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Abstract 

Problems of formation. evolution and detection of quark-gluon plasma are reviewed to fill a gap 
between theory and experiment . 
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Introduction 

In the QCD development two characteristic stages have existed in the last decade. The 
first is the study of “hard” processes. As is well known, the coupling constant or, of 
strong interactions decreases with increasing squared transferred 4-momentum 1Q21 
because of the asymptotic freedom. For 1&21 > A& (AQcD - 200 MeV) the coupling 
constant or, Q 1, and calculations can be made within QCD perturbation theory. Such 
calculations were carried out intensely in the 70-ies. The QCD predictions were brilliantly 
confirmed by observation of hadron jets with large transverse momenta. 

But in the quantitative comparison with experimental data the clear predictions of 
QCD perturbation theory are lost in the maze of soft process phenomenology. The point 
is that the particles which are actually observed are not QCD quarks and gluons but 
hadrons resulting from soft processes of quark hadronization. 

By early 80-ies the QCD properties had been realized quite well within perturbation 
theory. It was perfectly clear, however, that the perturbative QCD was far from exhaust- 
ing the theory as a whole. Such exceedingly important properties of strong interactions 
as color charge confinement, breaking of chiral invariance and, in the end, observed 
hadron masses are due to nonperturbative fluctuations in QCD. The following three 
among the nonperturbative QCD methods have been most intensely developed since 
early 80-ies: 1) lattice technique; 2) sum rules; 3) quasi-classical (instanton) method. 
The results obtained using these methods are discussed in detail below. We would only 
like to mention here that they have a common prediction according to which the natural 
QCD vacuum state is appreciably distinct from the vacuum of perturbation theory. How 
does the QCD vacuum change its state with increasing a,(&2) and to what effects can 
this change lead? 

To be solved, these complicated problems should be essentially simplified. To simplify 
we will consider a macroscopical system of quarks and gluons which obeys the laws of 
thermodynamics. At  high temperatures T > AQCD, the characteristic momentum trans- 
fer in the interaction appears to be fairly large, Q 2  - T2 Q A$cD, and the running coup- 
ling constant becomes small, a, - l/h (&‘/A&,) < 1. Owing to the tlsymptotic free- 
dom of QCD, such a system is thus a relativistic gas of rather weakly interacting quarks 
and gluons - the so-called quark gluon plasma (QGP). Similar reasoning can be extended 
to high QGP densities because the characteristic interparticle distances turn out to be 
small. 

The concept of hot hadronic matter was developed in a pioneering papers [l-31, 
where the statistical and hydrodynamical methods were used to study the strongly inter- 
acting particle ensemble. The prediction of hadron - quark phase transition was made 
in [a]. The same ideas are used nowdays, but the knowledge of hot hadronic matter 
resulting from QCD is added. The phase transition is qualitativelypredicted in QCD 
[5,6] and confirmed by lattice calculations [7]. The hadron-QGP transition tempera- 
ture T, appears to be equal about to  200 MeV [7] and the QGP density to be 3-4 times 
higher than the usual nuclear matter density. 

Since the expected temperatures T N T, - AQcD refer to the infrared QCD region, 
the majority of models of the microscopical QCD system are of phenomenological charac- 
ter. Some of these models are considered in Sec. 1. It is instructive to note that the model 
assumptions are responsible not only for the critical parameters T, and n, (the QGP 
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density) of a given phase transition but also for the type and number of phase transitions. 
We may thus hope that new detailed experimental data will appreciably rsduce the 
number of acceptable phenomenological models. The defficiency of the purely pheno- 
menological approach is an uncertainty in the correspondence between a given model and 
the real dynamics of strong interactions. In  this respect, the attempts to calculate the 
QGP thermodynamic functions directly on the basis of the QCD Lagrangian are much 
more attractive. In recent years, such calculations have been successful. In particular, a 
numerical integration of the lattice type QCD systems proves the existence of first- and 
second-order phase transitions at temperatures T ’v 2OOMeV in theories with gauge groups 
SU(3)  and SU(2) .  The problems connected with phase transitions in lattice gauge 
theories are also analyzed in Sec. 1 along with the results of phase transition studies by 
the QCD sum rule method at finite temperatures. Section 1 is devoted to modern com- 
putational methods applied to critical temperatures and densities of phase transitions. 

The interest in finite-temperature and finite-density QCD was first stimulated by 
cosmological and astrophysical problems. Only in the times of Big Bang and also deep in- 
side neutron stars could one imagine the existence of the conditions typical of phase 
transitions in nuclear matter. These questions are unfortunately beyond the scope of the 
present review, but interested readers may follow up in more detailed study of [8]. 

The interest in the thermodynamical aspects of QCD has increased recently because 
there appeared an experimental possibility to create extreme conditions for the existence 
of nuclear matter by way of selecting specific events in hadron colligions and particularly 
high-energy heavy ions. The exciting possibility of reproducing in laboratory the con- 
ditions imitating those existed in the Universe at  first moments of the “creation of the 
world” has led to a rapid advance in new experimental programs for seeking processes 
the cognitive interest in which is beyond the scope of elementary particle physics. A 
successful practical realization of these programs will be not only of scientific but also of 
universal value. Above mentioned possibility of investigating nuclear matter under ex- 
treme conditions does not imply, however, that phase transition must necessarily take 
place in high-energy ion-ion ( A A )  interactions. The point is that it is not clear a priori 
whether or not a local thermodynamic equilibrium in QGP is established in AA collisions, 
i.e. whether it is possible to describe such a system within thermodynamic approach. 
Another important question is what energy density and temperature of QGP can be 
attained in available and future ion accelerators. These questions are dealt with in Sec. 2 
within hydrodynamic approach to AA interactions. The basic conclusion of Sec. 2 is as 
follows. A t  early stages of hydrodynamic expansion of a hadron cluster (fireball) formed 
in collision of heavy ( A  2 50) nuclei of energy Ec.m. 2 10 GeVfnucleon in the centre-of- 
mass system, local temperatures T 2 200 MeV and densities 3-4 times higher than the 
ordinary nuclear density can be attained. Under such conditions, the quark-gluon 
plasma may appear as a new phase of hadron matter. 

