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ABSTRACT

We employ a realistic model for the phase transition betweem the color
deconfini=g quark—gluon plasma phase and the color confining hadronic gas
phase of nuclear matter to discuss the question how cuarks and antiguarks
hadronize in an expanding quark-gluon plasma. We pay particular attention
to the problem assoclated with the latent heat and latent entropy set frze
in the hadronization process. Assuming a speclfic space-time scenario for
the phase transition, we compute relative abundances of diffecent hadronle
particles and resonances produced during hadronization and show that in
particular antinucleons and light antinuclei are enhanced above their
equilibrium abundances in a hadron gas of similar density and temperature.
We interpret this enhancement as a possible signature for the existence of
a transient quark-gluon plasma phase in relativistic heavy-ion collisions
which zan complemznt the widely discussed strangeness signal. e point out,
however, that detafiled dynamical studies of the hadronization process are
necessary in order to definitively settle guestions about the quantitative

yields.

INTRODUCTION

After several years of intensive discussions whether in high energy
collisions [Ejap 2 10 GeV/n) between heavy nuclei (preferrably A 2 200) a
new state of nuclear matter, the guark-gluon plasma, would be formed and
how one would experimentally detect 1:1'2, the chase for the guark-gluon
plasma i{s finally on. First experiment3 are schedulad for the Alternating
Gradient Synchrotron (AGS) at Brookhaven National iaboratory and the SPS at
CERN towards the end of this year and in early 1987, with projectile lons up

o ?25 at 15 GeV¥/n at Brookhaven and up to “"Ca at 60 and 225 GeV/n at CERN,
Although the chances to produce a quark-gluon plasma in these first experi-
ments are somewhat limited due to the small size of the projeciile ions, we
expect an abundance of wvaluable information on hadronic dynamics In rclativ—
istic nuclear collisions, thus filling in the big holes in our theoretical
models for collisions in which this hadronic dynamics is modified by a tran-

sient quark-gluon plasma phase.

Ove of the biggest problems in identifying a quark-gluon plasma pos=—
sibly formed in such a collision is the fact that the bulk of the emitted
particles are color-singlet hadrons which are subject to the strong inter-
action and have very limited memory of the initial hot gquark-~gluon plasma
phase. Rather, their momentum distribution etc. 1s determined mostiy by the
hadronization process im which the more or less thermally distributed quarks
and gluons coalesce to form the mesons and {anti-) baryons which will final-



ly be detected. Due to its non-perturhative nature, this hadronization pro-
cess is the most difficult step in a dynamlcal description of gquark matter
formation during heavy-ion collisions. On the other hand, its theoretical
understanding may be essential in order to extract the necessary information
from the spectrum of emitted hadrons that will allow us to prove that a
quark-gluon plasma had been Formed.

An important plece of information of that kind may be the chemieal
composition of the emitted hadrons, i.e. the abundance ratios between
different species of mesons and (anti)baryons. It has been suggested that
the abundance cof strange particles3 and antibaryons {including light anti-
nuclei4) should be higher in collisions with a transient plasma phase than
in purely hadronic collisions. The argument 1s based on a fast timescale
for chemical equilibration of light antiquark and strage quark and antlquark
densities at relatively high levels in the quark-gluon plasma phase (due to
the large density of gluons and the small gquark masses in this phase’), and
on a destruction of chemical equilibrium by the hadronization process wiilch
allows to transfer the information on temperature and baryon density con~-
tained in those quark and antiguark abundances into the fimal hadron phase.
fince the time before freeze-out of these hadrons into non-interacting,
free~streaming particles is too short to reestablish chemical equilibrium
on a hadronic level, the chemical composition of the detected hadrons should
o some extent reflect the chemical composition in the translent gquark-gluon
plasma phase and should show striking deviaticns from what we expect in
purely hadronic collisions by extrapolation from our experience from high

energy p~p and p-A data.

