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Production of resonances is considered in the framework of the single-freeze-out model of ultrarelativistic
heavy-ion collisions. The formalism involves the virial expansion, where the probability to form a resonance in
a two-body channel is proportional to the derivative of the phase shift with respect to the invariant mass. The
thermal model incorporates the longitudinal and the transverse flow, as well as kinematic cuts of the STAR
experiment at RHIC. We find that the shape of thew~ spectral line qualitatively reproduces the preliminary
experimental data when the position of theeak is lowered. This confirms the need to include the medium
effects in the description of the RHIC data. We also analyze the transverse-momentum speckt (92)°,
andfy(980), and find that the slopes agree with the observed values. Predictions are madeyforw, ¢,
A(1520), andX(1385).
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[. INTRODUCTION thermal approackihe single-freeze-out model of Refd.5—
17]) which turned out to be very successful in reproducing

With the help of the mixed-event technique, the STARthe yields and spectra of stable hadrons. In particular, the
Collaboration has managed to obtain preliminary results othermal model can be naturally used to study the impact of
the production of hadronic resonances. The data were préhe possible in-medium modification of themeson mass on
sented forK* (892)° [1,2], p(770)° [3,4], f,(980)[3,4], and  different physical observables, e.g., on the correlation in the
A(1520) [5-7]. The invariant-mass distribution of the par- invariant mass of ther " =~ pairs, the ratios of the resonance
ticles produced in the decays of the resonances may be uséfundances, or their transverse-momentum spectra.
to get the information on the possible in-medium modifica- The paper is organized as follows. In the following sec-
tions of hadron masses. Such modifications are predicted Bjon we outline the Dashen-Ma-Bernstein formalism used to
various theoretical models of dense and hot hadronic mattefescribe a gas of hadronic resonances. In Sec. lIl, we present
[8,9], as well as hinted by the enhancement of the dileptorihe invariant-mass correlations ef" 7~ pairs emitted from
production in the low-mass regiofl0,11. Most interest- a static thermal source, and in Sec. IV we discuss the effect
ingly, the measured invariant-mass distribution of ther~  of the temperature of such a source on the shape of the spec-
pairs[3,4] also suggests a drop of the effective mass ofgthe tral =" 7~ line. In Sec. V, we present the main assumptions
meson by several tens of Mel3]. This effect was recently 0f the single-freeze-out model. With the knowledge of both
discussed by Shuryak and Browm2], Kolb and Prakash the experimental kinematic cutSec. V) and the feeding
[13], and Rapg14], with the conclusion drawn that it is a from the decays of higher resonan¢ggc. V), the model is
genuine dynamical effect induced by the interaction ofghe then used to compute the invariant-mass spectrum of the
meson with the hadronic matter. On the other hand, the meaz 7~ pairs(Sec. VIII). In Secs. IX and X, we present the
surement of the invariant-mass distributions of #i¢ pairs ~ model results for the ratios of the resonance yields and for
indicates that the effective mass Kf (892)° remains un-  the resonance transverse-momentum speutherever it is
changed2]. possible we compare the model results with the preliminary

Since one measures the properties of stable hadrons whiélatd. The paper contains three Appendixes which give the
move freely to detectors, the experimentally obtained correparameters for ther™ 7~ phase shifts and explain in simple
lations may bring us information only about the final stages€rms the implementation of the experimental kinematic cuts
of the evolution of the hadronic matter, i.e., about the condiin our calculations of two- and three-body decays.
tions at freeze-out. From this point of view, it is interesting to

analyze the production of resonances in the framework of the Il PRODUCTION OF RESONANCES AND THE PHASE

SHIFTS
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[19], and in the context of heavy-ion physics has been re- ~762.7
called and further elaborated by Weinhold, Friman, and _ 12} [\
Norenberg[20-24 (see also Refd25-27). The basic for- ‘_> p/ \\
mula following from the formalism is that the density of the g ™ / %925
resonance per volume and per unit invariant mislspro- E 8 / \ I\
duced in the two-body channel of particles 1 and 2 in thermal 5 / \ , '\f0
equilibrium is given by g s / \ ’ \
“ \
dn ff dp 1 do(M) 1 " £ 4 =2 // \I\\
= _ = Y, .
dM 30 dM 22 2 ’ 2} v SO
(2m exp(u)tl s 2 S
T b 0.4 0.6 0.8 17T
M [GeV]

whered;5(M) is the phase shift for the scattering of particles

1 and 2,f is a spin-isospin factofT is the temperature, and FIG. 1. (Color onling The weight functions (&) dé/dM in

the sign in the distribution function depends on the statisticsthe isoscalar, isovector, and isotensor channels, plotted as a function

In practice, one may replace the distribution function by theof the 7" 7~ invariant mass. The phase shifts are taken from the

Boltzmann factor, since the effects of the quantum statisticfarametrization of the experimental d428]. Numerical labels in-

are numerically small. dicate the peak positiongn MeV) which correspond to inflection
As pointed out by the authors of R¢22], in many works poin_ts_ in the phase shifts as functionsMf The | =2 channel is

the spectral function of the resonance is uaddhocas the ~ Nnedligible.

weight in Eq.(1) instead of the derivative of the phase shift,

which is the correct thing to do. For narrow resonances thi®(M), and not the point wheré(M)==/2, which is at

does not make a difference, since then both the spectral fund73.6 MeV (note a 10 MeV “dropping” of thep-meson

tion and the derivative of the phase shift peak very sharply atmass”). For the isoscalar channel the corresponding curve

the resonance positionmg, i.e., d&;(M)/dM=x8(M in Fig. 1 peaks at 932.5 MeV. We note that in this channel the