In  Section 3 we are considering experimental signals of hadron-QGP transition in 
A A  interaction, which is a very important question. Experimental signals may include 
momentum spectra of direct leptons and photons, strange and charmed mesons and 
baryond, etc. The main difficulty encountered in identification of QGP signals is that 
the hadron background is typically quite noticeable. Furthermore, it is at present diffi- 
cult to identify a certain signal which would reliably testify to QGP formation. The actual 
situation is that the existence of QGP in AA interactions at  high energies can be iden- 
tified only from several indirect experimental signals. Several discovered features of 
hadron collisions at  high energies which are typical of QGP signals are also analyzed in 
Sec. 3. In  the concluding section we briefly consider the perspectives of the physical 
programs searching for a new states of hadron matter. 

When preparing the text of this review, the authors tried not to overload the presen- 
tation with numerous formulas and paid particular attention to the qualitative physical 

1* 
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picture of the phenomenon. For details we refer the reader to the literature cited. The 
theory, phenomenology and QGP-seeking experiments are at present a rapidly devel- 
oping branch of atomic nucleus and elementary particle physics. These questions are 
discussed at periodic International Conference on ultrarelativistic ion-ion interactions 
whose proceedings contain much instructive information [Q- 121. The QGP physics is 
also dealt with in the recent reviews[l3- 171 and in the collected papers [18-191. 

The authors are greatful to  B. A. Dolgoshein, S. A. Voloshin, M. I. Gorenshtein, G. M. Zinov’ev, 
0. A. Mogilevsky, A. I. Bochkarev, and M. E. Shaposhnikov for fruitful discussions which helped 
them to formulate some of the problems touched upon in this review. 

1. Hadron-Quark-GMuon Plasma Transition 

1.1. Two QCD problems 

In QCD, two basic problems associated with the vacuum structure are known: color 
charge confinement and spontaneous breaking of chiral symmetry. The confinement 
means the absence of color objects in the spectrum of observed physical hadron states. 
The spontaneous breaking of chiral symmetry is essentially as follows. When the quark 
(and antiquark) mass is zero, their right and left components in the QCD Lagrangian 
split (they are not mixed in interaction with vector gluons). This must lead to parity 
degeneracy of the physical states of the theory, i.e. to a double number of the physical 
states, which is however not confirmed by experiment. The QCD vacuum is chirally 
asymmetric because there exists practically a massless (as compared with other hadrons) 
pion with an odd intrinsic parity. Thus, a t  zero temperatures and normal nuclear den- 
sities, the QCD vacuum possesses a confinement property and a broken chiral symmetry. 

I n  this section we are concerned with the theoretical models which show that with 
increasing temperature and density the QCD vacuum loses the confinement property 
and restores its chiral invariance. There obviously exist some temperature and baryon 
density ranges within which the hadron matter is in the hadron gas and quark-gluon 
plasma states respectively. One of the principal goals of this section is to obtain a phase 
diagram for hadron matter in terms of the variables T and nB (temperature and baryon 
density) and to determine the criticalvalues T, and nc. We would like to draw the reader’s 
attention to two facts. First, the phase transition is certainly the problem of strong 
coupling in the theory. Unfortunately, theoreticians cannot now suggest any consistent 
recipe for computations in the strong coupling region. Phenomenological, quasi-classical, 
and other approaches to the problem will therefore be fairly reasonable. The second 
circumstance is that in spite of distinct starting assumptions, these models give close T, 
and nc values, this “unanimity” hardly being accidental. In our opinion, it reflects the 
essence of the QCD theory. 

1.2. The two-phase model 

Consider a two-phase system of particles consisting of non-strange hadrons, u, d quarks 
(antiquarks), and gluons. The thermodynamic variables in the system are temperature T, 
baryon chemical potential ,LA and volume V .  When describing the hadron phase (the 
same as the QGP phase), we disregard interaction (the gas approximation). The ground- 
state energy shift in quark-gluon plasma, as compared with the ground state of the 
hadron gas, is taken into account in this model by introduction of the phenomenological 
constant B which is used in the bag model [ZO]. For the sake of simplicity we consider 
only two limiting cases, ,u = 0 and T = 0. 
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If the chemical potential is zero ( p  = 0), then at  low temperatures the system will be a 
pion gas by the assumption. The pressure of such a gas is determined by the formula for 
a relativistic gas of noninteracting massless bosons 

39 
90 $%I(Ts p = 0) = -gHT4, (1.1) 

where, with an account of the three charge states of pions, 

g H  = 3 .  (1.2) 

According to the equation of state p = ~ / 3 ,  the energy density of this gas is given by 

At high temperatures one expects the QGP formation, i.e. its appearance will be deter- 
mined by the sum of relativistic gluon (bose) gas and quark (fermi) gas pressures 

The vacuum pressure (negative) is taken into account by means of the parameter B, 
and the quantity 

where the spin and color degrees of freedom of gluons and quarks (antiquarks) are taken 
nto account. The energy density in the QGP phase is accordingly equal to 

Then in statistical physics there usually holds the equilibrium condition for two phases 
(hadrons and QGP) which makes it possible to find the critical temperature 

pB(T = T,, /I. = 0 )  = po(T 1 T,, p = 0). (1.7) 

From this formula we have the estimate for the critical temperature of a possible phase 
transition 

114 
T ,  = (& B )  'U O.72B1l4. 

Comparison of the hadron masses calculated in the bag model with their experimental 
values gives the estimate [20] of the constant 

Blla = (0.20 0.05) GeV, B N 0.17 GeV/fms. 

