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Quark-gluon plasma fireball
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Lattice quantum chromodynamics results provide an opportunity to model, and extrapolate to finite baryon
density, the properties of the quark-gluon plast@GP. Upon fixing the scale of the thermal coupling
constant and vacuum energy to the lattice data, the properties of resulting QGP equations (BoSatee
developed. We show that the physical properties of the dense matter fireball formed in heavy ion collision
experiments at CERN-SPS are well described by the QGP-EoS we presented. We also estimate the properties
of the fireball formed in early stages of nuclear collision, and argue that QGP formation must be expected
down to 43\ GeV in central Pb-Pb interactions.

PACS numbeps): 12.38.Mh, 12.40.Ee, 25.75(

[. INTRODUCTION formed in the Pb-Pb reactions. We show that the physical
properties of the fireball extracted from particle production
It is believed today that a new state of matter has beedata are the same as obtained employing our QGP-EoS.

formed in relativistic nuclear collisions at CERN]. The Using our QGP EoS, we also explore the initial thermal
existence of a novel non-nuclear high temperature phase abnditions reached in the collision both in, and out, of quark
elementary hadron matter, consisting of deconfined quarkshemical equilibrium. We have already shown previously
and gluons, arises from the current knowledge about quarthat the strangeness yield is following the predicted QGP
tum chromodynamic$QCD), the theory of strong interac- Yyield [3,4]. We also show that, when the energy and baryon
tion. At sufficiently high temperature, the strong interactionsnumber deposited in the initial fireball drops below 20%,
weaken(asymptotic freedom and thus we expect that hot €.9., due to large impact parameter interactions, or/and small
and dense nuclear matter will behave akin to a free gas dtuclei involved in the collision, the formation of the QGP
quarks and gluong2]. At issue is today if the new phase of Phase becomes improbable. _
matter observed at CERN is indeed this so called quark- An important dynamical aspect of our experimental data

gluon plasma(QGP phase. One of the ways to test, and analysis[3,4], on which this work relies, is the sudden dis-
possibly falsify, the QGP hypothesis is to consider ,if theintegration(hadronizatiom of the fireball into the final state

expected properties of the QGP indeed agree with experpqd_rons. 'Th|s reaction mechan_lsmasprlon not very sur-
rising, since a fireball formed in these collisions explodes,

mental data which have been at the center of the CERN] : ; ;
driven by internal compression pressure. However, we did
announcement.

The ob tional outout of . i id not find in the particle production analysis as the particle
ne observational output of experments we consider arg, ,..q the expected chemically equilibrated, confined hadron
particle abundances and particle spectra. We address h

i eﬁﬁase. Furthermore, the particle production temperature
resqlts on hadron and strange hadron_ production at thFchemicaI freeze-olitwe found corresponds to a deeply su-
equivalent center of momentufCM) reaction energ¥cy  percooled state, which can be subject to mechanical instabil-
=8.6 GeV per baryon in Pb-Pb reactions. As seen in manyty [7]. We have checked elsewhere this assertion, applying
experimental resultfl], which we will not restate here in the EoS developed here in a detailed analysis of the fireball
further detail, in these high energy nuclear collisions a localsygden breakup, and have found that it occurs at the condi-
ized dense and hot matter fireball is formed. In our earlietjon of mechanical instability8].
analysis of experimental resulf8,4], we have obtained di- A consequence of the sudden fireball break up is that akin
verse physical properties of the source, such as energy pgj the situation found in the study of properties of the early
baryon contenE/b, entropy per baryon conter®/b, and  ynjverse, particle abundances do not reach chemical equilib-
last, not least, strangeness content per barg/tm These rium. Our analysis accounts in full for this important fact
values are associated with temperaflif@and baryochemical [3,5]. For an appropriate criticism of the chemical equilib-
potentialuy, at which these hadron abundances are producedum models, and a list of related work, we refer the reader to
(chemical freeze oWt along with other chemical properties work of Biro [9].
and the collective velocity of the matter emitting these par- In the next section, we address the thermal QCD interac-
ticlesv,. tion couplingas we will use. In Sec. Ill, we define the equa-
Our main aim is thus to compare the properties of thetions of state and the parameters of our approach and explore
QGP phase, modeled to agree with the lattice-QCD calculawhich is the best scheme for the extrapolation of the lattice
tions [6], to the properties of the fireball obtained in the data. In Sec. IV, we present properties of the QGP phase,
study of hadronic particle abundances. We thus developelevant both to the study of the freeze-out conditions, and
semiphenomenological QGP equations of st&ieS based the study of the initial conditions reached in the collision.
on thermal and lattice-QCD results. These are then applied td/e present and discuss the comparison of the properties of
explore, in a systematic fashion, properties of the firebalthe exploding fireball with those measured by means of had-
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L L L We show the numerical solution farg(«) in Fig. 1, set-

0.7 fing
0.6 u=27T=kTIT,, k=1 GeV,
0.5 f
where the solid line corresponds tey(uw=M,)=0.118,
& 0.4 bounded by the experimental uncertaiffy)]. We observe
that ag/ w<<0.25 is relatively small. However, the expansion
0.3 parameter of thermal QCD= Jy47as>1 . Therefore even
0.2 the small difference shown in Fig. 1 between the approxima-
’ tion (dotted ling used in above references and the exact re-
0.1+ _ sult is relevant. A large value af has been a source of
- . considerable concern about validity of perturbative expan-
0 l""é""é""!}""5 sion in thermal QCO11-14.

