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The multiplicities of hadronic species, from pions to ombgperons created both in elementary,
and in highly relativistic nucleus-nucleus collisionse &nown to exhibit a pattern that is very
well reproduced within the framework of the statistical mbdas applied, in its canonical form,
to the former class of reactions, and in the grand canon&aien to the latter. To understand
the origin(s) of this apparent equilibrium we revisit, fjtste hadronization models developed for
ete~ annihilation to hadrons via partonic jet fragmentatiort fead to a color pre-confinement
state, occuring at the end of the perturbative QCD DGLAPwgiah, which lends itself to color
singlet formation that is then recast in terms of massivglsirclusters, in a non perturbative
model. These clusters decay into the known hadron/reserspectrum, the eventual hadronic
species yield distribution thus being seen as the resultpafraurbative evolution toward poten-
tial color singlet "mass” distributions that are subsedlyeacquiring excited non perturbative
hadronic condensate structures, that finally decay statiist (under phase space governance)
to on-shell hadrons/resonances. Thus the success of &alasnonical ensemble description is
understood as the consequence of various stochastic éleaseuring in the dynamical evolution
that ends with hadronic freeze-out. Turning to hadronizaith relativistic nucleus-nucleus colli-
sions we take advantage of the above singlet cluster preshization picture. These clusters are
spatially isolated objects in the jet hadronization eviolutbut with given extended spatial size,
of the order of 1 fm. Lacking a detailed model of partonic gart evolution in highly relativis-
tic A+A collisions we assume that hadronization occurs figimilar color singlet clusters that
will, however, overlap spatially owing to the extreme ovleeaergy density. An ensuing cluster
overlap coherence may be symbolically understood by mefaspercolation model. Cluster
overlap increases witky/s, A and collision centrality. In the limit of an extended codet vol-
ume, hadronization is free of local quantum number comggaiAfter super-cluster decay the
yield distribution is captured by the grand canonical \asif the statistical equilibrium model
which features strangeness saturation (large volume)limit
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Figure 1. Hadron production ie™e™ annihilation at,/s=91.2 GeV, with canonical model [6] fit.

1. Introduction

The average multiplicity of hadronic species made up by hineetlightest quark flavours has
been well characterized in a multitude of elementary doligprocesses, e.g e, ppandpp, and
also in relativistic nucleus-nucleus collisions. In thegent article we will be first concerned with
LEPe"e™ — hadron data atZenergy {(/s=92 GeV). The ideas about hadron production dynamics
in such collisions center on a partonic shower evolutioregogd by perturbative QCD which ends
in color singlet formation [1], in the form of nonperturbagi QCD clusters [2, 3] or strings [4],
which finally decay to real hadrons and resonances [3, 5]. nibst remarkable property of the
resulting multiplicity distributions, from pions to omeggperons, is that they are well described
by a classical canonical ensemble [6, 7], i.e. by a stateatitital equilibrium.

Fig.1 illustrates the success of the statistical modelrijetgan [6] for LEP e*e~ annihilation
to hadrons. This is a striking outcome, considering the kiggrgy that is initially distributed over
a small number of partons. Ever since Hagedorns first sysieinéroduction of the statistical
hadronization model [8] there has been fierce debate abeuthis apparent equilibrium feature
could be either dynamically acquired ("thermalizationt) alternatively, be a feature of quantum
mechanical decay of strings or clusters, occuring underinkomse of the phase space weights
corresponding to the QCD hadronic/resonance mass (spin gpectrum. l.e. is the canonical
ordering of multiplicities essentially an "acquired” orlast” property? The answer must be found
mostly in the non perturbative phase (recall, however, fire-tonfinement” idea of Amati and
Veneziano [1, 9]), a task that might become tractable giterrécent progress of npQCD hadron
theory [10].

A remark of warning is in order here. The apparent canoniaaltipticity order has often
inspired the statement that the final hadronic state hasifmar entropy”, in general. This is
an inaccurate statement as is obvious e.g. from LEP di-jat §itates which feature almost the
opposite, near minimal entropy as far as the pencil-shagk titopology signature is concerned.
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Figure 2: Hadron production measured imré4y NA49 in central Pb+Pb collisions gfs=17.3 GeV, com-
pared to prediction [11] by the grand canonical model.

We revisit hadronization in elementary collisions for tllidwing reason. It has turned out
that the hadronization output from relativistic nucleussleus collisions, as studied at the AGS,
SPS and at RHIC, follows an analogous equilibrium ensemdtiem, this time represented by the
grand canonical (GC) statistical ensemble [11, 12, 13, &}, A typical example [11] of a GC fit
to the hadronic multiplicities, from pions to omega hypexr@s observed by the SPS experiment
NA49 in central Pb+Pb collisions gfs=17.3 GeV is shown in Fig.2. The conceivable causes of
equilibrium are more diverse here. The observed thermaliledum could be

a. dynamical achieved by partonic thermalization priorddroenization [16, 17],

b. or be the outcome of stochastic and phase space effeatsngjmy the decay process to
hadrons/resonances [18, 19, 20], during hadronization,

c. or, finally, be the effect of hadron/resonance inelag#rattering cascades occuring in the

dense medium right after hadronization [21, 22] such thdtdric freeze-out does not occur
at, but after hadronization.

Note that, in option c, the observed grand canonical teniperdT ~ 160 MeV at top SPS and

RHIC energy) should be only a lower limit to the hadronizattcansition temperature. The latter
being an essential ingredient of the long-sought phaseatiagf QCD matter, and the clarifica-

tion of the dynamical origin of the grand canonical multifily pattern thus of crucial importance

concerning the significance of nuclear collision data. @p# is of acute interest toward an expla-
nation of the "elliptic flow” spatial emission pattern exiéd by the recent RHIC data [17] which

appears to result from global hydrodynamic parton flow anigies created in the early partonic
phase of the A+A dynamical evolution. Clearly, only optiodéscribes the elementary collisions
which should thus be revisited.

The idea of this paper is thus to try out the following line ajament:
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1. Reuvisit the pQCD analysis of the truly elementary proegss — di-jets— hadrons at LEP
energy, in particular the transition phase at the end of greugbative evolution leading to
color singlet formation [1], a dynamical pQCD process thaeg rise to "massive” singlet
clusters [2, 3] which are recast into npQCD language "pmdrdrac” clusters. Interpreting
them as a superposition of highly excited hadronic resamatates their subsequent quantum
mechanical decay "gives birth” [5, 8, 18, 19, 20] to the cdoanensemble population that is
attested by the successful description within the modersioe [6] of the Hagedorn model.
This model also provides for a description of hadronizatiop+p collisions at SPS energy

[71

2. The latter observation suggests that the dynamicallgeththe partonic pQCD phase are
washed out during the subsequent npQCD singlet cluster-&helh hadron/resonance evo-
lution. We note that this isnly true for the multiplicity distribution of hadronic species
composed of the two light quark species. The strangenesslaboe appears to preserve
memory of its initial suppression, requiring a fudge factor

3. This cluster hadronization model might, thus, be unaderds postulated equivalence to the
hadronization scheme exploited in the string model [4, Bhiss, reassuring but falls beyond
the scope of the present analysis. The model should thusbepplicable to hadronization
in highly relativistic A+A collisions, e.g. from top SPS tdHRC energy, 17< /s < = 200
GeV, where the assumption of a partonic primordial dynarapgsears equally plausible.

4. Such central collisions of A2 200 nuclei provide for a primordial reaction volume which
is both extended far beyond typical confinement and hadatioiz cluster size (both of or-
der 1fm), and featuring a very high average energy densiyl, abbove the critical density
of about 1 GeV/fm at which lattice QCD predicts the onset of deconfinement.[Z3je
primordial dynamics may thus establish a parton plasma,statis indicated e.g. by RHIC
observations of jet quenching [24] and elliptic flow fornoati[17]. Anyway the hadronic
multiplicity distribution is universally well describedgain, by the statistical hadronization
model [11, 12, 13, 14, 15] but now in its grand canonical form.

