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Strange quark production in a statistical effective model
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An effective model with constituent quarks as fundamental degrees of freedom is used to predict the relative
strangeness production pattern in both high energy elementary and heavy ion collisions. The basic picture is
that of the statistical hadronization model, with hadronizing color-singlet clusters assumed to be at full chemi-
cal equilibrium at constituent quark level. Thus, by assuming that at least the ratio between strange and
non-strange constituent quarks survives in the final hadrons, the apparent undersaturation of strange particle
phase space observed in the data can be accounted for. In this framework, the enhancement of relative
strangeness production in heavy ion collisions in comparison with elementary collisions is mainly owing to the
excess of initial nonstrange matter over antimatter and the so-called canonical suppression, namely, the con-
straint of exact color and flavor conservation over small volumes.
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I. INTRODUCTION quarks byyd with respect to the expected production in a
The recent observation that hadron multiplicities infully equilibrated hadron gal38].

e"e"and hadronic high energy collisions agree very well The behavior ofys as a function of collision and center-
with a statistical-thermodynamical ansdfiz2] has revived of-mass energy was found to be rather odd as it turns out to
the interest on the statistical models in high energy colli-be significantly higher ire*e~collisions than in hadronic
sions, an idea dating back to the 19%8¢}]. As the apparent collisions over a large energy ran§g,2] whereas it has a
chemical equilibrium of all hadron species in these elemenfairly stable value in heavy ion collisior{®], which is ap-
tary collisions(ECs cannot be driven by inelastic collisions proximately the same as &1 e~ collisions. A clearer insight
amongst hadrons after their formation, this finding has led tan the mechanism of strangeness production can be achieved
the idea of a pure statistical filling of multihadronic phaseby estimating the ratio between newly produced valence
space of homogeneous hadronizing regi@igsters or fire- strange and up, down quark pairs, the so-called Wroblewski
ballg as an intrinsic feature of hadronization process, occurfactor Ag:
ring at a critical value of energy densif2,5,6]. Otherwise .
stated, hadrons are born in an equilibrium state, as envisaged 2(s9)
by Hagedorn[7]. It must be emphasized that, within this s=m
framework, temperature and other thermodynamical quanti-

ties have an essential statistical _megning which d_oe; not irﬂNhich shows a striking regularity, being in fact fairly con-
ply the occurrence of a thermalization process via inelastigiant in all kinds of elementary collisiofi&0] over two or-

hadronic collisions. = _ ders of magnitude of center-of-mass energy and as twice as
The same model, in different versions, has been SUCCESEyrge in high energy heavy ion collisiorsee Fig. 1 It

fully applied to a large set of heavy ion collisiorislICs)
data[8-10] and this has been interpreted as a clue of the

1)

»n 1
minor effect of post-hadronization inelastic rescattefifijy <
an indication which is also supported by kinetic models cal- 09F o K'pcollisions
culations[11]. 08 f » xp collisions
One of the nice features of the statistical hadronization : AGS SiAu v pp collisions
model (SHM) is the very low number of free parameters 07 3 S AB 5311111151133:
required to reproduce a large number of hadronic multiplici- 06 F } SPS
ties. Provided that the masses and charges of the assumed F PO 40 (prel)
hadronizing clusters fluctuate according to a particular shape 03 3 AGS ﬁ sps RHIC (midrap)
function[2,12], all Lorentz-invariant quantitiesuch as, e.g., 04 F AuAu " PbPbSS SAg
hadron average multipliciti¢glepend on two parameters: the 03 3
sumV of the volumes of the clusters and the temperaiure i §&ﬁ§ i i
However, in order to get a satisfactory agreement with the 02 F o N i +
data, the model has to be supplemented, both in EC and HIC, o1 3
with one more phenomenological paramefgrsuppressing ' E o
the production of particles containing strange valence 01 — 1'0 —— 1'02 e "“'1'03
Vs (GeV)
*Electronic address: becattini@fi.infn.it FIG. 1. A g in various elementary and heavy ion collisidfr®m
Electronic address: pettini@fi.infn.it Ref. [36]).
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should be stressed that this ratio is calculated by counting thelC and EC. Also, the stability of the results is addressed.
primarily produced quark pairs, i.e., those belonging to di-Section V is devoted to conclusions.
rectly emitted hadrons. As primary hadrons are not measur-
able, they must be calculated by using a model agdurns
out to be a model dependent quantity especially with regard
to the number ofi andd quarks which significantly increases ~ The physical picture keeps the same scheme of the SHM:
during the post-hadronization hadronic decay chain. Howformation of a set of clusters endowed with charge, momen-
ever, if the number of measured species is large and theim, mass and volume, in local statistical equilibrium. How-
model accurately reproduces théwhich is the case for the ever, statistical equilibrium is now assumed to apply to a
SHM), the thereby estimateds is expected to be reasonably system of constituent quarks while hadrons are assumed to
close to the actual value. The need of an extra suppression be produced via their coalescence, still in a purely statistical
strangeness with respect to the full statistical equilibrium forfashion (statistical coalescengaso as to give rise to a par-
the hadronic system urges the search for an explanatiotially chemically equilibrated hadron gas. Furthermore, each
based on a more microscopic approach. This is indeed theuster is required to be a color singlet. This requirement has
main subject of the present work, where we try to calculateof course no effect at hadron level, but it is crucial in a quark
A s Within one statistical model scheme in both EC and HIC,model.
employing a constituent quark model as the basic underlying Two more crucial assumptions are introduced. First, the
structure, with the purpose of justifying the lack of strange-thermodynamical parameters fitted in the SHM, in high en-
ness chemical equilibrium at hadron level observed in thergy EC and HIC, are interpreted as the critical values for
data. In fact, constituent quark models have already beegolor deconfinement and, consequently, fapproximate
used to calculate strangeness production in HIC on the bas@hiral symmetry restoratiofil5,16; secondly, it is assumed
of transport equatioh13]. Amongst other microscopic ap- that the produced s and light quarks, or at least the stip
proaches to this problem and, more generally, to account fare., Ag, survive in the final hadrons after hadronization has
hadronization equilibrium features, a recent study has beetaken place.
performed in Ref[14] focused on the role of massive Polya-  The first assumption is supported by the constancy of the
kov loops. fitted temperatures in the SHM for various processes in EC
The paper is organized as follows. In Sec. Il we introducg 17] and by its agreement with other estimates of the critical
the physical picture and in Sec. lll the full model is de-temperature; in view of this fact, the use of effective models
scribed. In Sec. IV the Nambu-Jona-Lasinio model with ex-such as the Nambu-Jona-Lasinio mofi&8,19 and others
act conservation of quantum charges is used to calcilate [20—23 embodying chiral symmetry breaking and restora-
and compare it with the corresponding value obtained frontion, looks well suited. It should be pointed out that the val-
fits of the statistical hadronization model to the data in bothues of the thermodynamical parameténs., temperature and

