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Statistical hadronization probed by resonances
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We study to what extent a measurement of the spectra for hadrons and their resonances can resolve
ambiguities in the statistical model description of particle production. We describe in a quantitative analysis
how physical assumptions about the freeze-out geometry and dynamics influence the particle spectra. Consid-
ering ratios ofm, distribution of resonance-patrticle ratiGmich ak*/K, X*/A, '/ ) we observe significant
sensitivity to fireball freeze-out geometry and flow dynamics.
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[. INTRODUCTION That this ratio is, in general, somewhat dependent is in
this situation due to dynamical effects, such as hadronizing
The Fermi statistical model of particle productifh-4]  matter flow and freeze-out geometry. For this reason, it can
has been used extensively in the field of relativistic heavyoe expected that the, dependence of this ratio can help
ion collisions[5]. Particle abundancies and spectra both aisolate these effects and thus remove the ambiguities in the
SPS[6—-12] and relativistic heavy-ion collidefRHIC) [13—  present freeze-out models.
18] energies have been analyzed in this way. The quality of In Sec. Il we review hadronization models and discuss
fits to experimental results was such that it became possibliéeir ambiguities. We then show in Sec. Ill how resonance
to discuss hadronization conditions quantitatively, but them, ratios can be used to distinguish between particle had-
conclusions of the groups differ. For example the values ofonization models. We close with a short discussion of open
temperature range from as low as 110 M&/14—-16to 140  issues.
MeV [10,13 to as high as 160, 170, and 180 MeV
[6,8,11,15,17,1Bat both SPS and RHIC energies. Il. STATISTICAL HADRONIZATION
These differences are on a closer inspection not very sur-
prising, since thdtacit) assumptions made about hadroniza-
tion mechanisms differ. However, this means that before we Nearly all hadronic spectra comprise a significa(50%)
can say that the freeze-out temperature has been determinedymponent from resonance decays. Fits to data, which are
we must understand precisely the origins of these differnot allowing for the decay contributions, have a very limited
ences, and proceed to ascertain which model is applicablesefulness. Particle spectra and thus yields are, in general,
We shall suggest experimental observables, which will beontrolled by the properties of statistical hadronization mod-
particularly sensitive to the differences between the hadroniels. However, some recent work fits the particle slopes only
zation scenarios, in the hope that further experimental studly7,9,14,13, treating the normalization of each particle as a
will allow us to understand the statistical hadronizationfree parameter. This approach can be argued for assuming a
mechanism. long-lived posthadronization “interacting hadron gas phase”
We begin with an overview of the differences betweenin which individual hadron abundances subject to inelastic
hadronization scenarios and their relation to the physical agnteractions evolve away from chemical equilibrium. This
sumptions used. Every model discussed here has been exteyarticular reaction picture clashes with, e.g., the fact that
sively studied before, and has gained acceptance of sonshort-lived resonance ratios can be described within the sta-
part of the heavy ion community. The theoretical principlestistical hadronization model using the chemicatatistical
that we invoke are well understood, and the methods we udeadronization freeze-out temperature obtained in stable par-
can be found scattered in literature. We shall concentratécle studieq18]. This implies that, in principle, the relative
here on an analysis of resonances produced in a heavy iarormalization of the particle spectra should be derived from
collision. Direct detection of hadronic short-lived resonancesa hadronization scenario involving flavor chemical poten-
has become possible through invariant mass reconstructidrals. In fact, a study of RHIC spectra finds that the normal-
[19-22. Resonances have already been proposed as candltation can be accounted fdd7], and that the chemical
dates for differentiating between freeze-out modgs]. equilibration temperature also describes particle spectra well.
Resonances are a sensitive probe of the freeze-out temperBhis is suggesting that any posthadronization reinteraction
ture, since the ratio of yields of particles with the same quarkphase is short and has minor influence on the particle yields.
composition is insensitive to both fugacities and phase space The problem is that the different ways to derive hadroni-
occupancies, and mass differences are greater than the hagtion particle distributions have a profound effect on the
ronization temperature considered. resulting fitted temperature. Temperature affects the absolute
Here we shall develop this reasoning one step further: Ilhumber of particles through several mechanisms and anticor-
particles were to be emitted from a static thermal source, antklates with the phase space occupancy parameggiis
feed-down corrections were performed, the ratio of reso=u,d,s [10,13. It has been found that the introduction of
nance to daughter particle would be independenimof. these parameters motivated by the need to conserve entropy

