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¢ meson propagation in a hot hadronic gas
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The hidden local symmetry Lagrangian is used to study the interactiopsiedsons with other pseudoscalar
and vector mesons in a hadronic gas at finite temperature. We have found a significantly smedh free
path(less than 2.4 fm at>170 MeV) due to large collision rates wighmesons, kaons, and predominantly
K* in spite of their heavy mass. This implies thatmesons produced after hadronization in relativistic heavy
ion collisions will not leave the hadronic system without scattering. The effect of these interactions on the time
evolution of the¢ density in the expanding hadronic fireball is investigated.
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I. INTRODUCTION transverse mass() distributions exhibit different values
when measured vig*u~ or K"K~ decays[12]. The in-
Enhanced strangeness production in relativistic nucleusverse slope, as obtained from the hadronic measurement,
nucleus collisions compared to nucleon-nucleon collisionsuggests that thep’s flow together with pions, kaons and
has been predicted to be a consequence of the formation gfotons, while the dilepton measurement is consistent with
quark-g|uon p|asmé]_] This effect leads to an enhancementthe assumption of an early freezeout. It has also been ob-
in the number of strange and multistrange particles produce®erved that the rapidity distributiofextracted from kaon
after hadronization. In particular, frese?pairs would coa- pairg in Pb-Pb is about 50% broader thanprp [9]. The

lesce to forme mesons, while their production ip-p and origin could be attributed to longitudinal flowl3]. The

- ificati f visibl k i
a-p collisions should be suppressed as follows from themodl ication of visible¢ spectra due to kaon rescattering

S . inside the fireball is an important ingredient but does not
Okubo-Zweig-lizuka OZI) rule[2]. On the other side, thé fully explain the discrepancies. Indeed, Johnsoral. [14]

mass is expected to decrease due to both many body effectfoy that kaon rescattering can account for the observed
in the hadronic mediunh3,4] and chiral symmetry restora- apidity distributions, but not for the differences in thg
tion, which might generate a double peak struc{ie The  spectra, neither the inverse slopes, nor the relative yields.
decay width is also modifietbroadenefithrough the scat-  Here we calculate collision rates and mean free path in
tering with other particle6—8J. a hot hadronic gas of pseudoscalar, (K) and vector me-
The ¢ is a_nice probe since it is not masked behind otherggpg b, w, K*, ¢). The reaction cross sections are obtained
resonances in the mass spectra. It decays, among sevey@thin the hidden local symmetryHSL) Lagrangian[15],
other possibilities, into kaon pair&('K ™), and more rarely  \hich includes both Goldstone bosons and vector mesons in
into dileptons €e”, u” u"); both channels have been de- 3 manner consistent with the symmetries of QCD. The use of
tected at CERN-SPP-11]. Dileptons have negligible final sych a realistic model allows us to take into account many
state interactions with the hadronic environment, so theynechanisms that are not present in calculations that rely only
sense the entire evolution of the system. On the contransn couplings extracted from observed decays but are allowed
detectable kaons fromp decay probably emerge only at py the symmetries. This is, for instance, the case of vertices
freezeout. such as¢pK*K, pK*K*, and many others. As a conse-
It is widely accepted that th¢g mean free patiMFP) in quence, we shall see that at temperatures between 150 and
the hot hadronic fireball is large due to the small cross seczpp MeV the mean free path in hadronic matter is consid-
tion for scattering with nonstrange hadrons. This implies thagrably smaller than what has been estimated so far. Finally,

¢ spectra would retain the information about the stage of thgye study the implications of these findings for tipeyields.
collision at which the plasma hadronizE%. Available cal-

culations[6—8] seem to support this idea. For example, in

Ref. [7} the ¢ MFP was calculated taking into account ?ts Il. THE HIDDEN LOCAL SYMMETRY LAGRANGIAN

scattering with  different mesons. Phenomenological

Lagrangians with couplings extracted from the experimental The HLS model provides a natural framework for describ-

partial decay rates were used. The obtained MFPTat ing the interactions between pseudoscalar and vector me-

=200 MeV is rather bigX=4.4 fm) compared to the stan- sons. It is based on the fact thafd(3) XU (3)g]/U(3)y

dard size of the hadronic system. Adding the reactions withonlinear sigma model is gauge equivalent to another one

nucleons and nucleonic resonances did not change qualita4th [U(3), X U(3)r]giobar<[U(3)v]ioca Symmetry. The

tively the situation8]. most general Lagrangian possessing this symmetry and made
However,¢ production in Pb-Pb collisions at SPS showswith the smallest number of derivatives|is6]

some intriguing features that are difficult to match with the

picture of a¢ weakly interacting with the hadronic medium.

Both absolute yields and inverse slope parameters in the L=Lp+aLly, (D)
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where f . stands for the pion decay constant aamds an
arbitrary parameter; it is usually setae= 2, which allows us
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Then,
1 22 @
Ly=5agf2Vvei—iSg({[®,0,21V4), (10

where[,] and{,} stand for commutator and anticommutator,
respectively. Vector mesons have acquired mem%
= angfT by spontaneous breakdown of the hidden local sym-

to recover the standard vector meson dominance expressighetry. One now assumes that a kinetic term for them is gen-
(VMD) [17,16], although a slightly bigger value has been erated by the underlying QCD dynamics or quantum effects

extracted from experimefi8]. The symbok ) denotes fla-
vor trace. The covariant derivatives of the fielfjsy are