Il. THE PHYSICAL PICTURE

TABLE |. Parameters determined through statistical model fits to measured multiplicities in some elemen-
tary and heavy ion collisions. Heavy ion parameters have been taken from[®&8. while elementary
collisions from Refs[2,12]; ete at \'s=91.2 andpp points have been refitted with updated data and
hadronic input parameters. Tl point has been fitted with a different parametrization of the strangeness
suppressiofi12] and yg has been replaced with the mean value of strange quark{sarsthe correspond-
ing ys would be=0.5. The numerical values in Pb-Pb\&=28.7 GeV have been obtained in RES6] with
preliminary data from experiment NA49, those in Au-Au collisions\&= 130 GeV from a numerical
analysis of midrapidity ratios as quoted in RE87]. The quoted central values of volumgke volume is
defined as the sum of the volumes of all produced clusthese been obtained with pointlike hadrons, thus
they must be taken as lower limits for the actual values. The errors on volumes, not quoted here, are generally
large and can be up to 50%. Also quoted the central values of the electrical chemical potentials obtained in
heavy ion collisions.

Collision s (GeV) T (MeV) ug (MeV) Ys \s wo (MeV) V (fm3)
Au-Au 130 1677.2 45.8-6.4 1.04-0.10 0.476-0.049 —1.42

Pb-Pb 17.3  15843.2 238-13  0.789-0.0582 0.44%0.025 —6.87 3460
Pb-Pb 8.7 14982.4 393.7#8.3  0.822-0.058 0.58%0.052 —11.2 2067
Si-Au 5.4 133.44.3 581+32 0.845-0.101 0.720.14  —10.7 330
Au-Au 4.8 121.2+4.9 559-16 0.697-0.091 043010 -124 2805
ete” 14 167.4-6.5 0.795-0.088  0.2430.036 15.9
ete” 91 159.2-0.8 0.664-0.014  0.2250.004 52.4
pp 27.4 162.41.6 (ss) 0.653+0.017 0.201+0.005 25.5
pp 200 175-11 0.491+0.056  0.214-0.025 35.5
pp 900 167+9.0 0.533-0.054  0.23@-0.033 77.3
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baryon-chemical potentiglsextracted within the SHM in constituent mass values. The hereby proposed mechanism of
HIC (see Table)l lie in a range where all effective models strangeness enhancement in HIC is rather different from that
and recent lattice simulatiof&4] predict smooth crossover suggested by Muller and Rafelsii8] insofar as no differ-
transitions, far from a possible critical ending point. For theence in the time scale is invoked but an equilibrium situation
same reason, extensions of the NJL mod,26| at high is assumed in both EC and HIC, though over differently
baryon chemical potential and low temperature, where colosized regions.
superconductivity takes pla¢@7], can be disregarded.

The second assumption allows us to calculatevithin a
quark model and compare it with that obtained from valence IIl. THE MODEL
quark counting in the produced hadrons. Also, it implies that
the lack of full chemical equilibrium at hadron level is in-  According to the basic idea of the SHM and what has
deed the consequence of full chemical equilibrium at conbeen said in the previous section, the formation of a set of
stituent quark level. prehadronic, color-singlet clusters at statistical equilibrium,

In the grand-canonical framework, which applies to awith definite values of flavor quantum numbers is envisaged
large system) g would depend only on intensive quantities as the result of a complex dynamical evolution. In an equi-
such as chemical potentials and temperature and its cofibrium scheme, all physical observables relevant to a par-
stancy would be tightly related to theirs. However, if theticular cluster can be calculated by means of suitable opera-
system is not large, the canoni¢ahd possibly microcanoni- tions on its associated partition function. Provided that
cal) ensemble, in which the exact conservation of clustercluster masses are large enough so that microcanonical ef-
quantum numbers in the hadronic or quark system is enfects can be neglected, the requirement of definite quantum
forced, must be used and, as a consequexgeets a de- numbers implies that thih cluster’s partition function has
pendence also on the volungthe so-called canonical sup- to be the canonical one rather than the more familiar grand-
pression. While the volume within which quantum charges canonical
(baryon number, electric charge, and strangenass fixed
can be taken as the sum of the proper volumes of all clusters,
though under appropriate nontrivial assumpti¢dd 2], the
volume over which color must be neutralized is, as has been z=> e, (2

. . .. . states

mentioned, that of a single hadronizing cluster. This very fact
introduces a further parameter in the model, i.e., the average
single cluster volumé&/ which can indeed be much smaller here T is the cluster’s t {UrE it d th
than the volume over which flavor is conserved. As quarksW ere 1 1S Ine clusters temperalure, 1is energy an €

) - sum is meant to run over all allowed states, namely, the
do carry color charge\ s might be significantly affected by ith fl d | b hi
variations ofV, . states with flavor and color quantum numbers matching

