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1. Deconfinement and Hadron Production

Enhanced production of strange hadrons, and of (strangdaayons is a signature of quark—
gluon plasma (QGP) formation in relativistic heavy ion =idins [1]. We illustrate on left in figure
1 the two step mechanism of hadron production from quarlerglonatter: upon deconfinement
thermal glue emerges from parton matter, thermal gluorofuseactions produce quark pairs in
mass rangen; < 3T [2]. Subsequently, at a later time and thus at a much loweli@rhbempera-
ture, quarks merge into final state hadrons [3, 4]. On thd righgure 1 we show the relative yield
as function ofp, of baryon to meson abundance which are quite different frdratws found inpp
reactions [5]. This confirms that the relativistic heavy ladron production differs from the string
breaking mechanism of hadron production [6]. This resulnfb also at top SPS energy range [7].
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Figure 1: On left, qualitative illustration of (strange) hadron pumtion in QGP: gluon fusion reactions
populate flavor yield, subsequently at phase breakup, guaekge into final state hadrons. On right, exam-
ple of baryon to meson ratio experimental restNié<s andp/in Au-Au compared tgp collisions as a
function ofp, .

Of particular relevance in this work is the parameter cdhirg the absolute yield of quark
pairs y@CF for u, d and y&°F for s (and yR®P, y2°" for ¢, b not further discussed here). In an
equilibrating system alyiQGP—> 1 as function of time, one can argue that at RHIC strange flavor
in QGP is nearly equilibrated. However, in an experiment,olsserve hadrons, these yields are
subject to different parameters operating in the hadrors@lfelP) with the initial valuegP(t¢)

If hadrons do not scatter much after formation, as is the tatee single freeze-out model [8, 9],
there is little if any change of 7 (ts).

Remarkably, these two patrticle yield paramet@rg?,(tf) andy:P(t+), also control the relative
yield of baryons to mesons shown on right in figure 1,
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whereys/yq shifts the yield of strange vs non-strange hadrons, thusxXample the relative yields
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of hadrons obey:
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The above observation, when combined with the results stwowight in figure 1, imply that
the baryon to meson yield and th;{;ﬁp(tf) is arising from microscopic dynamics of hadronization.
This establishes the necessity to include the occupanamasers in order to describe the yields
of hadrons, since this is the parameter which allows for &tiea dependent relative yield of
mesons and baryons. Conversely, a study of particle yieltts avfixed valueyHP 1 presumes
certain relative yield of baryons to mesons and this is @egrstraining a model of hadronization.
Therefore, in such an approach, in order to describe themtatasely, the control of the relative
number of produced mesons and baryon is achieved by matijgutde hadron spectrum [10] —
including additional meson and baryon resonances, it isiplesto fine tune the final relative yield
of meson and baryons. Naturally, such a fine tuning of thedradrass spectrum in fact confirms
the failure of the ‘equilibrium’ model [11], and confirms tiecessity to use the non-equilibrium
occupancy parameters, if not for any fundamental reasam, itth order to fudge the errors in the
mass spectrum of hadrons.

The greatest experimental sensitivity of the baryon to meato is present when the respec-
tive yields are comparable, such that the particle yielégsaasensitive measure of this ratio. This
is the case for the intermediate energy range at SPS, eifpe BOAGeV Pb collisions with lab-
oratory fixed target. Our choice to consider the SPS enemggerdan this presentation is in part
dictated by this observation, and in part by the fact that wgeet a change in reaction mechanism
at an energy range below the RHIC *high’ energy runs.

Other statistical hadronization (SH) parameters we ddriva the data are the source volume
V and the temperatur€, at which particles stop changing in yield (chemical freem§). More-
over, we obtain chemical potentigl = 3uq = 3T InAq, us = TIn(Aq/As), related to conserved
guantum numbers: baryon number and strangeness, reghgctve also obtair 3 which allows
to conserve the net charge and expresses the asymmetry3rrdheomponent of the isospin. Es-
pecially for low energy reactions where the particle yigddelatively low this parameter differs
significantly from unity.