D& (r=(9,—19V, )¢ (R » (4)

at the composite levéll6,17]. Thus, we have

1
‘C’kin: - E(FMVF#V>1 (11)

with V,, being the dynamical gauge bosons of the hidderr , being the non-Abelian field strength tensor

local symmetry, further identified with the nonet of vector

mesons
VMEVZTa
1 1
0 *+
EPM Ewu Pu Ky
1
1 1
= — - 0 %0
\/5 Pp _Epﬂ_'—\/—w# Kl
- w*0
KL K}, bu

5

Working in the unitary gauge, i.e., choosiggg such that

¢l =¢r=é=expi®/f,, (6)

Fuo=d,V,—d,V,—ig[V,,V,]. (12
Substituting Eq(12) into Eqg.(11) we obtain, apart from the
standard kinetic terms, the interactions of three and four vec-
tor mesons

‘CVVV: ig((&MVV_QVV#)[V’u,VV]% (13)
92
Lyywv=— 7<[VM NVVE V). (14

As we shall see, these terms generate large contributions to
the total cross section of th¢ meson with other hadrons,
specially vector mesons.

In order to account for deviation from the flavor symme-
try one should ad@iU (3), X U(3)r]giona Preaking terms that
do not affect the hidden symmetry. There is no unique way to

L becomes identical to the lowest-order chiral Lagrangiando this. Different implementations are studied in Ré®].

2
La=—7(3,U9,U7), (7)
with U=¢?; & is the octet of pseudoscalar Goldstone
bosons
1 1
_71_0+ = 7T+ K+
2" e
1 1
1 T g0y = KO
P n
*=5 2" 6
_ 2
K™ KO S
\/67’

(€S)
The physics contained ify, becomes clear wheg is ex-

panded up to the term linear ih,

P
f*l'ﬁ‘lf—. (9)

Here we adopt the scheme proposed in 2], in which
L and Ly are modified as follows:

Lot ALa=— S12((D £ £~ D, éntlhy?
A A= H{(D €& —DLéréR)

X (1+ £ enéht Erendl)), (15)
1
Ly+ALy=—71((D, & &+ D, érEh)°
X (14 & evEh+ EreveD), (16)

with ea(yy=diag(0,0ca); Ca(vy are real parameters to be
determined. After fixing the gaud&g. (6)] and expanding
[Eg. (9)], one observes that the kinetic terms4p have to
be renormalized. This is achieved by rescaliag)]

[ 2
V1+cp K=K, 1+ §CA77—>77.

Such a redefinition leads to the following relations for the
pseudoscalar meson decay constants:

(17)
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[ 2 IlI. COLLISION RATES AND MEAN FREE PATH
fK:\/l+CAf7T’ f77: 1+ §CAf‘IT' (18)

A. General formulas

) ) The propagation ofp mesons through the hot hadronic
Now, different vector mesons have different masses, gas depends on how often they interact in their way out of
the fireball. For a given binary reactiont2—3+4, the
My« m number of collisions per unit time at a given temperature is
m=m3= =2 _—af?g? (19  descri i
p=Mo= 14 e, 1+2cy , escribed by the average collision rate

2

while the second term in Eq10), which describes the cou-  __(T)= 1d2f Pi ./\/l|2(277)4
pling of vector mesons to a pair of pseudoscalar ones, looks i=1 2E;(2)

like
X 8 (py+po—ps—pa)fofa(1+F3)(1+1,),

. a (26)
['VPP:_lzg({[(D:a D, V(14 2€ey)). (20)

where| M|? stands for the amplitude squared, summed over
Equation (16) contains also a vector-vector-pseudoscalarfinal spins and averaged over initial onek; are the spin
pseudoscalar contact term degeneracy factord;=2S;+ 1 (we take care of the isospin
degeneracy by considering each isospin channel indepen-
Lyypp=—agiV, Ve, %+ 2D e, d + D2e)). (21) dently), while f; represent the momentum distributions. The
particle number density is given by

Obviously, the flavor symmetry is also broken in the pseu-

doscalar sector. The corresponding Lagrangian can be writ- d3pl
ten as n=d; | ——=f1. (27)
(27)
1 N o
CSBIZ i<§LX§;+ §RX§D1 (22) Approximating all momentum distributions by Boltzmann
fi~e BT, 1+fi~1+e B/T=1, (29)

wherey can be expressed in terms nfand K masses,

and identifying the particle labeled 1 with tlemeson, one
x=diagmZ,m2,2mé—m?), (23)  gets

assuming the same mass for botlandd quarks. d,
It is known that the local chiral symmetry is broken at the rém= > 2
guantum level. The anomalous part of the Lagrangian in 4 myKo(my /T)

terms of effective degrees of freedom is obtained assuming w0
J|
(

that the anomaly at composite level should coincide with that
at constituent level. In the framework of HLS, vector mesons
were incorporated to the anomalous Lagrangian by Fujikawa
et al.[21]. It contains the vector-vector-pseudoscalar interacwith s and p., being the center-of-maséc.m) energy
tion. In Ref.[22], the flavor breaking effect was included by squared and three-momentum, respectively, a(g) being
introducing a term § ewzfL+ érewzél), with ey,  the total cross section; index (2) denotes the particle that
=diag(0,0¢\y,), so that the total anomalous Lagrangiancollides with the¢.

LAsVSp2,o(S)KL(VSIT) (29

Mg +mp)

reads The most straightforward way to estimate the relevance of
rescatterings in the medium is to compute the mean free path
Lyvp+ ALyyp=20uvpe"™ (3, V (1+ 2€ey2) \ VD) and compare it with the size of the system. For the mean free

mY v o .