From (1.8) we have in this case T,  N 140 MeV. We are obviously dealing with the first- 
order phase transition because at the transition point the energy density changes in a 
jump E&!',, 0) - &H(TCJ 0)  = 4B. The criticalenergy density for QGP formation is given 
by 

9 B = - B = 0.045 GeV/fma. E, = - 3gH 

90-  gE 34 
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Correspondingly, for the energy density exceeding 
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E = eC + 423 = 0.73 GeV/fm3 (1.10) 

the hadron matter is entirely in the QGP phase. 

in the parametric form p = p(T) ,  E = E(T). 
Figure 1 illustrates the behaviour of the equation of state in the given model (p = 0) 

0 700 200 300 400 
T/MeV 

Fig. 1. Hadronic matter equation 
of state 

Now proceed to another limiting case of the model - the zero temperature limit and a 
nonzero baryon chemical potential p = 3pq. Then in the hd ron  phase there exists a 
perfectly degenerate fermi-gas of baryons with pressure, energy density, and baryon 
density respectively equal to [21] 

(1.11) 

At high densities, the given system, as has already been mentioned, is in the QGP phase 
with pressure and energy density equal to 

(1.12) 

From the equilibrium condition ~ ~ ( 0 ,  pe) = po(O, po) we find the critical value of the 
chemical potential 

pc = 3(3n2B)lI4 c-’ 7B114. (1.13) 



Fortsohr. Phys. 38 (1990) 1 7 

The critical baryon density is in this case 

n, = 2 ( 3 ~ ~ ) - l / ~  B3I4 N O.86B3l4 N 5n,, (1.14) 

where no = 0.17 fm-3 is the normal nuclear density. A more detailed investigation of 
the model for arbitrary temperatures and chemical potentials gives the phase diagram 
presented in Pig. 2. 

One can see from Fig. 2 that there are two experimental ways to form QGP: 1) by 
rising the hadron matter temperature or 2) by increasing baryon densities in AA inter- 
actions. The combination of both is most reasonable. 

In  this phenomenological phase transition model, the two-phase structure of a system 
of strongly interacting particles is introduced, in fact, ad hoc because in establishing the 
phase transition point the various analytical expressions for p(T,  p )  are extrapolated 
into the region of intermediate temperatures and pressures. The shortage of this analysis 
is obvious: the procedure does not give evidence of the existence of phase transition, 
neither does it provide an insight into its nature. It automatically predicts a phase 
transition even in case it it3 actually absent, as in the well-known ionization problem 
[22]. The main task therefore is to give theoretical grounds to this phenomenological 
procedure. With this view we discuss several physical models which provide an insight 
into the nature and mechanisms of QGP-hadron phase transition. 

1.3. Debye screening in QGP 

It should be noted that the idea of phase transition, being a comparatively new one in 
nuclear physics and in elementary particle physics, is not a t  all new in solid state and 
molecular physics. And it would be unreasonable not to use the experience accumulated 
in these branches of physics in the study of phase transitions. For a qualitative under- 
standing of the quark-gluon system behaviour predicted by QCD for densities n > no, 
consider qualitatively similar phase transitions in molecular physics. 

Under normal pressure, hydrogen is insulator. A state with a nonzero electrical con- 
ductivity and with release of bound electrons may, however, appear a t  high densities 
[23]. This transition is caused by the fact that with increasing particle density in a 
system, the electric charge of a proton does not any longer have an effect upon the ini- 
tially bound electron due to the screening produced by the charges of other protons and 
electrons of the system. The Debye radius of proton charge screening, AD,  reaches atomic 
dimensions. The screening weakens the Coulomb interaction between proton and elec- 
tron. The electrons become therefore quasi-free, and hydrogen is transformed into a 
metallic phase. The condition AD = AB (;IB is atomic radius) yields the parameters of in- 
sulator - metal phase transition. 

Using similar reasonings, we estimate the critical temperature in QCD for the hadron 
matter (which is an “insulator77 for color charges) to transform into a colour conductor - 
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a quark-gluon plasma. In the presence of other charges, the thermodynamic potential 
for a given charge g turns out to be equal to 

(1.15) 

where T is temperature, n the total color: charge density. The density of an ideal QGP 
in the QCD-interaction based on the gauge group XU(3) is equal, according to [24, 251, 
to : 

(1.16) 

The expression for go is given in formula (1.5). In first-order QCD perturbation theory, 
the QGP thermodynamic potential is 

Comparing (1.15) and (1,17), we have 

(1.17) 

(1.18) 

The effective color charge g is connected with temperature by the relation that follows 
from the QCD predictions for a “running” constant, of strong interaction 

gal& = 6nf29 In (4T/AT), (1.19) 

where AT = 100 MeV. 
Putting the parameter AD equal to the typical hadron size (-1 fm) we obtain the 

equation 

T, N 200 MeV, (1.20) 

whence T, = 170MeV. The estimate is obtained using the thermodynamic potential 
calculated in QCD perturbation theory. At the same time it should be noted that phase 
transitions in QCD can be due to essentially collective phenomena which cannot be 
described within QCD perturbation theory. 