5. Finally: supposing that the hadronization process iergggly insensitive to the details of
the preceding partonic evolution (point 2 above), the degrfepartonic equilibration in a
QGP might be of minor relevance to the hadronization outc@pdon a above). However
the high energy density, occuring in an extended volume, afeynge the singlet cluster
decay mode, from one that occurs isolated in vacuum, in eleanecollisions, to the decay
of more extended complexes of overlapping clusters whichyla a quantum mechanically
coherent manner. Formation of such "super-clusters” wbeldaively expected to increase
with /s, nuclear projectile mass A, and collisions centrality, @e@d with the observation
that the transition from canonical to grand canonical haidadion indeed occurs smoothly,
within these variables [15, 25, 26]. The transition from Bragstem size at hadronization
(elementary collisions), to large coherent system sizeAAellisions) - with a decay to the
final hadrons/resonances occuring from spatially exterisigoer-clusters” - then appears to
be reflected in the concurrent transition from a canonica twand canonical description.
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Note that it has been shown [15] that, in fact, the latter ertde can be regarded as the large
coherent volume limit of the former, as far as productionadions composed of the 3 light
flavours is concerned.

It follows that our above option c, the hypothesis of equdtion through inelastic hadronic final
state cascades occuring after hadronization [21, 22] tisaguired as the principally novel mech-
anism governing A+A hadronic multiplicity equilibrium - &ast at very high/s where hadrons
should form directly from a preceding partonic evolutione Wbte, however, that anti-protons and
anti-lambda hyperons may be subject to some final state itatith, not as much at top RHIC
energy whereug — 0 as at top SPS energy where the final hadronic cascade expasgjov-
erned by a considerable net-baryon excess. Furthermarevintually observed multiplicity
may deviate from its primordial hadronization level, duédoalescence” interaction with the high
K*+K~ density prevailing during the early cascade stage.

We also note that, toward the lower SPS and AGS energy domh&mbove overall model of
hadronic freeze-out directly from a preceding partonicgghlbecomes inapplicable as the freeze-
out temperatures obtained from grand canonical ensemhblgsim [11, 12] fall well below of the
parton-hadron coexistence line in the []-plane that has recently been established by an exten-
sion of lattice QCD predictions to finite baryochemical paig [27]. This observation suggests
the occurence of a finite interval in expansion time of thebfith spent between hadronization
and hadronic species freeze-out. This phase should indesediiject to the inelastic rescattering
cascades considered in rfs. [21, 22], our option ¢ above.

In spite of such caveats | will concentrate here mainly ongtinestion of what can be learned
for A+A collisions, by revisiting the 1980s QCD jet hadroaiion models, developed e.g. fere™
annihilation [1, 2, 3, 4, 5].

2. Hadronization in ete~ annihilation

What follows is a brief sketch of QCD models developed in t880k period where first
comprehensive data concerning hadron formation in thégps; most "elementary” QCD process
of e"e~ annihilation to jets of hadrons became available. At tyipidaP collider energies,/s ~
100 GeV, this process is reflected, in the end, by a back-tk-tigjet configuration featuring about
20 hadrons. lts first steg/ e~ annihilation, creates a virtual photon, labeled "virtua#'it contains
the total initial c.m. energy of the"e~ pair but has zero momentum in that frame. In view of the
energy law of real particles,?== p?+n?, this situation with p=0 suggests the interpretation that
a state of "virtual mass” N=E2,, has been created. According to quantum mechanics itsitive-t
is T = 1/M within which it decays to a quark - anti-quark pair. Neaver a period characterized
by time scales t such thay ¥l <t < to, the primary partons develop into multi-parton cascades or
showers by multiple gluon bremsstrahlung, as illustraigdn Fig.3.

These cascades, which tend to develop along the directibtfs®egrimary partons owing
to the "collinear enhancement” in QCD matrix elements, & fgrecursors of the jets that are
observed experimentally. This rapid, hard process is degtby the so-called DGLAP-evolution
of perturbative QCD; it leads from initial high virtualityOd large momentum transfer-squared) Q
to partons of "virtual mass” Iftwhere t approaches the so-called QCD cutoff scale. It is defined
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Figure3: DGLAP shower evolution of the primordigt pair created ie™ e~ annihilation, exhibiting singlet
cluster formation at the end [1].

by the requirement that perturbative QCD is still applieabhfter  both & gets lower and the
time scale of the further evolution slower such that the éraa perturbative QCD begins [5].

However, right at the end of the pQCD phase the shower partans quarks and gluons,
acquire a peculiar, ordered pattern in space and colortftasonfiguration that was called "color
pre-confinement” by its inventors, Amati and Veneziano [REig.3 indicates this ordering of the
partons, occuring aptthrough peculiarities of the pQCD matrix elements govegrtime cascade
sub-processes. The cascade thus breaks down into loctdrslgsvhere overall color neutralizes
and "hadron-like” flavour combinations predominate; buitohlthis still in pQCD vacuum. From
the virtualities and momenta of the participating partoms can construct the cluster c.m. systems
and the (virtual) cluster "masses”. This task is performeed, by the pQCD shower Monte Carlo
code "HERWIG” constructed by Webber and collaborators [2F&y.4 shows the resulting distri-
bution of cluster masses dwith mean value of about 1.5 GeV, and a steep fall-off towagther
virtual masses. By construction under pQCD governanceetlotusters are color singlets, with
typical dimension 1 fm. Obviously, the stochastic elemerithie overall pQCD shower evolution,
acting at the level of its various microscopic sub-procgeskead to a rather broad probability dis-
tribution of cluster mass and flavour content. Thus ariseditht statistical influence on the path
toward hadronization.

With this singlet cluster stage we arrive at the end of pbetive QCD applicability, entering
non perturbative QCD territory for a picture of the subsequeyolution. Nature, of course, does
not hesitate to proceed, which takes place via the partdmhaphase transition that ends with
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Figure4: Mass-distribution of color singlet clusterséfie~ annihilation to hadrons [2].

confined, on-shell hadrons. It is remarkable, however, édsv smoothly the npQCD models of
hadronic structure match with the end product of the pQCDutiem, e.g. dynamical color singlet
formation [1]. In pQCD view these clusters represent loeatitations” of the perturbative vacuum
as quantified by a virtual mass; pQCD evolution also sugghats toward and beyond the cutoff
scale g, the time scale of the evolution slows down considerablghus appears natural to assume
that typical npQCD structures, e.g. quark and gluon coratessreplace the virtual vacuum exci-
tation energy density of the pQCD clusters, given sufficiené (now of order 1 fm/c) to develop.
We are now well beyondt In the HERWIG simulation the cluster mass spectrum of Figthen
re-interpreted as a superposition of excited hadronicnasces which subsequently decay quan-
tum mechanically, into the well-known spectrum of low lying-shell hadrons (and resonances)
plus kinetic energy. This decay proceeds under phase spaeengnce, vis a vis the spectrum
of hadronic/resonance spins and masses, introducing thlgyfobserved yield distribution among
the various hadronic species which reflects their respe&pin and phase space weights. Thus
ends the QCD evolution in the elementary process ef annihilation to di-jets of hadrons. Their
pencil-sharp, back to back correlation in space (and in nrmbame space) clearly represents a highly
ordered, low entropy configuration, that results from thietty back to back configuration of the
primordially producedyq pair. The subsequent shower period and the eventual deiwalgadrons
add modest stochastic transverse momentum componerds)dda the characteristic "jet cone”
topology of the finally observed hadrons. Remarkably, h@methe yield distribution among the
final hadronic species (which arises from the very same atdithinfluences) presents itself as a
maximum entropy, equilibrium ensemble, as we infer fromdhecess of the statistical canonical
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ensemble fit to LEP jet hadronization data by Becattini [6pven in Fig.1.