(24)  Ppath we use

The coupling constant is fixed by the anomaly

NT)= (30)
392 coll
gVVP:—Za P:(ﬂ-yKyn)a (25) —. . . .
8mfp v is the average velocity of the in the medium
and cyz is directly obtained from the ratio between —dy [ d%y |pa  2T(T+my)
the experimental decay widths oK*°—K% and =— 5 1—=2—¢e_m4)”; (31)
K*:_>Ki,y[22] ny (27) E1 m¢K2(m¢/T)
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TABLE I. List of binary reactions of’s with pseudoscalar,
K) and vector p, w, K*, ¢) mesonss, t, andc correspond to the
K .K* diagrams in Fig. 1 while the particles in brackets denote the inter-
’ mediate mesons.

No. Reaction Channels
1.1 d+m—K+K t(K*)
1.2 ¢+ m—K+K* t(K,K*), ¢
* * *
( S ) 13 o+ m7—K*+K t(K,K*)
2.1 d+K—-7+K s,t(K*)
2.2 p+K—p+K s, t(K,K*)
2.3 d+K—w+K s,t(K,K*)
2.4 d+K—p+K s,t(K,K*), ¢
" 25 d+K—m+K* s(K,K*), t(K*)
K,K 2.6 b HK—prK* s,t(K,K*)
2.7 d+K—w+K* s, t(K,K*)
2.8 H+K—p+K* s, t(K,K*)
3.1 d+p—K+K t(K,K*)
3.2 ¢+ p—K+K* t(K,K*)
( t ) 33 d+p—K*+K* t(K,K*), ¢
4.1 d+o—K+K t(K,K*)
4.2 b+ o—K+K* t(K,K*), ¢
4.3 d+w—K* +K* t(K,K*), ¢
5.1 d+K* > m+K s(K*), t(K,K*), ¢
5.2 ¢+ K*—p+K s, t(K,K*)
5.3 ¢+ K* - w+K s, t(K,K*)
5.4 H+K* = p+K s,t(K,K*)
55 d+K* > T+K* s,t(K,K*)
5.6 d+K*—p+K* s,t(K,K*), ¢
5.7 d+K* > w+K* s,t(K,K*), ¢
(c) 5.8 b+K*— p+K* st(K,K*), ¢
. . . . 6.1 o+ Pp—K+K t(K,K*), ¢
FIG. 1. Generic Feynman diagrams for the different reaction 6.2 b+ p—K K tH(K,K*), ¢
mechanisms(s) stands fors channel,(t) for t channel, andc) for 6.3 b+ b KF +K* {(K.K*), ©

contact.

the expression on the right is obtained assuming a Boltzmang,4s of contact terms: theV/ P P vertex, which appears as a

istribution. I =S T'@ ari ibuti . :
distribution. T'¢oy =Z2,I"¢o) arises from the contribution of egyit of symmetry breaking and thevVV vertex obtained
all relevant hadronic reactions. In the present calculation Weom the Kinetic part of the Lagrangian.

havea=m,K,p,0,K*, . Explicit expressions of the Lagrangian for the different
vertices are written in Appendix A. They are derived by sub-
B. Binary reactions stituting the matrices of Eq95) and (8) in the generic

o ] ] Lagrangians of Eqs(20), (24), (13), (14), (21), taking the
Within the HLS model described in Sec. Il one can cOM-yra¢e and rescaling the kaon field as shown in@&a). From
pute all possible binary reactions of mesons with ihoge Lagrangians it is straightforward to compute the Feyn-

m,K,p,w,K*,¢ at tree level. The interaction vertices are man rules for the vertices. We use the standard expressions

Lagrangians defined in Eq&0), (24), (13), (14), and(21),
respectively. There are three classes of Feynman diagrams as i
depicted in Fig. 1; they represestchannel ), t channel Dk(q)=
(t), and contactc) reaction mechanisms.

The reactions considered in the present study are listed in

, 32
92— mg+im§°%(g?) (32

Table 1. The OZI rule manifests itself in the absence of direct a“q” i

. \ . ; M — | grr—
couplings of ¢'s with 7, p, or » mesons in the model. Dix(@)=-19 2 2_ 2 im0 g2
Therefore, onlys andt diagrams with a strange particl& ©r Micx | §7— Migx TiMex 'y ”(q%)
K*) in the intermediate state appear. This is also the reason (33

why s-channel mechanisms are only present in the cask of

collisions with strange mesons. Notice that there are twd(é?,?*) stands for the total decay widths of the intermediate
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K (K*) and include all decay channels that are open for gsee Appendix C for details G(s,m,,m) vanishes at
giveng? value. Using the Lagrangians introduced above onéhreshold, so that one recovers the tree-level amplitude, and

gets becomes progressively larger with the increass, @ausing
an effective suppression of the coupling consrit large
(tot) _ 2 2 2 s, our simple expression shall become inaccurate compared
Pk _a:pE,w,qs {Fk—ak(@%) (07— (Mg + m)) with the solution of the full BS equation with coupled-
channels effects incorporated, but one should bear in mind
+ Tk ak (07 60— (My+mig)?)} (34 that high values of are exponentially suppressed in the in-
tegral that defines the collision rates in EQ9). Therefore,
and this inaccuracy has a small numerical impact on the determi-
nation of the collision rates, but is important to avoid artifi-
rﬁf‘)z z {FK*—>aK(q2) 6(q%— (my+my)?) cially large contributions from cross section values above the
a=mp.w.¢ unitarity limit.
T o (02) B(G2— (Mg ME)2Y, (35) With these ingredients, one can compute the amplitudes;