The analytical function, Eq(2), is in fact a very good

c solution of Eq.(1). For A=0.225GeV anch;=5, it agrees
with numerical result for the entire rang®);=92 GeV
>u>Mg=4.5 GeV, in whichn;=const., hereMg is the
bottom quark mass. However, the region of interest for the
QGP equations of state we explore is 1 GeNy<Mg,
where n; varies and the approximation, E(®) is not ad-
equate. The thin solid line, in Fig. 1, shows the behavior of
the analytical solution witln;=5 kept constant, and fok

=0.225 GeV which assures the boundary valugM ;)
IIl. QCD INTERACTIONS IN PLASMA —0.118.

T/T

FIG. 1. ay(27T) for T,=0.16 GeV. Dashed lineay(M5)
=0.119; solid line=0.118; dot-dashed line0.1156. Dotted line:
approximate two-loop solution given in EQ). Thin solid line:
same as dotted, but extrapolating with=5 to ag(M,)=0.118.

ron production in Sec. V. Our conclusions follow in Sec. VI.

The energy domain in which we explore diverse proper-
ties of dense strongly interacting matter is barely above the IIl. THE QUARK-GLUON LIQUID
scale 1 GeV and thus, in our consideration, an important in-
put is the scalg. dependence of the QCD coupling constant
ag(n), which we obtain solving

We now can define the quark-gluon liquid model which
describes well the properties of QGP determined by lattice-

QCD method.
Ja (i) To relate the QCD scale to the temperatilire1l/3, we
:U«ﬁ_; =_ boag— b1a§+ o=, 1) use for the scale the Matsubara frequefty:

Pertis the beta function of the renormalization group in two u=2mp"1 [1+ iz|n2 )\qzz‘/(WT)2+M§. 3)
a

loop approximation, and

11-2n,/3 51— 19n,/3 This extension to_ finite chemical_ potentiﬂlq, or equiva-
= = lently quark fugacityn ;= expug/T, is motivated by the form
of plasma frequency entering the computation of the vacuum
polarization function[16]. In principle, there should be in
B5" does not depend on the renormalization scheme, anglg. (3) also a contribution from the strange quark chemical
solutions of Eq(1) differ from higher order renormalization fugacity \s expressed equivalently by the strange quark
scheme dependent results by less than the error introduc@femical potential. However since strangeness conserva-
by the experimental uncertainty in the measured value ofion virtually assures that.=0, or equivalentlyrs=1, we
as(n=Mz)=0.118+0.001-0.0016. When solving Eq1)  will not pursue this further.
with this initial condition, we cross several flavor mass (ji) To reproduce the lattice results availablesgt=0 [6],
thresholds and thusg(u) is not a constant in the interval we need to introduce, in the domain of freely mobile quarks

e (1,100) GeV. Any error made when not properly ac-and gluons, a finite vacuum energy density:
counting forn; dependence op accumulates in the solution

0 2w 1 472

of Eq. (1). In consequence, a popular approximate analytic Ge
solution shown as function of, as dotted line in Fig. 1, B= O.19f—3.
m
2 2b, InL| — S . o . o
as(u)=—=| 1-— =, L=In(u?/A?), 2) This also implies, by virtue of relativistic invariance, that
boL bg there must be #énegative associated pressure acting on the

surface of this volume, aiming to reduce the size of the de-
with A=0.15 GeV andn;=3, is not precise enough com- confined region. These two properties of the vacuum follow
pared to the exact two-loop numerical solution. consistently from the vacuum partition function:
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_ FIG. 3. Top: informal lattice-QCD resultgl] for ¢/T* at Aq
FIG. 2. Lattice-QCD result§6] for P/T* at \y=1, compared  —1 compared with our quark-gluon liquid modsblid line). Dot-
with our quark-gluon liquid modethick lines and lowest order  taq |ine is an alternative approach in which all terms in partition
perturbative QCD using approximate , Eq.(2) (thin lines used in  fynction are summed as given in REL2] and the scale is set at
prior work [11-14): dotted line 3 flavors, solid line 21 flavors, w=2.6nT. Bottom: published lattice pressure res(ii§compared
and dashed line 2 flavors. to the two approaches. Solid line: first order with the bag constant;
dotted line: fifth order withu=2.6=7T.
In Z,,=—BVB. (4)
=50% reduction in strange quark number, timys-0.5 will
be used in our study of QGP properties, assuming that
strangeness is fully chemically equilibrated, unless otherwise
oted. Thus, in general, we hawg=n,+ng=2.5.
The thin lines, in Fig. 2, correspond to the previously
reported results for a quark-gluon gist], with first order
QCD correction introduced using approximate value of