The patrticle yields measure the values of SH parametersisgthat all particles stop chang-
ing their abundance nearly at the same point in time. Heeeyigld of stable hadronic particles
(ignoring weak decays) includes hadronic resonance ddtain.cNote that even if hadronic res-
onances continue to react and their number changes in tirmeQGP breakup, the final number
of stable particles is unchanged. Thus, the chemical freat@alues of SH parameters, and the
associated physical properties of the system at hadramizaan be related to the QGP breakup
condition, if these hadrons are free-streaming out of tleedined fireball.

Since the phase space density is in general different invibephases, in order to preserve
entropy (the valance quark pair number) across the phasedboy there must be a jump in the
phase space occupancy parametgrs— this effect replaces the increase in volume in a slow
re-equilibration with mixed phase which accommodatessfi@mation of a QGP entropy dense
phase into HP dilute phase. Similarly, there is a jump inngfemess occupancy since QGP is a

more strangeness dense phase than isyff®t;) > y2¢F(t), i = q, s, again due to rather large
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Table 1: AGS (on left) and SPS energy range particle multiplicityedsets used in fits (see text). In bottom
of table, we show the fitted statistical parameters and thesponding chemical potentials.

E[AGeV] 11.6 20 30 40 80 158
VSN [GeV] 4.84 6.26 7.61 8.76 12.32 17.27
yem 1.6 1.88 2.08 2.22 2.57 2.91
Naz; centrality most central 7% 7% 7% 7% 5%
Nw, AGS: p/m* 1.23+0.13 349+6 3496 3496 349+6 362+6
Q/b 0.39+0.02 0.394+0.02 0.394:-0.02 0.394:-0.02 0.394:-0.02 0.39:0.02
(s—9)/(s+9) 0+0.05 04+0.05 04+0.05 04+0.05 04+0.05 040.05
133.A4:9.9 190.0+10.0 24113 29318 446127 619-48
m, AGS: 7‘1*/71'+ 1.234+0.07 221.0:12.0 27415 322t19 474+28 63948
K+, AGS: Kt/K~ 5.23+05 40.74+2.9 52.9:4.2 56.14.9 73.4:6 103+10
K= 3.76+0.47 10.3:0.3 16+0.6 19.2+1.5 32.4:2.2 51.9:4.9
©, AGS: o/K* 0.02540.006 1.89+0.53 1.84:0.51 2.55:0.36 4.04:0.5 8.46:0.71
N 18.1+1.9 27.142.4 36.9:3.6 43.14.7 50.% 10 44.9-8.9
A 0.017A-0.005 | 0.16+0.05 0.39-0.06 0.68:0.1 1.82:0.36 3.68:0.55
= 1.5+0.3 2.42+0.48 2.96:0.56 3.8:0.87 4.5-0.20
=t 0.12+0.05 0.13:0.03 0.58+0.19 0.83:0.04
Q+Q, or Ks 0.14+0.07 8144
V[fm3] 3649+331 4775+261 2229-340 1595-383 2135-235 3055454
T [MeV] 153.5:0.8 151.A4-2.8 123.8-3 130.9t4.4 135.2:0.01 136.6:0.01
)\é‘“D 5.214-0.07 3.53+0.09 2.86:0.09 2.42-0.09 1.98-0.07 1.744-0.02
)\SHP 1.565 1.39+0.05 1.45-0.05 1.34:0.06 1.25-0.18 1.155:-0.03
a P 0.366+:0.008 | 0.49+0.03 1.54-0.37 1.66-0.14 1.65-0.01 1.64-0.01
P 0.216+0.009 | 0.40+0.03 1.61-0.07 1.62-0.25 1.52-0.06 1.63:-0.02
)\l"ép 0.875:0.166 | 0.877:0.05 0.93%-0.013 0.968-0.027 0.973:0.014 0.975-0.005
us [MeV] 759 574 390 347 276 227
Us [MeV] 180 141 83.7 77.6 62.0 56.0

