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Description of strange particle production in Au+Au collisions of \syy=130 GeV
in a single-freeze-out model
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Strange particle ratios angl, spectra are calculated in a thermal model with single freeze-out, previously
used successfully to describe nonstrange particle production at RHIC. The model and the recently released data
for ¢, A, A, andK* (892)° are in very satisfactory agreement, showing that the thermal approach can be used
to describe the strangeness production at RHIC.
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[. INTRODUCTION namic parameters reach the freeze-out conditions. In other
words, the possible elastic rescattering processes after the
In this paper we calculate the ratios and fhespectra for chemical freeze-out are neglected. This assumption opposes
the strange particles produced at RHIC\at=130 GeVA. the most popular scenari®2], where the two freeze-outs are
We use the thermal model witsingle-freeze-outThe work ~ separated. The argument used in this context is the difference
is a direct follow-up of our previous study reported in Ref. of scales, following from the fact that the elastic cross sec-
[1]. The very recent data from the STAR Collaboration ontions are, for most channels, much larger than the inelastic

the production of¢ [2], A [3], A [3], andK*(892)° [4] are  cross sectiongnote, however, that this is not the case iqr
confronted with the model and a very good agreement ignteractions, where the inelastic channel dominat@he

found. scenario with a single freeze-out is natural if the hadroniza-
Enhanced strangeness production in the high-energfon occurs in such conditions that neither elastic nor inelas-

nuclear collisions, relative to more elementamy or e"e~  tic processes are effective. An example here is the picture of

collisions, was proposed many years 4§¢@] as a signal of the supercooled plasma of RgL3].

the quark-gluon plasma formatioffor more recent argu- Recently, new hints have been presented in favor of

ments and discussion see, e.g., R@). In the meantime, smaller rescattering effects at RHIC: a successful reconstruc-
the experimental evidence for the enhancement has indedi@n of theK* (892)° states has been achieved by the STAR
been found, however, its significance for the plasma formaCollaboration[4]. As indicated by the authors, either the
tion remains an open problefB]. The ratios of the particle daughter particles from the decay* (892)°— wK do not
abundances measured in PBb collisions at SPS \(g rescatter or the expansion time between the chemical and
=17 GeVA) and in AutAu collisions at RHIC (/s thermal freeze-out is shorter than the (892)° lifetime (7
=130 GeVA) are very well explained in the framework of =4 fm/c). In addition, the fact that the experimentally mea-
the thermal models which use the hadronic degrees of freeiured yields oK* (892)° [4] are very well reproduced in the
dom only[9—11]. In this approach one assumes that the neframework of the thermal mode(d.0,11] suggests the pic-
strangeness is zero, and the strange hadrons are in a compl84e Wwith a very short expansion time between the two
thermal and chemical equilibrium with other hadrons. Afreeze-outs, as proposed in REL]. o

combination of the thermal model with a suitable hydrody- An important feature of our analysis iscempletetreat-
namic expansioithe single-freeze-ounodel of Ref[1]) led ~ Ment of the hadronic resonances, with all particles from the
to a very good quantitative description of the RHIC Particle Data tabl¢14] taken into account in the analysis of
transverse-momentum spectra of pions, kaons, and proton0th the ratios and the spectra. This effectively leads to
In this paper we present the predictions of this model for thecooling” of the hadronic spectra by 30-40 MeVY11],
production of other particles, with a special emphasis on th&hich is a very important effe¢tL5], crucial to obtain agree-
strangeness production. Without any refitting of the two therment with the data.

mal and two expansion parameters of Héf, we calculate The final ingredient of our model is the choice of the
the p, spectra ofg, A, A, K* (8920, =, 3, andQ. The freeze-out hypersurface, which is, in the spirit of R¢16—

23], defined by th diti
spectra ofp, A, A, andK* (892)° are in a very good agree- ], defined by the condition

ment with the very recently released df2a-4]. The spectra r=t?—ri- rf,— rzzconst. (1)
of other particles are also presented and will be confronted
with the incoming future data. We also compute the thermallhe transverse siz@,= \/rxz+ ryz, is limited by the condition

spectrum of thel/ . P<pmax- Thet andr, coordinates, appearing in the boost-
invariant combination, are not limited, hence the model is
Il. DEFINITION OF THE MODEL boost invariant. We have checked numerically that this ap-

proximation works very well for calculations in the central-
The main assumption of our model is that the chemicakapidity region. Finally, we assume that the four-velocity of
freeze-out occurs simultaneously with the thermal freeze-outhe hydrodynamic expansion at freeze-out is proportional to
i.e., the hadrons decouple completely when the thermodythe coordinatéHubble-like expansion
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Uﬂzgzé( %%% @ 7=7.66 fm, pgu=6.69 fm. (4