(iif) The partition function of the quark-gluon liquid com-
prises interacting gluons,, flavors of light quarkg17], and
the vacuumpB term. We incorporate further the strange
quarks by assuming that their mass in effect reduces thel?
effective numbeng<<1:

%InZQGPE Pocer=— B+ 2cl(qu)4 ag(un), EQ. (_2), without th_e vacuum pressure term. _Fﬁr_
457 =2T., the disagreement is an artifact of the approximation
for ag.
a |7 2, 15 ( 2 2, 1 4” Lattice results were also informally reportétl] for the
+15772 R A T energy density, witm;=3, and are shown in Fig. 3, upper
“experimental” points. The energy density,
ng |7 . 15 ) , 1,
5.2 ZCZ(WT) +?CE ms(mT) +§Ms )
v _ dInZqeHBN) .
() e (7)
where
is sensitive to the slope of the partition function. We show, in
cim1— 15as+m Fig. 3, the energy density and pressure for two extreme the-
1 At ! oretical approaches: the solid lines are for the model we de-
()  scribed above g=2xT, 5=0.19 GeV/fni), the dotted
lines are obtained in the thermal expansion, including all, up
S0as 2as to fifth order, scale dependent terms obtained by Zhai and
Co=l-5 T CG=lm—t Kastening[12], and choosing the scale=2.67T in free

energy and in the coupling constant, so the result reproduces
In Fig. 2, the “experimental” values are from numerical the pressure wellbottom dotted line in Fig. 8

lattice simulations oP/T# [6]. For practical reasons the lat-  In the upper portion of Fig. 3, comparing these two theo-
tice results for “massless” 2 and 3 flavors were obtainedretical approaches chosen to reproduce the pressure, we see a
with m/T=0.4, which reduces the particle numbers by 2%,clear difference in the energy density. The fifth order energy
and this effect is allowed for in the quark-gluon liquid lines density (dotted ling (g/4m)%=(as/7)>%32[12), disagrees
(2 flavors: dashed, 3 flavors: dotled Fig. 2. In the case of with the lattice data also at high, where these are most
2+1 flavors, a renormalized strange quark mamg/T  precise. Near toI=1.5T., the solid line is visibly better
=1.7, the lattice input has beemS/T=1. This leads to a describing the pressure. In fact, systematic study of the be-
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havior of the @/47)" expansion reveals that higher order A convenient way to obtain entropy and baryon density uses
terms do not lead to a stable result for the range of temperahe thermodynamic potenti#:
tures of interest to ugl2,14.

It is not uncommon to encounter in a perturbative expan- HTopq,V)
sion a semiconvergent series. The issue then is how to estab- \% -
lish a workable scheme. Our result implies that the choice of o
the Matsubara frequency¥ as the scalg. of the running ~ The entropy density is
coupling constant has for yet unknown reasons, the effect to

-
Y In Z(B,Nq,V)qer= —Pqep. (12

minimize the contribution of the sum of all higher order ¢ GP:_d_JT, (13)
terms in the expansion, E¢6), even for moderate tempera- Q vdT

tures, once the vacuum pressure is introduced. The agree- 5

ment between our model and the lattice calculations arises (Mgt Ns) 7 To4 21 21

despite(or maybe becaugéhe fact that in our evaluation of B 15 €217 NqCaphq ! NsCatts

the temperature dependence ofnthe coupling constg() . -

we ignored the dependence 8§°" on the ambient tempera- T ™

ture scale[18]. It seems thatgin fact the omission of this "5 ClT3+(A9+Aq+A3)W2Tz+M§' (14

dependence conspires with omission of the higher order ther-
mal contributions in the partition function, yielding the re- Noting that baryon density is 1/3 of quark density, we have
markable agreement we see between the lattice results and

our simple minded approach, which considers the first order 1 drF
corrections inag only. Po= "3y dpq

Given that our model adequately describes both pressure
and energy density leads us to believe that we also have an
appropriate extrapolation scheme for the QGP properties to :—qc3
finite baryon density—but we could not test if the coefficient
3, EQ.(6), describes well the behavior of the partition func-
tion for finite chemical potentials, as such lattice-QCD re-
sults are not available.

In absolute terms, the model we now adopt for further
study reproduces the lattice results well, at the level of a few We show properties of the quark-gluon liquid in a wider
percent. It can only be hoped that the lattice results haveange of parameters in Fig. 4. We study the properties at
reached that level of precision. In our approach, the value ofixed entropy per baryo&/b since an isolated ideal particle
B we obtain and employ is entirely dependent on the qualityfireball would evolve at a fixe®/b. We consider the range
of the lattice results. However, in another w84, we have  S/b=10 (at left for the top panel, baryochemical potential
considered the dynamics of the expanding fireball and obu,, and middle panel baryon densitg/ng, here ng
tained an estimate for the value 8fas defined here. We =0.16/fn?, and bottom left for the energy per bary@iib)
found that3=0.17 GeV/fn?, consistent with the value we in step of five units, up to maximum & b=60. The high-
employ here3=0.19 GeV/fn{. lighted curve, in Fig. 4, is for the valu8/b=42.5, which
value follows from earlier study of hadronic particle spectra
[3]. The dotted line, at the minimum &/b|gy,, is where the
) ) vacuum and quark-gluon gas pressure balance. This is the

We are now ready to explore the physical properties ofquilibrium point and indeed the energy per baryon does
the quark-gluon liquid. The energy density is obtained frompayve a relative minimum there.