However:in stressing the dynamical QCD origin of the apparent hadrgmecies equilibrium
(which has been the source of inspiration for Hagedornsldpreent of the statistical hadroniza-
tion model [18] that has been endlessly challenged untdydd have exaggerated the role of the
stochastic elements of the evolution, leading to loss afrinftion. In fact the canonical model
fit shown in Fig.1 wraps up some crucial information, congegrthe conditions prevailing at the
instant of hadronic freeze-out to on-shell (in vacuum) badrand resonances, in @saracteristic
parameters Most notably, the derived temperature amounts te I60 MeV here, corresponding
to an energy density of about 0.7 GeVfniThese values correspond closely, on the one hand, to
Hagedorns limiting conditions for a hadronic system [8] ,amml the other hand, to modern lattice
QCD estimates of the parton-hadron phase transition teatyer[23]. These conditions should,
in fact, be universal to any hadronizing system, irrespeatf its dynamical pre-history. It is thus
reassuring to see that the same temperature governs heatroniin central Pb+Pb collisions afs
=17.3 GeV, as shown in Fig.2. We conclude that hadronic é&er# in such reactions occurs in the
vicinity of the QCD parton to hadron transition: a consisienheck, concerning our above sketch
of the QCD evolution toward hadronization. All such higfs hadronization data thus provide for
an experimental determination of the parton-hadron phasadary.

The second parameter of the canonical model employed byttBedé] in Fig.1 is the total
“fireball” volume contributing the decay hadrons and resmes. In the reaction considered here,
ete~ annihilation to hadrons ay/s=91.2 GeV, it amounts to 27 ffn This value compares well
with expectations from the cluster hadronization model bgb®ér et al. [2, 5] which, at this
energy, may feature about 10 clusters on average, of dimedsim, decaying simultaneously but
independent of each other. Note that in jet hadronizatiemhjor fraction of the initial total c.m.
energy resides in hadron kinetic energy along the axis défigehe initialgq pair.

Finally, the much debated "strangeness under-saturagictorf’ s is employed in the canoni-
cal fit shown in Fig.1. It represents an additional fugaditstér, inserted for strangeness production
into the canonical partition functions, that takes accadiihe apparent "Wroblewski-suppression”
[28] of strangeness relative to light quark production vehi characteristic of all elementary col-
lisions. At first sightys may appear to be merely a fudge factor, within the framewdrihe
canonical model. It indicates that the canonical ensemibbeeated hadrons deviates from global
u, d, s flavour equilibrium, leading to a relatively modegtmession of K and\ relative to pions
but becoming increasingly effective toward multiply sgarhyperon production. Fig.1 shows that
the canonical fit is, in fact, critically constrained by th&scade and omega hyperon data, thus
clearly establishing the need of such an auxiliary straesgetfugacity factons < 1.

Auxiliary, as seen in the hadron/resonance populatiom hétdronization (with which the sta-
tistical model has to deal), this apparent strangenessrasgipn may nevertheless be traced to
the pre-history of hadronization. In fact, the QCD evolatisketched above, consists chiefly of
shower formation due to inelastic parton interactions Whatudied in isolation, always produce
secondaries under governance of strangeness supprdsssioglly due to the higher strange quark
mass which causes a corresponding penalty factor. The amgegige-hadronic clusters thus con-
tain quarks with a similarly suppressed strangeness déracActually, a similar population pattern
arises in the alternative Lund string hadronization pietfdi where the flavour densities u:d:s are
predicted to be about 1:1:1/3. This relative under-pojputabf strangeness is preserved in the
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eventual cluster decay to on-shell hadrons and hadronimagees, which redistributes the initial
flavour content under governance of the relative phase spaigts, as implied by the hadronic
mass and spin spectrum. The canonical model fit, which takesjashot of the hadron/resonance
population right "after birth” [8,18,19], reflects the rétiug equilibrium distribution of yields,
albeit within the restrictions caused by initial strangenander-population of the hadron ensem-
ble. Thus,s < 1 reflects an absolute strangeness non-equilibrium papalathich is, however,
relatively distributed in statistical equilibrium amorgtstrange hadron species.

In summary we have, at first, stressed the remarkable fetitate hadronic species equilib-
rium population can arise from fundamental parton intéoastwhich, in other respects, lead to fi-
nal state configurations (e.g. jets) that are dramaticaltyate from maximum entropy. The reasons
being found in stochastic elements governing the dynar@&i evolution [1, 2, 3, 4, 5]. However,

a more detailed analysis of the key parameters of the caalogitsemble model shows that they
preserve critical information about the dynamical preemg of hadronization: the hadronization
temperature and energy density, the system volume pmyatihadronization, and the strangeness
output arising from the preceding microscopic QCD dynamics

3. Hadronization and hadronic freeze-out in A+A collisions

In the previous chapter we have concentrated on hadron giioduin the, perhaps, most
elementary process ef e annihilation to jet hadrons because

1. The observed multiplicity order obeys the canonical ldgriim pattern, initiated by Hage-
dorn, in the perhaps most striking manner, due to the corepsife LEP data illustrated in
Fig.1.

2. Furthermore, hadronization proceeds into vacuum, efi-phoducts here, with no essen-
tial final state reconfiguration due to inelastic hadronteiiaction. Thus hadronization and
hadronic freeze-out occur in coincidence.

3. Finally, an elaborate dynamical QCD model exists whichtuees color pre-confinement
singlet cluster formation and non-perturbative hadrdivma dominated by stochastic ele-
ments. This model not only provides plausibility for the oaital ensemble description of
the hadronization outcome: it also helps to understanduhdamental parameters of that
model, e.g. hadronization temperature, fireball volumd,strangeness under-saturation.

We can now deal with A+A collisions.

3.1 Hadro-chemical equilibrium

Turning to hadron formation in nucleus-nucleus collisioftem top SPS to RHIC energy,
17.3 < /s< 200 GeV, Fig.2 illustrates the continuing success of asitedil hadronization model
description [11] of NA49 data [29], gathered @6 = 17.3 GeV.What is newithe primary hadron
multiplicities requirea grandcanonical ensemble description,
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<n>= GV [ dplexr(E + u)/T]+ 1}

whereE? = p? + n? is the vacuum on-shell energy of species i, and the penaitgrfaxy —E;/T)

is modified by the global chemical potentjal for each species, thus taking care of baryon num-
ber, strangeness and isospin conservatinraverageover the entire fireball volume V. We see
from Fig.2 that the hadronic freeze-out temperature T=18%N4 very close to the value derived
from canonical ensemble analysisefe- — hadrons, Fig.1. It also agrees well with the recent
predictions of lattice QCD at finite baryo-chemical potahfR7], concerning the location of the
parton-hadron coexistence line in the [ig] plane. As we shall show below the flig values de-
rived from grand canonical analysis [12] of STAR data olediat top RHIC energy also fall close
to this line. One is, thus, tempted to conclude that hadrepécies freeze-out does very closely co-
incide with hadronization, both occuring at the QCD phaagndary, which is thugxperimentally
located from top SPS energy to top RHIC energy.