1.4. Quasi-classical QCD methods 

Among first nonperturbative effects in QCD were instantons discovered in 1975 [26]. 
The idea that topological vacuum fluctuations are predominant seemed at  first very 
attractive, and many papers were devoted to this problem [27- 291. But calculations 
were mainly carried out in the “dilute instanton gas” approximation. As mentioned in 
the papers [30, 311, this approximation is however inconsistent because the instanton 
interaction is strong. The picture of “instanton fluid” is more realistic [32]. In this 
model, the QCD vacuum is rather nonuniform and instantons occupy there only a small 
fraction f N 1/10 of space-time. The ratio Efec e 3, where ec is the characteristic in- 
stanton size, R is the mean distance between instantons. The action calculated on 
instanton configuration, a,, (inst). >l. But in stantons play an essential role, that 
is, there exists a strongly interacting system. This model was undoubtedly a step forward 
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aa compared to the “instanton gas” model. What, are the predictions of instanton models 
for QCD vacuum properties? It has apparently been reliably established recently that 
instantons are not directly related to the QCD confinement. The confinement is caused 
by some other (yet unknown) gauge field fluctuations [33]. But in QCD there exists 
another important problem - spontaneous chiral symmetry breaking. The success of 
instanton models in the solution of this problem leaves no doubt. Spontaneous breaking 
of chiral symmetry implies that in QCD vacuum there occurs a “quark field condensate” 
(Fy) + 0. Such a condensate arises naturally in the “instanton fluid” model where the 
characteristic instanton size pe N 113 fm can be associated with the “dressed” quark size 
in a hadron [34]. Thus, hadron physics predicts two characteristic scales: the hadron 
size rH - 1 fm and the size of a “dressed” (constituent) quark rq N 113 fm. The presence 
of two scales testifies in favour of the additive quark model of hadrons [35]. 

We have so far discussed the behaviour of instantons only at zero t,emperatures. If the 
temperature T --f T,, the instanton effects vanish [36]. At T M T, hadrons “melt”, 
but it is not excluded that in the course of hadron “melting” “dressed” quarks are form- 
ed, i.e. ( ~ y )  =/= 0 as before. In  this case one should expect another phase transition, 
namely, “dressed”-bare quarks where the chiral symmetry is restored at  T = Tchir. 
What can be the difference between the temperatures Tchir and T,? In the “instanton 
fluid” model, T, N TchIr. A more detailed consideration to the relation between T, and 
Tchir is given in the analysis of lattice gauge theories. 

1.5. Sum rules in QCD 

The sum rule method has proved very effective in the investigation of QCD vacuum 
characteristics [37]. This method associates the vacuum characteristics with the hadron 
parameters known from experiment. The essence of the method [37] is as follows. The 
behaviour of the correlator of two quark currents J i ,  J i :  K i j ( z )  = (01 T[Ji (x) ,  J j (0) ]  10) 
as a function of their quantum numbers i, j and the distance x is analyzed. The operation 
T[  ] implies time ordering of the correlator and the brackets ( )-averaging over the 
ensemble of gauge field configurations. The index i(j) characterizes the whole set of 
quantum numbers, for example in the @-meson channel J p c  = I--, I = 1. Outside the 
light cone (zz < 0) the correlators rapidly decrease: Nexp ( - m  Izl), m being the mass 
of the lower state in a given channel. For a Yukawa type interaction, for large x we 
have exp (-m, lxl), where m, is the n-meson mass. For small z in QCD there exists 
asymptotic freedom, and therefore the correlators can be calculated from the states of 
free quarks. It is well known, however, that within the applicability limits of QCD per- 
turbation theory the nonperturbative effects play an important role. How can such 
effects be taken into account in calculation of the correlator Kii?  In  the papers [37] this 
was done by introducing two types of phenomenological parameters - gluon and quark 
condensates. These parameters turned out to be quite sufficient to describe many pro- 
perties of hadrons. In our opinion, it is not only the point of a suitable parametrization. 
The QCD interaction seems to determine the major hadron properties (for example, 
masses) already at  small z, these properties being determined by gluon and quark 
field condensates. In [37], the vacuum energy density in QCD was estimated to be 
eVac = - (0.6 - 1.0) GeV/fm3. The vacuum energy density in the “hadron-QGP” phase 
transition must clearly be of the same order of magnitude. 

The QCD sum rules for describing the state of the spectrum of hadron matter at finite 
temperatures are formulated in [38, 301. The distinction from the case T = 0 consists 
in the fact that the correlator of currents is averaged over the ensemble of quarks and 
gluons in the state of local thermodynamic equilibrium at  a temperature T .  The analysis 
of the sum rules in the e-meson channel [38] reveals a sharp qualitative change in the 
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hadron spectrum at temperatures T, cu (140-200) MeV testifying to the existence of 
the first-order phase transition responsible for deconfinement. Thus, the e-meson mass 
turns out to  be temperature-dependent (Fig. 3). 

The @-meson contribution to the hadron matter spectrum sharply decreases [40]. This 
conclusion concerning @-meson “melting” at  temperatures T > T, extends to other 
hadron resonances. This fact, important from the point of view of experimental diagnos- 
tics of QGP formation, waa first explained on the basis of sum rules. Unfortunately, at 
finite temperatures the sum rules can be reliably employed only at  a qualitative level. 

x 51TE3 0 200 400 600 Fig. 3. Temperature dependence of e-meson mass 
0.4 

T/MeV 

The point is that the behaviour of quark and gluon condensates as a function of tem- 
perature is unknown. Employment of the values (T~Y))~=,,, (G2)T,o at temperatures 
T N T, looks insufficiently correct. Nonetheless, concluding the discussion of phenomeno- 
logical models of the QCD vacuum we would like to emphasize once again that in spite 
of the various simplifications and assumptions, all the models predict a qualitative 
change in the hadron spectrum at temperatures T, - 200 MeV and energy densities 
E~ - (1-5) GeVIfms. 