T will concentrate in this lecture on antinucleon and antinucleus
formation from hadronizing quark matter; the strange particle aspects will
be discussed in s later lecture by J. Rafelski. Particles centaining only
antiquarks are in both cases selected because they are initially absent and
cherefore provide the best signal-to-noise ratio. Furthermore {this 1is par-
ticularly relevant For strange particles) once they are produced, the most
dangerous thing that can happen to them i1s annihilation in a colilision with
a baryon; rescattering between pairs of antibaryons or antidbaryons and me-—
sons with flavor exchange are nagligibly rare3, whereas similar processes
affect the baryons to a considerable extent leading to deviations in the
final flavor distribution from the one originally produced during hadroniza-
tion. Non~strange antibaryons and antinuclei have the advantage of being
absolutely stable in wacuum and {except for the antineutron) negatively
charged and are therefore easily detected. Furthermore, the light guark
equilibration time in the original plasma phase is so short that saturation
of the thermodynamic phase space limit can be rellably assumed for §; for s
and § this 18 generally not true unless the initial plasma temperatura is
larger than the strange quark mass of =~ 150 MeV, a condition which 1s hardly
achievable in the experiments planned for the mext few years. [Since for
the available beam energies more or less complete stopping of the colliding
nucled within each other's volume is likely., a large fraction of the beam
energy will be transformed into compression energy, leading to large baryon
densities at moderate temperatutes5 (pq]T > 1)]. At the higher beam ener-
gles planned for the future the temperature will increase, without appreci-
able increase in baryon density due to the onset of nuclear transparency-?<.
Therefore, the ratio between the quark taryonic chemical porential and the
temperature mq!T will decrease (pg/T € 1) and the main argument for strange
antibaryons over nonstrange antibaryons, namely that gue]fo strangeness
consarvation 5 is not suppressed like § by a factor e Mgll o wi11 disappear.

However, there are also disadvantages of non-strange antidbaryons: en—
tropy conservation requires the production of many pions’ in the hadroniza-
tion process which drain a large fraction of §'s from the interesting anti-
baryon channels. The same 1s only true to a much lesser degree for strange



particles because the lightest strange mesons, X and K, are four times
heavier than pions. Additicnally, the arnihilation cross section for anti-
nucleons is considerably higher than for 4, etc., making annihilation dur-
ing the final hadron phase more likely for non-strange antibaryons. Final~
ly, the vacuum itself outside the hadrons contains a condensate of light g
pairs which is responsible for chiral symmetry breakdown in the hadron
phasez; the possible coupling of the light quarks from the plasma to this
condensate during the hadronization process introduces a so far unavoidadle
uncertainty into all existing models for hadron production from a gquark-

gluon plasma,

THE MODEL EQUATION OF STATE

Before we can follow the quark and antiquarks through the phase tramsi-
tion defined by the hadronization process, we have to locate that phase
transition and discuss its thermodynamic properties. We will here present
a model in which the gquark-gluon plasma is described as a weakly interacting
gas of quarks and gluons subject to an external vacuum pressure given by the
bag constant, while the hadron phase consists of a noninteracting gas mix-
ture of baryonic and mesonic resonances with a finite proper volume. This
is a highly sophis:icated version of the so-called bag-model eguation of
state (E0S)2 and ylelds, as we will see, results which are in good gualita-
tive agreement with other models and with Monte Carlo results for numerical

simulation of QCD on a lattice.

Calculations of the grand canonical potential for weakly interaciing
massless quarks and gluons from QCD in the l-loop approximation yield

1503 % u? i- E;iy} =B {1)

=) ] B 0 s
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where the sum is over quark flavors, and an external “bag” prassure from
the outside true vacuum has been added. The quark chemical potentials ug
contain a baryonic contribution y, and, in the case of strange quarks, an
additional contribution {ig due to the strangemess of these particles.

Hence py, = ug = p; and pg = yg + u ;3 for a system of zero met strangeness
fig = “Ugs and pg = 0 in the quark-gluon plasma. From (1) all other thermo~
dynamic variables, baryon density py, eantropy density s, and energy density
e, are derived by straightforvard differentlation:

1)
S . :
pb,q I {2)
q
n
e m-——2. ‘
g 3T 3 (3)
- +Ts =P =3P +48 . %
ey = BePp gt T~ Tg = gt B (4)

In working out (4) one realizes that the outside vacuum pressure B also
plays the role of a vacuum energy density in the guark-~gluon plasma which is
by an amount B higher than the energy density of the outside wvacuum.

Although perturbation theory in QCD is problematic because a perturba-
tive expansion of R}y breaks down at order qg we include the l1-loop cprrec-
tions to get a qualitative feeling of the. effect of color interactions. We
parametrize ag by a QCD scale parameter A%s5 which we vary over a range of
values from O to 400 MeV, as stated when we show rasults.

For the hadron resonance gas we start from the expressions for a nix-
ture of noninteracting facrmions and bosons:
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The sum goes over the spectrum of measured meson and baryon resonances,
1.e., 7, 0, 0%y Py wy Ky, K¥, $, weey N, N, A, 8, N¥, N*, ... . dg is the
spin-isospin degeneracy factor for species 1. Initially we concentrate on
non-strange particles, and we will discuss the effects of strangeness
towards the end of this lecture. For non~strange particles only baryon
number is conserved, and their chemical potential is proportional to the
baryon number b; carried by each particle of specles 1:

Ili - billb g uipi - ubpb - '(9)
THE HADRONIZATION PHASE TRANSITION

The phase coexistence line 1s determined by the three conditions

‘I'H - TQ (thermal equilibrium) ; {10a)

PH = PQ {mechanical equilibrium) ; {10b)

"y = 3uq {chemical equilibrium) R {10e¢)

The factor 3 in the last condition ccmes from the fact that quarks carry
baryon number 1/3.