it is important to add them coherently since the interferences
where 6(x) is the standard step function. Explicit expres- Modify appreciably the total cross section. A caveat is in

sions for the different decay widths are listed in Appendix B.Order regarding reactions 1.2 and 2.4. In both cases the ex-
By introducing such imaginary parts in the propagators, weehanged kaofin thet channel can be put on the mass shell,
are implementing an approximate unitarization for theMaking the amplitude become singular. The singularity dis-
schannel diagrams. Hence, we have included in the deca§PPears if one takes into account that kaons will develop
widths only those channels that are considered in the fin n |r)-med|um widtr6,7]. Howgver, studying how the n_10d|-
state. The contribution to the width of one of the ignored!ications of propagators, vertices or masses and widths of
channelsk —K(7 ), _o can be readily computed using the particles involved in the reactions influence the collision
Lagrangiang7), (22) and is found to be negligible. rates goes beyond the scopes of the present work. Hence,

Since hadrons are extended objects, it is necessary to i ve just do_bno_t take_”them 'r:'_[l(z i:onshlderatloE. In any ;:ase,
sert form factors that suppress high momentum transferdn€!l contribution will most likely shorten the mean free

This affects allt-channel Feynman diagrams. We adopt thepath even more. The same s true for m(_achanlsms t_hat In-
widely used monopole form clude baryons or heavier mesons, both in asymptotic and

intermediate statesome of them have been studied in Refs.

A2—m2 [7.,8]), as well as multiparticle production likeb+K(K*)
| .
Fi(g?)= A g i=K,K* (36) —K+m+m
assuming the same cutoff parameter=1.8 GeV for all C. Results
specied6,7]. These form factors cause a strong reduction in - The parameters of the HLS model can be fixed using the
the t-channel contributions to the collision rates. experimental values of masses and pseudoscalar decay con-

The amplitude squared for théVVV term is quite large  stants. We choose=22 after VMD; then, using the mass in
and increases very fast withsince it involves high powers Eq. (19) andf_=92.4 MeV[23] one getsy=5.89. Oncea
of bothg ands (g* ands”). As a consequence, higher-order andg are fixed, the remaining part of E(L9) givesc, . It
corrections become relevant as one goes away from thresfanges from 0.34 to 0.38 depending on whether determined
old. We take approximately into account the resummation ofrom my. or m,,. We adoptc,=0.36. Next, from Eq(18)
s-channel loops in the contact amplitude #f-a—b+cby  and using the experimental valdg/f ,=1.22[24], we ob-
means of the substitution tain c,=0.49. Finally, we take,,,= — 0.1 as determined in

5 Ref.[22]. Isospin degeneracy is assumed, i.e., the mass dif-

ag?— ag ferences between mesons of the same species are not taken
[1+ag’G(s,my,my) Y11+ ag®G(s,m,,m,)]*?"  Into account. _ _
(37) The contributions of the different mesons to tecolli-
sion rate as a function of temperature are shown in Fig. 2.
with For temperatures between 150 and 200 MeV, the collision
. rate is dominated by thik* followed by K andp, while the
G . 1 pem (s—mz—mp)? 38 contributions fromm, o, and ¢ are smaller.
(S:Mg,My) =i 5> N gmem? |’ (38) In order to understand why'X|,) is bigger thanl"(), in

spite of their mass difference let us recall th4f), can be
wherep., is the momentum of the vector mesamandb in cast as

the c.m. frame. The factar= — 1/2 for thep pK* K* vertex (@)

anda=1/(22) for ppK*K* andpwK* K*. This ansatz is Ieon=na(ov e (39
inspired by the solution of the Bethe-SalpetBfS) equation

in the K-matrix approximation using only the part of the Hence, the averaged rate factagrv,,) must overcome a
tree-level amplitude, which leads to an algebraic equatiomatio of [see Eq(27)]
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FIG. 2. Collision rates ofp with 7, K, p, w, K*, and¢ as a FIG. 4. Contribution to the collision rate @ with K from the
function of temperature. different reactions listed in Table I.
spin degeneracy. The former being due to the higher densit
nK* 3mi* Kz(mK* /T) ) p g y g g y

=— : (40)  of states for a heavy particle. Therefore, a Iarﬁéfgﬂ) can
Mk micKo(my /T) be achieved by anoderatelylarger cross section. The com-

parison between Figs. 3 and 4 show that the reactions involv-

at T=200 MeV this ratio is equal to 0.77. This number is jng all four vector mesons make the true difference between
much bigger than what one would naively expect. In fact, the.«*)

small number coming from the ratio of Bessel functions is ‘{;"\'/ VZTS(;“;” ,ivaer;]dirt]hEe r;ig)hz:::js(nle) 'Q:Iéjlr\ggggr:/s\igﬁ:%r
almost compensated by the ratio of squared masses times tﬁﬁs 9 aqs. P

16 . . . . ; . 140 ‘ ,
14
120
12
100
10
> > 80
Z 8 2,
e c¥ 60
6
40
4
o 20
0 1 L ] 1 1 L L L I O 1 ] ! I 1 | I I
150 155 160 165 170 175 180 185 190 195 200 150 155 160 165 170 175 180 185 190 195 200
T [MeV] T [MeV]
FIG. 3. Contribution from the various reactionsg@fwith K* to FIG. 5. Total collision rate ofp meson as a function of tem-

the collision rates. The labels correspond to the reaction numbers iperature(solid line). The dotted lines constrain the region of pos-
Table I. The largest rate is fromp+K* —p+K*. Notice that the  sible values when the model parameters are changed as described in
contributions of reactions 5.1 and 5.3 as well as 5.2 and 5.7 almoshe text. The dashed line is the contribution

from
coincide and are hardly distinguishable in the plots. ¢-number-changing processes alone.
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6 x , . , w governed by the following rate equation:
d,(ngut)="v, (42)

whereu*=y(1,v) is the four velocity, defined in terms of
the Lorentz factory and the fluid velocityr; ¥ stands for
the source term