1.6. Lattice gauge theories 

Successful calculations of physical quantities (including those in the strong coupling 
region in QCD) have been carried out in several past years within the framework of 
lattice gauge theories [all (LGT). The advantagea of this method are obvioug because 
the calculations based on the QCD Lagrangian itself, nor its phenomenological replicas. 
The calculations are however performed by the Monte Carlo method, and one cannot 
always succeed in tracing the gauge field dynamics. In LGT, the continuous space-time 
is replaced by a lattice in Euclidean space with the number of sites N ,  in each space direc- 
tion and N ,  in each time direction. Each link of the lattice is assigned a certain matrix 
“U” from a gauge group of strong interactions. The state of the lattice is characterized 
by a fixed set of matrices “U” on the links, that is, a lattice is a statistical system. In  the 
simplest case of gluodynamics (quark-free QCD), the lattice partition function has the 
form 

where E = a,/ap and a,, a, are distances between neighbouring lattice sites in space and 
time directions; IT d U is the product of Haar measurea corresponding to functions that 
realize gauge group representations ; S ( U )  is Wilson action [31] depending on the gauge 
field values on the links of unit squares (the so-called plackets) of the lattice in space and 
time directions. 

The expectation value of the physical quantity X is usually determined in statistical 
physics using the partition function by the formula 

(1.22) 

Z(Nm N,, E ,  g2) = j- ITdU exp ( - W q  9 (1.21) 

(x> = $ ~;i d U x ( U )  e - S ( U ) / $  UdUe-Scu). 
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In LGT, expressions of the type (1.22) are numerically integrated by the Monte Carlo 
method. 

Let us now briefly discuss the results of calculations of the most interesting physical 
quantities. The temperature dependence of the excitation energy density for the theory 
based on the gauge group SU(2) (free of quarks) [42-441 is plotted in Fig. 4. 

First of all it is necessary to mention similarity of the results of Fig. 4 to the behaviour 
of the quantity &IT4 in the two-phase model of Sect. 1.2 (Fig. 1). At T N 300-400 MeV 
there occurs transition to asymptotics, i.e. to the Stefan-Boltzmann law for gluons : 
E = (4/15)#T4. The expression for E is obtained from formula (1.6) at high temperatures 
if in Formula (1.5) we l a v e  only the gluon contribution and take into account that the 
number of gluons for the group SU(2)  is equal to 3. The behaviour of the energy density 
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Fig. 4. Energy density as a function 
of temperature in SU(2) gluodyna- 
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Fig. 5. Temperature dependence of inter- 
action “strength” (E  - 3p)/T4 in BU(2) 
gluod ynamics 

at low temperatures corresponds to the case of “hadron” gas (see formula (1.3)). I n  the 
considered 8 U(2) model of quark-free gluodynamics, this is a gas of colorless glueballs 
(in this case the quantity gH in formula (1.3) is small). Thus, the results of Fig. 4 are 
surprisingly similar to the predictions of the simplest two-phase model (Sec. 1.2). 

Formulas (1.4)- (1.6) of this model imply that at  high temperatures there holds the 
equation 

( 1.23) 

The same behaviour is obtained from lattice calculations (Fig. 6) .  The curve in Fig. 6 
corresponds to the behaviour -const/T4, where const = 4 1 ~ ~ ~ ~ 1 ,  cVaC is the vacuum 
energy density. 

Thus, from Figs. 4,5 one can conclude that in the theory based on the gauge group 
SU(2),  at temperatures T, N 200 MeV there occur qualitative changes which are of the 
character of phase transition and lead to the formation of a non-interacting gluon gas. 

( E  - 3p)/T4 = BIT4. 
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The question arises whether this is.a phase transition between bound colorless gluon 
systems (glueballs) at T < T, and quasi-free color gluons. The answer to this question 
could be provided by an investigation of the behaviour of the free energy F of a quark- 
antiquark pair put in a gluon system at a temperature T [46, 4.61. The free energy F 
enters in the definition of the Wilson line (L) = exp (-FIT) as order parameter. Nu- 
merical calculations reveal that (L) = 0 at  a temperature below T,. This result corres- 
ponds to an infinite free energy of an isolated color quark, that is, at  T < T, there 
exists the color quark confinement. A t  T > T, the line (L) =t; 0, the energy P =t= 00, 

and there occurs a phase transition into a system of quasi-free color charges. In 
gluodynamics based on the gauge group SU(2) ,  this is a second-order transition, i.e. 
there exists a peak in the specific heat of the system at T ’u T,. 

We have so far considered a simplified QCD model (with a quark-free gauge group 
SU(2)) .  Passing over to the realistic situation - the gauge group SU(3)  and quark 
degrees of freedom, encounters a number of difficulties in LGT. The main difficulty is a 
correct account of virtual quark-antiquark loops in Monte Carlo method. This is now a 

Fig. 6. Energy density of QGP a8 a function of 
temperature 

150 200 250 
T / M e V  

“hot point” in LGT. The situation becomes more complicated because the quantitative 
and qualitative picture of phase transition changes through the introduction of quark- 
antiquark loops, as shown by calculations. Figure 6 illustrates [47, 481 the behaviour of 
the ratio &IT4 in the SU(3)  theory with quarks. 

Curve (1) corresponds to the quark-free SU(3)  theory. A sharp jump is seen in the 
dependence &(T),  which means a first-order transition. However, as quarks are involved 
(curves 2 and 3 differ in quark mass values), the phase transition region shifts towards 
lower T, values, and the jump disappears. The first-order transition is either trans- 
formed into the second-order transition or [49] the phase transition levels up altogether 
and one deals with a gradual hadron transformation into a phase with free quarks and 
gluons. The latt,er process resembles, for instance, ionization of atoms. By the moment of 
writing this review none of the possibilities can be rejected. The development of LGT 
is so fast however that the dynamics of phase transition in the SU(3)  theory with quarks 
will probably be already known to the reader. 