hadron masses. In order to relate the initial valyé¥ts), i = g, s, at freeze-out (subscrigft), to

the QGP fireball source vanéDGP(tf), i =, s, we match across phase boundary by considering
the continuity of entropy and strangeness. In principldy dhe occupancies are discontinuous
at QGP hadronization, the other SH parameters are smooththiSaeason, we attached phase-
indices ‘QGP’ and ‘HP’ only to occupancy parameters, and mtieese are omitted we always
mean implicitly the confined hadron phase HP.

2. Hadron Yields: Data and Fits

A complete analysis of experimental hadron yield resultgiires a significant book-keeping
and fitting effort in order to allow for resonances, partialigliths, full decay trees, isospin multiplet
sub-states. A program SHARE (Statistical HAdronizationhwREsonances) suitable to perform
this data analysis is available for public use [12, 13]. Tgrnsegram implements the PDG [14]
confirmed (4-star) set of particles and resonances, and &/€l8%the recent determination of-
meson mass [19hf; = 484, ', /2 = 255 MeV). The data set we use in table 1 is the latest NA49-
2008 results [20], together with, as reference, AGS dataistteir highest energy, see [21, 18].
A star atAg indicates that we fixed the value by strangeness consemyatibich we do at AGS
considering a small data set.
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Table 2: Predictions: AGS/SPS particle yields including NA49 20@8x all SHARE 2.2.

E [AGeV] 11.6 20 30 40 80 158
VS [GeV] | 4.84 | 6.26 761 876 1232 17.27
ycum 1.6 1.88 208 222 257 2091
N4/ centr. m.c. 7% 7% 7% 7% 5%
b=B-B 375.6 | 348.1 348.6 349.9 3495 3617
(s—9/(s+9 0 -0.119 -0.037 -0.007 -0.017 -0.044
T 134.0 | 189.9 243.3 2925 4347 617
m 161.2 | 223.4 2785 3241 469.6 663[
K+ 175 | 41.1 50.2 534 727 1113
K- 3.60 | 10.3 159 197 334 547
Ks 10.9 | 26.3 331 362 521 813
® 0.47 | 1.82 210 264 423  7.37
p 173.2 | 162.9 166.2 137.2 138.6 1459
P 0.022 | 0.207 057 0.74 246 5.39
A 18.7 | 29.3 395 369 413 485
A 0.016 | 0.16 040 0.62 177 4.02
= 0.49 | 1.34 245 277 342 455
=" 0.0026| 0.028 0.065 0.145 0.35  0.87
Q 0.014 | 0.065 0.14 0.178 0.26  0.39
Q 0.0008| 0.0089 0.014 0.031 0.067 0.16
n 8.50 | 16.7 195 232 36.2 556
n’ 0.43 | 1.13 1.06 140 234 3.78
p° 11.2 | 19.0 13.1 189 30.6 44.3
w(782) 594 | 12.9 11.1 149 257 384
fo(980) 0.54 | 1.15 085 121 214 321
K°(892) 572 | 123 9.84 119 174  26.8
A° 379 | 331 2516 263 269 280
At 290.7 | 26.08 2218 244 257  26.7
A(1520 1.33 2.0 1.74 211 252 299
¥ (1385 2.02 | 3.88 411 451 509 5.99
=%(1530 0.16 | 0.43 069 084 108 1.45

Aside of directly measured yields, we fit the baryon contemie@sured’ in terms of event
centrality choice), the charge per baryon (‘independémtigasured to be the proton content in
nuclei) and the strangeness balance, all three shown imagefap data section of the table. Since
‘strangeness contens—+ s is large, we choose to considés = (s—S)/(s+5S). The errors we
present for these entries are our estimates of how the erroréasurement propagates into the
statistical parameters.