Eq. (5), recalling that the scale of the interaction is given by  ynjike the case for an ideal quark-gluon gas, the lines of

(15

1 n 1
3 S 3
pqT?+ — uq] +3 03{ psT2+ — Ms]

Hq

1
+ §(Ag+Aq+As)m.
q

(16)

IV. PROPERTIES OF QGP LIQUID

Edq. (3): fixed S/b, seen in the top panel of Fig. 4 are not correspond-
B ing to u,/T= const., though for larg& and smallu, they

€qep= 4B+ 3Pqept AgtAgtAs, (8) do show this asymptotic behavior. Since little entropy is pro-

o duced during the evolution of the QGP fireball, the thick line

Ag=(b0a§+b1a§)—T4, (9) in the lower panel of Fig. 4 describes the approximate tra-

3 jectory in time of the fireball made in Pb-Pb interactions at
the projectile energy 138 GeV. We stress that there has

B 5 3| D™g_, N[ L, ,ug t_)een no ac_ijustment r_nade in any parameter to_bring_ the ear-
Aq=(boas+byag)| — o= T+ | ugT™+ o2 | lier determined experimental points shown in Fig. 4 into the
- & (10 remarkable agreement with the properties of equations of
state of the quark-gluon plasma, also seen in Fig. 5.
4 The trajectories at fixed energy per bary®tb are shown
A= (bya’+bya SmNs_, Ns o5 Ms in the T-\, plane in Fig. 5, for the valuegbeginning at
S 0% las) sT + . a . >
| 18 22 right) E/b=2.5 to 9.5 GeV by step of 1. The highlighted
(11 curve corresponds to the vallEg#b=7.8 GeV which is the
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O, 8 = ; FIG. 6. The initial conditions as function of the number of
6 = E E Fermi degrees of freedom;. Upper panel for temperature and
{ 4 = ; 3 lower for quark fugacity, aE/b=9.3 GeV.
F oo o = ]
£ et E .
S B the QGP pressure is balanced by pressure of the hadron gas.
o b b This is the condition at which the equilibrium transition
0.1 0.2 0.3 would occur in a slowly evolving system, such as would be
T [GeV] the early universe. The properties of hadronic gas are ob-

tained resuming numerically the contribution of all known
FIG. 4. From top to bottomuy,, n/ny, andE/b; lines shown hadronic particles including resonances, which effectively
correspond to fixed entropy per baryStb=10 to 60 by step of 5 accounts for the presence of interactions in the confined had-
(left to right). Thick solid lines: result folS/b=42.5. Limits: en-  ron gas phasgl9].

ergy densitye, ;=0.5GeV/fn? and baryochemical potentiat,, In relativistic nuclear collisions, the formation of equilib-
=1 GeV. The experimental points denote chemical freeze-outium state competes with the evolution of the fireball. The
analysis resulf3], discussed in Sec. V. slowest of all the equilibria is certainly the chemical equili-

bration of strange quarK®0]. Next slowest is the equilibra-

local intrinsic energy content of the hadronizing QGP fireballtion of light quarks. The chemical relaxation time constant
formed at SPS Pb-Pb interactions at the projectile energ{p! the production of light quarks has been obtained in the
158 GeV[3]. Dotted line, in Fig. 5, corresponds B=0 irst consideration of chemical QGP equilibration, see Fig. 2

the solid line that follows it is the phase transition line whereln Ref: [20]: 76G-—.qq(T=250 MeV)=0.3fm. The chemical
equilibration of gluons has also been questioned, and is

found to be slow, when only@— 3G processes are allowed

350 L ] [21]. Since gluon fusion processes are proportional to the
S F 3 square of gluon abundancesg_qq(T=250 MeV)— 1.2 fm
N 1 for processes occurring when gluons are at 50% of equilib-
_ r ] rium abundance. This explains why quarks trail gluons in the
B 250 - = approach to equilibrium, which are struggling to equilibrate
2 r ] by multigluon production process¢g2]. It is generally as-
B 200 - 7] sumed that the approximate therntkinetic) equilibrium is
- ] established much faster. The mechanisms of this process re-
150 F T e o ] main under investigatiof23].
N e T S N ] In Fig. 6, a case study of how the chemical equilibration
100 1 é ' L'L 5r :3 $ é 5'91_0 of quarks cools the gluon-chemically equilibrated fireball is

presented. The change of both the initial temperafyr@ip-
a per panel and N, (lower panel as function ofn;, for E/b