Therefore, the underlying idea is that the presence of éhose of the cluster. The calculation &f can be done by

characteristic constant value \¢f in EC, related to the typi- using the symmetry grou associated to the involved quan-

cal distance over which color is ngutrahzed, may s'.zablysymmetry for the HamiltoniaH and the cluster state be-
reduce the value ohg (together with flavor constraint longs to its irreducible representation then[29]

whereas color deconfinement in HIC may lead to an en-

hancement of/u ratio. We thus argue that the main differ-

ence between hadronization in EC and HIC is to be found in

fche typical size of the prehadronization color—neutre}l region: Zi:f du(yis - ¥OXE(yes oY) Zi(yas o)

it has to be something of the order of a hadron radius in EC

(a sort of mini-QGP droplétand much larger in HIC if a

macroscopic(i.e., extending over many hadron volumes =J du(yrs oo YOXs(Yey oy

QGP has been formed. Of course, it must be emphasized that

the process stage at which the statistical equilibrium is

achieved is expected to be deeply different in EC as com- X Tr

pared with HIC: an early thermalization of partons is indeed

envisaged in HIC, which is maintained until hadronization,

whereas a late, prehadronization local equilibrium scenario, . ) ] )

possibly driven by the strongly coupled nonlinear evolutionWheredu(yy, ... ,¥) is the invariant normalized measure

of QCD fields in the late soft regime is envisaged for EC. Of G, x, is the character of the representationr is the
Hence, we argue that relative strange quark productiof@nk of G, Q, are the mutually commutating generators of

might probe these two scenarios because of a possible stroffle Cartan subalgebra, angl are the group parameters. The

ger color and flavor-canonical suppressionsajuarks with ~ actual group of interest is SU(3)U(1)°, where each (1)

respect tau andd quarks in EC which is absent in HIC due corresponds to conserved net flavbrsD, andSand SU3)

to much larger single-cluster volume and overall volume.to the color. For instance, the canonical partition function of

The ultimate reason of the stronger canonical suppression &€ ith cluster of a gas of free quarkso antiquarks in-

s quarks in comparison withi, d, resides in their different cluded with flavor j involves the followingZ; in Eq. (3):

tum numbers. If the continuous gropis an exact internal

eXP‘ﬂH_izl 7Qi |, )
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7.6 05,6 preceding dynamical process. We will therefore assume a
"2 configuration probability distributiom which is the “maxi-
Z (=1t , Vv mum disorder” one and which allows a remarkable simplifi-
=expg X, T)(l,o(nﬁl,nﬁz) e"?i 3 cation of the expressions of averages quark multiplicities as
n=t (2) well as any other Lorentz-invariant observables. This func-
ne; tion w, for an event withN clusters can be written as
xfd3peT), 4 N
11 Zi(Q) oo 0
where W(Qq, ....Qn= N )
)(1’0(01,02)=efi61+e7i92+ei(el+62) (5) Q 2 oy i=1 Zi(Qi)éQ,EiQi
1 N i=

is the character of the fundamental representation df3gU e .
With 6, , e[~ 7]; ; is the parameter ofl(1),V is the whereZ; as in Eq.(7), the § ensures that global conservation

. . B \/T‘—z of initial quantum number® is fulfilled. If one has to cal-
volume, g is the spin degeneracy facta=Vp“+mj; and ¢ 5t the average multiplicity of a given quark spegizsa

the sum over discrete statesias been approximated with it \ cjyster event, it is advantageous to introduce a fictitious
continuum limit. When including antiquarks and Cons'de”ngfugacity)\- and taking the derivative of I&; with respect to
three flavors[i.e., the full group SU(3XUu(1)XUa(1) it o that the overall multiplicity reads I

X Ug(1)], Z' can be written as the product of three functions
similar to those in Eq(4):

S Qo Q
Zi(011021¢m¢d1¢s)
N
~ ~ J
= I1 Zij(61,05,¢) Z(61,05,¢;). (6) = > wQ...Qu _H In Zi(Q)|\ -1
j=u,d,s ) Qp,---y Qn 19)\“:1 J

(10
The irreducible representationcan be labeled by three in- _
teger numbers, the net flavat ,D;,S;, and, as far as the and, by using Eq(9):
SU(3) color group is concerned; is simply the singlet rep- 5 N
resentation. Therefore, by introducing the vecto@s Ve 2 7.(0) 8 11
=(U;,D;,S) and = (i, ,dip , dis), the character can be () | : QI,Z,,,QN iljl i(Qi) Q'EiQi|M:1' 1D

written asy,=exd —iQ;- ¢] and
Were it not for the color-singlet constraint stuck to eagh

3 ra d, , . the sum over all configurations on the right-hand side of Eq.
Z= H f Er f du(6y,0,)€' 2 %2,(6,,0,,¢), (11) would be, for\;=1, the canonical partition function of
= e @) a single cluster having as volume the sum of volumes of the
individual clusters and with quantum number ved®(2],
where provided that all clusters have the same temperature.
Thereby, also the explicit dependence Nrwould vanish.
1 (7 do, (= do,. 0.—0 However, this is no longer true once the color singlet con-
du(0,,0,)=—| —| =2[[ 4sift———= straint is introduced. For a similar strong equivalence with
MOL=31 ] 2a ) 2w 2 ' g &d

one cluster to apply, single clusters should be in suitable
(®) color quantum states superpositions, which is definitely
with the constrainEﬁzlaﬁo mod 2, is the SU3) invari- against the common belief of preconfinement and local color

. . » ) ) : ._neutralization. Nevertheless, it can be proved that a consid-
ant integration. The partition function hitherto considered is P

relevant to one cluster. Yet, there are several clusters in grable simplification in Eq(L1) occurs if clusters in one
: ’ 8vent are assumed to have the same volumeMeY,. In