—mg), and then one recovers the narrow-resonance limit, weight functionfdé/(7dM) is significantly different from
the spectral function. The latter one appears in the calcula-

d3p 1 tion of the productiorrate (see, for instance, Refgl3,14)),
p(namow)— f f . (2)  whereas our study concerns the invariant-mass spectra,
(2m)? Vma+p? where formula(1) holds. As a result of the use of the phase
ex T *1 shifts, there is a very small contribution from themeson,

since the strength of the scalar channel, as seen in Fig. 1, is

However, for wide resonances, or for effects of tails, thesmall. It is worthwhile to note that it peaks at the two-pion

difference between the correct formutB and the one with threshold[28], which is an immediate consequence of Eq.

the spectral function is very significant, not only conceptu-(s) for 1=0. The_ c_ontributipn Of. thé =2 channel is_s”.‘a” .
ally but also numerically. (also note that it is negative since the phase shift in this

We first focus on ther” 7~ scattering. We use the ex- channel is a decreasing function i cf. Ref.[19]).

. . : : - For three-body decays’ formulas analogous to Bgmay
| ph h hich h " ; :
gﬁg‘;?;?é?mﬂlaisgf ;;%528]\/\/ ich can be parametrized wit be given, c.f. Refd.18,19. They would involve the detailed

dynamical information on the decay process. For our purpose

tan(s' (M) = V1—m2/M2g? this is not n_eces_sar(\yhe three-body decays feed the range of
n(ai(M)) M rather low invariantz* 7~ massegand also not practical,
(A} + Bl'q2+ cl'q4+ D}q6)(4mf,—s|') since the detailed information on the dynamical dependences
X , of the appropriate transition matrices is not easy to extract

Mz_slI from the experimental data. In our calculations, we include

(3)  the resonances decaying into three-body channels which are
very narrow @, », andz’). Thus, as is customary in simi-

where g= \/M2—4m277/2, m,=139.57 MeV is the mass of lar applications, we only account for the phase-space depen-

the charged pion, and the remaining parameters are listed @ence on the invariant mas and do not consider dynami-

Appendix A. The relevant channels are1, |=1 (p); |  cal effects of the transition matrix.

=0, =0 (fy/0); andl =2, 1=0.

Figure 1 shows the weights in El), i.e., the quantities
fdé(M)/(7dM), plotted as functions oM. The factorf
consists of the spin degeneracyl+2L, and the isospin First, in order to gain some experience, we consider the
Clebsch-Gordan coefficient, equal to 2/3 for the isosinglet, Isimplest case of the emission of particles from a static
for the isovector, and 1/2 for tHe=2 channel. In the isovec- source. We will come back to a more realistic description
tor channel the peak of the weight function is found atincorporating the flow in Sec. V. We also assume in this
762.7 MeV, which corresponds to the inflection point in section the single-freeze-out hypothegl$—17, hence no

Ill. RESONANCES IN THE STATIC SOURCE

034911-2



THERMAL ANALYSIS OF PRODUCTION O . .. PHYSICAL REVIEW C 68, 034911 (2003

effects of rescattering are incorporated after the chemical

freeze-out. We thus assume the chemical freeze-out tempera&;‘ 0.03
[0

(@)

Tiherm=165MeV

752.2

ture to be[29-31]
T chen= 165 MeV, (4)

and, as we have said, the thermal freeze-out occurs at th
same temperaturélyem= Tchem: IN the following section,
we will lift this assumption.

We now simply use Eq(l) with T=Tem and include '
the following resonances that couple to thé =~ channel: g
p, folo, , m, 7', Kg, and f,(1270). Forw, both the  §
three-body modew— 7" 7~ #° and the two-body mode, g
o— a7, are incorporated. The appropriate branching ra- —,
tios are included in the constahin Eq. (1). For channels =
other than those of Fig. 1, where the experimental phaseg
shifts are included, we use the simple Breit-Wigner param-35_ o.o1
etrization, which is good for the narrow resonances. For the g
width of K5 we take the experimental resolution of the STAR
experiment, which is about 10 MeM32]. The width ofw is
also increased by the same value.

We compute the spectra at midrapidity, hence we use

(b)

Tiherm=110MeV

1 1.2
M [GeV]

FIG. 2. (Color onling The volume density of thert 7~ pairs
plotted as a function of the invariant mass, obtained from the ther-

dn pfigh p,dp, 1 dé&(M) mal model with a static source, E). (a) The case OfTyem
—|y:022 fif o — =Tchen= 165 MeV. (b) The case 0Of =110 MeV. The num-
dMdy i P (2m)? ™ dM bers indicate the position of the peak(in MeV). The labels indi-
cate the decays included, with the two-bogty =~ channels and

VM2+ pf the three-body channelsy— w’#n" 7=, p—=’x" =", and 5’

X > ) 5 —nmw . The relative contributions from the resonances are
D( VM2 + pL) fixed by the value of the temperature.
expp ———| —
T

Nw:VChen[ZX N Tehem st =0) +2X3X np(Tchemwu: 0)],

wherei labels the channeh) is the volume density of the ©)
7 7~ pairs, andM is the invariant mass of the* 7~ sys-

tem. The above formula, written for two-body decays, iswhere

supplemented in the actual calculation with the three-body

r_eactions. The limits for the transverse-momentum integra- d3p — ~/m?+ P>+ u

tion are taken at the upper and lower cuts for the STAR ni(T,,u)=f (2w)3ex T . (7)

experimen{4], p'®'=0.2 GeV andp""=2.2 GeV.

