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1. PHASE TRANSITION OR PERHAPS TRANSFORMATION
HADRONIC GAS AND THE QUARK GLUON PLASMA

I explore here consequences of the hypothesis that the energy
available in the collision of two relativistic heavy nuclei, at least
in part of the system, is equally divided among the accessible degrees
of freedom. This means that there exists a domain in space in which,
in a suitable Lorentz frame, the energy of the longitudinal motion
has been largely transformed to transverse degrees of freedom. The
phyzical variables characterizing such a "fireball" are: energy den-
sity, baryon number density, and total velume. The basic question
concerns the internal structure of the fireball. It can consist either
of individual hadrons, or instead, of quarks and gluons in a new phys-
ical phase, the plasma, in which they are deconfined and can move
freely over the volume of the fireball. It appears that the phase
transition from the hadronic gas phase to the quark-gluon plasma is
controlleg mainly by the energy density of the fireball, Several
estimates™’ lead to 0.6-1 GeV/fm for the critical energy density, to
be compared with 0.16 GeV/fm® in nuclear matter.

We first recall that the unhandy extensive variables, viz.,
energy, baryon number, etc., are replaced by intensive quantities.
To wit, the temperature T is a measure of energy per degree of freedom;
the baryon chemical potential y controls the mean baryon density. The
statistical quantities such as entropy (= measure of the number avail-
able statea), pressure, heat capacity, etc., also will be functions of
T and y, 8nd wil) have to be determined. The theoretical techniques
required for the description of the two quite different phases, viz.,
the hadronic gas and the quark-gluon plasma, must allow for the Tor-
mulation of numerous hadronic resonances on the one side<’, which
then at sufficiently high energy density dissolve into the state con-
sisting of their constituents. At this point we must appreclate the
importance and help by a finite, i.e., non-zero temperature in reaching
the transition to the quark-gluon plasma: to obtain a high particle
density, instead of only compressing the matter (which as it turns
out is quite difficult), we also heat it up; many pions are generated
in a collision, allowing the transition to occur at moderate, even va-
nishing baryon density3!.
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Fig. 1: p-v diagram for the gas-plasma first arder transition, with

the dots indicating a model-dependent, unstable domain between
overheated and undercooled phases.

Consider, as an illustration of what is happening, the p-V diagram
shown in Fig. 1. Here we distinguish three domaina. The hadronic gas
region is approximately a Boltzmann gas where the pressure rises with
reduction of the volume., When the internal excitation rises, the indi-
vidual hadrons begin to cluster. This reduces the increase in the
Boltzmann pressure, since a smaller number of particles exercises a
smaller pressure., In a complete description of the different phases we
have to allow for a co-existence of hadrons with the plasma state in
the sense that the internal degrees of freedom of each ¢luster, 1.e.,
quarks and gluons, contribute to the total pressure even before thea dis-
solution of individual hadrons. This indeed becomes necessary when the
clustering overtakes the compressive effects and the hadronic gaa pres-
sure falls to zero as V reaches the proper volume of hadronic matter.

At this peint the pressure rises agaln very quickly, since in the
absence of individual hadrons we now compress ohly the hadronic conati-
tuents. By performing the Maxwell construction between volumes V

and V,, we can in part account for the eomplex proceas of hadronic com-
pressibility alluded to above.

As this discussion shows, and detailed investigations confier),
we cannot escape the conjecture of a first order phase transition in
our approach. This conjecture of Ref. 1g) has been criticized, and
only more recent lattice gauge theory calculations have led to the
widespread acceptance of this phenomenon provided an internal SU(3)
(colour) symmetry is used = 50(2) internal symmetry leads to a second
order phase transitionli), Tt is difficult to assess how such hypothe-
tical changes in actual internal particle symmetry would influence
phenomenological descriptions based on an observed picture of nature;
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for example, it is difficult to argue that, were the colour symmetry
SU(2) and not SU(3)}, we would still observe the resonance dominance of
hadronic spectra and could therefore use the bootstrap model. All
present understanding of phases of hadronic matter is based on EEEboxi-
mate models, which requires that the table below be read from left to
right.