A complete set of particle yields corresponding to the besaimeters obtained at different
reaction energies is presented in table 2. Below the stadnficle yields, we show, in bottom
section, the resonance yields which are not the measuradilisybut the initial values required
in the study of a further resonance evolution [22]. The stdiddron yields agree well with the
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Figure 2: On left: x?/dof (top) and the associated significance lé&g?o] (bottom) as function of fixegk,
for the AGS/SPS energy range. On right: the statisticalipatars resulting from a fit at fixeg, as function

of reaction energy.

experimental energy dependence of the yield data well,ighig particular, also the case for the
@-yield. However, we expect a growing yield #8f which experimentally saturates at 8GeV
and then taking the center of measurements point, perha&psdacreases at 12€eV compared

to 80AGeV.

We believe that imposing strangeness conservation cancovestrain the fit, a step we only
take if the data sample is small so that there is no sengitiwithe ds = 0 constraint, as is the case
at AGS. The values we find fa¥s at SPS are all negative, see values stated in top of table@. Th
persistence o0ds < 0, if not result of some experimental NA49 bias, should bemalis indirect
evidence for some new physics. We are looking forward to RI8i€ energy run to resolve this
important question. Note that the particle yields presgimetable 2 are evaluated with the value
of ds as found in fit to be the best value. All yields shown in thide¢adre prior to weak decays

after hadronization.

We make, here, an effort to determine if the SH model we useesigkod sense and if the
parameters we employ are necessary. For this purpose, we amdeft in figure 2 in the top
frame the profile ofy?/dof as function ofyy, and in bottom frame, the profile of the confidence
level Pc(x? dof). We note that there is significant variation as functiorypéind that the best fit
is not associated with the valyg = 1. This shows that this parameter not used by many other
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groups [11, 15, 16, 17] is neither redundant nor can it assaifireed value, tacitly set tg = 1,
associated with thermal equilibrium ratio of baryons to amss (note that in the following, we
always refer tO/};‘P and thus we sometimes omit as in this paragraph the supajscri

We see, on left in figure 2, that our fit results separate into gwoups. The AGS data point
and the lowest energy SPS data point have a clear preferenggt < 1. This suggests that at
these two reaction energies (11.6 and&GeV) the yield of hadrons and in particular of baryons
are suppressed, where the benchmark production level israichlly equilibrated hadron phase at
the temperaturd ~ 152+ 2 MeV. For the 30, 40, 80 and 196 GeV SPS reactions, we see that
our fit results favor enhanced yields of hadrons and in pagrcthat of baryons compared to the
benchmark which is a rather low chemical freeze-but 140 MeV.

Sometimes it seems to us that other groups resist the wé’é"since they did not incorporate
this important quantity consistently in their fit progran@aims that SPS fits which includg are
unstable were not true for SPS energy range and are cerfalayafter the final complete data set
is now available. Aside ofy, there is another important nuance between our and ‘theiN\e do
not see a value of|3 published by several other groups, thus we are not surehfsmimportant
guantity is employed in the fits, along with the requiremduait net electrical charge of the system
is that of the participating protons.

On right in figure 2, we show the fit results for statistical graeters, shown for eacfisun.
We note that there is a rapid shift in behavior as we go ac(ggs = 7 GeV (vertical dotted
line) of T, y4, andyy/ys, and of the volumé/ seen in the table 1. This contrasts with the much
smoother behavior of the baryo chemiggl and strangenegss potentials (bottom frame on right
in figure 2) showing that across the entire reaction energygaio the chemical conditions change
smoothly. On the other hand, there is considerable shifhemical potentialgy; of individual
baryons and anti baryons at the boundgfsin = 7 GeV. Individualy; are evaluated following the
quark content, for example:

Hz(ssg = 2TIN(ys+As) + TIN(yg+Aq)).  Hzsg = 2T IN(¥s— As) + T In(yg — Ag)).