The results of the calculation are shown in Figp)2The
two-body resonances lead to well-visible peaks, while thelhe factor of 2 in front o, in Eq. (6) comes from ther -
three-body channels ab, 7, and 5’ produce typical broad 7 degeneracy, the factor of 2 in front nf comes from the
structures at lower values &f. Note that the scalar-isoscalar fact thatp decays into two pions, and the factor of 3 is the
channel generates the resonafgand a smooth background spin degeneracy gf. The chemical potentigk vanishes at
o. This background increases with the decreadihgand the chemical freeze-out. The volume at the chemical freeze-
peaks at the threshold. out is denoted by/cem

The chemical freeze-out is defined as the stage in the
evolution when the abundancesstéble(with respect to the
IV. CHEMICAL VERSUS KINETIC FREEZE-OUT strong interactionparticles have been fixed. Next, the sys-

In this section, we analyze in simple terms the effects ofém expands, and while it progresses in its evolution, the

possible lower temperatures of the thermal freeze-out on thglastic scattering may occur. This scattering proceeds

shape of ther* 77~ invariant-mass correlations. To this end, through the formation of unstable resonances, until the sys-
we simply use Eq(5) at a lower value off. tem is too dilute for the scattering to be effective and the

Consider, for brevity of notation, the gas consisting onlythermal freeze-out occurs. At the moment of the thermal
of =+, =, andp®. We assume isospin symmetry for the freeze-out, the total number of pions in our example is
system, which works very well for RHIC43]. The pions
rescatter elastically through_ thechannel. Thg total number  N_=V" M 2Xn_(Tierm &) +2X3X No(Tinerms &) 1,
of pions that are observed in the detectors is equal to
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whereV"®™Mis the volume at the thermal freeze-out, and  the traditionally considered chemical and thermal freeze-outs
m,=2u, (the reactiorp®— 7" 7~ is in equilibrium are the  is not necessary, at least for RHIC.

chemical potentials which ensure thdf. is conserved, as (2) To describe the geometry and flow at the freeze-out,
requested by the fact that the system had frozen chemicallye adopt the approach of Ref83—42. The freeze-out hy-
Knowing the ratiov"®™ve"®™ we could computg., com-  persurface is defined by the condition

paring the right-hand sides of Eq$) and(8). However, for

the present purpose, where we are only interested in the T= vtz—ri—ri—r%const, (10
shape of the correlation function M and not the absolute ) _ _ ) ) .
values, this is not necessary. The chemical potential enters i€ the transverse size of the fire cylinder is made finite by
Eq. (8) as a multiplicative constany/"®™exp(2u /Tyem).  €dUesting that
Since we do not control in the present calculation the vol-

ume, we can remove the normalization constant from our

consideration. The argument holds if more reaction channelg, addition, we assume that the four-velocity of the expan-

P=\I T o< Prmax- (12)

are present. , , _sion at freeze-out is proportional to the coordinate, namely
Thus, we redo the calculation of the preceding section,

based on Eq(5), but now with a lower temperature and an XEFootf rery 1,

arbitrary normalization constant. The results fOkem U“_jz T Tt (12

=110 MeV are shown in Fig. (®). We note a prominent
difference from the case of Fig(&, where the temperature The model is explicitly boost invariant, which in view of the
was significantly higher: the hight spectrum is suppressed, recent data delivered by BRAHMBI3] is justified for the
while the lowM spectrum is enhanced. Beginning from the description of particle production in the rapidity rangel
high-mass end, we note that theresonance has practically <y<1.
disappeared, the relative strength of theto the p peak is (3) All resonances from the Particle Data TabJdd] are
only about 1/5 compared to 1/3 in Figa, finally, left to the  included in the calculation, which is important due to the
K peak we note a significantly larger background from theHagedorn-like behavior of the resonance mass spectrum
o tail, the shoulder of the, and the»n decays. While for [45-48,.
T=165 MeV, the hight of this background is only slightly = The model has altogether four parameters: two thermal
above the hight of the peak, forT=110 MeV it rises to  parametersT and the baryon chemical potential, which
about two times the hight of the peak. are fitted to the available particle ratios, and two geometric
We also remark that due to the presence of the thermglarametersy and p..y, fitted to the transverse-momentum
function in Eq.(5), the position of the peak is shifted down- spectra. The details of the model can be found in RET].
wards from the original vacuum value to 752.2 MeV for The model works very well and economically for the particle
Tiherm= 165 MeV, and to 744.0 MeV fol ;= 110 MeV. ratios [29], transverse-momentum specirEb], as well as
To conclude this section, we state that the very simplestrange-particle productiori6].
thermal analysis shows that the shape of the “spectral line”
of the #" 7~ system depends strongly on the temperature of VI. KINEMATIC CUTS
the thermal freeze-out, which, when compared to accurate ) ) )
data, may be used to determifig,., in an independent The next important effect is related to the exper_lmental
manner. In the following sections, we elaborate on this ob-_CUtS and traditionally has been the domain of experimental-

servation by incorporating other important effects. ists. However, in the present application the inclusion of all
relevant kinematic cuts of the STAR analyg4,32 can be
V. FLOW AND THE SINGLE-FREEZE-OUT MODEL included straightforwardly. Needless to say that the proper

inclusion of kinematic constraints is frequently crucial when
The medium produced at midrapidity in ultrarelativistic comparing theoretical models to the data.
heavy-ion collisions undergoes a rapid expansion, character- For two-body decays, the relevant formula for the number
ized by the longitudinal and the transverse flow. Although theof pairs of particles 1 and 2, derived in Appendix B, has the
flow has no effect on the invariant mass of a pair of particlesorm
produced in a resonance decay, since the quantity is Lorentz

invariant, it nevertheless affects the results, since the kine-dN;,  dé&;, bm [ P1pign | [Yhigh i Yhigh

i i i iment i i IV s dp dy, | ""dp" | dy
matic cuts imposed in the experiment in an obvious manner gy~ dM o | L 1 N
break this invariance. In Refgl5,16, we have constructed a P17 PLiow Yijow Flow Yiow
thermal model which includes the flow effects. The model o 6(1—coSyo)
has the following main ingredients. X C,C{C7 Sin ol S(p*), (13

(1) There is one universal freeze-out, occurring at the Yo
temperature with all quantities defined in Appendix B.