For small T,y the pressure in the quark-gluon phase is smaller than
in the hadronic phase, mainly because of the negative vacuum pressure =~B.
There the hadronic phase is stable. However, in general the guark-gluon
plasnma pressure increases with T and/or uy, faster than the hadronic pres-
sure. The reason is that many of the hadronic degrees of freedom are
suppressed in the relevant temperature and density regime by their large
masses, such that the quark-gluon phase fas more effective degrees of free-
dom. These lead to a faster increase in pressure and, for a given u,, to a
critical temperature Tcr(uq) at which Py = Py, and the transition to the
plasma phase takes place.

Note, however, that at extremely high T or y where all the hadronic
masses can be neglected, the hadronic phase as defined in (5)-(8) has the
higher number of degrees of freedom and, 1f taken seriously, would again
have the larger pressure and be stable (Fig. 1). This is due to the huge
number of contributing resonances and their large spin-isospin degeneracy
factors. Even for identical nuaber of degrees of freedom, the pressure
rises faster with increasing u in the hadronic phase than in the gquark-gluon
phase, since in the plasma each quantum state can be filled by three times
as aany particles as in the hadronic gas, thus reducing the Pauli pressure.
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Fig. 1. Schematic behavior of the pressure in the hadronic resonance gas
and in the quark-gluon plasama as a function of T at p = 0.

From the qualitative nature of Figure 1, it is conceivable that there exists
a range of values for B and g such that the two curves for Py and P never
cross, and the hadronic phase never decays into the quark-gluon plasma.

With the model (5)-(8) of pointlike, non-interacting hadronic resomances,
this occurs actually for large values of g and B {see Fig. 2).

This pathological behaviour is relaced to the one noted by Hagedorng:
in his statistical bootstrap model, he assumed that the spectrum of hadronie
resonances contianues towards higher masses with an exponentially increasing
number of degrees of freedom, and this led to an increase of the pressure
beyond limits at a finite, so-called 'limiting temperature’ Ty ('G[nw)j.

The origin for this singular behavior lies in the assumption of non-inter~
acting pointlike hadrons which allows for the thermal production of arbitra~
rily many hadrons in a given volume and eventually leads to arbitarily high

energy densitles and pressures.

A simple remedi is provided by an inclusion of a finite proper volume
for the hadrons!0-12, This allows for a thermal production of more hadrons
only until the fireball volume is completely filled with particles, and
quenches the production of heavier hadrons which have larger proper vol-
umes 10,11, {Typical asgumptions, which can be based on the MIT bag model
for hadrons, take the proper volume of a hadron with mass m as V, ,d-mlénll;
or, in a system with energy density €, a proper volume Vex.1 = €/48 is
excluded from the available phase space for the thermally distributed
hadrons!0, In either case, 3 i1s a parameter which 1s usually taken to

be identical with the QCD vacuum pressure discussed above.)

Within the bootstrap mode1?210 this correction for the proper volume
is the only consistent one since, in the philosophy of the model, all other
interactions between the hadrons are coapletely taken into account by choos-
ing the correct hadronic mass spectrum. In our case where the hadronic mass
spectrum 13 limited by our selection of resonances to be taken into account,
further interactions should, in principle, be considersd. The inclusion of
interactions into a thermodynamic description is easy if the interactions
are assused to be local, {.e., they depend only on the particle densities13,
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Fig. 2. The critical line for the transition from a gas of hadron
resonances into a quark-gluon plasma., Dashed line: free, pointlike
hadrons. Solid line: including a local interaction batween the pointlike
hadrons which is repulsive at large baryon densities,

A strong short-range repulsive interaction between the hadrons might be
expected to have a similar effect of keeping the hadrons from getting too
close to each other, thereby pushing even for pointlike hadrons the point,
vhere particle densities, energy densities, and pressure become too big,

to larger values for the temperature. We shall nmow discuss both these
corrections to {5)-(8) with respect to their effect on the phase transition

towards a quavk-gluon plasma.