Object

+

Observational hypothesis+ Theoretical consequence

Nature + Internal SU(3) symmetry -+ 1st order phase transition
(on 2 lattice)

Nature + Bootstrap = Resonance = 1st order phase transition
dominance of hadronic (in a phenomenological bootd
interactions strap approach)

? + Internal SU(2) symmetry + 2nd order phase transition
(on a lattice)

Phase transition of hot hadronic matter in theoretical physics

I believe that the description of hadroms in terms of bound quark
states on the ope hand, and the statistical bootstrap for badrons on the
other hand, have many common properties and are quite complementary.
Both the statistical bootstrap and the bag model of quarks are based on
quite equivalent phenomenological observations., While it would be most
interesting to derive the phenomenclogical models quantitatively from
the accepted fundamental basis = the Lagrangian quantum field theory of
a non-Abelian SU(3) “"glue" gauge field coupled to coloured quarks - we
will have to content ocurselves in this report with a qualitative under-
standing only. Already this will allow us to study the properties of
hadronic matter in both aggregate states: the hadronic gas and the
state in vwhich individual hadrons have dissolved inte the plasma con-
sisting of quarks and of the gauge field quanta, the gluona.

It 1s interesting to follew the path taken by an isclated quark-
gluon plasma fireball in the p-T plane, or equivalently in the v-T plane.
Several cases are depicted in Fig. 2. In the Big Bang expansion, the
cooling shown by the dashed line occurs in a Universe in which most of
the energy is in the radiation. Hence, the baryon density v 1s quite
small. 1In normal stellar collapse leading to cold neutron stars, we
follow the dash~dotted line parallel to the v-axis. The compression
is accompanied by little heating.

491




!
T Plasma
f

Gas .

Stellar Collapse

1+

®
] L]
®

Big Bang .

el =L L BN
100 200 T[Me V]

Fig. 2: Paths taken in the v~T plane by different physical events.

f
1

In contrast, in nuclear collisions almost the entire v-T plane
can be explored by varying the parameters of the colliding nuclei., We
show an example by the full line, and we show only the path correapon-
ding to the cooling of the plasma, i.e., the part of the time evolution
after the termination of the nuclear collision, assuming a plasma for~
mation. The figure reflects the circumstance that in the beginning of
the cooling phase, 1.e., for L -1.5 x 10723 gec., the cooling happens
almost exclusively by the mechanism of pion radiationS). In typical
circumstances, about half of the available energy has been radiated
away before the expansion, which brings the surface temperature close
to the temperature of the tranasition to the hadronic phase. Hence a
possible, perhaps even likely, scenario is that in which the freezing-
out and the expansion happen simultaneously., These highly speculative
remarks are obviously made in the absence of experimental guidance.

A careful study of the hadronization process most certainly remains
to be performed.

In closing this section let me emphasize that the question whether
the transition hadronic gas ++ quark-gluon plasma is a phase transition
(i.e., discontinuous) or continuous phase transformation will probably

only be answered in actual experimental work, as all theoretical ap-
proaches suffer from approximations unknown in their effect. For
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example, in lattice gauge computer- calculations, we establish the pro-
perties of the lattice and not of the continuous space in which we
live.

The remainder of thils report is therefore devoted to the study of
strange particles in different nuclear phases and their relevance to
the observation of the quark-gluon plasma.

2.  STRANGE PARTICLES IN HOT NUCLEAR GAS

My intention in this section is to eatablish guantitatively the
different channels in which the strangeness, however created in nuclear
collisions, will be found. In our followlng analysis a tacit assump-
tion is made that the hadronic gas phase 1s practically a supsrposition
of an infinity of different hadronic gases, and all information about
the interaction is hidden in the mass spectrum r(mz.b) which describes
the number of hadrons of baryon number b in a mass interval dm? and
volume V * m. Whan considering strangeness-carrying particles, all we
then need to include is the influence of the non-strange hadrons on the
baryon chemical potential established by the non-strange particles.