3
e'Q¢
=1

single collision event and, e_ls_long as global observables arﬂ:ﬂat case, it can be provedee Appendix A that the right-
concerned, theoretical predictions require summation overall_ 1 cide of Eq(11), which can be defined as the global
clusters. Moreover, clusters may well be produced with d'f'partition function. reads

ferent configurations of flavor numberg{(,D; ,S) in differ- '

ent eventgprovided that their sum fulfills the conservation = deb; VIV,
law, i.e., it must be equal to the flavor numbers of the col-z= f ot} f du(6y,65) Zi(61,65,) ,
liding particleg, hence an integration over all possible con- i —w2m

figurations weighted by its probability must be carried out in (12
order to calculate averages of physical quantities. However, ~

the probability distribution of clusters flavor configuration is WhereV=Z2;V;=NV_ [for the free quarks ga&, is given by
an unknown function, which cannot be predicted within theEg. (6) with the single flavor ternz;;(6,,6,,¢;) calculated
statistical model and which is most likely governed by thefrom Eg. (4) with Eq. (5)]. The introduction of the local
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color-singlet constraint gets the value of the global partitionand the six-fermiorJ (1),-breaking couplings, respectively,
function severely reduced with respect to an oglgbally 19 30, a={(uu),B=(dd),y=(ss) are the quark conden-
color-singlet constrained case where clusters are allowed t§,tes and

be in a quantum superposition of colored states. This can be

quite easily understood for any extra constraint essentially My=my—2g9.a—29 B,

involves a decrease of the number of available states in the

system. IfV.=V andV is very large, i.e., in the thermody- Mg=my—29 B—29_av,

namical limit, it can be shown that the usual grand-canonical

expressions of the partition function, average multiplicities, Ms=my—2g_y—29_af (14)

etc., are recovered.

In addition to the basic assumption of local statisticalare the constituent quark masses which, owing to the contact
equilibrium (for a single cluster the expressiori12) ulti-  four-fermion interaction, are linearly related to the current
mately relies on a particular choice of flavor distribution quark massesn,,my,ms. As far as the grand-canonical cal-
[i.e., Eq.(9)] among clusters, which is indeed a nontrivial ¢yjation is concerned, the variational parameteyg, y are
assumption. This particular distribution allows the reductiongetermined by minimizing the effective potentid9] ob-

to one equivalent global cluster just because it is the “maxitained within standard metho@31,37. Of course, the same
taining a configuration@,, . .. ,Qy) by randomly splitting

a statistically equilibrated global cluster inté subcluster - S| ol

each with volume/, and in a color singlet state. In fact, this Z=Tr exp—f H_Z miNj | =e " mn (15
can be proved by showing that thés in Eq. (9) minimize

the free energy of the syste(see Appendix B with H=Hypa. In Eq. (15), N; are the conserved flavor

It should pointed out that hadronizing clusters might beoperators and’|,;, is the effective action at the physical
too small for a locali.e., in each of themtemperature to be point. For constant fieldE| .= BV min= — In Z, whereV
defined, as we have tacitly assumed. Should this be the casg,ine effective potential.
the appropriate treatment would be microcanonical and not |, quark over antiquark excess is obtained by taking the

canonical, with clusters described by mass and volume ingejyative ofV with respect to the chemical potential for a
stead of temperature and volume. Notwithstanding, as far a}ﬁven flavor

the calculation of Lorentz-invariants is concerned, a global
temperature may still be recovered by resorting to a similar — MV min
equivalent global cluster reduction procedure at the microca- (nj—nj)=———-7, (16)

& .
nonical level, which is described in detail in Ref$2,39 , Hi

with a microcanonical equivalent of the distributi®. The  whereas the number of particles, in the grand-canonical en-
proof is quite lengthy and the mathematical framework moresemble, reads
involved, but it is no longer necessary to assume that each
cluster ought to have the same temperature. In fact, only the N. VA p2
equivalent global cluster or, equivalently, the global canoni- (np)=—"-o f
cal partition function(12), must be large enough to allow a m?
canonical treatment of the system as a whole.
We now have to face the problem of a suitable choice ofwhereA is an UV cutoff andN, the number of colors.
a microscopic Hamiltonian to be used in E8) and, thereby,  One of the remarkable features of the Hamiltonkje,
make a theoretical calculation af. As full QCD is out of jn Eq.(13) is that the previously obtained expressions in Eqgs.
question, we resort to QCD-inspired low energy models. Thg7), (12) for the free quark gas partition functions with exact
Simplest model to start with is the NambU'Jona'LaSiniOﬂavor and color conservation, can be taken up by S|mp|y
(NJL) model, which has quarks as fundamental degrees Qfplacing the current masses with the constituent masses
freedom and embodies essential features of dynamical chira1l,|\/|j and setting the cutoff\ as upper bound for the mo-
symmetry breaking xSB) in the limit of vanishing current  mentum integration in Eq4).
quark masses. Also, we confine ourselves to mean-field ap- The NJL model is the simplest choice in order to study
proximation, as presented in Réfl9], using the effective strange quark production, yet it is not a compelling one.
Hamiltonian Actually, its validity is limited within a temperature range
well below the UV cutoffA [26]. However, we are reason-
oL ably confident that the main results found within this model
HMFA=V[gS(a2+,82+ ¥?) +4g_aBy] would not essentially change when employing other effective
models whose validity, in principle, extend to arbitrarily high
3, o temperatures. As an example, it is worth mentioning the
+f d*x q(=iy-V+M)q, (13 model developed in Ref§20—-22, named in Ref[19] as
ladder-QCD. In this model the exchange of a gauge particle
between quarks is considered, implying a momentum depen-
whereV is the spatial volumeg_ andg  are the four-fermion  dence of the self-energy and, consequently, an irreducibility

, (17

p
0 eBOPPHMI-)
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FIG. 2. Constituent masses of the quark s and the light quarks
u, d as a function of temperature, with fixgd, 4/T=0.5 andus
=0. The three curves correspond to differ@gtvalues. The verti-
cal lines define the & band for Pb-Pb collisions at/syy=17.3
GeV, as fitted in the SHMO].