Density Dependent Interactions

If we simulate the short-range repulsion between hadrons by a vector
exchange interaction and take the zerp range limit such that the strength
of the interaction depends only on the {baryon) density, its effect on the
thermodynamics is easily included?»13 by substituting in the thermal dis-
tribution functions:

wy —+ @iy =y - Wi‘(p) (i1)
where Wi(p) is the interaction felt by particles of species i. Working out
the appropriate derivatives of the grand canonical potential f with the
modification we find

pb = ] byoglissT) 3 12)
i

€= g pi¥y + %’ €1 (15T} = e1nt * €thern 5 I¢%))



W1 -
= 1§j P1P] s;; + E Py (#1+T) = Pcomp + Ptherm 3 (13)
s =fe~J wes + (P~ Peorp) /T - as)

.pg(fg.T) etc. are given by integrals (5)-(8) with the substitutiom (11).
The expressions for the interaction energy €ynt and ¥opomn 5implify 3£ Wy {p)
is assumed to be proportional to the baryon number by of specles 1:

Wilp) = byW(pp) with Wlpy) = =W(-pp) . {16)

Then § pyW; = pbw(pb) and J P10y Mg /apy = p% awiapb .
i 1,3

We tested the effect of this modification on the hadron gas equation of
state with a form for W(p;) which reproduces saturation of nucleur matter
at py = 0.17 fn~? with a binding energy of =16 MaV and a compressibility of
200 MeV, and which increases for large pj linearly with the density. Such a
repulsive interaction at high densities effectively ralses the single parti-
cle energy levels, thereby reducing their occupation probabllity at a given
temperature and reducing the thermal pressure. In view of Figure 1 and our
attempts to force a crossing point with the quark-gluon plasma pressure
curve also at high densities, this is a desired effect. However, the in-
crease of W(pp) leads also to a strong compression pressure Pcomp which is
an undesirable effect because it more or less happens to cancel the reduc~
tion in Piperps As shown in Figure 2, the net effect is negligible, and the
system still avoids a phase transiticn at large enough baryon densities.
Apparently we were not able to improve on this unphysical interaction be-
cause we still allowed the particles to get arbitrarily close to cach other
(even though at a tremendous cost in energy). Thus we did not actually re-
duce the allowed phase space to the extent that is reguired by the finite
extension of the hadronic particles. As we will now see, such a van~der-
Waals type correction for the hadronic proper wvolume is the essential ingre-
dient into our thermodynamic description to obtain a transition to quark
matter at low temperature and high baryon density.

Proper Volume Connection for Hadrons

There exist several suggestions in the literature as to how to take
into account the finite proper volume nf the particles within a thermodynam-
ic framework. Without theoretical prejudice, we will use the prescription
derived by Hagedornla within the so-called pressure ensemble because It Is
extremely easy to Implement: in the first step all thermodynamic quantities
are calculated for pointlike hadrons using {35)-{8)s The physical values for
these quantities are obtained by finally applying a correctlon factor

1/(1+cﬁtlﬁ5):

P, = BREJ {1 + f/4B} , 17)
ey = €f/ {1 + etran} , {18)
oy = Q! (1 + eftrm} , (19)
sy, = sBt/ {1 + eptian} . : £20)

The parameter B here is taken to be identical with the bag pressure in
the quark~gluon plasma EOS; 48 is the energy density Inside an MIT bag, and



from {18) it is seen to form an upper 1limit to the energy density in the
hadron gas. Before this limit i1s reached, we expect the phase transition
to quark matter to have occurred. This is indeed borme out in the calcula-
tionsa, and the prescription (17)-{20) leads to a reasonable phase diagram
for all baryon densities, shown in Figure la.

In Figure 3a-f we show for a specific value of B (B = 250 McV/im®) the
phase coexistence line and the behavior of the thermodynamlc quantitics
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Fig. 3. a) The critical line (T,p ) for the hadronization transition,
taking into account the proper wvolume of the hadrons in the resonance gas;
b) baryon density; c) energy density; d) entropy per baryon; e) nressure;
and f) entropy density along the critical line. Except in {b), all
abscissae denote the chemical potential p,. Different style curves
correspond to different values of ag. The shaded region in (c) denotes
the amount of latent heat. From Ref. 4. .



along thls critical 1line. Switching on the interactions in the gquark-~gluon
plasma leads to an increase in the critical values for T and p, and to
larger critical pressures and energy densities; this is due to the attrac~
tive nature of these interactions and the resulting reduction of the pres-—
sure in the quark-gluon plasma phase. Increasing the value of 8 has the

. same effect, and in both cases the point of pressure eguilibrium {see Fig.
1) is shifted to higher values of T and bqe

Figure 3 shows that the phase transition in our model for hadrenie
martter is of first order, with large discontinuitiecs in the cnergy density,
entropy density, baryon density, and entropy per baryen. The latent heat
(shaded region in Fig. 3c) is sizeable, namely of order ! GeV/fm”; the
energy density increases by roughly an order of maguitude before the phase
transition is completed at ¢ ~ 1-2 GeV/fn? (the exact value depends on the
choice of B and A, but 1s more or less constant along the critical line).
Similarly, there i{s a latent entropy of about a factor 3-5, i.e., the en-
tropy density is considerably higher in the quark matter phase than in the
hadron resonance gas {although not by a factor 12-15, as obtained with
simpler and coarser models for the hadron gaslid),