The total partition function is approximately multiplicative in these
degrees of freedom:
honahange Shange
h2=062 +6n 2 . (2.1)

For our purposzes, i,e., in order to determine the particle abundances,
it is sufficient to list the strange particles separately and we find

tn 25"‘“5&(7’"’"5;"9) =C 52“’("1-)['\5'\‘;1 t )‘51"‘1]

gy (2:2)
+ 2 (Wi, ) 1'3“(3‘5:)][55)\; "‘)‘s}‘;]}

where . .
Wee;y = (%)z Kz ('%‘) . (2.3)

We have C = VT%/292 for a fully equilibrated state. However, strange-
ness-creating (x + 8+8) processes in hot hadronic gas may be too slow
(see below) and the total abumndance of strange particles may fall short
of this value of C expected in absolute strangensss chemical equilibrium.
On the other hand, strangeness-exchange cross-sections are very large
(e.g., K'p cross-section is 1100mb in the momentum range of interest),
and therefore any momentarily available strangeness will always be dis-
tributed among all particles in (2.2) according to the values of the
fugacities Ag = Ap}/? and Ag. Hence we can speak of relative strange-
ness chemicag equllibrium.
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We neglected to write down quantum statistics corrections as well
as the multistrange particles, = and Q”, as our considerations remain
valid in this simple approximation 6), Interactions are effectively in-
cluded through explicit reference to the baryon number content of the
strange particles as just discussed. Non-atrange hadrons influence the
strange Fraction by establishing the value of A at the given temperature
and baryon density.

The fugacities \g and Aq as introduced here control the strange-
ness and the baryon number respectively. While A5 counts the strange
guark content, the up- and down-quark content is counted by Ag = Agt/3,

Using the partition function Eq. (2.2) we calculate for given
vgs T, and V the mean strangeness by evaluating

sirange (2.4)
<ng-ngz> =A5%5&42 " (TV, 0509,

which is the difference between strange and antistrange components.
This expression must be equal to zeroc due to the fact that the strange-
ness i1s.a conserved quantum number with respect te strong interactions.
From this condition we get:

W(x,) + XE', [ W(xy) + 3W(xg)]
Wen) + Ag [W(x,) +5W(x;_)]

AS=XQ EAQ?, (2.5)

a result contrary to lntuition: AB £ 1 for a gas with total <s> = Q.
We notice a etron% dependence of y on the baryon number. For large
the term with Ap™" will tend to zero and the term with Ag will dominate
the expression for Ag and y. As a consequence the partlcles with
fugacity Ay and strangeness $ = -1 (note that by_convention strange
quarks s carry s = -1, while strange antlquarks S carry s = 1) are sup-
pressed by a factor y vwhich is always smaller than unity. Conversely,
the production of particles which carry the strangeness s = +1 will be
favoured by y~!. This is the consequence of the presence of nuclear
matter; for yu = 0 we find y =

In nuclear collisions the mutual chemical equilibrium, that is,
a proper distribution of strangeness among the strange hadrons, will
most likely be thus achieved. By studying the relative yields, we can
exploit this fact and eliminate the absolute normalization, C, cf.,
Eg. (2.2), from our considerations. We recall that the value of C is
uncertain for several reasons: (i) V is unknown, (ii} C is (through
space-time dependence of temperature) strongly (t, r)-dependent and
(iii) most importantly, the absolute normalization C = VT3/2n2 which
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assumes absolute chemical equilibrium, is not achieved owing to the short-
ness of the collision. Indeed we have [cr., Eq. (4.3) for further de-
tails and solutions]

= A, (1- C (&) /C%0)) . (2.6)

and the time constant Ty = C(w)/Ag for strangeness production in nuclear
matter can be estimated to be 10%1sec.T). Thus C does not reach C{w=)
in plasmaless nuclear collisions., If the plasma state is formed, then
the relevant C > C(») (see below), ’

Now, why should we expect relative strangeness equilibrium to be
peached faster than absolute strangeness equilibrium?)? Consider the
strangeness exchange reaction

Kp—Are KT =) n®
_.._/<:~s (2.7)

P (I——==)A

which has a cross-section of about 10mb at low energies while the s3
"strangenesa-creating" asscciate production

(2.8}

has a croas-section of lesa than 0.06mb, i.e., 150 times smaller. Since
the latter reaction is somewhat disfavoured by phase space, consider
further the reaction (Y is any hyperon = strange baryon)

n{= ~oK

wp-Y K ) -
Pi=% ==Y

which has a cross-section of less than 1lmb, still 10 times weaker than
one of the s exchange channela (2.7). Consequently, I expect the rela-
tive strangeness equilibration time to be about ten times shorter Chan
the absolute strangeness equilibration time, namely 10~23sec., in hadro-
nic matter of about twice nuclear density.