Furthermore we recall again that the hadrochemical freetdemperature, observed here,
agrees with the one observed in the perhaps most simple &meéntary” QCD process &' e~
annihilation to hadrons, where hadronization and hadrfreieze-out coincidence [2, 3]. One is,
thus, tempted to suppose that hadronization in central Aglllsions at such high/s should (mu-
tatis mutandis) resemble the QCD evolution sketched in tbeiqus chapter, i.e. shower multipli-
cation of pQCD partons toward decreasing virtuality résglin a spatial color-flavour correlation
("color pre-confinement”) [1] that lends itself to a re-imectation in terms of non-perturbative
QCD singlet clusters whose initial virtual mass and spatidénsion converts to "real” hadronic
mass and size. The clusters then decay to on-shell hadronesonances under governance of
phase space and flavour conservation, thus producing tietypquilibrium” population that is
observed, both, in elementary and in A+A collisions. Thigaent equilibrium should thus, in both
cases, result from the stochastic elements governing tirhdormation process: the hadrons are
thus "born into equilibrium” [8, 18, 19]. Right after birtin¢ statistical ensembles provide for a
snapshot of these equilibrium distributions. This pictisrdighly plausible for elementary colli-
sions where the hadrons escape almost instantaneoushaitiiom, thus preserving the canonical
yield order. Not so in high/s collisions of heavy nuclei. The energy density correspogdo the
grand canonical fit of Fig.2 amounts to about 0.6 GeV pet &md, assuming a source radius of
7 fm, the source volume will double within about 2-3 fm/c, isieple isotropic fireball model.
At first sight, such an early expansion stage, still at carsidle hadronic density, might re-adjust
the initial hadronic population ratios via inelastic casegrocesses. However such a dynamical
cascade evolution of the hadronic equilibrium distribatoes, in fact, not occur here. Ve
observe a freeze-out temperature of about 160 MeV,remithe supposed "relaxed” temperature
of about 135 MeV that would (witls O T#) govern an equilibrium state at twice the initial volume.

Thus we conclude that somewhat counter-intuitively, atmaiiadron/resonance ensemble at
= 0.6 GeV/fn? and T=160 MeV stays unattenuated throughout the ensuinghiacexpansion era.
In fact it was shown by Bass and Dumitru [30] that (at RHIC ggia yield distribution derived
from hadronization, supposed to occur at an even higheggiensity €=1 GeV/fn?) survives the
hadronic expansion era (modeled here by the UrQMD transpodel) essentially unattenuated.
Noting that the QCD parton to hadron phase transformatiearsovithin the domain @ < € < 1

10
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GeV/fm? according to recent lattice QCD, hadronization and dynahfiadronic freeze-out should
coincidence closely, in central A+A collisions from top SBSRHIC energies. We may, thus,
indeed learn about matter at the phase boundary.

3.2 Strangeness enhancement

The fundamentally new, and unique feature of central A+Aisiohs is strangeness enhance-
ment. More correctly we are dealing with the fading away odrggeness suppression which is
universally characteristic of elementary collisions [2&]. One usually quantifies the strange to
light quark density ratio by the "Wroblewski-coefficien2§]

As=2(s+79)/(u+u+d+d)

which amounts to about 0.25 jmp, pp ande* e~ collisions [31] but to about 0.50 in central A+A
collisions [11]. This reflects in an increase of about twohia production ratio&* /mandA/m,
from p+p to central Pb+Pb collisions at top SPS energy [1], BBreover, suppression or en-
hancement feature a hierarchy in strangeness numberhegroduction ratios foE(s = 2) and
Q(s= 3) relative to pions increase by about 6 and 15, respectivéy 32]. Note that these hy-
perons contain only a small fraction of the total strangengsld, due to their small production
rate. Their spectacular enhancements thus highlight amlbbeilk strangeness increase of about
two. Nevertheless they dominate the statistical modeldiis,to their long lever arm, as is obvious
from Fig.1 and 2 which also illustrate the overall strangsnenhancement pattern of central A+A
collisions: from pions to omegas the yield distribution gsaown by a factor of about 0 ~* in
ete annihilation (Fig.1) but only by about 02 (average of omega and anti-omega) in central
Pb+Pb collisions (Fig.2).

At the level of the statistical model description the hadnautiplicity data for central heavy
nucleus collisions are universally well described by thengrcanonical hadron/resonance ensem-
ble, from top AGS to top RHIC energies [11, 12, 13, 14, 15, 14, Fig.2 represents a typical
example [11] obtained at top SPS energy; the NA49 data eraglogre [29] represent the total
yields in 4T acceptance which, even in a large acceptance detectonsysquire significant ex-
trapolation into unmeasured regions of phase space whighrareover, different for the various
species, thus giving rise to a species-dependent systahaticertainty ranging from 10 to 30 %.
In view of such experimental conditions the fit quality (wjt = 1.8/dof) is quite satisfactory.
This also supports the significance of the notorious straeggedamping factog=0.83, employed
here: it suppresses the omega yields by a factor of 0.56, iwakcess of systematical errors.
We will return to second order corrections, such as this,hiapter 4. The Wroblewski factor,
corresponding to this fit, i3=0.52.

A grand canonical fit to recent RHIC data (central collisiafi®\u+Au at ,/s=200 GeV) by
Andronic, Braun-Munzinger and Stachel [12] is shown in Figrhese authors prefer to base the
grand canonical fit on hadron multiplicity ratios which astetmined at mid-rapidity owing to the
limited acceptance of the STAR and PHENIX experiments. Vée Best of all, an omega to pion
ratio of 10-2 in close agreement with the NA49 data of Fig.2. All anti-teacto hadron ratios (for a
given species) fall close to unity, attesting to a small rajgidity excess of quarks over anti-quarks
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Figure5: Hadron production ratios at midrapidity in central Au+Adlisions at RHIC,,/s=200 GeV, and
predictions by the grand canonical model [12].

(as reflected in a small baryochemical potential~ 20 MeV) - in contrast to the situation encoun-
tered at,/s=17.3 GeV whergug ~ 250 MeV (Fig.2). Most remarkably, the derived hadronizatio
temperature, of T=1605 MeV, agrees perfectly well with the value observed,/@=17.3 GeV
and, moreover with the one observeceire™ annihilation at,/s=91.2 GeV (Fig.1).This temper-
ature thus appears to be universal to hadronization at hjgh Furthermore it coincides with the
"critical” temperature as derived by lattice QCD [22, 274, grevail at the parton-hadron phase
boundary. Thus there is no evidence for a phase of statistygemical inelastic equilibrium, oc-
curing subsequent to hadronization in A+A collisions [22] 2in e"e~ annihilation there is no
such phase by definition. Hadronization and hadro-chenfiieakze-out thus occur in very close
proximity at such high,/s. We note, however, that this simplicity is lost toward thevéo SPS,
and notably the AGS energy regimes, where one encountensl gemonical hadronic freeze-out
temperatures as low as 125 MeV [11, 12], falling far below @@D phase boundary expected
from recent lattice studies at a high baryo-chemical p@gef7]. This indicates a qualitatively
different expansion dynamics [21, 22], to which we returseat. 4.3.

3.3 Origin of strangeness enhancement

According to our above argument strangeness enhancemeantiral A+A collisions should
be due to a mechanism located in the dynamics prior to, ongiradronization, which removes (in
part) the strangeness suppression characteristic of etamgecollisions. This latter has oftentimes
been associated with the conditions prevailing in a smdlime, i.e. both with the constraints
imposed by a strict, local conservation of quantum numbend, with the higher penalty factor
resulting from the higher mass of the strange - anti-strdlagieur pair - both mechanisms together
restricting the accessible phase space for creation oindecy particles. In the framework of
hadronization, outlined in sec.2 fet e~ annihilation to hadrons, this "samll volume” situation is
captured in the form of narrow local spatial clusters of gtgluon color-preconfinement which set
the stage for hadronization. In the Webber [2] version «f thodel one expects to find about 10-15
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such clusters at 50,/s< 90 GeV, which are isolated in vacuum and hadronize indepgrad@ach
other. We note, besides, that Becattini and Passaleva yé] staown that, for a Lorentz invariant
observable such as hadron multiplicity, these hadromimagubvolumes (which are boosted with
respect to each other) can be treated additively as a sioighebined source. This computational
trick does, however, not affect the relative hadronic cositimn which is still characteristic of the
single cluster quantum number constraints, prevailingnénrton-overlapping individual clusters.