The first order nature of this phase transition s common to all
existing models and basically due to the procedure of matching two different
EDS, each of which 1s well motivated only safely away from the critical
point, However, the amount of latent heat and latent entropy is similar to
other modelsliz, and in particular Monte Carlo simulations of exact GCD on
a lattice are also compatible with these numbers: although there a firstc
order phase transition 1s only seen for a purely gluonic theory, and the
Inclusion of dynamical quarks tends to smear cut the transition to the point
where it may not be a phase transition in the mathematical sense any moretV,
a similar increase in energy density and entropy density over a very small
temperature interval is seen in these caleulations16,17, Thus, for practi=-
cal purposes our model will presumably be a very reasonable approximation to

reality.

THE ENTROPY PROBLEM

Since the entropy discontinuity will play an important tole im the
dynamics of the hadronization process, let is study it in a little more
detail. 1In Figure 4 we show the varlation of the entropy density with the
temperature for two values of the baryon chemfcal potential, uy = 0 and
up = 750 MeV. We plot sthe/T)? because at pp = O for a gas of massless
particles this would be a constant counting the number of degrees of freedom
(as exemplified by the solid line labelled “free quark~gluon gas”). ©On the
plasma side we included color interactions with oy = Ds4; note the strong
decrease in s relative to the free gas limit. At T = T, we see the
entropy discontinulty across the phase tramsition. Below T . we split s
into its contributions from different hadron rasonances contained in the
mixture., One sees that near T,, the plons account for only about 30% of
the entropy density, and that quantitatively the n, p, and w mesons lead to
a 100% correction, another 50% on top of that coming from the higher 1lying
resonances. This trend starts already near T = 100 MeV, i.2., well below
the phase transition, showing that a pure pion gas 1s guaatitatively a poor
approximation for the hadronic phase even at p; = 0 and overestimates the
entropy discontinuity by a factor of 3. Qualitatiwvely the same conclusions
hold at finite pp; the curve for the free Quatk-gluon gas increases in
this plot at small T like 1/T due to the term ~u“7” in the entropy density.
Again the interactions in the plasma reduce s by nearly 50%. The bump below
the phase transition is an artifact of the way we plot s {we use units of
(T/hc)3) and just means that between T = 100 MeV and T,, the entropy density
does not increase as fast as T3; this turns out to de mainly due to the van
der Waals correction for the proper hadron volume which begins o suppress
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Fig. 4. The entropy density s in units of (T/fic)? as a function of
temperature. On the hadron gas side of the phase transitien, contributions
from different sets of hadronlc resonances have been singled out in order to
demonstrate their relative importance. On the plasma side, the limit for a
non-interacting quark-gluon gas is indicated for comparison. The (QCD scale
parameter was chosen as A = 200 MeV, leading to o, ~ D4 just above the
phase transition. The parameters are: B = 250 MaV/Emd; g * 0 {Fig. 3a)

and yq = 250 MeV {Fig. 3b).

the effective degrees of freedom. Still it is obvious that the presence of
all the high lying resonances leads to a big contribution to s already well
below the phase transition. For a quantitative description it is thersfore

essential to take them into account.

Since the phase transition in our model is of first order, hadroniza-
tion (if it happens locally on a fast time scale) will proceed through a
mixed phase where hadrecn gas and plasma coexist inside the collision zone.
It has been argued!3 that the lifetime of this mixed phase is determined
by the entropy discontinuity because the entropy flux through the surface
separating plasma from hadron gas is limfted. Model calculations with a
massless plon gas approximating the hadronic phase give rise to very long
mixed phase 1ifecrimesld (220 fmfc); however, our calculations show that the
presence of hadronic resonances reduces the entropy discontinuity by a
factor of 3 or 4, thereby also reducing the above predictions for the life-
time of the mixed hadronization phase. This conclusion 1s not easily avoid-
ed by invoking a deflagration shock wavel® from which the hadronic matter
emerges at a temperature T £ T, , where the plon gas approximation becomes
increasingly berter; for it to be sufficient, the Zemperature would need to

jump across the shock front by about 70 MeV.