(2.9)

77N
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We now compute the relative strangeness abundances expected from
nuclear collisions. Using Eq. (2.5) we Find from Eq. (2.2) the grand
canonical partition sum for zero average strangeness:

tn 25" 2 CaWon) [rhg + T Ag) + AWl Y Pdgh, #1745 oy

(2.10)

+ GW(xy) [8Aeds +145 A

Where, in order to distinguish different hadrons, dummy fugacities Ais

=K, K, A, K, £, T have been written: the strange particle multi-
pllclties follow then from

Stange (2.11)
ks B)\,_ E‘q 2 ,}ti 31 )

Explicitly we find (notice that the power of y follows the s-guark
content):

dnid=A;

pyp? = C (M W?h/z)e ruell (2.13)

(117’_/;_‘9 =Cr”? W(xii.lf_"’) e""\ﬂﬁ. (2.14)

In Eq. (2.14) we have indicated that the multiplicity of antihyperons
can only be bullt up if antibaryons are present according to their
(small) phase-space. This still seems an unlikely proposition and the
statistical approach may be viewed to provide an upper limit on their
multiplicity.

From the above equations we can derive several very inatructive
conclusions8), In Fig. 3 we show the ratio <nge>/<ng=-> = y~2 as &
function of the baryo~chemical potential yg for several temperatures
that can be expected and which are seen experimentally.

We note that this particular ratic 1s a good measure of the
baryon chemical potential in the hadronic gas phase, provided that the
temperatures are approximately known. The mechanism for this process
1s: the sirangeness exchange reactiocn [Bq. (2.7)] tilts to the left
(K™) or to the right (abundance y ~ K*), depending on the value of the
baryo-chemical potential.
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Fig. 3: The ratio <nyg+>/<ng=-> = v~% as function of the baryo-chemical
potential for several temperatures.
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Fig. 4: Relative abundance of antilambdas: the actual yield from the
hadronic gas limit may be still 10-100 times smaller than the
statistical value shown.

497




In Fig. &4 the upper limit for the abundance of A as measured in
terms of A-abundances is shown. Clearly visible is the substantial
relative suppression of A, in part caused by the baryo-chemical potential
factor, BEq. (2.14), but also by the strangeness chemistry (factor y?)
as in K*K~ above. Indeed, the actual relative number of K will be even
smaller, since A are in relative chemical equilibrium and R are not:
the reaction K'p » An®, analogue to (2.7), will be suppressed by low p
abundance. Also indicated in the Fig. 4 is a rough estimate for the }
production in the plasma phase, which suggests that anomalous i abun-
dances may be an interesting feature of highly energetic nuclear
collisionsé) (ef. Section 5).

3. QUARK-~GLUON PLASMA

From the study of hadronic spectra, as well as from hadron-hadron
and hadron-lepton interactions, there has emerged convincing evidence
for the description of hadronic structure in terms of quarksg . For
many purposes it is entirely satisfactory to consider baryons as bound
states of three fractionally charged particles, while mesons are quark-
antiquark bound states. The Lagrangian of quarks and gluons is very
similar to that of electrons and photons except for the required sum-
mationa over flavour and colour:

L= '-"‘(T‘(P‘Q'A)‘m)"*‘%&"?”v. (3.1)

The flavour-dependent masses m of the quarks are small. For u, d
flavours, one estimates my g v 5-20 MeV. The strange quark mass is
usually chosen at about 150 MeV10), The essential new feature of QCD,
not easily visible in Eq. (3.1}, is the non-linearity of the field
strength F in terms of the potentials A. This leads to an attractive
glue-glue interaction in select channels and, as 1s believed, requires
an improvad (non-perturbative) vacuum state in which this interaction
is partially diagenalized, providing for a possible perturbative
approach.