FIG. 5. Contours of constant energy per baryon in QGP in the= 9-3 GeV, the total final energy content of Pb-Pb collisions
T—\q plane: From right to lefE/b=2.5 to 9.5 GeV by step of 1, &t CERN, is presented. We see that in the initial state an
thick solid line is forE/b=7.8 GeV. Dotted line corresponds B €quilibrated glue p_hase an 2.70 MeV may have been
=0, above this, the solid line is the phase transition where the QGFeached. Full chemical equilibrium would correspondTto
pressure is balanced by pressure of the hadron gas. The experimer-230 MeV, but more likely this value is somewhat reduced
tal point denotes chemical freeze-out analysis r¢Sljjtsee Sec. V. due to flow dilution that has occurred in the process of
Bottom dashed line boundary is at energy density 0.5 Ge¥/fm  chemical equilibration.
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- i 1
1 :_// —
Z — 3 FIG. 8. Contours of energy per baryon in QGP in fhier,

T T T B plane forn;=1: From right to leftE/b=3, 4, 5, 6, 8, 10, 20, 50,
0.1 0.2 0.3 and 100 GeV. Thin, nearly horizontal line: hadronic gas phase has
T [GeV] the same pressure as the QGP liquid with semieq_uilibrated_qqark
flavor. Dotted lines from bottom to top: pressure in QGP liquid
FIG. 7. Energy density in QGP as function of temperature. Topequals 20, 40, 60, 80, and 100%, of the dynamical collisional pres-
panel: for a fixed energy per bary@ib = 2 to 15 GeV by step of SU'€:
1; bottom panel for fixed entropy per bary&t= 10-60 by step
of 5. Boundaries are=0.5 GeV/fn? at the bottom angk, =1 GeV The rationale to study, in Fig. 8, lines at fix&db is that,
at the top. during the nuclear collision which lasts abouRg/y, 2¢

One of the interesting quantities is the QGP energy den: 13/18 fmk, where y, is the Lorentz factor between the
sity which we show in Fig. 7, for both fixeB/b (top) and lab and CM frame andRy is the nuclear radius, parton col-

kS oo for ol Squbated condtom, 3, 157 2 10 pealssuned here o be e
ns=0.5. We see that foE/b>6 GeV andS/b>25 the in- d ' ! P

fluence of finite baryochemical potential is minimal and theexerused corresponds to collisional presstgg. This stop-

lines coalesce. In other words, at conditions we encounter N9 fraction, seen in the transverse energy produced, is

SPS, we can correlate the energy density with temperatur@Out 40% for S-S collisions at 280GeV and 60% for
alones=aT*, as seen fon;=3>2.5 in Fig. 3. In Fig. 7, we Pb-Pb collisions at 138 GeV. If the momentum energy and _
see that the energy density 3 GeV?fiis established when baryon number stopping are similar, as we see in the experi-
the temperature in the equilibrated fireball equals 212 MevMmental data, then the SPS collisions at 160—20BeV are
Considering the observed high inverse slopes of strange pafound in the highlighted area left of center of the figure. In
ticles, one can assume that the plasma phase, before thte middle of upper boundary of this area, we would expect
reached full chemical equilibrium, has been at abdut the beginning evolution of the thermal but not yet chemically
=250 MeV and the energy density in this state has mosequilibrated Pb-Pb fireball, and in the lower left corner of the
likely been still higher, above 4 GeV/fin We believe that S-S fireball. We note that the temperature reached in the S-S
our evaluation of the properties of the QGP liquid is, at thiscase is seen to be about 25 MeV lower than in the Pb-Pb
range of temperaturé=1.5T., reliable. case. The lowest dotted lif20% stopping nearly coincides

As a final step in the study of the properties of the QGPwith the nonequilibrium phase boundaftgolid horizontal
liquid, we consider the conditions relevant for the formationiine, in Fig. 8 and thus we conclude that this is, for the
of the QGP, and consider the behavior fgre=1. We show,  conditionn;=1, the lowest stopping that can lead to forma-
in Fig. 8, lines of fixed energy per bary@ib=3, 4,5, 6,8, tjon of a deconfined QGP phase. Such a low stopping would
10, 20, 50, and 100 GeV, akin to results we have shown fope encountered possibly in lighter than S-S collision systems
ng=2+0.5, in Fig. 5. The horizontal solid line is where the o/and at large impact parameter interactions of larger nuclei.
equilibrated hadronic gas phase has the same pressure asthe highlighted area, right of center of Fig. 8, corre-
QGP liquid with semiequilibrated quark abundance. The freg, s to the expected conditions in Pb-Pb collisions At 40
energy of the QGP I|qU|_d must k_)e lowgsressure highgrin GeV. If we assume that the stopping here is near 80%, then
order for hadrons to dissolve into the plasma phase. Thﬁ1e initial conditions for fireball evolution would be found

dotted lines in Fig. 8, from bottom to top, show where thetowards the upper right corner of this highlighted area. We
pressure of the semiequilibrated QGP phase is equa} to ) ; : '
— 20, 40, 60, 80, and 100%; being the “stopping” fraction recognize that the higher stopplng_nearly compl_etely com-
of the dynamical collisional pressuf@al: p_ensates .the effect of reduced available energy in the colli-
sion and indeed, we expect that we form QGP also at these
p(Z:M collision energies. It is important to realize that we are en-
Peol= 77POE_CM- tering a domain of parameters, in particulgy, for which
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TABLE I. Results of study of Pb-Pb hadron producti]: in the heading: the total quadratic relative
errorﬁ, number of data pointhl, parameterg and redundancies in the upper section: statistical model
parameters which best describe the experimental results for Pb-Pb data. Bottom section: specific energy,
entropy, antistrangeness, net strangeness of the full hadron phase space characterized by these statistical
parameters. In column one, all statistical parameters and the flow vary. In column two, Wwe ffix
requirement of strangeness conservation, and in column three, wg &ikthe pion condensation point,