However, now turning to A+A collisions at hig{s, it is obvious that their typical conditions,
of a high energy and parton collision frequency density [@&Jupying a large primordial interac-
tion volume, might lead to considerable spatial clusterlage In fact the naive expectation that,
at RHIC energy,/s=200 GeV, each interacting initial nucleon pair might likee/create about 15
pre-hadronization clusters we would expect a total of aBO0D such clusters in a central Au+Au
collision. The implicit assumption that the initially cted partonic pQCD showers still develop in-
dependent of each other, in this situation, is probablyénadte, such that inter-shower multiplica-
tion of secondaries will lead to a further increase of cluspatial density. Assuming a single clus-
ter volume of about 1.5 fA[3] we would infer, from such naive arguments, that non-taming
clusters would occupy a total volume in excess of 5008, fmuch in excess of the expected total
interaction volume prevailing during the time interval e82Zm/c, after the end of pQCD shower
evolution [3]. We thus expect considerable cluster overtapextended super-clusters: a large,
guantum number coherent volume is born, far in excess ofreamient dimension. It will develop
toward hadrons under global, non-local quantum numberezgason, much like any other quan-
tum mechanically coherent object, and its decay will prdoga a QM decoherence transition. |.e.
its decay products will be in a quasi-classical state, th@sif reminding us that this state contains
hadronic resonances as well as on-shell hadrons [8, 173.feldron-resonance "gas” will occupy
phase space uniformly (for a given total volume and tempesatowing to the stochastic factors
influencing both the preceding QCD evolution, and the ewadrdecay. It is, thus, not surprising
that this state is well represented by a quasi-classicaldgtanonical Gibbs ensemble [18, 19, 20].
In fact, the third fundamental parameter of this ensembdsi¢les T and V) is thglobal chemical
potentialu that represents the fact that quantum number in the pregelicoherence decay was
preserved globally, i.e. onlgn averageover the entire volume. We wish to re-iterate that the GC
ensemble, by itself, merely captures a snapshot of theraydgit after its formation. It has been
the aim of the above line of argument to show that a plausil@®@volution can be conceived that
leads, exactly, to the conditions pictured in the statiétt8C model. In fact, this model provides
for a satisfactory representation of the strangeness eeh@mnt phenomena.

The above picture, of pre-hadronization singlet clustariayp in A+A collisions reminds one
of a percolation situation [26]. In fact, the degree of adugiverlap should increase witis, mass
number A (i.e. with an exponent between 1/3 and 2/3) andsoofis centrality. The resulting ex-
pectation that, in general, the Wroblewski ratipand in more detail certain characteristic hadronic
yield ratios reflecting the relative strangeness to noargieness output, should exhibit a smooth
rise (toward saturation at the GC level) within the abovdaldes, has been verified experimen-
tally [25, 26, 32, 33, 34, 35]. Most experiments have prodidata for the dependence on centrality
in A~200 collisions [32, 33, 34, 35], of hadronic production @atsuch a¥/m, A/m, =/mand
Q/m, confronting them with a base-line of various elementadjision yield ratios, extracted from
p+ p, e e andp+ Bedata at similar energy. In addition NA49 has measuredthe, A/ and
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Figure 6. Enhancement of th&, =, ® andK yield per wounded nucleon [25,34] as a function of collision
centrality in Pb+Pb a{/s=17.3 GeV.

@/ ratios in central collisions of light nuclet’C +12C and?8Si+28 Sj, at various SPS energies
[25, 32, 34]. These data are usually displayed on a commda stéparticipating’ or "wounded”
nucleon number as derived, for each collision geometry, layiBer simulation.

We illustrate typical examples of such studies in Fig.6 angid.6 shows SPS results of NA49
[24, 33], the left hand panel giving th® and = production rate per wounded nucleon in various
A+A collision geometries, as normalized to the correspogdi+ p yields (Nw=2 by definition).
The data shown here refer to the respective hyperon yieldsdatapidity. The right hand panel
shows theK /W and ®/W ratios vs. participant number, for the same collisions agohgetries,
but it employs the extrapolation to totaitdf the corresponding yields. Fig.7 (left panel) shows
similar data at top RHIC energy obtained by the STAR expanirfi@d] for the A and= hyperons
and their antiparticle partners, in a plot similar to thaFaf.6 (left panel), exhibiting the yields per
participant in Au+Au collisions at various centralities @ormalized to the correspondiqg+ p
yields (all taken at mid-rapidity).

We conclude that (irrespective of the different repreg@nta of the above data) all strange or
multi-strange hadronic species exhibit a smooth riseddffit in detail) of production yield (rel-
ative to the strangeness suppression situation chamngesmall volume elementary collisions)
with increasing interaction volume as offered by the pridialr reaction geometry. However, it
is important to note that it is not the "large volume” per sattbauses the transition from small
volume, micro-canonical or canonical strangeness sugpipire$o grand canonical strangeness sat-
uration. Two large interacting clouds of a dilute nucleos gauld, of course, yield exactly the
p+ p particle ratios. It is the coincidence of extended volume high energy density, typical of
A+A collisions at highy/s, that causes the effect. Such conditions will, in fact, leeah increasing
overlap of QCD pre-hadronization singlet clusters, asutised above, thus creating large, coher-
ent sub-volume sections. Actually, this description of dgaamical evolution may also imply an
appropriate model for "Quark Gluon Plasma” creation.

We see in Fig.6 that thE andA yields (which represent the Wroblewski coefficier) as-
cend steeply, at first, with system size but turn into satumaalready for collision systems of
about 60-100 participants, corresponding to semi-pergteollision geometry in A=200 nuclear
interactions. For cascade hyperons saturation occurghehtcollision volume. This behaviour
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Figure 7: A and cascade hyperons and their antiparticles: increase ohidrapidity yield per participant
with centrality in Au+Au at,/s=200 GeV [32,35].

would indeed follow from an increasing degree of clusterlaeoccuring with collision centrality,
with percolation super-cluster of increasing size beimpfed. The statistical model also predicts
a steep increase toward unity of the strangeness supprefssior n, with increasing coherent
volume [15, 36]; the GC situation can thus be establisheth@$arge volume limit of the canon-
ical ensemble. In ref. [15] is it also shown thatpproaches unity (strangeness saturation) more
slowly with increasing hadronic strangeness. Thus, atdigtit there appears to be perfect overall
harmony between data and statistical model. However, adieplis missing. For s=1 one obtains
n — 1 already at a remarkably small volume [15], of about 68,famd even s=2 saturates at about
250 f?. Whereas the participant or wounded nucleon numbers whese tsaturations appear to
occur in top SPS to RHIC data are as high as about 80 and 25&ctely, and the saturation
transition occurs more slowly with centrality. Now, 60%ris not the "fireball” eigenvolume of
about 80 interacting nucleons: the relationship betweg@emmentalN,,+ and statistical model V
is not straight forward.