The energy density of the perturbative vacuum state, defined with
respect to the true vacuum state, 1s by definition a positive quantity,
denoted by B. This notion haa been introduced originally in the MIT
bag model 1), logically, e.g., from a fit to the hadronic spectrumll’,
which glves

B=[(140-210)MeV]* = (50-250) MeV/fm> . (3.2)

The central assumption of the quark-bag approach is that inside a hadron
where quarks are found, the true vacuum structure is displaced or des-
troyed. One can turn this point around: quarks can only propagate in
domains of space in which the true vacuum ia absent. This statement

is a reformulation of the guark confinement problem. Now the remaining
difficult problem is to show the incompatibility of quarks with the

true vacuum structure., Examples of such behaviour in ordinary physics
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are easily feund: e.g., a light wave is reflected from a mirror surface;
magnetic field lines are expelled from superconductars; etc. In this
picture of hadronic structure and quark confinement all coclourless
assemblies of quarks, antiquarks, and gluons can form stationary states,
called a quark bag. In particular all higher combinations of the three-
quark baryons (qqq) and quark-antiquark mesons (qq) form a permitted
state.

As the u and d quarks are almost massless inside a bag, they can be
produced in pairs, and at moderate internal excitations, i.e., tempera-
tures, many qq pairs will be present. Similarly, sS pairs will also be
produced. We will return to this point at length below. Furthermore,
real gluons can be excited and will be included here in our considera-
tions.

Thus, vwhat we are considering here is a large quark bag with sub-
stantial, equilibrated internal excitation, in which the interactions
can be handled (hopefully) perturbatively. In the large volume limit,
which, as can be shown, is valid for baryon number b » 10, we simply
have for the light quarks the partition function of a Ferml gas which
for practically massless u and d quarks can be given analyticallylz).ib)
even igcluding the effects of interactions through first order in
ag = g°/bm:

v PR 2
PENIRE Sy SO ISR AAS SUCR-1 375 PR
Similarly, the glue is a Bose gas
2o 45 ol
%ES(F",A)=V%[53(1' Ti?rs)) (3.4)

vhile the term associated with the difference to the true vacuum, the
bag term, is

h2pag = -BVp. (3.5)

It leads to the required poaitive energy density B within the volume
occupied by the eoloured quarks and gluons and to a negative pressure
on the surface of this region. At this stage, this term is entirely
phenomenclogical as discussed above. The equations of state for the
quark-gluon plasma are easily obtained by differentiating

b = O E&q +ln :%3 + eﬂL:ty1L¢ , (3.6)

with respect to 8, u, and V.
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An assembly of quarks in a bag will assume a geometric shape and
size such as to make the total energy E(V,b,S) as small as possible at
Tixed given baryon number and fixed total entropy S. Instead of just
considering one bag we may, in order to be able to use the methods of
statistlcal physies, use the microcanonical ensemble, We find from the
first law of thermodypamics

dE= - PdV +TdS +pdb (3.7)

that

P=- _,_L_“()E(%Vb §) (3.8)

We observe that stable configuration of a single bag, 3E/aV = 0, cor-
responds also to the configuration with vanishing pressure P in the
microcanonical ensemble. Rather than work in the microcanonical ensemble
with fixed b and S, we exploit the advantages of the grand canonical
engemble and consider P as a function of y and T:

P . g_v (T &1‘2(}‘}1"\/)) (3.9)
with the result
P = %(e-4B), (3.10)

where ¢ is the energy density:
i 2
e=4[0- 244 &) 6TV ) - FR)E &'
L3 of
IS @) (1- 2248

(3.11)

In Eq. (3.10) we have used the relativistic relation between the quark
and gluon energy density and pressure:

P, = é€1 , TPy= égﬂ. (3.12)

From Eq. (3.10), it follows that when the pressure vanishes in a static
configuration, the energy density 1s 4B, independent of the values of

p and T which fix the line P = 0. We note that in both quarks and
gluons the interaction conspires to reduce the effective available

. number of degrees of freedom. At ag = 0, u = 0, we find the handy
relation
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E$+£g = [GQV

(‘IGO Me\/‘ (3.13)

It is important to appreciate how much entropy must be created to reach
the plasma state. From Eq. (3.6), we find for the baryon density v
and entropy density ¥:

s 2 (1-28) KV (7)1 2 (1 -2 98 ()
35! (H 15?__§‘) tﬁ.j‘)-a.