=5

PH, P PH3®
X$; N;p;r 2.5, 12;6;2 3.2, 12;5;2 2.6; 12;5;2
T; [MeV] 142+3 144+2 142+2
Ve 0.54+0.04 0.54-0.025 0.54-0.025
\q 1.61+0.02 1.605-0.025 1.615:0.025
Ns 1.09+0.02 1.10 1.09+0.02
Yq 1.7+0.5 1.8+0.2 ye* =Ml
Ys!vq 0.79+0.05 0.8G-0.05 0.79-0.05
E:/B 7.8+0.5 7.7+0.5 7.8:0.5
Si/B 42+3 41+3 43+3
s¢/B 0.69+0.04 0.670.05 0.7G:0.05
(gf_sf)/B 0.03+0.04 (04 0.04+0.05

the extrapolation of the lattice results is not necessarily reliframe. The CM-laboratory energy includes the kinetic en-
able, and thus our equations of state have some systematitgy of the flow and thus is greater, to be obtained multiply-

uncertainty. ing the result shown in Table | by the Lorentz facter
=1/\/1—vcz=1.19. Thus the initial value of the energy per
V. EXPERIMENTAL DATA ANALYSIS AND QGP EOS baryon that the system has had before expansion started has

beenE%b=9.3GeV, as used in Fig. 6 and in the estimate
A full account of our prior analysis of the 1B8GeV  presented in Fig. 8.

Pb-Pb collision system has appeaf&#]. We briefly sum- In the bottom panel in Fig. 4, we saw that the tempera-
marize the results that we require for the study of QGP propture T;=143+3 MeV and energy per baryok/b=7.8
erties at fireball breakup. In Table I, in upper section, weGeV where just atS/b=42.5 seen Table I|. Similarly,
present the parameteTs (the chemical freeze-out tempera- in the top panel, the baryochemical potentigj=3T; In A,
ture), v, (the collective flow velocity at sudden breakup, =204+10MeV is as required for the consistency of QGP
(the light quark fugacity, A (the strange quark fugacityy, properties. A S|mllarly emb.arrassmg agreement of thg had-
(the light quark phase space occupancys (the strange ron yield analysis results with properties of the QGP fireballl

analysis of all hadrons excludinf and Q, which data fixed E/b) of the result we saw at fixe&/b, in Fig. 4.

; . ; . However, the importance of this result is that the plasma
points are not following the same systematic production paty eakup point appears well below the phase transition tem-

tern. These parameters characterize completely the phys'cﬁjerature line(thin horizontal solid ling As this discussion

properties of the produced hadrons, and these properties alfios, the properties of the QGP liquid at the point of had-
shown in the bottom section of Table I. _ ronization are the same as found studying the properties of
In the heading of the table, the total errf, is shown,  hadrons emerging from the exploding fireball. Both the spe-
along with the number of data pointé, parameterp and  cific energy and entropy content of the fireball are consistent
data point constraints The confidence level that is reached ith the statistical parametefB and u,, according to our
in our description is near or above 90%, depending on thequations of state of the quark-gluon liquid. The freeze-out
scenario considered. The scenarios we consider are seengbint at T=143 MeV, seen in the bottom panel of Fig. 4,
the columns of Table I: an unconstrained description of allcorresponds to an energy density=0.6 GeV/fn?t. This is
data in the first column, constraint to exact strangeness coithe value for the supercooled plasma; the equilibrium phase
servation in the observed hadrons, second column. Since transition occurs at twice this value,~=1.3 GeV/fnt,
both cases the parametgy assumes value that maximizes ~ We can also evaluate the hadronic phase space energy
the entropy and energy content in the pion gas, we assundensity. We need to introduce the excluded volume correc-
this value in the so constrained third column. tion [25]. Considering that the point particle phase space
We can now check the consistency between the statistica@nergy densitye,=1.1 GeV/fn?, we obtain ,5=0.4
parameterstop panel of Table)land the physical properties GeV/fm?, using the value o8=0.19 GeV/fni. Taking into
of the fireball (bottom panel of Table)lwhich are main- account the numerous uncertainties in the understanding of
tained in the process of hadronization. We note that the erthe excluded volume effect, we conclude that the fireball
ergy shown in this table, is the intrinsic energy in the flowingenergy density is comparable in magnitude to the energy
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0.6 Fr T e e phase space plays an important role in the understanding of
this constraint for Pb-Pb collisions, leading to the Coulomb-
deformed valueng=1.1, which is identical to the value ob-
tained from experimental data analy&i$=1.09+0.02.
(i) The phase space occupancy of light quaykss, be-
fore gluon fragmentation, near or at the equilibrium value
Yq=1. However, as measured by hadron abundances it is
expected to significantly exceed unity to accommodate the
contribution from gluon fragmentation into light quark pairs.
There is an upper limity,< yj=e™'*"t=1.67, which arises
to maximize the entropy density in the confined hadron
phase.
(iii) The strange quark phase space occupancyan be
computed within the framework of kinetic theory and is
mainly influenced by strangeness pair production in gluon
0.5 Lo b b e fusion[20], in early stages of the collision at high tempera-
100 =00 300 400 500 ture, and by dilution effect in which the already produced