A. General remarks
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at hadronizatior{13] decreases? per degree of freedom point (x,y,z). In this fast hadronization case differirfg
considerably and lowers the freeze-out temperature by 36an be considered for physically differing models. The dif-
MeV [13]. Other workers assume the light flavors are inferent choices ok * correspond to physically different sce-
chemical equilibriun{6,8,11,18. narios, and it becomes possible, in principle, to distinguish

Considering ratios of resonances to ground state particlehem experimentally. However, if a long-lived mixed phase
eliminates the fitted temperature’s sensitivity to chemicaldoes exist, it might well be that the Cooper-Frye formula can
equilibration, since the numerator and denominator have thbe used as an approximation technique to transform a hydro-
same quark composition. In every hadronization model condynamically evolving system into hadrons, and authors who
sidered here the chemical parameters cancel out and onlorked with a long mixed phase have chosen this approach,
temperature and fireball freeze-out geometry and dynamicsee e.g., Ref.30].
influence the observed ratios.

When fitting the particle spectra, the system’s spatial
shape and the way the freeze-out progresses in time have a
considerable effect on the form of particle distributions, and The high baryon stopping power observed at SPS energies
hence on the fitted temperature and matter flow. The impad81-33 has prompted some authors to use a spherical ex-
of freeze-out geometry and dynamics on particle spectr@ansion and freeze-out as an anga@. However, at RHIC
were examined well before RHIC data became available€ollision energies the measurddl/d » [34,35 indicates that
[24,25 and it was realized that an understanding of freezearound mid-rapidity the system conditions can be approxi-
out is essential for the statistical analysis of the firefizl. mated by the Bjorken picturg6].
Even though this matter has been clearly recognized, a sys- To describe particle spectra measured around midrapidity,
tematic analysis of how freeze-out geometry affects particléherefore, boost invariance becomes the dominant symmetry
distributions is for the first time attempted here. In fact, eactpn which freeze-out geometry should be based. To construct
of the models used in the study of particle spectrasuch a hadronization scenario, we consider that the most
[9,10,14,15,1Yemploys a different choice of freeze-out ge- general cylindrically symmetric flow profile
ometry, based on different, often tacitly assumed, hadroniza-

B. Freeze-out geometry

tion scenarios. Thus, an understanding for the influence of coshiy,)coshty, ) m, coshty)

hadronization mechanism is impossible to deduce from this sinh(y, )cog 0) p,cog ¢)

diversity. uk= sinh(y, )sin( 6) . pr= sin(é) 2
However, every study of fireball hadronization we are Y1 PL

aware of uses the Cooper-Frye form{i2¥]: sinh(y )coshty, ) m, sinh(y)

(the last, longitudinal coordinate is defined along the beam

dN
= 3 3
E f PUd°Z, (P U, T.N) O(p“d°E ), @ direction leads to the following rest enerd®7]:

dp
wherep* is the particle’s four-momentunn/ is the system’s p,u“=m, coshly, Jcostly—y,)—sinhy, )cos 6— $)p, .
velocity profile, T is the temperature\ is a chemical poten-
tial, f(E,T,\) is the statistical distribution of the emitted

articles in terms of energy and conserved quantum nums : ; - - e
Eers ands* describes theggadronization eonaetr Itis thr:rhe requirement for the Bjorken picture is that the emission
. o 9 y- It volume element has the samig dependence:

covariant generalization of a volume element of the fireball,
i.e., a “3D” surface in space time from which particles are 3
emitted. 6(p“d>3.,) is the step function, which eliminates pud 2#~Acoshy—y,)+B. (4)
the possible inward emissid28,29.