However, such a relationship can be established by meansiwide percolation model [26]
which quantifies the naive expectation that super-clustatescence will develop gradually, with
increasing average energy density that should, by itsksif, eéxhibit a smooth relationship to col-
lision centrality as monitored by M. I.e. at first there will be several, relatively small indape
dent super-clusters hadronizing separately, which amatmgradually with increasing centrality.
Thus the participating nucleon induced shower cascadesthair resulting local singlet clusters
will not, right onward from peripheral collisions, feed @ single super-cluster with volume pro-
portional to participant nucleon number. Thus super-elusize is not directly proportional to
Npart: it somehow lags behind. The percolation model (for detsgls ref. [26]) thus determines
the super-cluster size and number distribution, in bingofdasing centrality, then to determine
the appropriate strangeness suppression fagidis each super-clustéraccording to the statisti-
cal model [15, 36]. The final strangeness output results froaeighted average of all individual
super-cluster contributions. A typical result is shown ig.F (right hand panel), which illustrates
the K™ /™ production ratio vsNy as obtained by PHENIX [37] in Au+Au collisions gts=200
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GeV. The result of the combined statistical and clustergation model gives a perfect account of
the relatively slow rise toward strangeness saturatioso Alcluded is a prediction for the Cu+Cu
collisions studied more recently at RHIC, which rises mdeegly with Ny. This illustrates the
indirect relationship betweeng or Ny and the corresponding size of super-clusterN at100
the Au+Au collision system exhibits a typical peripherabgeetry, with extended contributions
from dilute surface density regions (in which participgtimuicleons create relatively small energy
densities) whereas the Cu+Cu collision is already neara&erthus featuring a higher average
energy density.

We conclude that the overall body of strangeness enhantdgshenomena, typical of A+A
collisions, can be understood in a picture of amalgamatengopic singlet clusters that form at
the end of a preceding pQCD DGLAP shower evolution, at high which we have adapted
here from previous QCD studies of jet hadronization in tleerngntarye™ e~ annihilation reaction
[1,2,3,4,5]. Itappears that the above line of argumentyggested in the introduction, can indeed
establish a direct link between the relatively straightviard QCD analysis of jet hadronization, and
the more complicated dynamics of A+A collisions which givise, among other features specific
to such collisions, to the phenomena of strangeness saturaitvithin this line of argument the
success of a statistical model description of the relatadrdnic yield patterns, i.e. the mysterious
apparent equilibrium distribution, can be also understimodetail, as a result of the preceding
dynamical evolution.

4. Problems

In the preceding chapters we have oftentimes ignored tq facketail, certain problems and
objections, such as the extra fugacity fagwor the problem of employing@or midrapidity data,
etc.. We have thus given only an overall, qualitative desiom of hadronization - but exactly
this was our purpose. We shall now first turn to the midrapigioblem which, as it turns out, is
partially related to thes question, and end with a brief discussion of hadronizatfpecHically at
lower SPS and AGS energies where our picture of an initial p@&rton shower evolution can not
be expected to be valid.

4.1 Midrapidity vs. 4T data

We start our consideration from two simple, limiting siioat: at very low energy, i.e. in
the \/s=1-2 GeV domain of the Bevalac and SIS experiments, theeerdipidity distribution re-
sides in a gapy < 2. A single spherical fireball at a temperature of 80 MeV sgigeits particles
over approximately,=1.4 units, i.e. it essentially fills the entire rapidity gépe experimentalists
having a hard time removing, at least, the spectator pestiddut they will effortlessly cover the
rather narrowdy interval. Thus, essentially all existing data are extrapohs to 41, and smaller
intervals are difficult even technically because of the dsarshaped” typical fixed target spec-
trometer acceptances in the plagegpf). On the contrary, at extremely high energy (i.e. perhaps
at the LHC energy/s=5.5 TeV) they-distribution becomes boost invariant over about 10 urfits o
rapidity, such that the surface "corona” contribution (frsingle collisions in the Woods-Saxon
surface) which will still reside in the vicinity dfYpseam| becomes a very small fraction of the total
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cross section. With essentially flat rapidity distribusahe acceptance does not matter much, and
one will concentrate on midrapidity data where all deteetareptance overlap.

Unfortunately, however, all data discussed at presenty #&S to RHIC energy, fall unhap-
pily in between these extremes. From AGS to top SPS enefggaspidity gap widens tAy=3-6,
too wide to be described as the decay outcome of a singleatéintball as the interaction volume
gets stretched by preponderance of longitudinal over vexse expansion flow. Moreover both
here, and up to top RHIC energy, the rapidity distributioiffedfor the various hadronic species,
and are far from boost invariance flatness [38]. Thus, midigphadron yield ratios are systemati-
cally different from 4t ratios. An example of this difficulty is given by the SPS ddteven in Fig.6.
The left hand panel illustrates the midrapidity ratio (p@uwvded nucleon) of tha yield in Pb+Pb
collisions, relative to the one observed (again at midigpidh p+p collisions at the same energy.
Noting that theA distribution features even a minimum at midrapidity for khger system, it is no
surprise to see the yield ratio ascending to a value of ah8uw#th increasing centrality. Whereas
the K* data in 4t geometry (right panel) exhibit an increase with Pb+Pb siolli centrality, of
only a factor of about two, over the p+p reference point thsd aefers to 4r extrapolated data
here. As the\ andK™* yields both represent the major fractions of the s and amtéduction rates,
respectively, and should thus reveal a similar bulk straege grand canonical saturation pattern,
we are faced with a serious apparent inconsistency. We hsnegdrded this in ch.3 because there
our emphasis was to demonstrate, first of all, the basic phena of relative strangeness increase
with system size.

Before rushing to conclusions let us analyze the origin efdbove difficulties which have
resulted in a vivid but premature controversy among theouarischools of statistical model pro-
ponents [11, 12]. To this end we note, first, that the origithefabove, and other apparent incon-
gruencies resides in the fact thato closely interwined mechanisms govern hadron formation, in
proceeding from elementary p+p (or p+Be [32]) to central Asellisions. These mechanisms are
well separated on the overall time scale. Primordial basyand their net baryon number content,
are disentangled in the course of initial pQCD interactiondependence on A/s and reaction
geometry a specific re-distribution arises in longitudiplahse spacdyoth of resulting net baryon
number and energy density. This distribution depends ormhieacteristic "stopping power”, as
offered by the longitudinal thickness of the reactants. Tigier the stopping power, the wider
the shift of the incident valence quarks, away from initigh; andyiarg and toward midrapidity -
alongside with the buildup of high energy density.

At later times the clusters or super-clusters that approachionization are differently com-
posed according to their location ynspace. Thus, for example at top SPS energy, there arises a
hierarchy of net baryow distribution shapes: from maximally forward/backward keshin mini-
mum bias p+p collisions to near "flat top” shape in central Pin+This reflects in the y-distribution
of the (net) proton/\, = andK* yields which tend to be much broader than those of the casrekp
ing anti-hadrons which are free of initial u, d quarks. Thaule evaluated in small bins of rapidity
all hadron ratios depend on the local rapidity. However wedrte recall here that the smallest bin
size suitable for statistical model analysis is given bygieead in rapidity resulting from the decay
of an ideal single, isolated fireball which, at a hadron@atiemperature of 160 MeV, amounts to
Ay =~ 2 [11]. The relatively narrow rapidity intervals, populdtat AGS and lower SPS energies,
thus do not allow for an analysis in several separate binsg eadently so as we have to recall that
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Figure 8 Hadron production ratios vs. rapidity, central Au+Au cgihns at,/s=200 GeV, BRAHMS
experiment [38].

the physics of equal mass target and projectile collisichibéts reflection symmetry about midra-
pidity. One is thus left with only two options, to analyzeheit in the intervalymig + 1.0), or in 4t

, both options not ideal - thus the vivid controversy contegra correct statistical model approach
[11, 12]. We shall illustrate this situation in the next $ect devoted to thes problem, but con-
clude, in the meanwhile, that statistical model analysiaime at present a certain approximative
character at intermediatgs[11, 13].