T [MeV] strangeness over saturates the “thinner” low temperature

FIG. 9. The velocity of sound of quark-gluon liquid &b phase space. Moreover, some gluon fragmentation also en-

—42. The dotted line corresponds to the value of the sound velocitjiches vs as measured by hadron abundance. We note that

of an ideal relativistic gags=1/1/3. some earlier studies implicitly address the parametéry,
which therefore is stated in Table I.

density present in hadronic phase space. We also note that It is worthwhile to recall here that the strangeness yield,

the equilibrium phase transition curve we had presented is/b=s/b=0.7, predicted early on as the result of QGP for-

Fig. 5 was computed without the excluded volume effectmation[20], is also one of the results of data analysis seen in

When allowing for this, the solid linécritical curveé moves  Table I. This result is found with modern kinetic studies of

> 0.55

about half way towards the dotted line whd?ggp=0. strangeness production in QG®,4,24.
For a vanishing baryochemical potential,=1, we de-
termine in Fig. 5, that the phase transition temperature for VI. DISCUSSION AND CONCLUSIONS
point hadrons i ,=172 MeV. The supercooleB=0 tem- )
perature is af ;= 157.5 MeV (dotted line at\,=1, in Fig. We have presented properties of the quark-gluon plasma

5), and an expanding fireball can supercool to as lowras €duations of state, and have made several applications perti-
~145 MeV, where the mechanical instability occl®g].  Nentto the physics of relativistic heavy ion collisions. These
We also have seen this result in the bottom panel of Fig. Ancluded a study of the initial attainable conditions reached

where the dotted line, corresponding to pressure zero, is t& PP-Pb collisions at 158 GeV projectile energy, as well as

the right of the experimental point. an evaluation of the hypothesis that direct hadron emission
The collective velocity ; of the exploding matter remains OCcurs from a disintegrating QGP fireball.

large in deeply supercooled conditions even though the ex- We have based our description of the QCD matter on a

pansion slows down and kinetic energy is transferred backorm obtained in perturbative expansion of thermal QCD,

from flow to thermal component, once the dotfee-0 line wherein we have introduced a nonperturbative resummation

is crossed, as can be seen in Fig. 4. Interestingly, our centrQf the thermal interaction strength. We have also introduced

value v,=0.54 is the velocity of sound of the exploding the nonperturbative vacuum properties. The two parameters
fireball: of our model are the vacuum pressuteand the scaled(T)

of the QCD coupling strength. These were chosen to repro-
IP duce the latest lattice results for pressure and energy density
a7 obtained at zero baryon density. For study of finite baryon
density we rely on the perturbative behavior of the interact-
) ) o ) ing quark-gluon gas. This is developed within the same com-
The theoretical line shown in Fig. 9 is computed 81 tational approach in which the pressure and energy density
=42. ) ) are obtained correctly. Fortuitously, it turns out that the QCD
~ There is yet more evidence for the QGP nature of thenieraction effects are smallest for the baryon density, and
fireball. It has been argued before that the values of the thret‘hus,a priori, are most reliably described. Even so, the mag-
other chemical parameteks,, y4, andys suggest as source a pjtyde of these effects increases to the level of 45% at the
deconfined QGP fireball sour¢a]: phase boundary.

(i) The value of strange quark fugaciy can be obtained A serious limitation of our approach is that we rely com-
from the requirement that strangeness balan¢ligi-Ns)  pletely on the current lattice results. There are open ques-
=0, which for a source in which a ands quarks are tions about the precision of lattice results we model. The
unbound and thus have symmetric phase space, implies requirement for continuum extrapolatip@], and the use of
=1. However, the Coulomb distortion of the strange quarkthe relatively largen/T=0.4 make our results uncertain at

2
Vg=—— .
de Sb
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the level of 10%. Moreover, in the deeply supercooled regiomons could be subject to modification after QGP fireball
we do not have lattice results available and the behavior dfreakup, which is usually expressed by introducing two sets
QGP we consider arises solely from the analytical propertie§f statistical parameters, the chemical freeze-(particle
of our QGP model. abundance freeze-qutand thermal freeze-ouf(spectral

In the region of statistical parameters of interest in theShapg temperatures and chemical potentials. In our compari-
discussion of the SPS experimental data, the detail how th&n of QGP properties with fireball properties we rely on
baryochemical potential enters the interaction sgalef the ~ results obtained from an analysis of particle multiplicity ra-
strong interaction does not matter since f@n’TQ)Zz50,u§ tios, which reduce the impact of post-hadronization system

the 4, contribution to the interaction scale is negligible com- €volution. o .