The Cooper-Frye formula, Edl), is believed to be the This constrains the freeze-out hypersurface to be of the form
most general way to implement statistical hadronization
emission of particles. For it to represent a physical descrip- b ;

; X L =(tscos XY, t¢sin . 5
tion of the system, the following two conditions have to be 2#=(tcosttyy) X,y tysinfy,) ©
met: ) ) ] _ )

(i) Statistical hadronization must apply. The particlesHeret; is a parameter invariant under boosts in #irec-
emitted from a volume elemefin its comoving framgwill tion, whose physical significance depends on the model con-
be distributed according to the Bose-Einstein or Fermi-Diracidered. o o o
distributionsf(E,T,\) for some temperatur€ and fugacity For central collisions, a further simplifying constraint is
A, provided by the cylindrical symmetry, which forceés, as

(i) A “small” volume element hadronizes rapidly in its Well asy_ andy, , to be independent of the angléand .
rest frame, that is, no long-lived mixed QGP-hadronic con-The freeze-out hypersurface can be parametrized, in this

fined phase exists. case, as
If this second condition is satisfied, it becomes possible to
define a hadronization hypersurfa®eé = (t;(x,y,z),X,Y,2), 4= (t;(r)coshy,),rsin(6),rcog 6),t:(r)sinhy,)),

which specifies at which timg hadrons are emitted from the
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dss » ceding paragraphassumes that the emission occurs through
a three-dimensional hadronization surface, which is expand-
ing at a constant “velocity” (1;=dt;/dr) throughout the
fireball. Both boost-invariant and spherically symmetric ver-
sions of burning log model were considered. Even if the
hadronization velocity encompasses an extra parametéat
is worth considering since it is based on a physically moti-
vated hadronization picture. Moreover, the burning log pic-
ate ture is a suitable framework in the study of sudden hadroni-
m, coshy—y,)—p. Wcos{ 0— ¢)} zation. Sudden hadronization occurs when the fireball
encounters a mechanical instabilitg9], which combined
xterdrd ody, (8)  With the fireball's high transverse flow ensures that the emis-
sion surface spreads to the interior of the fireball with
with the same dependence on the angle as(BigEquation  =c. All of the indications suggested for such a picture seem
(1) can then be integrated over all the possible valueg of to be borne out by both SPS and RHIC dEt8,39,4Q.
and 6— ¢ to give a particle spectrum, depending purely on An approach based on the hypothesis of initial state “syn-
the transverse mass, temperature, 9Dd The fits in Refs. chronization” by the primary instant of collision and the fol-
[9,14,15,17 are based on such an ansatz. lowing independent but equivalent evolution of all volume
What distinguishes the models currently considered is thélements assumes that each element of the system undergoes
time component of the freeze-out surface. The most generdleeze-out at the same proper timeln this framework each
freeze-out hypersurface compatible with cylindrical symme-fireball element expands and cools down independently, had-
try is provided by Eq(6) Genera”y'tf (a generic function of roniZing when its temperature and denSity reach the critical
r) represents the time, in a frame Comoving with the |Ongi-Value. This model was SUCCGSSfU”y used to describe RHIC
tudinal flow, at which the surface at distancéeezes out. M. spectra[17]. In this approacht; in Eq. (6) is equal to
The fits in Refs[9,14,19 are based on a particular case of 7cosh§/,) and the hadronization hypersurface in Ef). be-
such a freeze-out surface, in whighis completely indepen- comes proportional to the flow vector:
dent ofr (dt;/dr=0). Such a picture’s physical reasonable-
ness can be questioned, e.g., why should spatially distant
volume elements, presumably with different densities and SH= Uk, €)
moving at different transverse velocities, all freeze out si-
multaneously in a longitudinally comoving frame? However,
such a simple model can perhaps serve as an approximation. d33#=rrdrdody ut=dVu, (10
More generally, the “burning log” mod€]24,38 (some-
times referred to as “blast wave”; this term, however, is also
used to refer to thet;/dr=0 model described in the pre- r=rsinh(y,). (11

=tirdrd6dy,

It dty .
cosr(yL),Ecos( 0),Wsm( 6),smr(yL)> .
(7

And the emission element takes the form

pMdSEM:

TABLE |. Freeze-out hypersurfaces at contours of constant radii.

dN @
Surface SH d_p3 Reference
Constantt; t m, Ky(Bm)lo(ap,) [7,9,14,15,41
atilor=0 ( 6)
;
Hubble coshy,)cosHy, ) m, coshfr,)lo(ep, )Ky(Bm,) — [17]
(constantr) sinhy, )cos(6) p,sinh, )1 (ap, )Ko(BM,)
| sinhy, )sin(6)
sinh(y,)coshty,)
Blast/burning log t:(r)coshy,) m, lo(ap, )Ki(Bm,)— This paper[17]
(boost invariant
0 ot
reod(6) p. S 1a(@p,)Ko(Bm,)
rsin( )
ti(r)sinh(y,)

Blast/burning log t; e / T [10,24
(spherical ( _,) € pLSinhWL)(Ell/Z(apL)

re, ot
P EISIZ(apL)

a88=[coshf ) /T, a=[sinhfy,)])/T.
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FIG. 1. (Color online While boost invariance fixes the longitudinal freeze-out structleft), several scenarios exist for the transverse
dependence of freeze-o(right). For spherical freeze-out, only plot on the right applies.