(3.14)

il [(1- ads ((f"'—) +b(1rT) )] (3.15)

which leads for w/3 = pq < (wT) to the following expression for the
entropy pei baryon [1nc1ud1ng the gluonic entropy second T? term in
Eq. (3.14)

S & s T2 ( Vpg) ™, g5 ! (3.16)

As this simple estimate shows, plasma events are extremely entropy-rich,
i.e., they contain very high particle multiplicity. In order to estimate
the particle multiplicity, one may simply divide the total entropy
created in the collision by the entropy per particle for massless black
body radiation, which 1s S/n = 6. This suggests that at T v Mg there

are N six pions per baryon

4. STRANGE QUARKS IN PLASMA

In lowest order in perturbative QCD, sS-quark paira can be created
by annihilation of light quark-antiquark palrs (Fig. 5a) and in collisions
of two gluons (Flg. 5b). The averaged total cross-sections for these
processes were calculated by Combridge

ky'sy Gy
~ O)
rd
k;,’ -q;

b)

Fig. 5: Lowest order QCD diagrams for ss production: a) qq + s§;
b) gg + ss.
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Given the averaged cross-sections, it is easy to calculate the rate

of events per unit time, summed over all final and averaged over initial
states:

dN o (2K,
E“yd"f@zﬂ"lk,l %g*(k’)")

(4.1)

d*k N =
(még;(kz)xggs (5 - (k) Kk, 5.

The factor k,°k,/|k,|]k,| is the relative velocity for massless gluons
or light quarks, and we have introduced a dummy integration over s

in order to facilitate the calculations. The phase-space densities
p3(K,x) can be approximated by assuming the x-independence of tempara-
ture T(x) and the chemical potential p(x}, in the so-called lacal
sbatisticgl equilibrium. Since p then only depends on the absolute
value of k in the rest frame of the equilibrated plasma, we can

easily carry out the relsvant integrals and obtain for the dominant
process of the gluon reaction (Fig. 5b) the invariant rate per unit
time and volumeld)

4 -
A-_d_N_ & A ,-_lz ﬁ(sz MTse_ M/T 1+§1 r.|-.“ (4.2)
dkdt 9 " 3n . 14 M ’

where M 1s the strange quark mass.

_ The abundance of ssS-pairs cannot grow forever; at some point the
ss-annihllation reaction will restrict the strange gquark population. It
is important to appreciate that the ss-pair annihilations may not proceed
via the two-gluon channel, but insteed occasicnally through 4G final
statesl®). The noteworthy feature of such a reaction 1s the production
of relatively highly energetic y's at an energy of about 700-900 MeV
(T = 160 MeV) stimulated by coherent glue emission. These y's will
leave the plasma without further interactions and provide an indepen-
dent confirmation of the s~abundance in the plasma.

The loss term of the strangeness population is proportional to
the square of the density ng of strange and antistrange quarks. With
ng(®) being the saturation density at large times, the following dif-
ferential equation determines ng as a function of time2b):

dhs (4.3)

% A= (@) @]
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Thus we find

tanh (/) + ns(e) [ns (o)

”5 (‘t)= ns (00) 1+ V!s‘-f')/hs(w) tmnh(t/t) ) 16.4)
where
T= g ()/A. (4.5)

The relaxation time, T, Eq. (4.5) of the strange quark density is easily
obtained using the saturated phase-space in Eq. (4.5). We havels)

Y2 -3z MIT -1
Z”rg=g(1—f)zo(szM7/"T 2, (1*3_3_;%%”) Cwe

For ag v 0.6 and M ~ T, we find from Eq. (4.6) that 1 4°10"2%gac.