The question of the order of phase transition (or of the absence of phase transition) is 
not only of theoret.ica1 but also of practical interest. Indeed, in the case of first-order 
transition, a system of hadrons, quarks, and gluons can be in a mixed phase at a tem- 
perature T,. Under a second-order transition, the “QGP-hadron” transition occurs as a 
jump at a temperature T,. This fact may appear to be important in experimental diag- 
nostics of QGP formation. 
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1.7. Chiral phase transition 

Another important question connected with the account of fermion degrees of freedom 
in LGT is chiral symmetry in QCD. As has already been mentioned, in massless quark 
QCD containing no dimensional parametera two scales can be spontaneously generated : 
one corresponding to the confinement radius, the other to “chiral” forces binding collec- 
tive QCD excitations into Goldstone bosons. Therefore, two phase transitions may occur 
in QCD which are characterized by two critical temperatures, T, and Tehir. At a tem- 
perature Tchir the chiral symmetry is restored, i.e. the order parameter of fermion fields 
( ip+~)~ ,~~, , ,~  -+ 0. Hadrons, valence and sea quarks may also be in thermodynamic equi- 
librium within the temperature range T,  < T < Tchir [40]. 

It should be also noted here that both inatanton estimates [50] and those obtained by 
the sum rule method indicate that in the color charge confinement phase the chiral 
symmetry is broken, that is, Tehir 2 T,. But it cannot now be definitely asserted that 
the phase with color charge deconfinement and broken chiralsymmetry (Tc < T < Tchlr) 
also exists in QCD. Some calculations in the lattice gauge theory give the ratio Tchi,/T, 
N 1.6 f 0.2 [51], other suggest Tchir/Tc N 1.1 f 0.1 [52]. Errors in the calculations are 
large, and therefore it is not excluded that T,  N Tchir. 

2. 

2.1. 

Before proceeding to hadron-nuclear collisions, recall a simpler space-time picture of 
hadron-hadron interactions. In the framework of the quark-parton model of hadrons, the 
interaction of hadrons in the high-energy region is assumed to proceed as follows : 
1. Before collision, relativistic hadrons are ensembles of partons (valence quarks, sea 

quarks, antiquarks, and gluons) properly distributed with respect to the hadron mo- 
mentum fraction x, carried by them. The initial distribution functions of partons can 
be derived from the experimental data on deep inelastic eN, pN, vN, 5N-inter- 
actions. 

2. As a result of hadron-hadron interaction, part of fast protons do not participate in 
collective interactions and form subsequently leading secondary hadrons. Compara- 
tively slow partons of colliding hadrons interact with one another forming a quark- 
gluon system whose evolution ends in the formation of the soft part of the secondary 
hadron apectrum. 

3. Under certain conditions, multiple parton-parton collisions can lead to establishing a 
local thermodynamic equilibrium in quark-gluon system at an initial temperature Ti .  
A subsequent evolution (expansion) of the system obeys the laws of thermo- 
dynamics. The temperature in the system lowers. 

4. At the final stage of evolution, a t  a temperature T,, the system decays into non-inter- 
acting secondary hadrons. 

In  this approach to the problem there immediately arise two important questions: 
1) How should one describe the transition of a quark-gluon system from the initial state 

(before hadron collision) to the state of thermodynamic equilibrium? 
2) Whether or not the local thermodynamic equilibrium of the hadron matter is establi- 

shed in reality? In other words, whether the entire hadron-hadron interaction process 
should be described on microscopic level (in terms of the distribution function of 
partons) or whether there exists a time interval when macroscopic (statistical) ap- 
proach can be applied to the quark-gluon system evolution. 

Compression and Heating of Hadronic Matter in Nuclear Collisions 

Space-time picture of hadron collisions 
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2.2. Description of pre-equilibrium processes 

2.2.1. Kinetic approach 

Among the attempts to describe the kinetic processes responsible for the equilibrium 
state, one should mention the papers [53-551. In these papers, the initial conditions in 
hadron-hadron collisions are given by the structure functions of the colliding hdrons. 
During the course of a hadron-hadron collision new partons are created in addition to 
those that already existed in the incoming hadrons. The repeated collisions between 
partons substantially affect their structure functions. A t  a final stage, quarks and anti- 
quarks are recombined into final hadrons. 

This approach is essentially kinetic and can describe experimental data on hadron- 
hadron interactions [53] providing one has chosen suitable “initial” structure functions. 
The Bratislava model can obviously be used at the equilibrium stage too if the parton 
kinetics is such that during the collision time it brings about statistical equilibrium of the 
parton system [54]. 

Comparison of quark densities in the central rapidity region before and after collision 
1561 shows that in the process of hadron collision the parton structure functions are 
essentially restructured. Before collision, the number of quarks per unit rapidity is 
about 0.6, whereas after collision the rapidity density of hadrons (mostly pions) is equal 
to N 3. Thus, in the final state the quark density makes up about 3, which is 5 times as 
large as that before collision. 

2.2.2. Color degrees of freedom 

At first glance, a rather large amount of mutual collisions of partons is required to attain 
thermodynamic equilibrium. For example, according to [57] this number is 2 10. But 
the number of parton collisions is not a unique important factor for the formation of 
local thermodynamic equilibrium. One should bear in mind that QCD partons are carriers 
of color degrees of freedom. Therefore already at the initial stage of hadron collision, 
parton distributions over x can be described by a superposition of collective and “inter- 
nal” (color) motions [58]. Thus, if a t  the initial stage of hadron collision color degrees 
of freedom are excited and statistical averaging is carried our over these degrees of 
freedom, then the conditions for a collective (hydrodynamic) behaviour of the parton 
system can also be realized when the number of parton-parton collisions is small (2-3) 
r 581. 

2.2.3. 