In figure 3 on left, we see that considerable discontinuitgearfor all baryon chemical potentials
between these two domains. The energy needed to add a barjfarsismooth, while the energy
to add any individual particle carrying baryon number is.not

In figure 3 on right, we compare our fit of %/ 71" with data as function of/Syn. While our
non-equilibrium model works very well and the peak of therhave see in the data appears to be
another consequence of the change in hadronization behse@s,/S\v = 7 GeV, the chemical
equilibrium model [11] (dotted, blue) does not have a pritiris capability. We believe that in
order to explain the NA49 results one needs:
a) the strangeness yield parametgF;
b) and ability to choose baryon to meson ratio independeternperature, that ig'” # 1.
The above parameters could be de-facto achieved by a find &peztrum of hadron resonances
[10]. We note that the decreasing value of Kt™ beyond the peak has recently been confirmed by
the trial preparatory low energy run at RHIC [23].

In closing this discussion, we note that an analysis of higgrgy RHIC data lacks the impor-
tant constraint to a fixed baryon content, since unlike attBBRHIC results are at central rapidity
and the baryon content is one of variables which are outcdniedit. The absence of baryon yield
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Figure 3: On left, the chemical potentials of all baryons and antibas/in HP. On right, our model
solid line (blue) tracks K/m" yield (data) as function of reaction energy. Dotted (redgli equilibrium
model [11].

constraint reduces the stability of the many-parametemfit @ different approach must be taken
which we will discuss elsewhere.

3. Discussion of data analysis

Q: As | see you do not constrain net strangeness to zero — | thaikthis maybe the reason your
effort in this field is not taken as seriously as it should!

A: Indeed, we have gained better insight in past 15 years regastfangeness conservation, as
compared to our older work [24]. At the time we argued thatdloevness of the weak strangeness
decay assures that in hadronic interactioesstrangeness should be zefkss = s— s= 0. Today,
we allow dsto behave like a measurement, that is, we introduce it witbresr ds= 0+ 0.05. The
reasoning is as follows

a) This is a test of the hypothesis that weak decays remains we&GP phase, and the net
strangeness remains conserved,;

b) NA49 did measure many, but not all particles carrying stearggs, e.g>* has not been mea-
sured, this yield is uncertain and thdis= 0 cannot be tested to better than about 5%;

¢) Summing all measured and unmeasured hadrons in strangenasservation’ conditionAs =

Si his— Yi hé——> 0, combines independent measurement errors and thus,fé&van9 had measured
all strangeness carrying hadrons, there would be a ressaiggtical error present ids— another
way to understand this is to note that we cannot confirm thakwdecays in QGP remain weak to
better than the progressing error of individual contribgtmeasurements;

d) Some strangeness could escape detection in unknown Ipattifor example being bound in
(nearly) udsquark-symmetric semi-stable strangelett (a small droguairk matter), this leads to
0s < 0 — which is what we find consistently in our fits.

Q: In what sense if: (see figure 2, left bottom frame) conveying confidence, andlvat thing’,
in what way does this quantity deserve this name, and, | wthifk it is better to suppress this
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part of the figure as it contains redundant information!

A: You are familiar with the Section 32.3 in PDG [14] (PDG: pelgidata group biannual issue
of ‘Review of particle physics’), which provides furthersgussion of the elusive meaning e,
and figure 32.2 shows which fixed valuesRefarise for given valueg?/dof and dof. The SHARE
program evaluateBc for each fit. Abbreviating this section in PDG in a few wordsh¥ fitting

a statistical data set to a model with a few parameters thesvafiP-(x2 dof) predicts (in sense
of Bayesian inferment) the likelihood of repeat experim@nproduce the same outcome for the
model parameters. Thug; expresses confidence in the validity of the model.