V=— E <U¢a—»bcv¢a>n¢na+ E <0'bc—>¢avbc>nbnc
a,b,c a,b,c

—bEC <F¢—»bc>n¢+bEC (Tbe— ¢Vbc)NpNe (42)

which takes into accounp-number changing processes: bi-
nary collisions, decay, recombination. In this approach, the
evolution of momentum distribution is not investigated. Ki-
netic equilibrium(and the applicability of the hydrodynami-
cal description is assumed, but not chemical equilibrium

S [25,26].
1560 156 160 165 170 175 180 185 190 195 200 In principle, Eq.(41) is just one in a system of coupled
T [MeV] equations that describes the time evolution of the densities of

all species. Such a treatment would require the knowledge of
the reaction cross sections for all the mesons of the model.
We shall rather perform the simplifying assumption that, at
hadronization temperature, all particles, (K, p, o, K*, ¢)

is considerably bigger than what has been predicted in affre n ‘?he.m'c"%' equilibrium, and a_II of the_r_n except m_e
remain in it until freezeout. In chemical equilibrium, detailed

previous workg6—38]. In this case, the major novel ingredi- balance holds. i.e
ent is the dynamics involving different vector mesons as T
shown above. The dashed line represents the contribution of
all ¢-number-changing reactions; that is, all reactions in
Table | except théquas)elastic ones 2.4, 2.8, 5.4, and 5.8. gnd
The inelastic reactions account for more than 80% of the
total collision rate. (T 4bNG'=(Tpc gnc)Np NG (44
We have also studied the sensitivity of the result to the
modification of parameters in the HLS model. It was foundSubstituting these equations in E@2) and imposing that
to depend appreciably on the value gfwhich is not sur- particle number densities for all species excgjsttake their
prising since the cross sections involve high powers of thigquilibrium values,
coupling (up to g®). As mentioned in Sec. Il, the value ef .
extracted from the experiment is slightly bigger than 2. If we Nabc=Nab,c (45
takea=2.4[18], then a lower limit ofg=5.38 is obtained.
We fix the upper limit by usingn,, instead ofm,, getting
g=5.98. The region of possible values Bf,, is bounded w— _ eq
by the dotted lines in Fig. 5. Iu(Ngu®)=—T(Ny =Ny, (46
In Fig. 6 we show thep mean free path as a function of wheren$Y(T) comes directly from Eqs(27) and (28)
temperature. It goes below 2.4 fm at-170 MeV. This is
much smaller than the typical size of the hadronic system 3 m
created in heavy ion collisiond0—-15 fr. Therefore, con- ng(T)= —szbTKrZ(?‘ﬁ); 47
trary to the common belid®], the ¢ mesons that are created 2m
after hadronization, at temperatures presumably between 1 . . L .
and 200 MeV, will not leave the fireball without interacting; YIO(T).denotes the number of interactions per unit time and is
they will most likely be absorbed and reemitted in the had-Spllt Into two parts
ronic phase. The uncertainties discussed above do not _
modify this conclusion. FM=Teon(M)+ LaedT). 48

FIG. 6. Temperature dependence of thenean free path in hot
hadronic matter. Line styles have the same meaning as in Fig. 5.

The sum of all partial rates of Fig. 2 is shown in Fig. 5. It

<0'¢a_>bcv ¢>a>n2qngq:<0'bc—>¢av bc>ngqngq (43

one obtains

I o1 is the collision rate calculated in the preceding sec-
tion. Notice, however, that the right-hand side of E46)
does not hold for collisions of tw@ mesonsp+ ¢—b+c

We now proceed to study qualitatively the time evolution (reactions 6.1-6)3 The reason being thap’s are not in
of the ¢ density in the expanding hadronic fireball. It is chemical equilibrium. For our simple estimate we thus ig-

IV. TIME EVOLUTION
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nore those processes that are very snsde short-dashed A reasonable ansatz for radial velocity[ 28]
line in Fig. 2. Analogously, the contribution dfjuasjelastic

reactions¢p+a— ¢+c (2.4, 2.8, 5.4, 5.8to the source term B(r1)=p L)a (54)
¥ vanishes if particles andc are in chemical equilibrium. ne S\RJ °
As we have already stated, these reactions account for less
than 20% of the total collision rate in Fig. 5. In the case of a constag,

I'4edT) is the average free decay width. For the sake of
consistency we only consider decays into kaon pairs, which (= Jldy 1 (55
account for 83% of the total width. The general expression 0 " \1— ,3§Ya

for I' 4o IS a trivial modification of Eq(26). Proceeding as in
Sec. Il A one gets is a constant too. Using the boundary condition

_ -~ Ka(my/T) drR_ _
Fdec(T)_FOKZ(m—(/)/T)v (49 dr Bi(1,R)=Bs (56)

wherel',=3.7 MeV. Obviously, at high temperaturddy,, "€ 9ets

is negligible compared tb ., but the later drops fast when _ )+

the system cools down. R(7)=Bs(7—70) + Ro, (57)
In central relativistic heavy ion collisions the distribution yhereR,=1.2A3 fm is the radius of the colliding nuclei.