_ - For the case of three-body decays, we have
Tchem_ Tthersz_ 165 MeV. (9)

dNiApy)

. dN © ©
In Refs.[15-17,29, we have demonstrated that with the 12 f L f 1A Y gt

inclusion of all hadronic resonances the distinction between dM
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whereb is the branching ratio andN,,(p*,y)/dM has been The calculation leads to the following enhancement factors
evaluated in Appendix C, with full inclusion of all cuts rel- coming from the decays of higher resonances;=1.98,

ev?r;]telncgzs ﬁT@E %);P:Igrgigtl. sis of the™ 7~ invariant- d,=1.74,d,=113, d,=1.42, d,=143, d, =1.08, dy,
vy m =1.01, andd;_=1.28. Thus, the effect is strongest for light

mass spectra have the following fofi®,4,32: . 2 o .
particlesKg, 7, p, andw, while it is weaker for the heavier

!
ly.|<1, n' and scalar mesons.
|7./=<0.8, (15 VIIl. RESULTS OF THE SINGLE-FREEZE-OUT MODEL
pLt=02 Gev We may finally come to presenting the results of the cal-
T . '

culation in the framework of the single-freeze-out model.
The calculation includes the kinematic cuts described in Ap-
pendixes. B and C, and the enhancement factors from the
higher resonancesl; , described in Sec. VII. The expansion
parameters are taken to be:5 fm andp .= 4.2 fm, which
according to the fits of the, spectra correspond to the
centrality of 40—809451]. In Fig. 3, we show the results
VIl. DECAYS OF HIGHER RESONANCES obtained with the help of Eq$13, and(14) with the STAR
kinematic cuts(15), for four sample bins in the transverse

An important ingredient and, in fact, the key to the suc- . ; -
cess of the thermal models in both reproducing the particlémmlentum of the paipr, with the lowestpy in Fig. 3@

. . and highest in Fig. @)). The contributions of various reso-
ratios and the transverse-momentum speffa-17,29, is nances are clearly visible. We note that the shape of the

the inclusion of resonances. Although the thermal distribu- . )
tion suppresses the high-mass particles, their abundanfgecwm changes with the assumgg bin. For both the

grows exponentially according to the Hagedorn hypothesi OWESt a_nd the h_|ghespT the low-M region is suppr_ess_ed,
[45—4g, and in practice one needs to take very high vaIueéNh”e at intermediat@t the spectrum has large contributions

of the mass of the resonances in order to obtain stable resu%:%ﬁyfegoggaggéciﬁzgog’s thisgﬁlgnvti:ﬁwtfg frt?]g‘
[50]. We include all resonances from the Particle Data Table¥I tive normalization betw gn Fi s(zLB—S(d)i r. rv, q
[44]. The high-lying resonances decay in cascades, eventq_?a € normalization betwee 93 \0) IS preserved.
ally producing stable particles. he labels a_t 'Fhe) peak indicate its position in MeV. We
The resonances considered in this paper, in partiqular observe that it is lowered compared to the vacuum value, due

also acquire substantial contributions from the higher reso? the thermal effects, and assumes values between 740 and

nances, e.g.y'— p%y, or ¢(1020)—par. Such effects, en- 747 MeV. This fall is not as large as that observed in the
tering at the level of a few tens of percent, are difficult to prellm_lnary STAR datds,4], where the position of the peak
account for accurately in our formalism. This is due to theresultlng from fitting the data is much lower, about 700 MeV.

dynamics characterized by the parameters that are not wecq;r;greglgf'frfggs(;?nm m?sd?elgvulltp the vacuynmeson is not
known. For instance, the decay gf may proceed through F'I)'his is Srha S thge most im 6rtant outcome of our analy-
the p°y channel, as well as directly into the uncorrelated . P P P y

three-pion states* 7~ %, which forms a smooth back- sis: both the naive thermal approach, Fig. 2, and the full-

ground around the peak. In other words, the feeding of the fledged single-freeze-out model with expansion and kine-
p from the higher resonance need not reproduce the shape mfat|c cuts areunable to reproduce the (preliminary) STAR

. . v data if the vacuum value of the=I1 7 phase shift (3) is
p peak from Fig. 1, and the rgsu]tmg dependencevomay used.This confirms the earlier conclusions of Shuryak and
be altered to some extent. This important but, due to experiz .
- ) . . rown [12] and Rapp[14]. The model with the vacuurmp
mental uncertainties, not easy issue is left for later studies. A . X
. can bring the peak down te-740 MeV, calling for about
the moment we take the simplest way, and assume that thg; .. : .
L . ._additional 40 MeV from other effects, such as the medium
shape of the spectral line in Fig. 1 is not altered. This

amounts to including a multiplicative factdrfor each con- moﬁ:ﬁgfggnfé show how the medium modifications will
sidered resonance. These factors are obtained from the thesrﬁow ub in them” 7~ spectrum. we have scaled ther
mal model as discussed in Ref$7,29. The thermal param- P In thém - Sp ¥ ;

eters for the full RHIC energy offsyy=200 GeV ard51] phase shift in the channel, according to the simple law

while the bins inpr=|p.+p.| start from the range 0.2
—0.4 GeV, and step up by 0.2 GeV until the range 2.2
—2.4 GeV. These conditions are implemented in the calcu
lation shown below.