pared to theT contribution. This, however, means that our At the time of hadronization of a QGP fireball gluons
successful description of the SPS-experimental results do&@ntribute to form a chemical nonequilibrium excess of had-
not imply that our model of QCD matter can safely be used©nS: Thus even if the hadronizing QGP(i&aj chemical

in the study of properties of quark star matter, or the firebal€Quilibrium, the confined phase in general will require allow-
matter made at AGS energies, whaig= u [26]. ance for chemical nonequilibrium. A nonequilibrium analy-

The validity of our equation of state model is better es-SiS IS more general than the equilibrium mode§ and al-

tablished in the temperature range pertinent to study of th¥ays describes the hadron production data bgfigrThis
initial state of the QGP fireball formed at SPS. We have'€sult in itself constitutes evidence for the presence of pri-

found that during the pre-chemical equilibrium stage of lightMerdial deconfined phase. Here, we have for the first time
quarks, the so called hot glue scend4], the QGP plasma demonstrated that there is a good agreement between the

at SPS has been formed at abdit250—270 MeV. see ENergy, entropy, and baryon number content of the collision

Figs. 6 and 8. By the time light quarks have also chemicall)ﬁreba" and the properties expected from the study of super-

equilibrated, the temperature decreases to just abbve COOI?S QGhP [;]hase. . h duced d

=210 MeV, and the energy density in such a QGP fireball is Although this comparison has produced a very goo

at 3 GeV/fnt, as can be seen in the lower panel of Fig. 7. ag.reeme.nt betweenlthe f|reb§1II properﬂes and the QGP prop-
We have studied the requirement for the minimal collisionemes’ this could be just a coincidence. First, we do not fully

energy, which permits the formation of deconfined fireball aginderstand the limitations in the_descripti(_)n of t_he_ fireball
function of “stopping” in the collision. We have shown that matter. The hadron phase space is used with statistical popu-

a significant change in the reaction mechanism of coIIiding]atlons allowing for presence of many very heavy hadron

nuclei can be expected when the opacity is at or below 2094 £S0NaNCes. This hypothesis has not been experimentally

see Fig. 8. At that point, formation of a deconfined phaseverified at this time. In fact it is to be expected that a more

fireball is not assured as is seen comparing infth& ; plane complex pattern of formation_of hadFO”iC particles arises,_
the boundary between hadron phéselid horizonta? line in and we estimate the systematic error in the computed physi-
1 0,
Fig. 8 and chemically nonequilibrated QGP initial condi- ca_l _propemes of hadron phase space to be at least 15%,
tions (lowest dashed horizontal line in Fig).85uch a low arising from the assumed populations of unobserved had-

stopping is expected for sufficiently small collision systems,ronIC states. Because of the nature of the QGP equations of

with participant mass below that seen in central S-S interac3tate the “measurement” point in Fig. 4 presented at the

tions. The results shown in Fig. 8 imply that the QGP-quuidValues Ofp andT founq from hadron multiplicity gnglysis
phase should be formed for Pb-Pb collisions at all coIIision""_OUIOI be con;]patlblel W|thdahra:jnge %f/bjSO. While it is b
energies accessible to SPS. In fact, were it not for the uncef'°® fo Seﬁ t e_dealla uafteh_ adron abundance propErty to be
tainties inherent in the extrapolation of lattice results to highySt It In the middle of this QGP range, we must keep in

baryon density reached at AGS, we could argue that decoﬁ‘-1ind that a wide range of entropy values is pe(missible.
finement also occurs for Au-Au collisions in the high AGS It must be clearly said that the fireball properties we study
energy rangé27]. are incompatible with properties of chemically and thermally

We have also compared the properties of the QGP phas%qu”ibra'_[eqI confine_d hadron gas. Perhaps the simplest way
to conditions present at time of hadronization, as obtainedP S€€ this is to rea_hze that applying such a modgl to d_escnbe
within an analysis of hadron productidB]. This analysis strange hadrons gives a set of parameters which fail to de-

determines in a first step a set of statistical parameters WhiCSFICribe the total hadron yield by mart$0-13 standard de-

describe well experimental hadron multiplicity results. Since!/2tions. The key point of our study is that we have shown

this set of parameters also characterizes the phase space“&‘?‘t a natural way to e?<pla|n consistently all .hgdron}c pro-
all hadronic particles, in a second step one can estimate thq%’Ct'on data optame_d in 188GeV Pt.)'Pb collisions s to
energy, baryon number, and entropy content contained in ﬂ—rvoke as _reactlon plcture_ the formation, and sequel sudden
hadrons produced. A comparison to the QGP equations dfadronization, of a QGP fireball.
state can be made, assuming that in the hadronization of the
deconfined matter there has been no reheating, and no shift
in chemical equilibrium properties. This is the sudden had- J.R. was supported in part by a grant from the U.S. De-
ronization. In this case we can compare final state firebalpartment of Energy, No. DE-FG03-95ER40937. Laboratoire
properties with the behavior of QGP matter evaluated atle Physique Tharique et Hautes Energies, LPTHE, at Uni-
same values of Ay, \s. versity Paris 6 and 7 is supported by CNRS as UMigte
However, the momentum distribution of final state had-de Recherche, UMR7589.
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