#While the discontinuity of the entropy density thus affects the dynam-
ics of the hadronization process, there is also a problem with conservation
of overall entropy3’ »19. Obviously the total entropy must not decrease
during hadronization. To 1llustrate the implications of this constraint,
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lat us consider the case po = O« The fotal entrapy of the quark-gluon
plasma is then given by

S = 4(Ng + Ni + N, {219
since for massless fermions S/N = 4,202 and for massless bosons S§/N =
3.602. At the critical temperature Ng = an = Zﬂa, hence
{22)

Sq * 8Ny + Nﬁ) .

If we approximate the hadron phase by a massless plon gas [enly for illug-
tration), we f£ind

Sy * Gy = 2(f; + :‘vﬁj (23)

where ﬁq and N_ are the total number of valence quarks and valence anti-
quarks in the hadron gas. Obviously, the condition SH<2 S requires the
number of walence guarks in the hadronic phase to be consigetable larger
than the number of quarks in the plasma; otherwise it is not possible to
absorb all the entropy present in the gluons that disappear during hadroni-
zation from the excitation spectrum. Hoch, Miller, and Rafelski therefore
suggested3+19 that during hadronization glucns fragment imto additional
quark—-antiquark palrs, thereby saving the entropy balance. Both the therm-
ally excited quarks and those from gluon fragmentation then recombime into
mesons and baryons and determine the chemical composition of the hadron gas.

THE HADRONIZATION PROCESS = ANTINUCLEDN AND ANTINUCLEI ABUNDPANCES

In Figure 5 we show the light quark and antiquark densities along the
critical line of phase coexistence. The hadron gas curve is obtained by
counting the valence quarks and antigquarks contained in the hadrons. It is
seen that the quark and antiquark density 15 about a factor 3 or so larger
when the phase transition to gquark matter is completed than what 1t was when
the first hadrous started to dissolve. ©On the way back, f.e., during had-
ronization, additional qf production from gluon fragmentation will tend to
increase that factor. On the other hand, the hadronization process will
also involve some increase in wvolume of the system, tending to reduce the
quark densities. The precise evolution governed by the counterplay of these
tv~ effects contributes the problem of hadronization dynamics and will

stermine the chemical composition of the hadron resonance mixture cmerging
from the hadronization process. This gquestion can by no means be considered
solved at the present time, but there exist several theoretical attempts,
one of which we are now going to discuss in some detail. [Note that in
Figure 5 the curves for the s and § densities would start at g = D about a
factor 3 below the curves shown for light gquarks, and due to the vanishing
chemical potential of the strange quarks in the plasma phase and its rela-
tive smallness in the hadron phase 0, their values will stay nearly con~
stant until the phase transition temperature begins to drop drastically near
ug = 300 MeV. On the other hand, the curves in Figure 5 for the light anti-
quark densities do not drop by a factor of 3 before ug 2 150-200 MaV, Only
then {i.e., for pg /T 2D strange antiquarks become more abundant than light
antiquarks and there will be an appreclably higher chance to form, say,
strange rather than non-strange antibaryons. It is not clear without a
complete dynamical calculation under which conditions regions with uq/T > 1
will be formed in a heavy-ion collislon. To get some i1dea one may look at
Figure 4 of Ref. 6; even in the hydrodynamic approximation, 1l.e., assuming
complete stopplng of the nuclel, u /T does not appreciably increase with

the collision energy but appears to be limited by uq/T - 2—3.]
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Fig. 5. The critical values for the quark and antiauark densities along the
phase transition line shown in Fig. 3. 1In the hadron gas the (anti)quark
density is computed by counting valence (anti)quarks. B = 400 MaV/fm>.

Let us start by assuming that the plasma, once formed, has expanded and
cooled down again to a point on the critical line T(p,) where hadronization
begins. At this point we can compute the quark and antigquark densities Pg
and p.- (see Fig. S5). After hadronization these quarks and antiquarks have
to end up in hadrons; this will occur by recombination, 2.g., of 3 quarks
going into a baryon, a quark and an antiquark forming a meson, or 12 anti-
quarks forming an g-nucleus. Let us assume thatr these processes happen
fast, and that at each point there is chemlical equilibrium between the
quarks and antiquarks on the one side and the hadrons forming from them
on the other side. Then, iIf we define Lagrange mpltipliers (“chemical
potentials™) v, U to keep count of the average quark and antiquark numbers
(in the grand canonical sense), the chemical poteéntial of the hadrons will
be related to v and ¥ by their valence quark contents:

g =V F ¥ =y = uy * Uy = ... (mesons)

B = 3V = by = ounk = ees (baryons)

g = 6v {deuteron) (24
- = 3Ju = uE = uﬁ* = aee (antidbaryons)

ua = 6% {antideuteron)

etc. These equations are easily generallzed, if strange quarks are to be
included. Note that although all baryons, all mesons, etc. have the same
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chemical potential, their production rates during hadronization will de-
crease with increasing resonance mass due to cthe mass term in the thermal
distributfon functions, This is in contrast to the recombination + frag-
mentation model by Koch, Muller, and Rafelski2s19 where the number of pro-
duced hadrons of a given species is given only by a combinatorial factor de~
pending on its valence quark content, and the mass difference, say between

an N and a A or a A and a I, does not enter.