of matter is approximately uniform in rapidity, at leastin the  Finally, in order to solve the rate equation we need the

central rapidity region, and the geometry of the collision isre|ation between time and temperature, which can be derived
cylindrically symmetric[27]. Therefore, it is convenient to  from entropy conservation,

adopt as coordinatds, »,r,¢} wherer and ¢ are the trans-

verse radius and polar angle, whiteand # represent the d,(su*)=0. (59
longitudinal proper time and space-time rapidity, respec- ) ]
tively, Repeating the same procedure asrfgr, one finds
— 2 ,]:Em”_z (50) ! i{TRz(T)n¢<uT>}=o. (59)
' 2 t—z° TR2(7) IT

The assumptions of a radial transverse expansion and Lof-his equation can be easily solved, obtaining the following
entz invariance in the central region imply thet=u®=0.  implicit expression forr(T) (or vice versa

Next, assuming a uniform density distribution in the trans- ) T 2 .

verse plane and averaging over the radial coordifenalo- TRA(T)(UT)(1)S(T) = 7oRe(U") (70)S(To).- (60)
gously to what was done in Ref®25,26 for the spherically

symmetric casewe get If (u”y does not depend on, as for the ansatz considered

above, Eq.(60) reflects that the total entropy in the central

region of the collision is conserved.

i{rRz(r)n¢<uT>}= —F(T)(nd,—neq), (51) The functional dependence of the entropy upon the tem-

aT perature depends on the properties of the system under con-
sideration. We describe it as an ideal gasofK, p, o, and

which is to be solved with the initial conditiom (7o) K* obeying Boltzmann statistics,

=n3%(To), 7o and T, being the hadronization time and tem-

TRZ( 7)

perature;R(7) is the transverse radius of the system. Notice _ 9 5, (M

that 77R? is nothing but the volume of the expanding fire- S(T)_Ei 2_7szi Ks T/ (61)
ball at midrapidity. The averaged component of the four

velocity is given by with i={m,K,p,0,K*}; g; denotes the degeneracipoth

spin and isospin The underlying idea is that the equation of
B} R(7) . state of a gas of free hadrons and resonances should mimic
(un)= R2(7) fo drru’(r). (52 the one of a dense hadron g&9.
Figure 7 shows ther dependence of the ratio of thg
Following Ref.[28], we assume that the flow vectar  Yield at midrapidityN(7) = TmR?()ny(7) and the number

: At 2
can be constructed from two independent boosts, one in th¢f them right after hadronizatioho= 7o mRgngY(To). We
longitudinal and another in the radial direction. Then, it ishave usedro=1 fm, To=190 MeV, B;=0.6, a=1, and

easy to see that at midrapidity, A=197 (Au). _ _
At the early stages of the expansion, the system is hot and
1 the collision rates are high, so thats are pushed towards
u=ry,= 5. (530  equilibrium making i'ts;' number decrease fast. As the system
V1=8; cools down, the collision rates become small and the contri-
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1 T 1 T T T
— T, =150 MeV
0.95 0.95 ---- T, =175 MeV |
~-= T, =200 MeV
Z‘:’ 0.9 g Zo 0.9 p
Z Z, \\ Tl
0.85 | 1 085 | ™~ .
\\
\\
\\\\
0.8 E 0.8 I ~ - i
0'75 I I I I L L L L I ' L L L I 075 | L L | | | : \\‘,\
115 2 25 3 85 4 45.5 55 6 65 7 7.5 8 85 75 5 3 4 5 6 7 8 9
T [fm] T [fm]
FIG. 7. Time dependence of the ratio of t@enumber to its FIG. 9. Same as Fig. 8 but for different hadronization tempera-

value at hadronization. The dashed line shows the contribution frongres.

inelastic collisions while the long-short dashed one accounts for

free decay(and recombinationThe combined effect of both colli- ~ equation of state, this is a rather unrealistic situation because

sions and free decay is described by the solid line. the system lives so long that the transverse expansion cannot

be neglected. For more realistic valuesgfwe get a ratio

bution of the collision rates to the ratio starts to saturate. The\/N,, at T;=100 MeV, between 0.78 and 0.86.

effect of the decay is negligible below=2 fm, not only We have also considered different hadronization tempera-

becausd 4o <I';q but also because detailed balance workstures, as shown in Fig. 9. If the hadronization temperature is

more efficiently than at lower temperatures. We have taken fow, the collision rates are small from the very beginning,

freezeout temperature d=100 MeV, which corresponds and the interactions become less relevant.

to a lifetime of 7;=8.3 fm. If one assumes that only thoge The present simple description of the time evolution of

mesons present at freezeout are detectable via kaon paithe ¢ number in an expanding hadronic gas is intended to

then the¢ yield is reduced in 20% with respect to hadroni- illustrate the consequences of the shprnean free path that

zation. we have obtained. A realistic analysis of the spectra would
This model exhibits a notable dependence on the value afequire a more sophisticated treatment. In particular, the fact

Bs, as illustrated in Fig. 8. The biggess, the faster the that the¢ collision rate is dominated bg-number-changing

temperature drops and, hence, the cld$é, gets to one.  reactions implies that mainly those processes are responsible
The casegB,=0 corresponds to the Bjorken limit, where for maintaining the kinetic equilibrium via detailed balance.

