport code
fireball [20]. For multistrange baryons the notion of suddentg include the multiply strange baryons to determine more
hadronization seems thus more sensible. quantitatively the dynamic differences between strange and
Figure 7 shows the transverse mass spectrum of the ernuItistrange baryons.
zen outA’s. The model is in perfect agreement with the data  The complete measurement of strange particle production
measured by NA4921], as it is for the pions and nucleons. at RHIC, from the kaon to th€), will be an important ex-
ercise. Our SPS study shows that final state interactions have
CONCLUSIONS to taken int.o account i.n order to properly describe singlys-
trange particle production. Thus, kaon afdneasurements
Based on our calculations we conclude that neitherAthe alone might not lead to conclusive proof of the formation of
yield nor any particle ratio including\’s are suitable ther- a QGP. However, plans for detailed measurements of
mometers for the hadronization temperature. These measurstrangeness production up to and including heare well
ments may still be indirect QGP indicators in any transportunderway at RHIC and we are looking forward to this excit-
code description, though, simply through determination ofing new era in relativistic heavy ion physics.

FIG. 7. Transverse mass spectrum fofrom our calculations.
The extracted slope parameter is seen to agree with(bi#t49).
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