FIG. 3. Chiral susceptibility,, for the quarku or d with current
mass 5.5 MeV as a function of temperatiirdor different values of
the T, parameter in the NJL model. The baryon chemical potential
ug has been set to 238 MeV and, has been set to 0, in accor-
dance with the analysis of full phase space Pb-Pb data at SPS en-
. . . . ergy [9]. The maximum of— x,, is located atT=158 MeV, the

to a simple model W'th_ free cqnstltuent quarks as in N‘JL'fitted value in Pb-Pb collisions at SPS energy Tge=170 MeV.
However, ladder-QCD is considerably different from NJL

only in the UV regime, where a pf tail is added to the qver curve in the fg,T) plane. According to the statement
self-energy, which is otherwise constant in the small momeni, sec. |1, we take the thermodynamical parameteasid u g
tum region[20,33. The effect of the different behavior in the iy Taple | as an input, and therefof, can be fixed by
UVbregln;e on the integrated number of particles is expecte@nforcing that the quark susceptibility for a light quark with
to be rather small20]. massm in Eq. (18):

IV. ANALYSIS AND RESULTS a(uu)

The goal of the numerical analysis is the calculation gf Am™ " om m=

in both HIC and EC, by performing the ratio between newly

produced strange quark and d quark pairs in the NJL has a peak at the desiregt, T) point. This has been done
model. The main ingredient needed to calculateare the for the most accurately determined thermodynamical param-
constituent quark masses which, for a given temperature argfers, which are those in Pb-Pb collisions atyy=17.3
baryon-chemical potential, have to be determined by théeV, yielding To=170 MeV (see Fig. 3 Thereby, all rel-
minimization of the free energ# and thus depend on the evant parameters are now fixed. The only free parameter left
parameters contained in the effective Hamilton{aB), i.e.,  is the single cluster proper volumé& , which may vary as a
gs. A, gp and the current quark masses. Their values havéunction of center-of-mass energy and colliding system. The
been fitted at zero temperature and baryon density in Reflependence oks on this parameter is a crucial issue to be

[19] to many static and dynamical meson properties studied because it can possibly establish a relationship be-
tween color deconfinement and strangeness enhancement.

(20

my+my
2

m= =5.5 MeV, mg=135.7 MeV, A. Heavy ions

3 - - In HIC, calculations are much simpler as the total vol-
A=631.4 MeV, g A°=3.67, g A°>=-9.29. (18  ymes(namely, the sum of proper volumes of all the clusters
turn out to be so large that the effect of the canonical sup-
Particularly forgp , in Ref.[19] a temperature dependence is pression related to exact conservation of flavor quantum

introduced through the phenomenological law numbers can be disregardgg#], provided that flavor quan-
. tum numbers are distributed among clusters according to the
gp(T)=gp(T=0)e (M), (190  function (9). Indeed, it should be pointed out that different

scenarios have been devised in which the volume within
whereT, is a further free parameter agg)(T=0) is quoted  which strangeness exactly vanisherangeness correlation
in Eq. (18). Different values ofT, give rise to different be- volume is less than the total volume, but this approach can-
haviors of the constituent, d mass(see Fig. 2as a function not account for the low yield ofp meson[35], so we will
of the temperature as well as different positions of the crossstick to the identification between the strangeness correlation
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0.5F =
TIPS PR 0.16 Pb-Pb SPS 40 GeV
i *
/’— 0.14 Si-Au AGS
04
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FIG. 4. Calculatedisin the NJL model in a color singlet cluster  FIG. 5. Crossover curve in the NJL model wilg=170 MeV in
with T=158 MeV, baryon chemical potentialg /T=1.5, uo=0, thg (}LB,T) .plane. Black dots Wlth error bars are th.e values.ob-
and u.=0, as a function of the volume. The dashed line indicatesi@ined within the SHM analysis in various heavy ion reactions
the grand-canonical value ofs. The constituent quark masses (9,36

have been fixed to their values in the grand-canonical livhjt

=My=103 MeV andM =452 MeV. whereu is the electrical chemical potential, which vanishes
only in isospin symmetric systems. However, this term turns
. out to be negligible for all examined collisiorisee Table)l

volume and the total volume. N, is large enough, quark and we have simply takep,= uq= ug/3. Having setT,,

muIt|§I|C|t|es _carll fthus t:e estlm::\ted by rtnteags fom’ ﬂ(;e ¢ the crossover curve can be predicted from the model and this
grand-canonical formula, ands urns out to be Independent s gpin in Fig. 5 along with fitted SHM points which are in
of V. In fact, it must be emphasized that the total volumes,

. . tisfact t with th Iculation.
fitted in the SHM for HIC, though affected by large errors, salistactory agreement wi © cajcuration

lie i Table  wh ical S It must be pointed out that in a grand-canonical finite
ien a range(se(_a a e_)_ where canonical SUppression 1S system with fixed volume, the conservation of a definite ini-
negligible and\ 5 is sensitive toV, if this is roughly below

. - o tial values of baryon number, electric charge, and strangeness
3 ’ ’
10 fm"® (see Fig. 4 This little sensitivity toV; makesks necessarily leads to different values of the chemical poten-

certainly not a clear-cut probe for deconfinement, thoughais for the two different phases, such as the considered
hadronizing clusters as small as some“fean indeed be  qnqir ent quark phase and the hadron gas. Certainly, the

exclz_l|uded. by taki wl g el H pevolume is not supposed to be fixed in the transition, thus the
ence, by ta Ing a Iull grand-canonical approach, t eassumption of equalkg’s may be correct. On the other hand,
crossover line for chiral symmetry breaking has been calcu

lated by minimizing the light quark mass susceptibility, once ug has been set, the constraidls:0 andQ/B=2/A
- . ' o fini he diff i
As has been mentioned, by forcing the location of the m|n|-ead to definiteug and us (beware the difference wit)

icide with the fitted and s in Pb-Pb collisi values which, in principle, are different in the two phases.
mum to coincide with the fitted andug in Pb-Pb collisions ;e retainingus=0, we have checked the accuracy of the
at \'syy=17.3 GeV, we have been able to set the paramet