the transverse expansion is neglected. For our choice of thEherefore, if the system is out of chemical equilibrium, de-

tailed balance no longer holds and the system will also de-

1 : 1 part from kinetic equilibrium. This means that bathtem-
perature and flow velocity will differ from those of other
— B,=09 species with high rates of elastic scatterings such as pions.
09 Nl e B, =0.7
---- B, =05 A. The role of chemical potentials
o8 —— B,=0 | Up to now we have not introduced chemical potentials
A (fugacity factorg for any of the particle species under con-
E sideration. However, it is well known that when the number
07 L ‘\\ | changing processes are not effective, particle numbers are
~o fixed and chemical potentials associated with these con-
™~ served quantities appeg80,31. For pions and kaons values
06 L S i of u,=60-80 MeV andux=100-130 MeV are reached
T~ at freezeout temperatures between 110 and 120 N2/
~ In order to study the effect of such conserved meson num-
05 e L bers in the¢ yield we assume thatk;=0 at hadronization

T8 5 7 9 1 13 15 17 19 21 28 for gl species and grows to a valug at freezeout. A simple

T [fm] linear interpolation is used in between,
FIG. 8. Ratio of the¢p number to its value at hadronization for T—T
different values of the transverse flow velocity at the surface. The wi(T)= 0 le . (62)
end point of the lines correspond to a temperature of 100 MeV. To— Ty
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m;

m
Y e

The result for the ratitéN/Ng is given in Fig. 10. The solid
line reproduces the calculation without chemical potentials.
It corresponds to the solid line in Fig. 7 but ends earlier due
to the higher freezeout temperature considered here. The in-
1 troduction of chemical potentials causes an increase in the
number of¢’s as shown by the dashed line. In this case, the
inverse reactions are favored keeping theaumber higher.
The higher density at a given temperature also translates into

i i i T
-3 il 7

0.95

T dpi(T)
“m ar [

0.85

0'81 2 é ‘ 5 6 a higher pressure and, therefore, a faster cooling and earlier

4

1 [fm] freezeout. If one setgy+ to zero while keeping the previous
values for the other mesoidotted ling then the tendency is
inverted, and direct reactions are the most efficient. How-
ever, the finakh number is still bigger than in the;=0 case
due to the faster cooling of the hadron gas.

FIG. 10. Time dependence of the rabldN, at zero(solid line)
and nonzerdgdashed ling chemical potentials, as described in the
text. The dotted line stands for the caseugfs =0 while keeping
Mw,K,p,in'

We take u!=70 Mev, uf=115 Mev with T, V. SUMMARY

=115 MeV to be consistent with the values quoted above. \\e have studiedp interactions with a hot hadronic me-
Sincep—m is a fast process, one can say thaandp  djum composed ofr, K, p, w, K*, and¢ using the hidden
mesons are in relative chemical equilibrium, i,,=2u,  |ocal symmetry model. In this way, we could take into ac-
[31] In the case of tha), a recent calculation has obtained a count many vertices that are allowed by the symmetries of
large collision rate for the reactiomm— w7 at high tem-  strong interactions but whose couplings cannot be directly
peratureg33]; therefore, we take:,= p,. With theK* the  determined experimentally. This is the case of three and four
situation is uncertain because its decay width iKte (51  vector meson vertices that are responsible of the large colli-
MeV) might or might not be large enough to ensure a relasjon rates ofp’s with other vector mesons, specially* . As

tive chemical equilibrium. Since th€*'s are important for a consequence, we have shown that¢hmean free path at
the ¢ yield due to their large contribution to the collision temperatures above 170 MeV is between 2.4 and 1 fm, i.e.,

rate, we consider here two possibilities. The first is the asmuch smaller than the typical size of the hadronic system
sumption of chemical equilibrium vi&K* <« K, so that created in relativistic heavy ion collisions.