Given the relatfons (24), ali hadron densities p3{T,p3{v,%)}) can be
determined as a function of v and U, and hence the hadronic valence quark

content

Eq(UJ) - Z 0191[11u1(\’95)) H

]

. (25)
5500 = 1 fpoy (Toug (v, ®)
i

Here ny (fij) counts the number of valence quarks (antiquarks) in hadron 1.

To determine v and ¥ we have to solve a set of matching conditions

Pq = Mg = (pg + 8pq) = VQ/V ; (26

~..":'_."..+ ) + V. IV «
Py = g (pq qu) Ql "

Here Apq = dp_ 1s the number of additional quark-antiquark palrs per unit

volume formed by gluon fragmentation in the hadronization process. This
number i3 in principle determined by entropy conservation, but in practice
one has to know the volume expansion factor MQ/VH and the {T,y) trajectoery
the system takes during hadronization in order to evaluate it, The reason
for this complication 1s* that the latent heat is set free during hadroni-
zation and, depending on how mich of it 1is converred into ccllective hydro~
dynamic flow energy, leads to reheating. Subramanian et al.<l yorked out
such a scenerio, assuming conversion at constant entropy per baryon, however
without includin% the effects of gluon fragmentation. ~Considerable reheat-
ing is observed2l, No complete dynamical hadronization calculation to
account for all these effects has been performed until now.

Given these uncertainties and no way to resolve them without a complete
dynamical model, we will here show results of a calculation where we assumed
in (26) A = X = 1. From entropy conservation one estimates that this cor-
responds to a volume expansion factor VH/V ~ 2 if the phase transition
occurs at constant temperature. Possible reheating effects are neglected
and have to be studied in the future.

In Figure 6 we show the results for the hadron densities emerging from
hadronization at a value {T,u,) as_they are obtained after solving the
matching conditions (26) with A = A = 1 for v and v and inserting into {(24)
(s0lid lines). One sees that the solid lines {hadron denslties from plasma
hadronization) consistently lie above the dashed lines {equilibrium hadron
densities), due to the need to absorb the larger density of gquarks and anti-
quarks initially present in the plasma. The gain factors increas with the
size of the hadronic cluster formed, because the gain factors pe quark
essentlially multiply. They are of order 3 or so for antibaryonr and for
anti-alpha nuclei they reach 2 orders of magnitude. Although tne absolute
yleld drops exponentially with the.cluster mass, the value for p. in
Figure 6 at w = 0 for a fireball volume corresponding to, say, hi1f a
uranium nucleus translates iunto about 1 F-events per hour in the glanned
Relativistic Heavy Jon Collider if a luminosity of 1027 cn=2 gec™l 1s
assumed; without plasma formation one would have to wait for several days.
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Fig. 6. Hadronic cluster densities as a function of the quark baryonic
chemical potential in the initial quark-glucn plasma phase. Dashed curves
denote the densitles in an equilibrium hadron gas at the critical tempera~-
ture corresponding to the given y,. Solid curves are the results obtained
from a hadronization calculation which keeps the density of quarks and anti-
quarks fixed at the level of the original quark-gluon plasma (for details
see text). B = 400 MeV/fm°. H

THE INFLUENCE OF STRANGE PARTICLES ON THE HADRONIZATION PROCESS

Before closing, we will now briefly look at the modifications that we
will have to expect from the inclusion of strange particles. For a detailed
account of strange hadrons from a quark-gluon plasma see Rafelski’s talk in
this volume. We will here concentrate on modifications to the critical
quantities along the phase transition; a hadronization calculation for
strange hadrons incorporating these changes has not vet been completed.
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The grand canonical potential of the quark-gluon plasma now takes the
form (q,7 denotes light (massless) quarks):

3/2

1 + 1 } . @n

1 en2 2 _
- =P +— | dE(E 5 i,
Q ¥Z 1{’ (E“-mg) { es(E+uq+us)+l eB‘(£"l‘q"“5’+1

P _
Q" “q3g

The sum oyer hadrons in_the hadron resonance gas expressions is extended o
include X~, x°. X0 e Ay A, $ ees +» The strange hadron chemical paten:ials in
chemical equillbrium are determined as before; e.g. ug~ = uq+u'+y_ - u’,