Effectively, Pc(x2 dof) also expresses confidence in the data, provided that wesgétighe
model: when we intentionally alter an experimental datapby 2 s.d., our data fit remains stable
in the sense that we find nearly the same model parameter®; becomes much smaller, and the
one data point which is not well fitted is the one we alteredteNbatx?/dof is not as sensitive
to this consideration, since the effect of one ‘wrong’ measent is diluted by the magnitude of
dof. The functionP¢(x? dof) turns insensitive in the limit dof+ o, but we are far from this. In
fact, in our study of the fits to the date, we found that the @alfiPc is much more interesting
when comparing for example NA49 data at different energiesesthe number of available data
points varies and thus dof varies along with. Thus, if we were to suppress a result it would be
the profile ofx?/dof, but that cannot be done since people want to see the ehj& dof.

Q: I note that in your recent work [25] all 6 best valugsare larger than 0.8 which is very unlikely
to happen for 6 independent measurements.

A: Yes, you will further note that in this paper all NA49 fits dad out with the final 2008 data
set converge to a common best vaRe= 70%. This value has highé than one could expect
on statistical grounds (50%), but we note that we have tiesystematic errors as if these were
statistical errors, and thus effectively made errors togdaln one case, we also increased the error
bar of NA49, beyond the statistical and systematic erromeig we doubled error foA-yield at

80 AGeV, and thus it is of same relative magnitude as the errds@AGeV. We did this since our

fit and P; indicated that this one NA49 value was out of systematicgtodrgparticles measured at
this energy. We fit this measurement but with an error whianaglified as stated above.

Q: How did the SPS heavy ion energy scan research program cobe®to

A: In early 1980’s there were several studies of the mechanmrarging the development of de-
confinement as function of reaction energy. Looking at thisknone finds energy estimates for
transition to QGP within a range well beyond the SPS reacHy @more persistent search will
unearth a minority view, for example in the opening of cosabns of Ref.[26] we read: “The
formation of a baryon-rich quark-gluon plasma appears tarbenportant reaction channel in col-
lisions of heavy nuclei in the energy region of 2.5-5 GeV palaon in the center of mass frame of
reference”. We recall that the®/ rr* peak is at 2 3.5 GeV, right in the middle of this prediction,
obtained considering the growth of ‘QGP seeds’, small dficed drops of matter. Strange patrticle
production signature of this transformation was the fagoexperimental approach [27]. However,
only when it was proposed that an easily accessible obderaty ™ could suffice [28], the re-
search program to scan the hadron production as functioraution energy in the SPS domain
took off. This development is consistent with the CERN amuament of February 7, 2000 that a
"new state of matter” is produced in the top SPS energy deritraPb collisions.



Particle Production and Deconfinement Threshold Johann Rafelski

4. Physical Properties of the Source

The SHARE program remains till this day a unique tool whemines to the evaluation of the
physical properties of the source of hadrons. Once a fit iseget], this is a straightforward task,
however, with a significant bookkeeping challenge: eaclrdrad particle, stable, or resonance,
given the statistical parametérs u, ..., contributes to the physical properties such as pred3ure
entropy densityS/V, energy densitf /V, and baryons also to net baryon densifi/, while all
strange hadrons with s-contents contribute/dd. These properties are of considerable importance
in discussion of the meaning of the fit to the data.

We believe that the extensive properties sucliPasr s are more reliable than the intensive
statistical model parameters. The probabiltyis in fact indicating the reliability of finding in a
redo of experiment and analysis in framework of the sameiphlymodel the samB, S E, b, s.
This is so since some elements of our model are not fully &skedal and thus will evolve in
time. For example, the hadron spectrum will be in the comiegadle better understood and this
may alter some statistical properties. However, the oaotyp@arameterg compensate to a large
extent just this model dependence, and thus a refinementdodianass spectrum should result
in some change of;, but, as we hope, little changed evaluation of the physioapgrties of the
fireball. Said differently, for example, the observed pigely is a good measure of the entropy
produced with little model dependence.