In the present paper we use the values of the parameters
given by Egs(3) and(4), and calculate the spectra of other

The question arises as to what extent the assumptlons \54r0ns. As in Ref[1], the spectra are obtained from the
and (2) are realistic. Typically, in a hydrodynamic approach Cooper-Fryg 28,34 formula

the freeze-out hypersurface contains, in théme plane, a

timelike part, and a spacelike pdit7—23. There is a con- dN
ceptual problem her24—-27. A part of the particles emitted : =f p“ds ,fi(p-u), (5)
from the spacelike surface goes backwards into the fire cyl- d?p, dy

inder and reequilibrates. A common prescription is to ex- ) _ _

clude these contributions by hand. In our parametrization wavherep* is the four-momentum of the particld , is the
neglect the spacelike part altogether, thus avoiding the abowolume element of the hypersurface defined by condition
problem. The timelike part of the hypersurface has, in manyand f; is the phase-space distribution function for particle
calculations, the feature that the outer regions in the transsPecies. It is composed from the initial and secondary par-
verse direction freeze earlier than the inner regions. This ié§icles, see the Appendix, proving that this is a correct ap-
Opposite to what follows from Eq(l), or from the com- proach for the case Wherﬁ,ﬂ~u# . The formulas valid for
monly used versions of the blast-wave model, where thé@ general expansion are also given in the Appendix.
freeze-out occurs at a constant value of time in phéme

plane. Our present form for the hypersurface and for the . RESULTS

velocity field corresponds to the so calledaling solution
[17,28,29, which is obtained in the case of a small soun
velocity in the medium. Naturally, validity of the assump-
tions and their relevance for the results should be examine
in greater detail. In particular, the consequences of the spe- a-

cific choice of the freeze-out hypersurface must be studied. ——=0.18,
The spherically symmetric case without the decays of reso-
nances was investigated in R¢80]. In Ref.[1] we have
checked that two different models lead to very close predic-
tions for the spectra. Other parametrizations may be also
verified with the help of the formulas given in the Appendix.
One should bare in mind that at the moment there is no O
microscopic approach capable of reproducing all the features o~ ~085 ===0.76, S 1.02. (8)
of the RHIC datgabundances, spectra, and HBT radiuch

that the issue of how the hadronization and freeze-out occufye experimental value for th&/p ratio follows from the

is very much open. _ _data published in Ref§3,33]. The feeding from weak de-
_The model has four parameters possessing clear physicglys has been included in the above ratios. For example, the
interpretation. The first MO parameters are the te.mperaturtﬁ]umpncity of E contains a contribution from th@ decay,

T, and the baryon chemical potentialg . These are fixed by 44 the multiplicity of A contains contributions from the
the analysis of the ratios of the particle abundariéé$ The decays off, 3, and(). When the feeding from weak decays

next two parameters, concerning the model of expansion, afg eycluded, the following ratios are noticeably altered:
the invariant time,;r, and the transverse sizg,,,x. The in-

variant time describes the lifetime of the system, ahdon- o

trols the overall normalization of the hadron multiplicities. TZO'%’ E=0.26. 9
On the other hand, the ratjn,,,/ 7 influences the slopes of
thep, spectra. The expansion parameters have been fitted
the spectra[Bl,BZ_ in Ref. [1] by the least-squares method. ¢ higher= resonances, in particul&(1690), whose prop-
We note thajpmay is directly related, through Eq2), to the o ies(spin) are not known. This leads to a theoretical error
amount of the transverse flow, crucial for the shape of they ot jeast 109%. This is a general feature of the thermal fits.
transverse-momentum distributions. The maximum value Ofrpg heayier particles receive contributions from their excited
the transverse fluid velocity, reached at the boundary, i§¢stes however the experimental particle spectrum is less

d The thermodynamic parameters used in our model, Eq.
(3), yield the following ratios of the strange hadron abun-
gances:

2
=0.55, —=0.20, (6)

A
r 0.47 (0.49+0.03) gy, (7

10

+ +

| I

I

he abundance of tHe hyperon is sensitive to the inclusion

BT*=0.66, while the average value (8, )=0.49. known as the mass increases. The higher mass states are
We use the previously found valugsl] for the thermal  gppressed by the thermodynamic factor; on the other hand,
parameters: they are more numerous, according to the Hagedorn hypoth-
esis. For the recent discussion of this issue see R&5s36.
T=165 MeV, ug=41 MeV. (3 For theJ/ we obtain
The fit to thep, spectra of pions, kaons, and protons for the J/_‘ﬁzo 12%10°6 (10)

most central collisions yieldeldL]
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oy STAR + PHENIX than the analysis of the abundances, since it requires the
- most central implementatior{1,11] of the cascade processes according to
100 i (a) the formulas of the Appendix. The results are shown in Fig.

2 -2
d N/(21:pldpldy)|y=o [GeV?]
o
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0.001
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1. The upper part displays the spectra of pions, kaons, anti-
protons(already presented in Rdf1]}), the ¢ mesons, and
the K* (892)° mesons. With the parameters fixed in Réf|

with help of the spectra of pions, kaons, and antiprotons, we
now obtain thep, spectrum of thep mesons, which agrees
very well with the recently reported measuremgnk The
model curve crosses out five of the nine data points; one
should also bear in mind that the systematic experimental
errors are expected at the level of about 2@%b The experi-
mental ratios for the most-central evef?d agree well with

the output of our model:

¢ _
==0.019

Ki_=0.15 (0.10-0.16) eypt-

We recall that the) meson deserves particular attention
in relativistic heavy-ion collisions. It serves as a very good
“thermometer” of the system, since its interaction with the
hadronic environment is negligible. Also, it does not obtain
any contribution from the resonance decays, thus its spec-
trum reflects directly the distribution at freeze-out and the
flow.

The upper part of Fig. 1 shows also the averaged spec-
trum of K*'s. In this case the model calculation is compared
to the very recently released ddtd. Once again we observe
a very good agreement between the model curve and the
experimental points. The measured ratios involving the yield
of K*(892)° [4] also agree well with the output of the ther-

(0.0210.003) g,

11

mal model:

FIG. 1. (a) The p, spectra at midrapidity of pions, kaons, anti-
protons, thep mesons, and thk* (892)° mesons, anéb) of A, A, K*0
37, 27, O, andJ/y. The open and filled symbols describe the 70090 (0.92£0.14) ¢y,
STAR and PHENIX highest-centrality data, respectively, for Au K
+Au at s¥?=130 GeVA. All theoretical curves and the data are
absolutely normalized. The two expansion parameters of the model
were fitted to the spectra of pions, kaons, and antiprotons in Ref. h-
[1]. The model curves include full feeding from the weak decays.
The data come from Refg2,3,31-33. The STAR data for K*0
7 ,K™,¢, andK*’s are preliminary. The data include full feeding
from weak decays. K

K*O

=0.046 (0042t 0.004+ O-ODeXpU

=0.33 (0.26+0.03*0.07) ey,

The abundance af/ ¢ is an order of magnitude lower than

the values obtained in Reff37,38, where a wide class of

reactions is studied and the ratid/ (;)/h~ =10 is found.

Note, however, that due to the large mass/af, the ratio is  As already mentioned in the Introduction, the successful de-

very sensitive to the chosen freeze-out temperature. The racription of both the yield and the spectrum it (892)°

tios (6)—(10) are predictions of our model, to be verified by

future data. More elaborate models, taking into account nom=————

thermalJ/y production, are described in Ref89,40. 4y Ref. [1] the preliminary data fop [32] were presented that
More detailed information about the hadron production isexclude the feeding from the weak decays through the use of the

of course, contained in the transverse-momentum SpectrgJING model. The correction for weak decays results in about

Several calculations have been performed recently in the hy»0% reduction of the normalization of the spectrum. In the present

drodynamic approachdgtl—44. In the framework of the paper the official data are presentg&8], which include the full

thermal models such a calculation is much more involvedeeding from weak decays.