T=165.6 MeV, S1(M) scaed 01(S™ M) yvacuum (17

pe=28.5 MeV, wheres is the scale factor. We use=0.91, which places the

(16)  peak at 700 MeV. The result of this calculation is shown in

us=6.9 MeV, Fig. 4. Now, with the lowereg position, the calculation
looks very similar to the preliminary data of Ref8,4]. With
m=—0.9 MeV. the p peak moved to the left the dip between thend Kg
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5 I
@) | ®)
4 pr=02-04GeV 4 i pr =0.6-0.8 GeV
|
3 |
. 744 l
— 2
>
5
O
< s 1.2
S
50 | (©) (d)
pr =1.0-1.2 GeV pr =2.0-2.2 GeV
1S T T
Ssn )
Z. 740
)1
o 2 5 !1
| p ¢
1 | 0
ﬂL\ o _ A\ f,
“0.4 0.6 0.8 1 1.2

FIG. 3. (Color onling The invariantr* 77~ mass spectra in the single-freeze-out model for four sample bins in the transverse momentum
of the pair,p7, plotted as a function dfl. The contribution of various resonances are labele@)inwith 7 indicating the joint contribution
of » and . The kinematic cuts of the STAR experiment are incorporated. The labels atpgbak indicate its position in MeV, lowered
as compared to the vacuum value due to thermal effects.

peaks is largely reduced, as seen in the preliminary datdo the modification of the spectral line such that it resembles

Also, the background on the left side of tig peak, coming

from other resonances, is, for the considepgdin, signifi-

cantly higher than the hight of the peak.

a lower temperature spectrum obtained without the reso-
nance feeding.

We also remark that the shape of the curves obtained in
the single-freeze-out model for intermediate valueppfs

closer to the naive thermal-model calculation of Fig. 2 with

Tiherm= 110 MeV rather thanTy,e=165 MeV. This is

reminiscent of the “cooling” effect of the resonance decays,

Ref.[29]. Indeed, the enhancement factdrs higher for low

massM and lower for high masd#, connected with the
feeding of the resonances by even higher excited states, Ieélﬂ1

5

IN

: [GeV!]

N

dN/(dMdy)Jy=0

Ks pr =0.6-0.8 GeV

' M[Gev]"?

FIG. 4. (Color online Same as Fig. (8) with p meson scaled

IX. RATIOS OF THE RESONANCE YIELDS

In this and the following section, we present the results of
the single-freeze-out model for the ratios of the resonance
yields and the resonance transverse-momentum spectra. In
our analysis we shall consider two cases: in the fis&in-
rd case we assume that the masses of hadrons are not
changed by the in-medium effects, whereas in the second
case we assume that the mass ofdhmeson at freeze-out is
smaller than its vacuum mass. Inspired by the preliminary
STAR resultd 3,4], we shall use for this purpose a rather low
value ofm; =700 MeV. In these two cases the values of the
thermodynamic parameters are determined from the experi-
mental ratios of the yields of stable hadrdiisose listed in
Table | of Ref.[51]). This givesT=165.6-4.5 MeV and
up=28.5+3.7 MeV for the standard casgbl], and T
=167.6-4.6 MeV and ug=28.9+3.8 MeV for the case
with the modified mass of the meson. The reason for not
including the ratios of the resonance yields as the input in
our approach is twofold: first, the data describing the produc-
tion of the resonances are preliminary; second, there are no
measurements of the resonance spectra in the central events.
For example, the data op® production were collected for

down by 9%. Now the peak of the has moved to the preliminary the centrality class 40—80%.

value observed in the STAR experimgBt4].

We take into consideration the modification of the mass of
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TABLE I. (Color onling Predictions of the thermal model for the ratios of hadronic resonances measured
at RHIC aty/syy=200 GeV. In the two model calculations, the two different effective masses pftheson
have been assumed. In the first céasecond columhm:=770 MeV, whereas in the second caseird
column m; =700 MeV. The two thermodynamic parameters have been fitted only to the ratios of stable
hadrons. In the first case they are the same as those discussed in Sec. Il. The preliminary experimental data
are taken from Ref44,7]. Both the experimental and the theoretical pion yields are corrected for the weak

decays.
Model Model
m, =770 MeV m} =700 MeV Experiments

T (MeV) T=165.6-4.5 T=167.6-4.6

ug (MeV) wg=28.5x3.7 up=28.9+3.8

nlm™ 0.120+0.001 0.112-0.001

p%l 0.114+0.002 0.135:0.001 0.1830.028[4] (40—80 %)

wlm” 0.108+0.002 0.102-0.002

K*(892) /7~ 0.057+0.002 0.054-0.002

dl T 0.025+0.001 0.024-0.001

n'l7 0.0121+0.0004 0.01150.0003

fo(980) /7~ 0.0102£0.0003 0.009% 0.0003 0.042-0.021[4] (40—-80 %)
0.205+0.033[4] (0-10 %)
0.219+0.040[4] (10-30 %)

K*(892)K™ 0.33+0.01 0.33:0.01
0.255*+0.046[4] (30-50 %)
0.269+0.047[4] (50—80 %)
0.595+0.123[4] (0—-10 %)
0.633+0.138[4] (10—30 %)

dIK*(892) 0.446-0.003 0.448 0.002
0.584+0.132[4] (30-50 %)
0.528+0.106[4] (50—80 %)
0.022+0.010[7] (0—7 %)

A(1520)/A 0.061+0.002 0.062-0.002 0.025:0.021[7] (40-60 %)
0.062+0.027(7] (60—80 %)