T falls rapidly witb increasing temperature; in Fig. 6, I show the
approach to the fully saturated phase-space as a function of time,

Eq. (4.4). For M < T = 160 MeV, the saturation requires 4+10-23sec.,
while for T = 200 MeV we need 2+10-2%gec., corresponding to the antici-
pated lifetime of the plasma. But it is important to observe that even
at T = 120 MeV, the phase-space is half-saturated in 2-10"?°sec., a point
to which we will return below. Another remarkable fact is the high
abundance of strangeness relative to baryon number in Fig. 6 - here,
baryon number was computed assumiog T % uq = %U: c.f., Eq. (3.15).
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Fig. 6: Time evolution of the relative strange quark to baryon number
abundance in the plasma for varlous temperatures T, M = 150 MeV,

o, = 0.6,
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These two factsz, namely

1) high relative strangeness abundance in plasma;

2) practical saturation of available phase space, as demonstrated

above

have led me to suggest the observation of strangeness as a possible
signal of quark-gluon plasma . There are two elements in point 1)
above: firstly, strangeness in the quark-gluon phase is practically
as abundant as the antilight quarks, U = d = q, since both phase spaces
have similar suppression factors: for u, d it is the baryo-chemical
potential, for s,S the mass (M ~ uq):

_ c;~{£iii ;,_____1..._-_____
SV =8/V = b)ys (EW/.- 1) (4.7a)

- d°p 1
C}/v =0 j‘(&")s (e|p|/r+,u4/r+1) (4.70)

Note that the chemical potential of quarks suppresses the q density.

This phenomenon reflects on the chemical equilibrium between q-q and

the presence of a light quark density associated with the net baryon
number. Secondly, strangeness in the plasma phase is more abundant

than in the hadronic gas phase (even if the latter phase space is satu-
rated) when compared at the same temperature and baryo-chemical potential
in the phase transition region. The rationale for the comparisqn at
fixed thermodynamic variables, rather than at fixed values of microcano-
nical variables such as energy density and baryon density, is outlined

in the next section. I record here only that the abundance of strange-
ness in the plasma is well above that in the hadronic gas phase space (by
factors 1-6) and the two bacome equal only when the baryo-chemical po-
tential y 1s so large that abundant production of hyperons becomes pos-
sible. This requires a hadronic phase at an energy density of 5-10 GeV/fm?.

5. HOW TO DISCOVER THE QUARK-GLUON PLASMA

Here only the role of the strange particles in the anticipated
discovery will be discussed. My intention is to show that under dif-
ferent possible transition scenarios, characteristic anomalous strange
particle patterns emerge. Examples presented are intended to provide
some guidance to future experiments and are not presented here in order
to imply any particular preference for a reaction channel. I begin
With a discussion of the observable quantities.

5064

Temperature and chemical potential associated with the hot and
dense phase of nuclear collision can be connected with the observed
particle spectra, and, as discussed here, particle abundances. The
last grand canonical variable - the volume ~ can be estimated from par-
ticle interferences. Thus, it 1s possible to use these measured va-
riables - even if their precise values are dependent on a particular
interpretational model - to uncover possible rapid changes in a parti-
cular observable. In other words, instead of considering a particular
particle multiplicity as a function of the collision energy, s, I would
consider it as a function of, e.g,, mean transverse momentum <Py which

is a continuous function of the temperature (which is continuous across
any phase transition boundary).

To avoid possible misunderstanding of what I want to say, here
I consider the (difficult) observation of the width of the K+ two-
particle correlation function in momentum space as a function of the
average K* transverse momentum obtained at given vs. Most of K* would
originate from the plasma region, which, when it is created, is relati-
vely small, leading to a comparatively large width. (Here I have
assumed a first order phase transition with substantial increase in
volume as matter changes from plasma to gas.) If, however, the plasma
state were not formed, K* originating from the entire hot hadronic gas
domain would contribute a relatively large volume which would be seen;
thus the width of the two~particle correlation function would be small,
Thus, first order phase transition implies a jump in the K* correlation
width as a function of increasing <p >g+, as determined in the same
experiment, varying vs.

From this example emerges the general strategy of my approach:
gearch for possible discontinuities in observables derived from dia-
continuous quantities (such as volume, particle abundances, etc.) as
a function of quantities measured experimentally and related to thermo-
dynamic variables always continuous at the phase transltion: tempera-
ture, chemical potentials and pressure, This strategy, of course,
can only be followed if, as stated in the first sentence of this report,
approximate local thermodynamic equilibrium is also established.