% 042 (0.49+0.05 0.12) ey

ol (12)
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08 Jy\. spectra of pions and kaons arenvex whereas for the re-
S maining particles they are concave, the more heavier the par-

07 ticle is. All curves in Fig. 2 asymptote to the value

3

8.8 ! 363 MeV.  (14)

= o™= = eVv.

g— 05 \/1+ p%a)! 7'2_Pmal></7'

[

% oa This formula, specific for our expansion model, is simple to
> 0.

£

obtain from Eq.(5) with f; given by the exponential form,
which is true at largen, , where the feeding from the reso-
nance decays is absent. As can be seen from Fig. 2, the
asymptotics is reached slowly for most of the particles.

0.3

IV. EXCLUDED-VOLUME EFFECTS

FIG. 2. The in\_/erse-slope parameters for various particles, cal- o fitted values for the geometric parameterand p
culated as a function of the transverse mass, The constanto  4ya |ow, of the order of the size of the colliding nuclei. This
is the mass of the given particle. leads to two problems(i) the values of the HBT radji45]

are too small when compared to experiment, é&ndhere is
mesons supports the concept of the thermal description dittle time left for the system to develop large transverse flow.
hadron production at RHIC, and brings evidence for smallThe problems can be helped by the inclusion of the
expansion time between chemical and thermal freeze-outs. #xcluded-volumevan der Waals corrections. Such effects
the K*(892)° mesons decayed between chemical and therwere realized to be important in the earlier studies of the
mal freeze-outs, the emitted pions and kaons would rescattgarticle multiplicities in relativistic heavy-ion collisions
and theK* (892)° states could not be reconstructed. In addi-[46—48, where they led to a significant dilution of system.
tion, if only a fraction of thekK*(892)° yield was recon- In the case of the classicéBoltzmann statistics, which is a
structed, it would not agree with the outcome of the thermalery good approximation for our syste#9], the excluded-
analysis which provides the particle yields at the chemicalolume corrections bring in a fact¢47]
freeze-out. Thus, the expansion time between chemical and

thermal freeze-outs should be smaller than Ke(892)° e Pui/T
lifetime, 7=4 fm/c [4]. , (15
The lower part of Fig. 1 shows the spectra of strange 1+2 vje’P”J’Tnj
]

baryons, and thd/ meson. The data foA and A were

taken from Ref[3]. The p, dependence of the spectrum of

A and A is quite satisfactorily reproduced, within 20%, by 4 3. i h

the model calculation. The other curves in the figure are our437Ti iS the excluded volume for the particle of spedies

predictions. andn; is the density of particles of speciesThe pressure is
In Fig. 2 we give the inverse-slope parameters for variougalculated self-consistently from the equation

particles, defined as

into the phase-space integrals, whérés the pressurey;

P=2> PXT,ui—Pui/T)=2 PXT,upe ™i'T, (16

)\i:_

d | dN;
dm, : 277m, dm, dy

-1
y=0” . (13 0. , .
whereP; is the partial pressure of the ideal gas of hadrons of
specied. For the simplest case where the excluded volumes
) o _ for all particles are equal;;=r, the correction manifests
This definition reduces to a constant for the exponentialise|f as a common scale factor, which we denoteSy.

spectrum, exptm, /A). As can be seen from the figure, the The Frye-Cooper formula can then be written in the fofih
inverse slopes depend strongly on the valuengf in the

region of interest. The same conclusion has been reached in
Ref.[20]. Thus, at least from the viewpoint of our model, it

is impossible to describe the spectra in terms of a single d?p
slope parameter, as is most commonly practiced in the inter-
pretation of the data. Secondly, the inverse slope increases % wd§p~u8‘3fi(p'u), (17)
with the growing mass of the hadron, however, this increase

is not linear and it is not possible to parametrize it with a

simple formula. Recall that the spectra are fed by the decays—

of resonances, which is an important effect, significantly re- we use the convention that a function with positive second de-
ducing the inverse slope at lower valueswf [11]. Them, rivative is convex.

dN; +oo Pmax/ T .
=r3j da”f sinha, d(sinha, )
dy —o 0
2
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where p-u=m, coshejcosha, —p, cosésinha, . The  persurface and velocity.e., the inclusion of the longitudinal

emergence of the fact® 2 in Eq.(17) may be compensated and transverse flowsallows for an efficient and uniform

by rescalingp and = by the factorS That way the system description of the RHIC spectra. A further verification of the

becomes more dilute and larger in such a way that the pamodel will be provided by the calculation of the HBT corre-

ticle multiplicities and the spectra are left intact. lation radii, as well as the analysis of noncentral events,
For our values of the thermodynamic parameters, withwhich are currently being examined.