A sample of our findings for the physical properties is présenin figure 4, as ratio of differ-
ent extensive quantities: on left, we s®, s/S andE/s; on right top frame, the pressuRe and
bottom right, the thermal enerdy per primary hadror,. The results we find are the symbols, the
lines guide the eye. All solid (blue) symbols and lines atérfan-equilibrium model. On right
the open, dashed (red) triangles and lines are semi-eduitibmodel withy;'® = 1. Sincey;"”
is artificially fixed, the pressure is not the same in both nimydend, there is a great reduction of
confidence level: in this result, as is seen in figure 2, left bottom frame: coragaghest value
of Pc with that arising at a fixedﬂfp = 1. Said differently, the values we present on right in figure 4
for Y4 = 1 (red, dashed) ang}* fitted (solid, blue) are different since these are in priteiwo
different models to be distinguished by the quality of the fit

Perhaps the most interesting finding is seen in figure 4 ot inghe top frame: the hadroniza-
tion pressure is practically constant, near about 82 Me¥(fion equilibrium model, solid line), at
highest three SPS energies. The absence of fluctuationis iretult is most remarkable, a smooth
line is connecting 40, 80 and 1385eV result. The preliminary NA49 data gave less ‘constant’
result [25, 18].

The baryon content of the source fireball is fixed by the choiteentrality, thus the rise
of s/b (top left) indicates that strangeness production incieaapidly, and smoothly, with re-
action energy. Note that strangeness content increasdsldiketween 10 and 158GeV reac-
tion energy, and by a factor 2.5 between 30 and A&®V. On the other hand, the value range
s/Se€ (0.0190.022) combined with the growth af/b shows that the fireball experiences, as func-
tion of reaction energy, a growth in both entropy and straegs at a comparable rate.

The high value of/Sis established much earlier in time, in a much more denseepties
the chemical freeze-out. The behaviorgsB suggests that at 48GeV (and perhaps event at 30
AGeV), in an early stage of the fireball wherand S is made, the same quark—gluon degrees of
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Figure 4: Physical properties of the hadronizing fireball. On ledfid s/S, E/sand in right pressur®
and thermal energy per primary hadriih,. The red lines on right correspondwgip =1 and have a much
lower confidence leveR., see figure 2.

freedom are already active. Consideration of kinetic th¢28] suggest that the growth sfSis
due to a gradual as function of reaction energy approachdmiaal equilibrium, first by gluons,
than by light quarks, and later by strange quarks. We refer nmore thorough discussion of the
importance of observabke' S presented elsewhere [30, 31].

The cost in global thermal ener@yto make a strange quark pair yieddncluding those bound
as pairs im, n’ andgis seen on left, in the bottom frame of figure 4. This value iwasas 6 GeV
at highest SPS energy. HeEeijs the thermal energy content of the hadron systemsasids before
the absolute yield of strange quark pairs. A strange quarkgpdadronization has an energy near
to 0.9 GeV. The remainder of the energy content per this paa, nearly equilibrated deconfined
source of hadrons, is contained in the thermal light quarid gluons. This argument accounts
well for the remaining 5 GeV. The greater energy requiredramlpce strangeness pair at the lower
reaction energies is consistent with the hypothesis thiady o hadronization, strangeness in the
fireball is far below chemical equilibrium, as is seen in thea# s/b ratio.

Finally, the bottom frame on right considers the hypothésit the chemical freeze-out con-
dition is related to energy required for making a primary foad[16]. We see that within the
semi-equilibrium model (red, dashed line), the value ised within a reasonable margin, oscil-
lating nearE /hp ~ 1 GeV. However, the high confidence result (blue, solid liwéhin the non
equilibrium model demonstrates a strong variatiorEgh, which drops from above 1.3 GeV to
0.75 GeV, and thus:/hy is not a good criteria to define freeze-out of hadrons. Moggothis
variable has a priory no fundamental meaning, and this gyatgpends strongly on the spectrum
of hadrons used, equivalently, the valueygf