3(1385)% 0.484+0.004 0.483:-0.004

the p meson only, since at the moment there are no experified p mass. The first value is in a good agreement with a
mental hints concerning the behavior of the masses of otheheoretical number presented recently by REpfl. We can
resonancegexcept for the mass df* (892)° which is not  see that the effect of the droppipgmeson mass helps us to
changed In Ref. [49], we studied the effect of the in- get closer to the preliminary experimental result of 0.18,
medium mass and width modifications on the outcome of thiowever the theoretical and the experimental values still dif-
thermal analysis in the situation where a common scaling ofer by more than one standard deviation. Our model value for
baryon and meson masses with the temperature or the defie ratio f,(982)/w~ is a factor of 4 smaller than central
sity was assume(bnly the masses of the pseudo-Goldstoneajye of the preliminary experimental result. On the other
bosons were kept qqnst.anThe (esults of Refl49] shoyve_d hand, our results fak* (892)/K ™ andA (1520)/A are larger
that moderate modification particle masses are admissible. t‘han the preliminary experimental values, whereas the

fnae“;;i(r;g:jryag tésggﬁltl%npgf r;h;y rsgosbgmhe%dEﬂnaitﬁ,lé?rﬁr,'cae b/K* (892) ratio agrees rather well with the experimént.
proach with the modified masses of hadronic resonances,able . . . :
however, the changes of the masses affect the values of the A comparison of Fhe theoretical af_‘d _expenmental results
optimum thermodynamic parameters. Similar results werzor_ the ratios involving resonances is interesting from the
obtained from the analysis of the first RHIC dd&0]. The POInt of view of the discussion on the decoupling tempera-
effects of the in-medium mass and width modifications ontUré Tiem, i.€., the temperature characterizing the thermal
the outcome of the thermal analysis were also studied iffe€ze-out. IfTyerm is significantly smaller thaf cpem, one
Refs.[52—56. expects[57-59 that the measured ratios such K§/K or

Our predicitions for the ratios of the resonance yields arg% 7~ are smaller than the values determined at the chemi-
presented in Table I. The most interesting are the results fagal freeze-out. This behavior is due to the readjustment of the
the p%~ ratio, which is 0.11 for the case without the in- resonance abundancé®rmed in elastic collisionsto the
medium modifications and 0.14 for the case with the modi-decreasing temperature on the path the system follows from

034911-7



BRONIOWSKI, FLORKOWSKI, AND HILLER PHYSICAL REVIEW C68, 034911 (2003

O &

3 3

3 © o1

= R

[

7 =

= %; 0. 01

— o .

=) <,

N &

< S

0. 1 z

B 0. % 0.001

g

% N I R

m, -m [GeV]
0. 01 FIG. 6. (Color onling The single-freeze-out model predictions
' AN for the midrapidity transverse-mass spectra 4&{1520) and
N, 3,(1385). The model parameters=8.7 fm andp,,=7.2 fm cor-
\\ respond to the most central events; 0— 20 % [51].

0 0.5 1 1.5 2 the preliminary data obtained by the STAR Collaboration
p  [GeV] [4]. The expansion parameters are=5 fm and ppyax
=4.2 fm, which correspond to the centrality of 40—80 %
[51]. In the presented calculation, the vacuum value of the
7 phase shift has been used. We have checked that the
scaled phase shift gives very similar results, and the small
change of the thermodynamic parameters due to the drop of
he p mass affects the spectrum very little. The results shown
n Fig. 5 indicate that our model can quite well reproduce the
experimental spectrum of the meson and the slope of the
fo(980) spectrum. We find, however, the discrepancy in the
) ! ) ; normalization between the model and the preliminary experi-
that certain experimental ratios are indeed smdech as  ental data for thé(980) spectrum, which reflects the re-
K*(892)/K™ or A(1520)/A for central collision whereas gt of Taple I. In Fig. 6, we show our predictions for the

O —_ —
some are largefp”/m and fo(982)/7"]. Consequently, gnecirg ofA (1520) ands.(1350). SinceA(1520) is cur-
from the comparison of the theoretical and experimental rafently measured in the central collisiofi&, in this case we

tios, at the moment, it is hard to draw a definite conclusion,sej the values of the geometric parameters corresponding to
about the difference between the two freeze-outs. The study,n most central collisions namely=8.7 fm and p
1 . max

gets even more involved in view of the possible in-medium:7.2 fm, which correspond to centrality of (20 % [51]. In

modifi_cations of the masses, which a_ffec_t the ratios and ma)gig_ 6, we also show the spectrum B1385) which might
complicate the overall thermodynamic picture. be measured by STAR in the near futds. In Fig. 7, we
compare our predictions for the spectrumksf(892) to the
X. TRANSVERSE-MOMENTUM SPECTRA preliminary experimental resulfd]. To complete our discus-

sion, we also show our predictions for other resonances for

In this section, we present the single-freeze-out modejne most-central case, namely p, o, ¢, and»’ andf,.
results for the transverse-momentum spectra of various had-

ronic resonances. The method of the calculation is the same
as that used in the calculation of the spectra of stable hadrons
[15-17. In particular, the feeding of the resonance states In this paper, we have presented a comprehensive analysis
from all known higher excited states is included, which leadsof resonance production at RHIC in the thermal approach.
to the enhancement of the resonance production charactene have studied the™ 7~ invariant-mass spectra, the ratios
ized by the factorgd;. As usual, the two thermodynamic of the resonances, and their transverse-momentum spectra.
parameters and the two geometric parametéted sepa- Our calculation of the invariant-mass distribution of the
rately for different centrality windowsare taken from Ref. #* 7~ pairs, performed in the framework of the single-
[51]. Knowing the centrality dependence ofand p,., we  freeze-out model, has been done with the use of the deriva-
may analyze the resonance production at different centralitives of the experimental phase shifend not the spectral
ties and compare it to the existing ddtete that the data on function), which guarantees the thermodynamic consistency
p production are collected only for rather peripheral colli- of our approach. Decays of higher resonances have been in-
sions corresponding to the centrality window 40—80 % cluded in a complete fashion. Moreover, we have taken care-
In Fig. 5 we show our results for the transverse-fully into account the realistic kinematic cuts corresponding
momentum spectra gf° andf,(892), and compare them to to the STAR experimental acceptance. We find that the pre-