In this hadronization model the heavy ion fireball behaves To summarize and illustrate the diversity of distinct had-
similarly to the expanding Hubble universe. In the ‘Hubble’ ronization geometries, we present in Table | and Fig. 1 the
scenario, the Cooper-Frye formula reduces to the Touschedkeeze-out scenarios examined here. As we shall see the
Covariant Boltzmann distributioft,37,42,43. choice of freeze-out geometry produces in a fit of experimen-
tal data, a nontrivial effect capable of altering significantly
. the understanding of statistical hadronization parameters.
Vod pei ET_ Vlupl’«

d%p 28,(p2—m2)e Put!T
(2m)° (2m)? P 280(p ye Pu

(12 C. Flow profile

Hydrodynamical expansion of the fireball implies, in gen-
VA =VouH, (13)  eral, that each volume element will have a different density
and transverse expansion rate. For this reason, the integral
overd®3 can span a range of flows, weighted by density. In
(WhereV is the comoving fireball’s volume element in the first approximation, one can fit data using just an “average”

local rest frame. flow velocity throughout the entire firebdlr,10]:
10
Tt
106 L — dt/dr=1, no spread —— dt/dr=1, no spread
— dt/dr=1, y~r —— dt/dr=1, y~r
—— dt/dr=1, v~r* — dt/dr=1, v~r*
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FIG. 2. (Color online m, K, A, andE m, distributions obtained with different freeze-out models and flow profiles. For this and
subsequent figures, a uniform density profile was assumed.
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FIG. 3. (Color onling Dependence of th&*/K, 3*/A, and 7'/ on the freeze-out model.
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FIG. 4. (Color onling (K* +K*)/(all Kg), 3*(1385/(all A), and#'/(all 5) ratios, including feed-down from resonances.
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FIG. 5. (Color online p, dependence ofK* +K*)/(all Kg), 3*(1385/(all A), and »'/(all 5) ratios, including feed-down from
resonances.
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dN dt; freeze-out hypersurface in the Boltzmann lirggee Table I.
ETZJ rdr(E—pL d—)f(T,yL(r),)\) Boost invariant implies this is a good approximation at
d°p r midrapidity):
dt
oc(E—pL d—f)f(T,<yL>,>x)- (14 dN
r _20cS(mL!pL):f rdrs(mi 1pL1r)! (15)
dmg b3

However, if one wants to properly identifgt; /dr, the
flow profile should be taken into accoufd4]. Hydrody-  Where
namic simulationg30] accompanied by the assumption that

freeze-out happens when a volume element reaches a critical S(my,py,r)=m Ky(gm)lo(ap,)
energy density indicate that the transverse rapidity will de- ot
. . . . — . ._ f
pend linearly with the radius, i.ev,; ~tanhf). This condi — 5—rP¢Ko(,3m¢)|1(ap¢), (16)

tion, however, is appropriate for a static freeze-out and will

not in general hold if the freeze-out is sudden. Other flow

profiles have been tried in the literature, arising from dy-with

namical hypothesis. For example, the assumption that the

freeze-out occurs at the same timeresults in a quadratic coshy, (r)] sinfly, (r)]