However, at top RHIC energy the wider rapidity g@g,~ 10, (or even its half, because of
reflection symmetry) permits a statistical model analydigctvis differential iny. This fascinating
new aspect has been discussed by Réhrich [39], based on wddptance Au+Au collision data
gathered by the BRAHMS detector [38], which are shown in&igllustrating the remarks above
concerning the stopping power effect on the net baryon numdmdity distribution, the figure
shows a dramatic dependence of the antiproton to protam mathort "plateau” region (a la boost
invariance) governs the intervgty £ 1; this is also true for all other hadron yields and ratios,
measured here and by the PHOBOS and STAR experiments at FditCGat ycpm > 1 the p/p
ratio drops down steeply toward 0.2yate 3.5, thus making close contact to the top SPS energy
values obtainedt midrapidityby NA49 [40]. TheK~ /K™ ratio follows a similar drop-off pattern,
to about 0.65, again matching closely with the top SPS eneadiye, of about 0.6 [29]. The
deviation from unity of these ratios reflects the density mitial valence u, d quarks, relative to
the density of newly created light and strange quark - amtirk pairs, i.e. the net baryon number
density and its rapidity distribution. Exactly this deggiatio defines the baryo-chemical potential
parameter of the GC ensemble. Thus, in analyzing succdsisiseof these rapidity distributions,
the major variation in the GC fit concerns the baryo-chempcaéntial ug which increases from
about 20 MeV (see Fig.5) at midrapidity, to about 150 MeY at 3 [39], while the hadronization
temperature stays near constant, at T=1tc®MeV.

Referring to [38, 39] for detail we conclude, first, that stital model analysis can be carried
out differentially iny at top RHIC energy. Remarkably, the total rapidity interigjust wide
enough to permit such an analysis, but it is narrow enougtheother hand, to establish a situation
which is quite different from ideal boost invariance; suleattiocal hadron composition varies with

18



Hadronization revisited R. Stock

the site of hadronization, in longitudinal phase space.

We are thus on firmer grounds, concerning statistical modalyais at RHIC energy and
beyond. Moreover, the above RHIC observations are highbvaat for the general topic of
hadronization in A+A collisions at high/s. We see that hadronization occurs "late”, and not
from a single, globally coherent fireball volume but from gusence of super-clusters with limited
internal rapidity spread, and with a valence quark denshiciwchanges along the y axis accord-
ing to the primordial stopping process. We have shown in3dcthat grand canonical strangeness
saturation does not require all 400 participant nucleorgatber in a single super-cluster (Fig.6),
and ref. [15] suggests thhl,:=40-80 suffices, even for s=3. It will be interesting to se& kitese
phenomena evolve at LHC energy.

One disturbing feature remains in the overall picture. ThARSdata [35] illustrated in Fig.7
(left frame) do not really exhibit the saturation patteregicted by the model [15]. The hyperons
yields per participant keep increasing all the way up toyfakntral collisions, and this is also
true for the SPS NA49 cascade hyperon yield [34] shown in6Hiigft frame), whereas the s=1
yields do indeed exhibit a saturation pattern. Could thiplynthat full strangeness saturation of
s=2 and 3 hyperons does not really occur? In the light of tlewabliscussion of a hadronization
situation with successive super-clusters, ordered irdigpand decaying each by themselves, we
might be tempted to conclude that they stay too small, in susituation of extreme longitudinal
expansion flow. The ongoing analysis of RHIC data/at64 GeV might clarify this. Or should
we propose [41] that the extra suppression fagg@quals unity only in fully central collisions at
RHIC, dropping down with smaller participant number? Weapparently exchanging one evil by
the other - to which we shall turn next.

4.2 The strangeness suppression factor Gamma

The question whether an extra fugacity facggsuppressing strange hadronic species (which
is familiar from canonical model studies of elementaryisa@hs) is required in the GC approach
is still open. Furthermore even if this question is to be aered affirmatively the origin of g < 1
is not uniquely understood [11, 12, 14]. Let us first try sonnepse considerations. The problem
could be an off-shot of the abovetdss. midrapidity discussion. We note that an ideal single
fireball at T=160 MeV creates a much broader rapidity diatian for 77 than forQ, the reason
being the decrease with hadron mass of the average thertoaityeof whichy represents the
longitudinal component. Thus(y) of a Gaussian parametrization decreases by more than a facto
of two. Thus, in a relatively narrow window centered at midéity one records a higher fraction of
the totalQ yield, as compared to the pion yield fraction. l.e. g ratio is higher at midrapidity
than in 4t perhaps by a factor of two [11] for a midrapidity window &y = 1. To a somewhat
lesser extent this repeats for the cascad@nd ® to pion ratios. We thus get a spurious extra
strangeness enhancement, increasing toward s=2 and 3nwitapidity data, at the SPS (narrow
gap). However this argument is an oversimplification as dvasliare not produced from an ideal
single isotropic fireball even at SPS energy.

Nevertheless, this effect is indeed observed. Fig.9 sha®@ &t by Becattini [42] employing
alAy =1 midrapidity cut on the NA49 data that result [11] in the fiFdd.2, in their 4Tversion. The
latter fit requiress = 0.83 with adequate statistical significance whereas the piidits fit proce-
dure givesys = 0.96+ 0.04, compatible with unity, and in agreement with the palatimlrapidity
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Figure 9: Midrapidity hadron multiplicities in central Pb+Pb coltiss at,/s=17.2 GeV [25,29] vs. grand
canonical model prediction by Becattini [11,42].

analysis of Braun-Munzinger, Stachel and collaboratog ythich employsys = 1, throughout.
We have shown their RHIC data analysis in Fig.5. Comparigg.Riand 9 we see that the freeze-
out temperature, T=(16& 3) MeV, is insensitive to the alternative choices, wheréasderived
value of the baryo-chemical potentigk is significantly lower at midrapidity than ind This
reminds us of the stopping power effects discussed in decMready at top SPS energy the final
rapidity distribution of the initial u, d valence quarks finc¢he target and projectile nuclei (which
defines the net baryon number distribution) exhibits a shginimum at midrapidity, as is reflected
directly in the corresponding net proton and Aedistributions. As a result the y-distributions of
p andA are drastically different from the corresponding anti+ieaddistributions, which are Gaus-
sian about midrapidity. To a lesser degree this also catigeg distributions of all other valence
quark carrying hadrons (notabi/* and=) to be broader than those of their respective anti-hadron
partners. Again, it is clear that a relatively narrow middty cut will lead to hadron production
ratios which are different from the corresponding values. To assess the possible consequences
of this phenomenon Becattini [42] has formerly performed@ &halysis of a subset of theme-
liminary NA49 Pb+Pb central collision data, only retaining hadrdret tonsist entirely of newly
created quarks. The corresponding fit is shown in Fig.10 aiithin the limitations of a poor
statistical significance, we take note thgtagain results at unity whereas the temperature stays
unchanged throughout the sequence of Figs.2,9 and 10. Wehmadtthe preliminary NA49 data,
employed here, have been since corrected (lowering HralQ yields to the final values employed
in Figs.2 and 9 which would improve the significance). Thisreise has thus to be repeated, and
extended toward the lower RHIC energies. We have illusirétéere to register the interesting
idea.

In conclusion it appears that the principal difficultiessalissed in this and in the preceding
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Figure 10: Preliminary grand canonical model fit to central Pb+Pb sigh data in 41, at ,/s=17.3 GeV,
where only valence-quark-free hadrons are included [42].

section, might prohibit an ideal, carefree definition foe ftroper employment of GC analysis at
intermediate,/s. The y problem can, thus, not find a satisfactory answer as of yeis Jitua-
tion will change with the advent of LHC data where we can ekpeobserve more nearly boost
invariant rapidity distributions.