FIG. 5. (Color online The midrapidity transverse-momentum
spectra of the? andf,(980) mesons, as obtained from the single-
freeze-out model. The model parameters=5 fm and ppax
=4.2 fm correspond to centralities 40—80[%i]. The data points
are taken from Ref4]. The vacuum value of the# phase shift is
used in the model calculation, with the scaled phase shift yieldin
very similar results.

T chemdoOwn 10 Tiperm- Our results shown in Table | indicate

Xl. CONCLUSION
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the ratios involving the resonance yield in the numerator and
the stable-hadron yield in the denomindter.,p/ =, K* /K,

or A(1520)/A] should be smaller than the analogous ratio
calculated at the chemical freeze-out. By comparing the pre-
liminary STAR data to the predictions of the thermal model,
we have pointed out that certain ratios of this type are indeed
somewhat smaller, while others are larger. Consequently, at
present one cannot conclude which approximation, the one
with two or the one with one freeze-out, is more appropriate
in the thermal approach. More accurate data would be highly
desired in that regard.

[GeV7?]
>

=0

dN/(2rp,dp, dy)ly

0.1
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to centralities G- 20 % [51]. APPENDIX A: PARAMETERS FOR THE =&w PHASE

SHIFTS

liminary STAR result indicating a drop of the meson mass The following parametrization is used for ther phase
down to 700 MeV cannot be reproduced in our model whenpifis of Eq.(3) [28] (all in units of m_+=139.57 MeV):

the vacuum properties gf are used. A good qualitative

agreement is found, however, when the mass isflowered. A8=0,220, A%=0,379>< 1071, A§= —0.444x 1071,
Therefore our calculation confirms tldropping-mass sce-
nario for p, induced by the medium effects. B5=0.268, B{=0.140<10 4 Bj=—0.857x10 1,

We stress that the shape of th€ 7~ spectrum is very
sensitive to the freeze-out temperature. In a sense, it can be&C$=—0.0139, C1=-0.673x10%, CZ=-0.00221,
used as a “thermometer,” independent of other methods of

determining the temperature, such as the study of the ratios Dg: —0.001 39, D}=0.163>< 1077,

of the stable particles, or the slopes of the transverse mo-

menta. We have shown that at smhlihe contributions from Dgz —0.129< 1073,

the low-lying resonances are enhanced, and the contributions

at high mass are suppressed. On the contrary, at Tathe s9=36.77, st=30.72, si=-21.62. (A1)

contributions from the high-lying states are enhanced and
become visiblde.g., the contribution fronfi,(1270)], while

the low-mass contributions are reduced. In the single-freeze-
out model, although the freeze-out process takes place at
relatively high temperatur@~165 MeV, the decays of the  |et the unlabeled quantities refer to the decaying reso-
resonances lead to an effective “cooling” of the spectrum,nance, and labels 1 and 2 to the decay products. The number

with low-mass resonances acquiring more feeding from thef pairs coming from the decays of the resonance formed on
higher states than the high-mass resonances. This would lige freeze-out hypersurface[i82,17]

equivalent to taking a lower temperature in a naive calcula-
tion without the resonance decays. Such effects, seen initially f d3p, c f d3p
127 1

APPENDIX B: KINEMATIC CUTS FOR TWO-BODY
DECAYS

in the shape of the transverse-momentum spectra, are there- E, £ CC:B(p,p)S(p), (B
fore also seen in the invariant-mass 7~ distributions.

The experimental information on the resonance producwhere the symbol€, C,, andC, denote kinematic cuts, and
tion is crucial for our understanding of the freeze-out pro-the source function of the decaying resonance is obtained
cess. In particular, it may be used to distinguish between throm the Cooper-Frye formulgs0,61],
scenario with the two freeze-outs, separate for the elastic and
inelastic processes, and the scenario with a single freeze-out.

For example, in the scenario with the two distinct freeze-outs S(p)= f d>,.(x)p"fLpulx)]. (B2)
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The quantityf is the thermal distribution of the particle de-
caying at the hypersurface, with the collective flow de-
scribed by the four-velocityu. We pass to rapidity and

transverse-momentum variables in the laboratory frame, and

have explicitly

PP:
B(p,py)= o ——E*)
(P,P1) Amp? ( m 1
b [m'mycostly—yy)—p'picosy

m 1)

1

wherep?y andE} denote the momentum and energy of par-
ticle 1 in the rest frame of the decaying resonangés the
angle betweep' andp; in the laboratory frame, antlis the
branching ratio for the considered decay channel.

In general, for the considered cylindrical symmetry, we
have

B 47Tp’1°
(B3)

C=0( pllow$ pl = pﬁigh) O(Yion<Yy= yhigh) ) (B4)

Ci=0(P jon=Pi < piL,high) O(Yi 1owS<Y<=Yi nigh)»

with i=1,2 andf(a<x=<h)=1 if the condition is satisfied,

PHYSICAL REVIEW C68, 034911 (2003

12 12 12 .
77!°W$£In m+mi sinkPy; < ian
' 27\ pt %+ mZsinkPy; — m-ZsintPy; '

(B9)

which may be implemented in EqB7) in the form of 6
functions, denoted bg”.