- 3uq+u = J, etc. Imposing the conservation of total strangeness at
i:s zero initial value § = 0 leads to j, = ~Mq in the glasma phase; houwever,
in the hadron gas this relationship has to be violated?? for nonvanishing
g due to the suppression of light antiquarks at Einite u, the dominant
strange par:icles are A's, whereas the strange antiquarks are mostly con~
rained in X* and K%. It s easily seen that the assumption ig = =uq for the
valence quarks does not lead to s systen with zero strangeness, due to the
chemical potential of the additional light quarks in the A's. Therafore,

oy * oo Uy (28)
Hence, we now have two non-identical critical lines (Tcr.u ) and (Tor,higy )
shown in Figure 7. The difference detween the two curves {s a measure for
the discontinuity of ﬁs across the phase transition. They can be considered
as different projections of one critical line in the 3-dimensional space
spanned by (T,uq.ﬁ,H o It is seen that the strange particles reduce the
critical temperature by a few percent, due to a relative Iincrease of the
pressure in the plasma phase over the hadron phase {where strange quarks
have less influence owing to their larger effective mass).

TeLimev]
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Fig 7. Projections of the critical line (T,vq,usﬂ ) on the [T,y ) and
(T,iigy ) planes. The dashed lines are for comparison and show the critical
line {(T,uy) in absence of strange particles. 7Two different bag constants
have been chosen as indicated. Note the reduction in the critical tempera-
ture by about 5%. The inset shows that both curves are smooth near yu = 0.
From Ref. 20.

’
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Fig. 8. The energy density along the critical line of Fig. 7, parametrized
by ugs The curve labelled ep,g (eggp) denotes its value on the hadron gas

(quack-gluon plasma) side of the phase transition. The shaded area demon-

strates the large amount of latent heat get free in the hadronization pro-

cess. Solid (dashed) lines incorporate (omit) strange particles. Plotted

against p_, the influence of strangeness on the critical energy densities

is minimal., From Ref. 20.

It is important to note that this change in T,, has virtvally no
effect on the values for the critical pressure and critical energy density
{(Fig. 8). The influence of strange particles just leads to a shift of the
crossing point between the two pressure curves in Flgure | to a smaller
value of T,,, but at a nearly unchanged value for P...

CLOSING REMARKS

In this lecture I presented a model for the hadronization phase transi-
tion which is sophisticated enpugh to allow an analysis of the chemfcal com—
position of the hadron gas emerging from a hadronizing quark-gluon plasma.
The phase transition was obtained by matching the equation of state for a
weakly interacting quark-gluon plasma with a gas of hadronic resonances
taken from the particle data tables. We have seen that accounting for the
proper volume of the hadrons in the hadron gas 1s an essentlal ingredient to
obtain a reasonable phase diagram also at large baryon densities, whereas
the inclusion of longer range interactions between the hadrons does not
qualitatively affect the phase transition.

In our model the ghase transition is of first order and exhibits a
large latent heat and latent entropy. Although the actual transition in
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nature may not be of first ordec, we discussed that even there the energy
and entropy densities show strong variations over a small temperature in-
terval, and that our model will be a good qualitative approximation. We
reviewed the argument by Koch, Muller, and Rafeiski that during hadroniza-
tion the total entropy balance can only be satisfied if additional quark—
antiquark pairs are created in the hadronization process.

The hadronization itself is a difficult problem for which, so far, no
microscopy model exists. We discussed here a statistical model which 1s
based on chemical equilibrium between quarks and hadrons during the cluster-—
ing process. Rafelski{ in his lecture discusses a clustering model mainly
based on combinatorial considerations, I believe that these two models are
complementary, i&nd reality has to lie somewhere in between. Both models
are, so far, incomplete as no full self-consistent dynamical study has been
performed in which the respective hadronization model is coupled to a hydro-
dynamical evolution which correctly treats the energy and entropy balance.
In particular, the volume expansion factors during hadronization are uncer-
tain and can only be bounded between extremes. Still, both models for the
clustering process agree qualitatively in thelr prediction that antibaryons
and light antinuclei should be enhanced in hadronizatlon of a quark-gluon
plasma over their hadronic equilibrium values. Rafelski will argue that
this enhancement works even better for strange antibaryons (A,Z,...), parti-
cularly at large py, but I have given arguments that looking for nonstrange
antibaryons may be easier experimentally and nearly as promising quantita-
tively. For both strange and nonstrange particles, generally the gain fac-
tors increase while the yields decrease with increasing size of the observed

cluster.

Sti{ll, the gquantitative predictions are uncertain, and it cannot be
ytressed often enough that the questions about actual yields to be expected
in experiment cannot be reliably settied withour a full dynamical calcula-
tion. This should be (and is for me) the highest priority project in the
context of using strange and antimatter as » signature for quark-gluon

plasma formation.
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