Strangeness seems to be particularly useful for plasma diagnosis,
because 1lts characteristic time for chemical equilibration is of the
same order of magnitude as the expected lifetime of the plasma:

TN )-310"%3gec, This means that we are dominantly creating strange-
ness in the zone where the plasma reaches 1ts hottest stage - freezing
over the abundance somewhat as the plasma cools down, However, the
essential effect is that the strangeness abundance in the plasma is
greater, by a factor of 30, than that expected in the hadronic gas
phase at the same values of (u,T). Before carrying this further, let
us note that in order for strangeness to disappear partially during the
phase transition we must have 2 slow evolution, with time constants of
A10"%22gec. But even so, we would end up with strangeness-saturated
phase space in the hadronic gas phase, i.e., v ten times more strange-
neas than otherwise expected. For similar reasons, i.e., in view of
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the rather long strangeness production time constants in the hadronic
gas phase, strangeness abundance survives practically unscathed in this
final part of the hadronization as well., Faclt:

if a phass tranaition to the plasma state has occurred, then on
return to the hadron phase there will be most likely significantly
more strange particles around than there would be (at this T and
y) if the hadron gas phase had never been left.

In my opinicn, the simplest observable proportional to the strange
particle multiplicity is the rate of V-events from the decay of strange
neutral baryons (e.g., A) and mesons (e.g., Kg) into two charged par-
ticles. Observations of this rate require a visual detector, e.g.,

a streamer chamber. To estimate the multiplicity of V-events, I reduce
the total strangenesas created in the collision by a factor 1/3 to select
only neutral hadrons and another factor 1/2 for charged decay channela,
We thus have

{8y + <S>
<b>

where 1 have taken <s>/<b>~0.2, cf. Fig. 6. Thus for events with a
large baryon number participation, we can expect to have several V's
per collision, which 1s 100-1000 times above current observation for
Ar -KCl collision at 1.8 GeV/Nuc kinetic energy17’.

<by ~ <b>/15 (5.1

<hy> & Y

Due to the high S abundance, we may further expect an enrichment
of strange antibaryon abundanceslé). I would like to emphasize here

saq states (anticascades) created by the accidental coagulation of two

s quarks helped by a gluon +q reaction. Ultimately, the ssq states
become Sqq, elther through an & exchange reaction in the gas_phase or via
a weak interaction much, wuch later. However, half of the sqq statea

are then visible as A decays in a visual detector. This anomaly in

the apparent A abundance is further enhanced by relating it to the de-

creased abundance of antiprotons as described above.

Unexpected behaviour of the plasma-ghas phase transition can greatly
influence the channels in which strangeness is found. For example, in
an extremely particle-dense plasma, the produced 88 pairs may stay near
to each other -~ if a transition occurs without any dilution of the den-
sity then I would expect a large abundance of ¢(1020) ss mesons, easily
detected through their partial decay mode (1/4%) to a p*y~ pair.

Contrary behaviour will be recorded if the plasma is cool at the
phase transition, snd the transition proceeds slowly - major coagula-
tion of strange quarks can then be expected with the formation of sss
and 333 baryons and in general (5)37N clusters. Carrying this even
further, supercooled plasma may become "strange" nuclear (quark)
matterib), Again, visual detectors will be extremely successful here,

showing substantial decay cascades of the same heavy fragment.
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In closing this discussion I would like to glve warning about the
pions. From the equations of state of the plasma, we have deduced in
Section 3 very high specific entropy per baryon. This entropy can only
increase in the phase fransition and it leads to very high pion multi-
plicity in nuclear collisions, probably created through pion radiation
from the plasma5’ and sequential decays., Hance by relating anything
to the pion multiplicity, e.g., considering K/m ratios, we dilute the
signal from the plasma. Furthermore, pions are not at all characteristic
for the plasma; they are simply indicating high entropy created in the
collision. However, we note that the K/m ratio can show substantial
deviations from values known in pp collisions - but the interpretations
of this phenomenon will be difficult.

It is important to appreciate that the experiments discussed
above would certainly be quite complementary to the measurements uti-
lizing electromagnetically interacting probes, e.g., dileptons, direct
photons. Strangeness based measurements have the advantage that they

have much higher counting rates than those recording electromagnetic
particles.

. I would like to thank R. Hagedorn, B. Miiller and P. Koch for
f?u1tfu1 and stimulating discuasions, and R. Hagedorn for a thorough cri-
ticiam of this manuscript.
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