X - , eéssumptior}uQ=0 by studying the effect ong of nonvan-
To to 170 MeV(see Fig. 3 For this calculation, the uand d jshing electrical chemical potentials in the quark phase. The
chemical potentials have been assumed to be equal, so t

- . cedure is as follows. First, we have calculategland
Xxu and x4 coincide with x,,, whereas the strange quark

X ; quark masses with the main assumption, ig,=0. Then,
chemical potentiaks has been set to zero due$s-0 con-

. R . by using those masses, we have calculatedin the quark
Eggg:j'sg must be noted that, in principle, and uq differ  ghase by enforcingd)/B=2z/A. Finally, with the obtained

kg, We have recalculated quark masses and the xgw
pg 2 The difference between theg's calculated in the two ways
/.LUZ?-F FHQ ranges from 1% in Pb-Pb collisions at SPS energy up to
2.7% in Au-Au collisions at AGS energy and is therefore
negligible throughout.
The parametex g has been calculated along the crossover
Md:@_ EM curve by using Eq(17) and the comparison with the SHM
3 37 fitted values is shown in Fig. 6. The main prediction of the
NJL-based model is an increase ®§ for decreasingy/s
which is driven by the increase qig (see Table )l This
_MB } _ 21) involves an enhancement of relative strange quark produc-
Ms=T37 T 3HQT s tion with respect tai, d, the so-called Pauli blocking effect.
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FIG. 6. \g calculated along the crossover curve predicted in the FIG. 7. Allowed regions of constituent quark masségq, Mg
NJL model withT,=170 MeV. Black dots with error bars are the determined by the parametetss=0.447+0.025T=158.1+2.3
values obtained within the SHM analysis in various heavy ion re-and ug=238+13 MeV as fitted in Pb-Pb collisions allsyy
actions[9,36]. =17.3 GeV[9], with ug=0 andus=0. The lighter hatched region

corresponds to thd momentum cutoff as in the NJL modgl9]

On the other hand, the observd does not keep growing Whereas the hatched darker region to the free constituent quark gas
but undergoes a dramatic drop at very small ener¢ges (i.e., A=). The solid line shows the predictions of the full 'NJL
Fig. 1), a fact which can be possibly explained by the onsefnedel with T, ranging from zerano KMT term) to = (case I in-
of a purely hadronic production mechanism at Igyet not Ref.[19]) from left to right, in the gra_nd-canonlcal ensemble with
easy to locate center-of-mass energies with possible local T~ 158-1 MeV andug=238 MeV while the black dot shows the
strangeness conservatif®s]. Looking at the deviations of Values of masses fdf,=170 MeV. The dash-dotted horizontal and
the SHM-fitted central values ofg in Au-Au and Si-Au vertical lines correspond to thTe=;LB=Q constituent masses val-
from the theoretical curve in Fig6), it can be argued that ues for the strange quark and for the light quarkd, respectively.
this hadronic production mechanism takes over at energies as However, the resulting 5 value does not strongly depend
low as AGS’s. Certainly, error bars are large and a definiteon this parameter either, as shown in Fig. 7, where the region
conclusion needs more precise data. It should also be pointéd the (M,,M) plane (with both A=631.4 MeV andA
out that a mild strange canonical suppression sets in already + ) allowed by the fitted\ 5 values in Pb-Pb collisions at
in AGS Si-Au collisiong 10] which is not taken into account +/syy=17.3 GeV is shown: the bands pattern clearly indi-
here. Another sizable discrepancy between data and modeates that\g has a strong dependence &hy and much
shows up in Au-Au collisions at RHIC \{s=130 GeV. milder on M, 4. Furthermore, theV¢ value at the critical
However, in this case)s has been determined by fitting temperature is quite constrained by its corresponding value
ratios of hadronic yields measured at midrapidity, unlike allat zero temperature and does not undergo strong variations as
other quoted collisions for which full phase space multiplici-@ function of the temperature ank, as shown in Fig. 2,
ties have been used. This method may have led to an ovewhich is indeed a quite general feature of effective models
estimation of\g if the midrapidity region is enriched in [22]. Summarizing, we can state that this NJL model yields a
strangeness as observed in Pb-Pb collisions at[86]S As value in good agreement with the dai@s determined

It is now worth discussing the robustness of these resultgirough the SHNlessentially because it has a fit value of the
in some detail. The calculation afs based on Eq(17) de- constituent strange quark mass at zero temperature and den-
pends on constituent quark masses and the UV cutoff paransity (about 500 MeY, while the particular value oT, has
eter A in addition to the thermodynamical paramet&rand ~ Mmuch less impact on isee also Fig. )7 On the other hand,
wg Which have been set by using hadronic fits. This expresfor fixed constituent quark masses; is sizably affected by
sion of A g is indeed a general one for effective models withthe cutoffA. The calculation withA =+ is meant to give
four fermion interactions in the mean-field approximation. ItSome upper bound on its variation due to neglected ultravio-
is then worth studying s by taking the constituent masses as et contributions, though a reanalysis within a renormalizable
free parameters instead of fixing them by means of a partiCLmodel would be desirable to have a more accurate estima-
lar effective model as we have done so far. WiMg 4(x, T) tion.
is strongly dependent ofy, M¢(u,T) is fairly independent
of it (see Fig. 2 Therefore, as far as the finite temperature
sector is concerned, one can fairly conclude that this NJL In EC the fitted total volumes are small and the calcula-
model has actually one free parameter, eitiy or tions have to be carried out within the canonical formalism.
My d(use, Te). In other words, fixingT, amounts to set a As has been mentioned in the previous section, the partition
definite value of the light quark mass at the critical point. function to be used is that in Eq12) with constituent