The above formulas have been written for a sharp reso-
nance. For a wide resonance, according to (#y.the gen-
eralization assumes the for(h3).

APPENDIX C: KINEMATIC CUTS FOR THREE-BODY
DECAYS

The three-body decay is usually considered in the rest
frame of the resonance of mass Here, since the cuts are
defined in the laboratory frame, we need to consider the ki-
nematics in this frame. The phase-space integral for the de-
cay of particle of massn and momentunp into products 1,

2, and 3 is proportional to
J’ d*p; d°p, d®p;
Ei Ex Eg

X 83 (p—py—p,—pa) | M|?,

CS(E—E,;—E,—Es)

(CD

and 0 otherwise. Due to momentum conservation, we shouldlhere we have introducdel= ym?+ p?, etc., andC denotes

use in Eq.(B4)

pz=(p")?+(p1)®—2p*pycosy, (B5)

m*sinhy — my sinhy,
m, '

y,=sinh !

Next, we perform the integration overin Egs.(B1) and
(B3). The é function gives the condition cog=cosy,, with

m*my cosiy —y;) — mE}

pp1

COSYy= , (B6)

which takes effect only if- 1<cosy,=<1. A factor of 2 fol-
lows from the two solutions ofy=arccos(cog,) for y
e[0,27). The final result is

bm pi high
Nip=—r f o d ﬁ
p;_c pilow

Yhighd y

Yiow

Y1 high pL
high
dy; | "rdpt

yl,|0W plow

0(—1=<cosyy=<1)

X C9 .
Sin Yo

S(p™), (B7)

where we have introduced

Cg: C2|005y:cosyov (B8)

with the substitutionB5) understood.

The experimental cuts frequently involve cuts on pseudo-

a generic cut in the kinematic variables, to be specified later.
For simplicity we assume tha¥t can be approximated by a
constant, i.e., only the phase-space effect is included. This
condition can be relaxed with no difficulty, if needed. We are
interested in the invariant-mass distribution of particles 1 and
2, hence we introduce thé[M — (E;+E,)*— (p1+p2)?]
function in Eq.(C1) and obtain the expression for the prob-
ability of emitting a pair of invariant madd from a particle
moving with momentunp:

=aJ

X 3(M—=(E1+E»)*—(p1+p2)?)
X 83 (p—p1—p2—pa),

d®p; d®p, d°ps
E;, E; Es

dN;o(p)
dM

CO(E—E;—E,—Ey)

(C2)

wherea is a normalization constant. First, we trivially carry
the integration ovep; through the use of the lagt in Eq.
(C2). Next, we pass to the rapidity and transverse-
momentum variables, and carry the integration over the
angle between momentg; and p,, denoted asy. This
yields

dNiA(p",y) _

I -2ma [ pidpidyda [ phdpsdyC

1
XK O(A—Ej), (C3

P1P3|sin ol

rapidity of particles. This amount to adding extra conditions

of the form

whereq is the angle betweep" andp; ,
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—M?2+m3+m3+ 2m;m;coshiy; —y,)
COS,)/OZ 2plpl ’
1M2

(C4

and the sum over results from the two solutions foy,, i.e.,

siny,= €1+ coSy,. Next,

A=m*coshy—mj coshy; —m,coshy,, (C5)
and, finally,
Es=[B—2p*pycosa—2p*p;coda—yo)
+2p; P2 c0s0] 2, (C6)

with
B=m3+ (m*sinhy —mi sinhy; —mjsinhy,)?+ p* 2+ p; 2
(€7

We need still to carry the integration over the angleWe
square the expression under thdunction in Eq.(C3), ob-
taining

12
+p7°.

A2=B—2p'p;cosa—2p'p;(cosa cosy,—sina siny)

+2p1 p5C0SYp. (C8
The squaring imposes the condition
A=0. (C9
This equation can be solved straightforwardly by introducing
t=tan(a/2),
1-t2
cosa= 2
sina= 2t , (C10
1+t2
and the notation
s A%+ B+ 2 coSyp1 P3
B p*p ’
L
H=cosyo+ — . (C1D)

P2

Now Eq.(C6) acquires the simple quadratic form

PHYSICAL REVIEW C 68, 034911 (2003

(1+t2)G=2tey1—coSy,+(1—t>)H, (C12
with the solutions
to(€,€’) =tan(ap(€,€')/2)
e\/l coSyy+ e VH?— Gz+sm270
G+H
(C13

with €’=*+1. The solutions make sense under the condition

H2— G2+ sirfy,=0. (C14
From the derivative of thé function, we obtain the factor

A

plps|H sinag(e,e’) — e sinyacosag(e€, €')|

. (C1H

It is easy to check that this factor is independen¢ ahde’.
Thus, to the extent that the cut functi@does not involve
azimuthal angles, we may use one combination of these
signs and put a factor of 4. The final result is

dNy(p,
%(—&y)=8waf dpidylf dpsdy,C

X O(A) O(H?— G2+ siny2)

M 1
XTsi 1oL
|sinyo P p3

|H sinay— sinyocosay|
(C16

where a is any of the angle$C13), and all the necessary
substitutions are understood. The normalization consdant
can be obtained from the condition

dN
fdM 12(p ) _1

with no cuts present, i.e., with the cut function set to unity,
C=1.

The form of the cut functior€ involves the ranges in the
integration variabley , Y1, p3, Y2, the cuts on the pseu-
dorapidity of particles 1 and 2, as well as cuts on the rapidity
and the transverse momentum of the pair of particles 1 and 2
[32]. These cuts assume a simple form of products oféthe
functions. Then, Monte Carlo methods are appropriate to
compute Eq(C16).

(C17)
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