11



Particle Production and Deconfinement Threshold Johann Rafelski

5. Discussion and Conclusions

For low reaction energies (AGS 10seV and SPS 28GeV), we find hadrons originate from
a relatively large > 3500fn?), dilute (g < 0.5), yet relatively hot systeml(> 150 MeV). The
strangeness abundance is low and fast growing. At highetiogaenergies (SPS 30, 40, 80 and
158 AGeV), the volume per hadron is less than half as large, andiémical freeze-out proceeds
at about 20% lowel. We know from the experimental results that there is a ragjghasion of
the dense matter. We conclude that in the buildup of the midi® there was significant cooling
of the fireball matter. Particle spectra confirm that therags flow in this SPS energy range. Our
hypothesis, which is consistent with all results descriiedhat we are, already at SPS, seeing
sudden hadronization of a supercooled deconfined phasea{3H], 80 and 15&GeV reaction
energy, and to some lesser extend alA8kV. This hypothesis allows to qualitatively explain the
high y(';P > 1 value, and is consistent with physical properties of ttetesy we observe implicitly
by measuring the hadronization parameters.

There are several possible explanations of the AGS AGéV and SPS 28GeV low energy
behavior:

a) the most straightforward alternative is the usual confitradron phase in which antibaryon an-
nihilation, which reduces the baryon to meson ratio, takasey which leads to chemically under
saturatedy < 1,

b) given the large baryo-chemical potential (see bottomabfetl) the freeze-out is in a domain
in which a complicated QCD phase structure is expected amgblilgsical properties we find are
consistent with breakup of a valance quark deconfined mii8r Such a phase has relatively
massive constituentsng ~ 330, ms ~ 500 MeV) chiral symmetry is strongly broken, even though
deconfinement prevails — only fqar, — O there is empirical and lattice evidence that chiral sym-
metry and deconfinement are restored at the same conditf@matter flow of a heavy constituent
matter is expected to be slow, and thus, hadronization rmésinadiffers profoundly from what one
sees at higher energy;

c) Considering relatively highrc neary, = 1, for 10.6 AGeV we have 45% and for 28GeV
we have 60%, we could simply discount our results at low easrfprcing chemical equilibrium
¥q = 1for light quarks, claiming that the (small) best fit valudgpare an artifact of experimental
data points. To some extent this remark can be made also fAG&Y data, but cannot be made
for 40, 80 and 15&AGeV.

Perhaps the most intriguing result of this analysis is the@hmess, and even near constancy,
of physical properties of the fireball at chemical freezé-enndition for the top three SPS energies
40, 80 and 15&GeV. Of particular physical interest is the value of hadration pressur® ~ 82
MeV/fm?3, which is nearly constant. In a phase transformation froarkgito hadrons, the pressure
of quarks is transferred into the pressure of color-neut@drons, which can escape from the
deconfined fireball. Since the flow pressure of quarks trassoothly into that of hadrons, we
conclude that the thermal pressure of produced hadPns82 MeV/fm?, provides a first estimate
of the pressure of the vacuum which keeps color charged guaside the fireball up to the point
of sudden fireball break-up.

To conclude, we find analyzing the final NA49 SPS data that th&t wentral Pb—Pb collisions
at 40, 80 and 158GeV, corresponding tQ/Syx = 8.76, 12.32, and 17.27 GeV, are showing very
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similar behavior at hadronization, where the physical aatistical properties of the source can
be interpreted in terms of a sudden QGP fireball decompasitithe SPS reaction at 38GeV,
corresponding tq/Syny = 7.61 GeV, is an intermediate case, which in many aspects isasitoi
the higher energies, but the hadronization pressure eealua the ensemble of reaction events is
significantly reduced. The reactions at AGS 10.6 and SPEZ¥V, corresponding tQg/Syn = 4.84
and 6.26 GeV, are in a different class which cannot be yey ftéitegorized, and require more
precise and comprehensive experimental data in order dw all more specific conclusion about
the applicable reaction mechanism.
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