B. Elementary collisions
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masses replacing current masses and autoff as upper 04r
bound in the momentum integration in E&). Unlike in the ' T = 160 MeV
grand-canonical ensembleg depends on the volume and a 03F

thorough comparison with SHM fitted parameters is much 03k

more involved. This is true in many respects: first, the fitted .

total volumes in the SHM are subject to large errors and o2k

obtained for pointlike hadrons, thus reasonably underesti-

mated. Secondly, for finite volumes one should in principle 02 ¢

refit Ty S0 as to obtain a crossover point for a definite total o1sk

volume V and cluster volume/., for each process, at the E

desired temperature. Finally, one should minimize the full oaf VT M, = 112 MeV
expression of free energf=—T In Z [with Z as in Eq. b

(12)] to determine the constituent masses at finite volume. 0-05;‘ M, =452 MeV
For the present, this calculation is not affordable as the mini- b
mization of functions involving five-dimensional numerical 0 20 40 60 80 100 120 140 160
integration as in Eq(12) at each step with the due accuracy, V (fm’)

implies exceedingly high computing times with presently FIG. 8. Plot of\ functi  the total volume of th
available computers. For this reason, we have carried out a - O IOl OfAs as & function of the fotal voume ot the

. . . . hadronizing clusters, for variougolor singlej single cluster vol-
simpler calculation, witfq kept to 170 MeV and constituent umesV, in an initially completely neutral system. The constituent

O_IU?fk masses calculated in the model at the thermodynamt&lark masses have been set to their values obtained in the grand-

limit. . . . . canonical case witff=160 MeV and all chemical potentials van-
Yet, even in this approximated calculation, the effect ofjshing. The dotted line has been obtained by disregarding the color

flavor and color conservation over finite volumes can besinglet constraint and keeping only the flavor constraint, for a given

studied and, hopefully, it can be verified if this mechanism ofyolume. The arrow indicates the asymptotic value in the grand-

canonical suppression actually implies a reduction@With  canonical limit. The horizontal band is the region determined by the

respect to the thermodynamic limit consistently with themaximal spread of central values obtained in the SHM fits'ie™

data. In fact, any conservation law enforced on finite vol-[2,12 17 and inpp collisions[2].

umes implies a reduction of heavy charged particle multiplic-

ity stronger than lighter particles’ so that a decreasefor

decreasing volumes is expected. The ultimate reason of thi$rom =0.31 to=0.45) and of local color neutrality in EC

effect is the reduced energy expense needed, in a finite sysver small regions (5—10 fi.

tem, to compensate any charge unbalance with light particles The situation is somewhat different fpp collisions, due

in comparison with heavy particles. to nonvanishing initial baryon number and electric charge. In
We can see this mechanism at play in Fig. 8, whegés  this system, one can observe two compensating effects,

plotted as a function of the total vqunVe(_over which flavor  namely, Pauli exclusion principle favoring relatiges pro-

is exactly conservedfor different(color-singlej cluster vol- duction and canonical suppression, favoring relativeand

umesV, for an initially completely neutral system, such as — ) )
e*e~. The temperature has been seflte 160 MeV, which dd production. As a resul g is nearly constant around 0.3,

is a fair average of the SHM fitted valud®,12,17 in in apparent disagreement with the observed value which is

e*e"and the constituent quark masses have been et to about 0.2(see Fig. 9. The reduction oh g brought about by

=452 MeV andM, 4=112 MeV, which are the thermody- the decrease d¥.. is not sufficient to restore the agreement
u, 1 . .

namic limit values. Interestingly, s features a fair stability €Ven for very lowV.. The disagreement can be possibly

over a large range of total volumes greater tha20 fm3 for ~ €XPlained by the inadequacy of the taken assumptions, such

V< 10 fm?® within the data band, with a mild increase up to as the statistical distribution of charges among clusters ac-

C 3 .

an asymptotic value which turns out to be closer to the thercording to Eq.(9).

modynamic limit (yet not equal to it, see also Fig) for

larger V.. As the volumes fitted in a pointlike hadron gas V. CONCLUSIONS AND OUTLOOK

model ine”e~and pp collisions turn out to be larger than  We have presented a statistical model to explain the ob-
15 fm®, but not larger than=80 fm®, we can argue that a served pattern of strangeness production in both elementary
suitableV, can account for the observed values and the staand heavy ion collisions. The basic idea is that full chemical
bility of A s over a reasonably large volume range, taking intoequilibrium is locally achieved at the level of constituent
account that the actual volumes are certainly larger than thetjuark degrees of freedofwithin the framework of a simple
pointlike estimates. Moreover, the mechanism of local colorffective mode), at a different stage of the evolution process
neutrality induces the reduction afs value with respect to in elementary collisionglate) with respect to heavy ion col-
the thermodynamic limit 0f=0.31 which is needed to quan- lisions (early). In this approach, hadron formation takes
titative reproduce the data. Within this approach, the differplace through the coalescence of constituent quarks and this
ence betweer\g in high energy HIC and EC would be accounts for the known observation of an incomplete
mainly the result of the nonvanishing initial baryon density strangeness equilibrium at hadron level in the statistical had-
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20 formed with some approximations as a full consistent treat-

P T =160 MeV ment of the Nambu-Jona-Lasinio model for finite volumes is

035t presently beyond our possibilities.

03k The model dependence of our results has been discussed.
C We are reasonably confident that the obtained results are

oask Ve quite general and stable within nonrenormalizable models
e with four-fermion interactions treated in the mean field ap-

02 e proximation. The exploration of renormalizable effective
: model is under investigation.