> PY(T,u;)=80 MeV/fin®, we find S=1.3 with r

=0.6 fm, andS=1.6 with r=0.8 fm. Such values of the ACKNOWLEDGMENTS
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sibility that the problemgi) and (ii)) may be alleviated. A '

more detailed analysis will be presented elsewhere. APPENDIX

V. CONCLUSIONS Let us consider a sequence of the resonance decays. The
initial resonance decouples on the freeze-out hypersurface at
The presented model results for the strange hadron prahe Space_time poimN, and decays after an average time
duction at RHIC support the idea that also these particles af@yersely proportional to the widthry~1/1"y. We follow
produced thermally. No extra parametéesg., strangeness one of the decay products, formed at the poigt ;. It de-
suppression factoysare necessary. This is an important in- cays again after a timey_;, and so on. At the end of the
formation concerning the particle production mechanism atgscade a particle with the label 1 is formed, which is di-
RHIC. Moreover, the hypothesis of a single freeze-out ofrectly observed in the experiment. The Lorentz-invariant
Ref. [1] has beeﬂ add|t|0na”y verified with the available phase_space density of the measured particléwésgener-
spectra ofp, A, A, andK*’s. In short, the thermal model alize below the formula from Ref50] where a single reso-
supplied with a suitable parametrization of the freeze-out hynance is taken into accoynt

3

d°p, _ P272 d3p
nl(xlapl):jE_B(DZ:pl)J’ dr,I',e szzf d*x, 6| X+ m. X | E NB(pNaprl)
P2 2 PN
Ty i 5@ g PNTN
X [ dryIye NN [ dS, (Xn) PN ™| Xnt my Xn—1 | FnE PN U(Xn) ], (A1)

where B(q,k) is the probability for a resonance with mo- which should be used in a general case. Note that the depen-
mentumk to produce a particle with momentugp namely,  dence on the width§', has disappeared, reflecting the fact
that when or where the resonances decay is not relevant.

b q A simplification follows if the element of the freeze-out
B(q,k)= 4—*5<m——E* ) (A2) hypersurface is proportional to the four-velocjthis is ex-
P R actly the case considered in our model defined by Efs.
and(2)],
Hereb is the branching ratio for the particular decay channel,
andp* (E*) is the momentunienergy of the emitted par- dX ,(xn) =d (Xpy) U, (XN)- (A4)
ticle in the resonance’s rest frame. Integration over all space-
time positions gives the momentum distribution Then
dN; dN; fdgpz
Eplds_plzj d*x;n1(X1,P1) Ep1d§p1_ d= (xy) _Ep2 B(p2,p1)- -
d*p, d*py d°p
:j E B(p2,p1)- f E B(pn:Pn-1) = “B(Pn P 1) P U(Xn) F Py U(Xy) ]
Py Pn PN
x [z, onoptfulpy uol, (49 - [ asopyuon e ul, (a8)
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where we have introduced the transformation (A6) reduces to the form discussed in Rifl]. A technical
simplification relies on the fact that in EGA5) the space-
Pr—1-U(Xn) T 1l Pr—1- U(xn) 1 time integration over the hypersurface is performed at the
3 end, consequently the momentum integration in E&G)
:f d pkB( )P ) Fil P UK ] preserves the full spherical symmetry. That way, the momen-
Ep, Pk PPk N Tid Pi N/ tum integrals are one dimensional and the numerical proce-

dure is very fast. On the other hand, in the general case of
(A6) Eg. (A3) the integration over the hypersurface has to be done
first, reducing the symmetry of the following momenta inte-
which can be use(bstep by step along the cascade calcu-  grals. The symmetry is cylindrical, thus the momentum inte-
late the distribution of the measured particles. In the fluidgrals are two dimensional. Moreover the integrands have an
local-rest frame, most convenient in the numerical calculaintegrable singularity, which make the numerical procedure
tion, we haveu*(xy)=(1, 0, 0, 0), and the transformation more involved[50,51].
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