4.3 Grand Canonical analysis at lower /s

We have seen in sect.4.1 and 4.2 that the simple GC multipbeialysis with global param-
eters resides on an idealization of the collision which camxactlyfit physical reality, and dis-
crepancies are thus to be expected. Thus a new mechanismadification of the basic scheme
proves to be relevant only if it leads to a major improvemdnagreement with the data. This
refers, among others, to the question whether a determimafi the (partonic phase) strange to
non-strange density ratlmeforehadronization is possible, and reflected in yhéactor. This would
take into account that at higlys this ratio might be smaller in a quark gluon phase than in an
equilibrium GC hadronic ensemble. This expectation resanverified as of yet, and likewise the
proposal [43] that hadronic freeze-out occurs, not to aieglassical but to a mean field situation
which implies in-medium modified hadron masses. Besidemtmimewhat counterintuitive (after
freeze-out the hadrons should be on-shell) this proposaidnces numerous further parameters
but with a modest net gain in fit significance.

However, the fit variations in Figs.2,5,9,10 do indeed fHate the general observation that the
implied freeze-out temperature stays rather insensiigeith second-order modifications, contrary
to the claims made in ref. [12]. In fact, from top SPS eneygr17.3 GeV via RHIC at 64, 130
and 200 GeV the temperature is compatible with a constambbajaverage value of 165 MeV
[11, 12, 38]. This value does remarkably well coincidencthwecent lattice QCD predictions of
the critical QCD temperature, both g = 0 [23] and at finiteug [27]. Toward lower,/s, the
derived freeze-out temperatures drop down smoothly utilé®ergy, permitting an interpolating
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Figure 11: QCD matter phase diagram illustrating hadronic freezepmints [11,12,14,36,43] and the
parton-hadron phase boundary, also indicating the exgecitical point [27].

fit [11, 12, 44, 45]. The situation is illustrated in Fig.1h, the [ug, T] plane. The GC freeze-
out points are seen to drop well below the phase coexistémeednjectured by lattice QCD [27]
which, furthermore, predicts a critical point of QCD to ocdn the vicinity of ug=300 MeV.
This leads to important conclusions, firstly that the exiseeand location of a critical point (and
thus a first order phase transition region toward higlhgrmay create critical fluctuations of the
hadronic composition [46] in the lower domain of SPS energidso affecting hadronization and
the resulting hadronic ratios. This would lead to deviatidrom standard GC behaviour [47],
which are indeed observed [48].

The second implication of Fig.11 is even more directly rafevfor the arguments discussed in
the present article: that hadronic freeze-out occurs thtar hadronization, below/s~ 10 GeV.
It thus doesot occur from a preceding partonic cluster phase but from aadkadronic medium,
with mean chiral fields [43] and Goldstone bosons [21] in @ldeading to short relaxation times of
the participating hadrons. New mechanisms for inelastaxegion or equilibration could dominate
this medium directly at the coexistence line, such as therg®; by detailed balance, of string or
cluster decays to many hadrons [22], i.e. reactions such as

n pions«— X « QQ

with n up to 10 as encouraged by the high hadron demsitwhich accelerates such processes
in proportion top". It is thus conceivable that the system expands while mainta chemical
equilibrium until the freeze-out temperature is reachelis Equilibrium can be maintained if the
main relaxation time constants are smaller than the exparishe scale (for example the volume
doubling time). At higher/s the system arrives at the phase boundary, from above, vihibxi
pansion flow velocity fields are already fully developed ia fireceding partonic era [17], i.e. it
"races” through the phase boundary at an expansion time e€about 2fm/c. Hadronic "classical’
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rescattering relaxation time constants are not concevabfiall down to,or below hadron diameter
(here we disagree with ref.[21]), i.e. they can not reallynmech smaller than 2 fm/c with the
consequence that the system freezes out in the close yicdiihe phase coexistence line. How-
ever, at lowy/sthere does not necessarily occur an extended partonicramarf@t all). The system
reaches something like a classical turning point [46] betwampression and re-expansion, where
dynamical time scales are rather long. This turning poing,nimefact, closely coincidence with the
conjectured critical point, at low SPS energies (i.e. theean does not penetrate deeply into the
partonic phase), or it may even fall below the phase boundéirtpgether, so that the system stays
hadronic. But in either case there will occur a much slowéiainre-expansion heregoinciding
with maximal hadron and energy density. Thiy§ax < Texp, and chemical equilibrium can in
fact be maintained for a while, such thBteeze out < Tc. INdeed, Texp increases with falling,/s,

as is required by Fig.11. This indicates a new, fascinatielgl fof experimental [48] (FAIR) and
theoretical [21, 22, 43, 46, 47] progress.

5. Conclusions

It has been the aim of the present paper to shed a light at fageaqt puzzle of hadron/resonance
chemical equilibrium, observed both in elementary and ideus-nucleus collisions gfs > 17
GeV. To this end we have first revisited the models developehd 1970-1980s [1, 2, 3, 4, 5] for
hadronization as it occurs in tlege™ annihilation reaction. These models develop a QCD view
that offers an evolution which ends, "naturally”, i.e. waitlt implausible ad-hoc assumptions, in
a decoherent, on-shell hadron plus resonance ensembleawield order which is determined
by the width of available phase space (represented by actigéfdormation temperature) vs. the
hadronic mass and spin spectrum. This situation was igit@infronted by Hagedorn [8, 18]
within the statistical hadronization model, and more rélgdry Becattini, Heinz and collaborators
[6, 7, 20, 31] employing the canonical ensemble. This oVeatisfactory situation in modeling ele-
mentary hadronization, which is relatively simple as nolfatate interaction modifies the hadronic
equilibrium yield distribution (hadronization and hadieai freeze-out thus coinciding), suggests
an attempt to, likewise, describe hadronization in A+Aisahs. In fact, the situation can be qual-
itatively understood with a single additional assumptiGwing to the high spatial energy density
the initial QCD DGLAP evolution branches might settle, todvéghe end of the non perturbative
era, into extended configurations of amalgamating clustessrings which we have called super-
clusters. This particular non-pertubative symbolic laaggs may, in fact, imply a general quark
gluon plasma formation process. As extended volumes slumddy relatively less constrained by
strict local quantum number requirements [15] but, needetts, under phase space governance,
we thus propose that the hadronization output should nowddedascribed by the grand canon-
ical version of the statistical model. This implies the alied strangeness saturation systematics
which is well accounted for by the model studies [11, 12, #3156, 19, 20]. Furthermore, also the
gradual transition from canonical (small volume) supgdmesso grand canonical saturation, with
growing system size, is well documented by a wealth of expenial [25, 32, 33, 34, 35, 41] and
theoretical [14, 15, 26, 36, 45] studies.

Thus, in returning to the goal, as formulated in the intrditug we conclude that this "min-
imal” line of argument can, at least qualitatively, expl#tie overall hadronization phenomenol-
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ogy. The puzzling equilibrium distributions may well resfibm the stochastic and phase space
influences dominating the dynamics, from late pQCD showeluéion to singlet cluster, or super-
cluster, decay to on-shell hadrons and resonances. Frorariaation data alone we can thus far
not derive an argument concerning the possibility that aigpenpartonic equilibrium state precedes
the hadonization mechanisms, at high such as explored at RHIC. We note, however, that other
physics observables, e.qg. elliptic flow, support such a mdneordial partonic equilibrium pattern
[17]: an important conclusion from the RHIC data.

While insisting on the overall conclusiveness of our "mialirline of argument (not at all a
"deus ex machina” as argued in [12]) we observe, finally, thatproposals of super-rapid equili-
bration mechanisms, setting in within the instant of pattoinadron conversion at a high prevailing
energy density [21, 22] in A+A collisions, need further istigation. At present they may be seen
to add quantum mechanical detail (relaxation processéstimie scale below hadron size can not
be classical) to the overall "black box” of quantum mechahginglet cluster/super-cluster decay
to on-shell hadrons, postulated here. At lowgs, in turn, such process may be dominating the
evolution toward hadronic freeze-out as we have arguedcin 4€3.
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