0.15F
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. APPENDIX A
FIG. 9. Plot of\g as a function of the total volum¥ of the
hadronizing clusters, for variougolor singlej single cluster vol- We want to prove that

umesV. in an initially p p-like system B=Q=2, S=0). The con-

stituent quark masses have been set to their values obtained in the N
grand-canonical case withi=160 MeV and all chemical potentials 2 H Z.(Q) & (A1)
vanishing. The dotted line has been obtained by disregarding the Q... Qu i=1 T P59

color singlet constraint and keeping only the flavor constraint, for a

given volume. The arrow indicates the asymptotic value in the, " L . .
grand-canonical limit. The horizontal band is the region determined® the global partition function in Ed12), with Z; as in Eq.

by the maximal spread of central values obtained in the SHM fits in(7_)' prowded th@‘ all clusters_ have the same v_oItMge we
op collisions[2,12]. will first prove it in the canonical framework, with each clus-

ter having also the same temperatilirédne can rewrite Eq.
(A1) by using Eq.(7) and the integral representation of the

ronization models. The underlying assumption is that at Ieas‘fQ,ziQi as
the ratios/u survives in the final hadrons.

In addition to the effect of different initial excess of mat- 3 do:
ter over antimatter, the smaller relative strangeness produc- H f |
tion in EC with respect to HIC has been related to the Qi1....Qn [i=1 ~7 2T
smaller overall system size and to color confinement over
much smaller regions. Particularly, the existence of a charac- XeiQi‘¢if du(6y,6,) eVel(f1.02.4) (A2)
teristic cluster volume, roughly between 5 and 1C famd
independent of center-of-mass energy, can possibly account
for the observed stability of 5, along with the constancy of where Zi has been written in the simple form
temperature and the weak dependence\ gfitself on the  exdV.f(6,,6,,¢;)] according to Eq(6). It must be stressed

total volumeV (if not below ~60 frr¥), at least ine"e"and ¢ this expression d is very general and does not depend
pp collisions. However, the dependenceefon cluster vol-  on the Hamiltonian of the considered model. Moreover, the
ume in HIC is so mild that it is not possible to use strange-functionf is the same for all clusters for it depends only on
ness production to prove the formation of large color-neutrathe temperature which has been assumed to be the same. We

regions, i.e., color deconfinement. can now perform the summation over &l in Eq. (A1) and
The numerical analysis, carried out within an effective get

Nambu-Jona-Lasinio model, involved only one parameter to

be adjusted which has been used to get the critical point N

agreeing with that fitted in Pb-Pb collisions. A satisfactory iSiQi- (d— ) — 3 s
agreement with the data has been found in several heavy ion Ql,Z. Qn © i[[l (2m)> X =) (A3
collisions ande*e™, pp collisions. Deviations have been

found at low energy HIC, such as Au-Au and Si-Au at AGS, so that the integration ovep;; in Eq. (Al) can be easily
where the strangeness production mechanism could be prgerformed and one is left with

dominantly driven by hadronic inelastic collisions. Further-

more, a significant discrepancy has been foungpn which 3 N
might be perhaps cured by taking a different scheme of quan- H f” % eiQ.¢H du(0y,0,) eVel(1.02.0)
tum numbers distribution among the hadronizing clusters. It |j=1 J-»27 =1 Lo '
should be pointed out that the analysis in EC has been per- (A4)

N
eiQ'(ﬁ—iEiQi"ﬁH
=1

3

[

=1 J-x 2@
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The integral over S(B) group is the same for all clusters and N
Eq. (A4) can then be written as S=— > > .02 wQ,.. H

Q1.+ QN stateg stateg
3
[ 52
=1 J-7 2w

i e

—-E /T

E; N
X[ w(Qq, ... Q=T ~In iljlzmQ)

N
eiQ-d)[J'dM(@l’gz) eVcf(01.02,9)

w27 = 2 wQu . Qu| —In wQg, ... Qu)
Qp, ..., Qn
_ R VIV,
><e'Q'¢UdM(01,02) Zi(61,02,9) , (A5)
21 (E)@,....qp N
+ - +in 11 zi@Qn |, (83)
whereV=23,;V;=NV,, which is equal to the right hand side "
of Eq. (12). where Z(Ei)(q, ..., qy IS the average energy for thigh

cluster and a fixed configuratiorQg, . ..,Qy). The total
average energy of the system, to be identified with the inter-
APPENDIX B nal energyU, evidently reads

We show that the configuration probabilities
w(Qq, ...,Qn) in Eg. (9) minimize the free energy of a U= X wW(Q ...Qu>Y (E,....qp (B4
system with volume/ and temperatur@& which is split into Q- =1
N color-singlet clusters with volumeg,, ... ,Vy such that  so that entropy can be rewritten as
2;V;=V. Letp be the full probability of a single state in this

system and w the probability of a configuration S= z —w(Q, Qn)In W(Q, Q )+U

w(Qq, ....,Qn)- Then T 0. oy QU T
N
N exp( —E;/T) + LZQN w(Qu, .. Quin TT Z(Q) (B5)
Pstaie= W(Q1, - - QN)H 7. (Q) Q; Q. Isinglef »
=t ' (B1) and the free energlf as

F=U—TS=TQ > w(Qi,....Qn
whereZ; is given by Eq.(7), E; is the energy of a cluster,
Q;.s is the vector of flavor quantum numbers of the state, and
Ssingley Signifies the color singlet constraint on each cluster. X[ w(Qq, ....Qn)—In Bl Zi(Qy)|. (B6)
The entropy reads

Now we seek for the probabilities which minimize the free
energy with the constrainEw=1. Therefore we have to
introduce a Lagrange multiplier and look for the extremals

S=- E pinp of F+A(Zw—1) with respect to eactw(Q,, ... ,Qy) and
states \. This leads to
=— e wW(Qq, ..., A
002 By sy Qe Q) nwQ . ..Qu=hIl z@>-7  ®
N —E/T N
e eX[X— Ei /T) d
X1l =—=—==In w(Qq, ..., — = | an
Uz wew vl L =75 N
(B2) 11 2:(Q) o3,
W(le e 1QN): N (BS)
where the flavor and color constraint on each cluster are now o > o Hl Zi(Q)dq 3,0,
implied in the sum over the states. e N
Equation(B2) can be worked out: after proper normalization.
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