An interesting attempt to describe quantitatively the kinetic stage of hadron collision 
was made in [54, 551. In the centre-of-mass system of two colliding hadrons, their inter- 
action can be treated as a result of exchange with one or several gluons, which leads to a 
nonzero effective colour charge of the hadrons. In  this process, a chromoelectric tube 
occurs which is unstable under quantum creation of quark-antiquark pairs and gluons. 
The produced qij pairs and gluons interact among themselves, and if the characteristic 
times of hadron interaction exceed the collision time of the produced qij pairs and gluons, 
then the system of quarks, antiquarks, and gluons can be brought into the state of local 
thermodynamic equilibrium. As is conventional in physical kinetics, the evolution of 
the quark (antiquark) distribution function is described by the Boltzmann equation [55] : 

The decay of a chromoelectric field 

P a ,  fb, P) = Q(z, 24 + ,w, 24 2 (2.1) 
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where f is the density of quarks (antiquarks) with momentum p at the space-time coordi- 
nate x; Z(x, p )  - the source of qij-pairs, C(x, p )  - the collision integral. In  the model [54], 
C(x, p )  characterizes the number of qij pairs produced per unit time by the homogeneous 
chromoelectric field. The function C ( x , p )  is usually chosen in the approximation of 
relaxation time t i  [56]. The solution of eq. (2.1) is found in [54]. The distribution func- 
tion f contains two summands, the first being connected with the number of produced 
qij pairs, the second with the number of thermalized qij pairs. In this model there exist 
three characteristic time intervals : the lifetime of the chromoelectric tube under decay 
into qij pairs, ro, the characteristic collision time ti coinciding with the time of establishing 
local thermodynamic equilibrium, and the time of qij pairs system evolution under decay 
into final particles, tf. Obviously, the limit tf 2 to > t'i corresponds to a collisionless 
regime where quarks and antiquarks do not have time to achieve thermodynamic equi- 
librium; if however tf 2 zi > to, then qijpairs are brought into the state of local ther- 
modynamic equilibrium with a certain initial temperature T; and the energy density of 
the quark-gluon system satisfying the Stefan-Boltzmann relation for the quark-gluon gas 
E = (n2/90) gaT4 (see Sect. 1.2). The time values tf, to, and ti are unfortunately not fixed 
in this model; the results depend on their relationships only. It is therefore difficult to 
fix uniquely the character (nonequilibrium or equilibrium) of the evolution. Clearly, the 
times t,, to, ti are determined by the dynamics of color charge interactions in the in- 
frared QCD region. 

2.3. Thermalization time 

The times of establishing local thermodynamic equilibrium are now estimated [59, 60) 
to be ti N 1 fm, but the accuracy of these estimates in our opinion makes up an order of 
magnitude, i.e. actually is must evidently be 0.1 fm 5 t i  5 10fm. If ti E 10 fm, this 
means that local thermodynamic equilibrium is not established in hadron-hadron colli- 
ions. The local thermodynamic equilibrium of quarks (antiquarks) and gluons cannot be 
perfect even in A A  interactions where the interaction times make up several tens of 
fermi. The question of establishing local thermodynamic equilibrium in a system of inter- 
acting hadrons (and nuclei) has no unique theoretical answer at  the present time. At  the 
same time, this is a crucial point for understanding and description of hadron matter 
evolution. Whereas the problem of local thermodynamic equilibrium has up to now been 
formulated only on a theoretical level, we believe that now it has become possible to solve 
it experimentally. The experimental data on hh, hA, and A A  interactions at  high ener- 
gies should be analyzed to search for the signals of local thermalization [61]. Such signals 
can be, provided by, M - x and Pt - x correlations, ad well as M,-invariance [62] in 
the spectra of dilepton pairs emitted by hadron matter. Thege signals are considered 
in more detail in Sec. 3. 

We assume in the sequel that in hh and AA interactions, with the accelerator energies 
already available and also planned for the near future, local thermodynamic equilibrium 
is established in the hadron matter. In this case, the hadron matter evolution can be 
described by the statistical (hydrodynamical) methods [3, 41. One should only beer in 
mind that the question of local thermodynamic equilibrium and, correspondingly, the 
applicability of hydrodynamics should be solved at an experimental level. 
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2.4. One-dimensional hydrodynamic model. 
Scaling-solution 

Formed at an initial temperature Ti and energy density ei, QGP then expands and cools 
down. This process is natural to describe using the equations of motion of an ideal 
relativistic liquid [4]. In order that these equations in partial derivatives compose a 
closed system, they should necessarily be added with the hadron matter equation of 
state, It is just in setting the equation of state that the QCD predictions at finite tem- 
peratures undergo verification in comparison with experiment. If in the course of ex- 
pansion the temperature T remains higher than the “QGP-hadron” transition temperature 
T, N 200 MeV, the hadron matter evolves in the quark-gluon plasma phase. When 
T = T,, hadron formation begins, i.e. hadron matter may be in the mixed phase: 
QGP + hadrons. At T < T,, the hadron gas undergoes hydrodynamic expansion. 

Besides the equation of state, the determining role in the model predictions is played 
by the choice of initial (boundary) conditions that fix a unique solution of hydro- 
dynamic equations. At  the present time (see e.g. [19]) scaling initial conditions are being 
widely used [63, 641. The advantage of scaling over Landau initial conditions [4] is 
considered in detail in [65]. 