Mkx=pk T pu, and the second is that the* has its own The implications of this result for the yield has been
chemical potential, which we keep equal to the initial onejnvestigated by solving the rate equation for tedensity
ukx=0 for the sake of simplicity. assuming kinetic but not chemical equilibrium. The high col-
The presence of chemical potentials implies that the contlision rates at the early stages of the hadronic evolution tend
dition (45) should be replaced by to maintain the equilibrium, causing a reduction of tite
number with respect to hadronization. This decrease ranges
Lapo(T) from 5% to 45% depending on hadronization temperature,
na,b,c=n§’bvc=ngﬂblcex;{#), (63)  freezeout temperature, and flow velocity. Finally, we have
studied how the departure from chemical equilibriummof
p, K, andK* mesons, taken into account the by introducing
leading to the following rate equation: chemical potentials, influences the time evolution of the
number.
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—3,K*)—(d,0,—d,w,)K*#K*"},  (A12)
APPENDIX A: FULL SET OF LAGRANGIANS
The explicit expressions of the Lagrangians describing the[,¢K*K*__|i{¢M((; K* -0 K*)K*V ¢ME*M((9MK*
interaction vertices used in this work are listed below. A J—
compact notation forr, K, p, andK* fields has been used; . —
namely, —d,K%) = (9,d,— 3, )KFHK* "} (A13)
-0 N K+ From Eq.(14),
= , K= , K=(K™ K9,
" (\/577_ — 7 (KO) ( ) L ——2 ROK* p"K* + K* p?K* — 2K* o K*V
(Al) ¢PK*K*_2\/§¢ ( ,up v v P 7 vp,u )1
and (A14)
_[ P \/Ep; K* = K'Z+ ’ Lo V(KRR L KRR B KK VKK
pp,: \/Ep/: _pg ’ w K;o ’ £¢wK*K*:ﬁ{¢ w (KMKV+KVKM)_2¢ w#K KV},
W*_(w*— *0 (A15)
Ki=(KX™ K. (A2) . B B
From Eq.(20), Lgprrws=— ?(¢M¢VK;K: _¢,U«¢”K* VK‘;)C). (A16)
.a 1
Lokk=1—4 1tc, T (Kp,d*K=3"Kp,K),  (A3)  From Eq.(20),
ag 1 Ko+ MK | = o BK* K 7K*
LwKK:ITl-F—CAw’u(K& K—d*KK), (A4) £¢K*Kﬂ.——m \/1+—CA¢ (K#WK-FKWKM), (A17)
c [ 29 1H20y L ek — arKK (A5) ag’
:_I_ - b —
k=15 5 Twe, Pl ) Lonn="3 Tyg #oKK.  (A18)
ag l+cy D S
Lixxm=1—7" oo (#K7K?, — K}, md*K+ K}, o4 7K APPENDIX B: K AND K* DECAY WIDTHS
A
_ For the kaon,
—KoraK®). (A6) . ,
3a‘g 1 Pem(S:Mk ,M,)
From Eq.(24), I k(s)= , (B1
S o (B1)
e S 1 #NT(K G o d\ K+, K, p K) 3
KT T Thca wPrOE o TR Oup ), g XE L pa(smemy)
(A7) Kook 32m (1+cp)? m2 '
Gvve 3 = a%g? (1+2cy)2 p2.(s.mg,my)
Lok = e*M9,0,(Ka, K% + 0, K5 K), - v/ FPem>7 K. 7¢
K*K= "5 Ttc, u N A Ik gk(S) 167 (110,72 2 , (B3
(A8) A ¢
Gyve 1+2¢ r (s)=3g—$vp 3 (s,mgx,m), (B4
E(bK*K:_%P—l 22 erg b (KayKE + 3, KEK), K=pkex 16w 1+cprem MMyl
V1+ca
(A9) 9ove
1—‘K—va*(S): 167 1+CA pgm(S!mK*!mw)! (BS)
‘CK*K*W gVVP(l“’Zsz)E'uV)\U(? K* 7T(9)\K*
9ove (1+2cy)?
(A10) Ty gicx ()= 5 T+c, 3 o(SiMyx,my).
From Eq.(13), (B6)
*
£pK*K* g{(a K*_o—, K*)p/_LK*V K* Vp/_L(a’uK* FOI‘ theK )
2~2 2 13
a g (1+CV) p (SlmKlmﬂT)
(A11) Tyx . (8) = = (B7)

- aVKZ) - K*'u((?,upv_ &Vp,u,)K* V}1

32 1+c, s '
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g\2/VP 1
1677 l+ CA

FK*HpK(S): pgm(simK ,mp), (58)

2
_ Gvvp 3
FK*HwK(S)_ A8 1+CA pcm(s1mK1mw)1

(B9)

2 2
Gvvp (1+2Cy7)
FK*—>¢K(S): 24+ 1+CA p(?;m(svavm(b)y

(B10)

g%VP
167

(14 2cy2)?pdn(s,mgx,m,),
(B11)

Cyx o akx(S)=

2 2
92 Pem(S:Mkx,m,) +3my,

FK* *(S): -_—
—pK 2 2
8m Mg M’

X Pa(S,Micx,m,), (B12

92 pgm(sr My * vmw) + 3mi*
241

rK*—»wK*(S)z 2 2
mK* mw

X p3.(s,mcx,m,), (B13)

9% P2m(S,Myx,my) +3mz,
Fyx _grx(S)= 1om

2 2
Mg M5,
X P2 (S, Micx,My). (B14)

Here,s is the invariant mass squared of teor K*, which
coincides with the c.m. energy squared fchannel dia-

grams, andp¢m(s,my,m,) is the c.m. three-momentum of

the outgoing particles.

APPENDIX C: BETHE-SALPETER EQUATION FOR THE
VVVV AMPLITUDE

Let us consider the elastic reactiof(p;)+K*(p,)
— ¢ (p3) + K*(p,4). The contact term amplitude, given by

M= ag?{€,(P1)€,(P2)€,(P3) €,(Ps)
+€,(P1)€u(P2)€,(P3)eL(Pa)

€,(P1)€,(P2)€,(P3)€L(Pa)}, (Cy

PHYSICAL REVIEW C65 054901

wheree,(p) is the polarization vector and=—1/2, is too

involved so that solving the BS equation for it becomes im-

practicable. Instead, we take a part of the full amplitude
Mpart: agze,u(pl) e,u(pZ)Ey( p3)ev( p4) (CZ)

for which the equation becomes algebraic. It is easy to see
that the solution looks like

ME5 =4S e (P1)e(P) e (P3)e,(p)  (CI)
with
2
f2(s)= > “9 (C4
1+ ag°G(s,m,,Mg+)
and
dq p1+ P,
G(s,my,Mgx =—if D&Y +
(s,my,Mix) (2m)* K 2 q
+
><D¢M<¥—q (C5)

Neglecting the real part of the propagatots-ifhatrix ap-
proximation

——(2mi)8(p?—m?) (C6)

p2—m?+ie

one obtains Eq(38) for G. Then, we extrapolate E¢C4) to

the case of inelastic reactions assuming that it can be sepa-
rated into two factors: one corresponding to the incoming
pair of particles and another to the outgoing one, arriving this
way at Eq.(37).

Even if M, is not the correct tree-level amplitude, we
believe that using EqC4), or Eq.(37), instead of the factor
ag? takes fairly well into account the corrections
arising from the resummation afchannel loops. We have
actually studied the nonrelativistic case, where the BS equa-
tion for M;,, also becomes algebraic, finding that the ratios
MM Ga and M B35/ M B3, are very similar, at least for
moderate values dof.
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