(vecr?) flow profile [45], which has also been used recently I A (17)
in fits to data[15]. In the Hubble firebal[17] the freeze-out

conditions will also result in a distinctive flow profile. Spe- o4 Lse it to calculate the ratio between two particles with

cifically with X*=cu, we haveyver. L the same chemical composition. The chemical factors cancel
Density profiles also depend on the assumed initial cong ;t and we are left with

dition and the equation of state of the expanding QGP. It has
been showrj46] that different density choices have a con- v "
siderable effect on both the temperature and flow fits at SPS R (g_
energies. Y g
Figure 2 shows how the choice in hadronization dynamics
and flow profiles at same given freeze-out temperature anéhereg* andg refer to each particle’s degeneracy and the
transverse flow can result in a range of inverse spectreunction S(m, ,p,) is given by Eq.(16). (Note thatm, is
slopes. Here the density profiles were assumed to be unihe same foiy* andY, butp, varies)
form. It is clear that the same freeze-out parameters give rise Figure 3 shows the application of this procedure to the
to a variety of substantially different particle spectra. Con-cases K* +K*)/(Kg) (top), S*(1385)/A (middle), and
versely, fits to experimental data will only produce reliable 5’/ (bottom at two freeze-out temperatures and flows:
information on the freeze-out conditions if and when we =140 MeV, v ,,,/c=0.55 on the left, andr=170 MeV,
have a prior knowledge of the hadronization geometry ang, . /c=0.3 on the right. Significant deviations from simple
dynamics. Therefore, conclusions about statistical model fitssonstant values are observed, showing the sensitivity of the
as well as arguments whether freeze-out occurs simultaatio to freeze-out geometry and dynamics. The analytically
neously for different particles or not, cannot be answeredimple result in Eq(18) is valid only if the light particleY
while the models used to fit the data are plagued by sucRas been corrected for feed down from resonances, including
uncertainties. We will now turn to study how the measure-y* |n other words, Eq(18) as well as Fig. 3 require that

ment of spectra of short-lived resonances might provide uUgecay products from reconstruct¥d do not appear on the

S(mL !pj)

S(my ,py)’ (18

with a way of making progress. bottom of the ratio. Experiments usually do not do such feed-
down correctiond19-22, since this would increase both

IIl. MOMENTUM DEPENDENCE OF THE RESONANCE- statistical and systematic error on the ratio, and it is not
PARTICLE RATIOS AS A FREEZE-OUT PROBE always possible to do such corrections at(alidetected de-

cay9 or in the full range of experimental sensitivity.
We have shown that the measurement of resonances can Introducing the feed-down corrections into Ed8), we
probe both the hadronization temperature, and the lifetime ofbtain
the interacting hadron gas phd4e,23. Ratios of a generic
. . :
resqnance(hgnceforward calleq{ ) tq the' light particle Y coned g*S(m, ,p*)
(which we will refer to asY) with an identical number of Y = )
valence quarks are partlculz_irly sensitive probes of freeze-pu_t obsewed gs(m, ,p,)+ 2 g*byx _yR(M, ,pri)
temperature because chemical dependence cancels out within i i
the ratio. If we examine this ratio within a given, >my« (19
range, we expect to disentangle flow and freeze-out condi-
tions, since the ratior*/Y should not depend om, fora  Here, S(m, ,p,) describes the directly produced particles
purely static and thermal source. and has the form given by Eq(l5 and each term
We therefore take the most general Boost-invariantR(m, ,p7;) describes a feed-down contribution.
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In the case of an incoherent many-particle system, such atuced in regions that do not flow as much. The effect of
that we are dealing with, the dynamicatatrix elementpart  freeze-out dynamics will generally go in the same direction
of the decay amplitude factors of#7], andR(m, ,pT;) is  as freeze-out approaches the explosive linit; (dr—1).
obtained by integrating the statistical hadronization distribuHowever, both the magnitude and the qualitative features of
tion with a weight given by the phase space elements of théne two effectgflow and freeze-out velocijywill be consid-
decay products. Thus, for a geneN¢ —Y, feed down is erably different. Especially, when more than one ratio is
given by anN-body decay, measured, it would appear that we will be able to determine

N &p N the freeze-out condition. This is in contrast to the distri-
_ hlils } * ok x_ _ butions in Fig. 2, where the effects discussed in this paper
R(M..p.) fjnz E; S(ms ’pT)ﬁ( Pu™Pu ; p”‘)’ result in linear corrections, which tend to compete, making
(200 the task of extracting the freeze-out dynamics much more

) ) ambiguous. Thus, there is considerable potential of
where the integral is performed over the whole allowed re g b

. ‘resonance-particle, -ratios as a freeze-out probe.
gion. If more than one feed down occurs, EO) can be P - P

used iteratively, with the left-hand side to be fed back to the h;—sr,]ee cgssdﬁggj ert %fu? flrzr;geli\gﬂf ?ggéor:rl]c %?;’CL?Z;:T;SISQ_
right-hand side at each successive iteration. P P NP ' P

In general, this expression can get very complicated, an arentY*/Y ratio will be altered due to the depletion of the
the Monte C,arlo integration becomes necessary. For 7mo etectable resonances through the rescattering of their decay

cases considered here, where there is one feed down aRgPducts. Its dependence om_ will be affected in a non-
two- or three-body decays, E(R0) can be carried out semi- trivial way, since fastefhigherp,) resonances will have a
analytically[17,23,24. greater chance to escape the fireball without decaying, thus
Figure 4 shows the ratios, including feed down of reso-avoiding the rescattering phase altogether. Regeneration of
nances, for the same particles and statistical hadronizatioi¢sonances in hadron scattering may add anethedepen-
conditions as were studied in Fig. 3. In th&/(all A) case, dence, which is different for th2*/A and theK*/K ratios
we omitted the feed down frorE to A, which is usually [48]. Other signals of the existence of such an interacting
corrected folif this is not done, the rati@*/(all A) would  hadron gas phase have been considgt@23. Fortunately,
depend strongly on the chemical potenfilaM/e did allow there is no evidence that a rescattering phase plays a great
for the ¢— KK feed down, since it is a strong decay thatrole in particle distributions. Even so, it would seem that the
cannot so easily be corrected for. We note that the feed dowrsafest” probes for freeze-out are the particles and reso-
from particles with a different chemical composition cannotnances most unlikely to rescatter.
always be corrected for, and thus some resonance ratios will For this reason we have included thg/ 7 ratio in our
als.o gcquire amild) depgndence on the chemipal po_te”tia|3-considerations.77—> yy and 7' —yy have very different
This is even true for ratios such ag/(all 7), given differ-  pranching ratios, but have the same degeneracies and similar
entss content, in this paper, these types of chemical correcbut rather small partial widths. The electromagnetic decay
tions were set equal to unity. mode is practically insensitive to posthadronization dynam-
To further study the sensitivity of resonance-particle  jcs. Regeneration effects are suppressed since the hadronic
ratio to freeze-out dynamics, we also present(feed-down  two-pody decay channel is suppressed. All these features
corrected case as a function qf, rather tharm, in Fig. 5. make these particles interesting probes, allowing for the
Unsurprisingly, we see grossly different behaviors, withynaysis considered here, 7' mesons have been measured
many of the results coalescing. This of course is an expresy; gpg energies in they decay channdl49,50, and detec-
sion of the fact thav’f andY have dram_atlcally d|ffererm.l tors such as PHENIX are capable of reconstructing the same
at thg samen, and vice versa. We believe that thg ratio _decays at RHIC.
will, in general, be more sensitive to freeze-out dynamics, While a long rescattering phase would affect Eié dis-

since its dependence an, is dominantly due to freeze-out tribution, the effect would be very easy to detect experimen
metry an namics. However nden n : i
geometry and dynamics. However, the dependence see tally: 95% of>* decay through the wave* — A 7 chan-

in Fig. 5 provides an important self-consistency check for L H e A dms i
our previous results. We have found that the ratios are ~ N€!- MOWEVET, regenerating*’s in a gas ofA’s and «’s is
often greater than unity even though there must be mor&onsiderably more difficult, sincé\« scattering will be

ground state particles than resonances. Now it can be Seeanminated*by thes wave A7—2. This situation will not
the p, ratio that this requirement is satisfied. occur forK* — K, since both decay and regeneration hap-

pen through the same process, leading to a very fast reequili-
bration time[48]. Since both>*/A and K*/K ratios have
been calculated within the thermal modél] (neglecting

In general theny and pt dependence of the ratios in Fig. rescattering a strongly depleted */A ratio (compared with
3 and, respectively, Fig. 4 and their normalization depend&*/K) suggests that a statistical freeze-out description, such
on freeze-out geometry and dynamics. Changes in temperas that given in this paper, is incomplete, and an interacting
ture and flow velocity alter the shape. The introduction of ahadron gas phase is also necessary.
steeper flow profile will further raise all of the considered In summary, we have presented an overview of the differ-
ratios, since a considerable fraction of particles will be pro-ent statistical freeze-out models used to fit heavy ion data.

IV. DISCUSSION
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