The most visual picture of hadron matter evolution is provided by one-dimensional 
hydrodynamic expansion in scaling variables [66] : 

Here t and x are respectively the time and coordinate of one-dimensional expansion in 
the centre-of-mass system. In these variables, for the initial velocity distribution deter- 
mined by a rapidity plateau : 

(2.3) 

the solution of the equations of one-dimensional hydrodynamic expansion looks especi- 
ally simple (scaling-solution) [64]. The temperature turns out to be only the function of 
the proper time of the hadron liquid element t: 

T(x, t) = T ( t )  (2.4) 

and not of the variable x. The rapidities of the elements are in turn determined only by 
the variable 2: 

Y(z, t )  = x; (2.5) 

correspondingly, the velocities of matter elements are given by 

v(x, t) = x/t  = tanh x. (2.6) 

The pict,ure of hadron matter evolution in the usual variables is presented in Fig. 7. 
In region 0 5 r 5 ti, hadron matter is in the nonequilibrium phase, in region Q ( T ~  < r 
< rQ) in the equilibrium QGP phase, M is the “mixed” phase region, H is the hadron 
gas. At t = t, the system decays into observed secondary hadrons. It can be readily seen 
that scaling solutions lead to scale-invariant spectra of secondary particles distributed 
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over rapiditiea in accordance with the Feynman plateau. This fact (along with simplicity) 
is just the reason for the wide usage of scaling solutions in QGP probes calculations (see 
Sec. 3). From the results of Fig. 7 one can imagine how difficult it is to detect QGP ex- 
perimentally. Indeed, the QGP lifetime is only z = tQ. Its value may turn out to be 
much smaller than the time (see below). The QGP formation signal will therefore be 
obscured by the emissions from the hadron and “mixed” phases. 

Fig. 7. Space-time evolution of QGP 

2.6. 

The hydrodynamic theory of multiple production of hadrons [a] has in the past years 
been successfully applied to investigation of ultrarelativistic ion-ion collisions [67, 68, 
591. Let there occur a central (with a zero impact parameter) collision of two identical 
nuclei, with the mass numbers A, which move in the centre-of-mass system with the 
Lorentz factor y (y = Elm > 1, where m is the nucleon mass, E the energy per nucleon). 
In the longitudinal direction, nuclei undergo Lorentz contraction down to sizes 2RA/y 
N 2A’13/m,y (RA is the radius of the nucleus A ,  m, the mass of a n-meson). A t  the mo- 
ment t = 0, nucleons of colliding nuclei interact with the formation of a hadron cluster. 
In  subsequent moments the cluster undergoes a longitudinal expansion into vacuum at 
a velocity of the order of that of light. Let us estimate the initial energy density of the 
cluster in a n  ultrarelativistic ion-ion interaction in the central plateau region of secon- 
dary hadron rapidities. For simplicity we replace (hypothetically) one of the nuclei by a 
“nucleon” moving with the Lorentz factor y. For the SppS energies the height of the 
central plateau is dnCh/dy N 3 (rich - is the number of charged secondaries). Assuming 
that the mean hadron energy in the plateau region ( E )  N 400 MeV, and the neutral-to- 
charged particle ratio nO/nch N 0.5, we find the energy density within the rapidity 
interval from y to y + dy: 

Initial energy density of thermalized hadronie matter 

If the incident particle is not a nucleon but a nucleus, then in the approximation of non- 
interacting A nucleons the energies of the hadrons produced i n  the rapidity interval 
from y to y + dy should be added. Let us evaluate the energy density at the moment of 
establishing thermodynamic equilibrium for a hadron cluster of 2dx in thickness be- 
tween two boundaries (flat layers) moving at  velocities v = &Ax/dt. According to the 
scaling- olution, the secondary hadrons that correspond to this layer will be bound within 
the rapidity interval A y  = 2 arctanh (Ax /At )  ’v 2AxlAt.  In the approximation of non- 

2 Fortschr. Phys. 38 (1990) 1 
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interacting secondary hadrons, the energy in the layer will be 

To determine the initial energy density ei, one should divide the energy (2.8) by the 
initial volume: E; = E / V i .  To calculate the cluster volume at  the thermalization mo- 
ment zi, we will use the scaling variables (2.2). In these variables, the element of 4-volu- 
me makes up 

(2.9) d4x = d2xt dxt  d t .  

Integrating (2.9) over in the limits -J=Ay/2, we find 

v; = xRA2zi Ayi (2.10) 

where zRA’ is the cross-section of the colliding nuclei, 

RA = 1.2 fm A1/3, nRA2 = 4.5 fm2 - A2/3. (2.11) 

Then the initial energy density is [59] : 

(2.12) 

For a uranium nucleus, e.g., the initial energy density of a nuclear matter for character- 
istic times of thermalization ri - 1 fm, is estimated to be 

E~ cu 5 GeV/fm3. (2.13) 

This energy density is by about an order of magnitude higher than the nucleon energy 
density in nuclei, and as has been mentioned in Sec. I, for such energy densities one 
should expect transition of nuclear matter into quark-gluon plasma. 

An important consequence of formula (2.12) is an increase of the initial energy density 
as A1/3 with increasing atomic number of the colliding nuclei. The reason for this de- 
pendence is that the initial conditions for hydrodynamic expansion a t  the time zi N 1 fm 
in a central collision of nuclei arise from All3 pairs of nucleon-nucleon collisions (inside 
the “nuclear tube”). Important are the questions, in what volume the energy density 
(2.13) can be generated and whether the available accelerator energies are sufficient to 
generate the required energy density. At first sight the energies do suffice. The CERN 
collider give the energy - 540 GeV to  particles in the centre-of-mass system. If all this 
energy were converted to heat and the energy density reached the values (2.13), then, 
as can be easily estimated, the excited cluster would have the volume V;  N 500fm3, 
i.e. would be comparable with the volume of heavy nuclei. The initial hadron energy is 
however not completely converted into “heat” in real collisions. The point is that about 
half the energy is carried away by “leading nucleons”, the rest being expended mostly to 
pion production, but the energy distribution is nonuniform. At  collider energies, the 
number of charged particles produced in unit rapidity is dnch/dy N 3, as has been men- 
tioned above. If one is interested in the events in experiments in which hadron matter is 
transformed into quark-gluon plasma, i.e. a substantial entropy is generated, one should 
take care in the choice of events. So, to identify events with large E ~ ,  one should take 
“central” collisions of nuclei. Among the events thus chosen, one should in turn identify 
those with a high entropy generation, for example, with high values of dn,Jdy. It 
cannot be said definitely which particles (constituent quarks, current quarks, gluons) can 
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generate the energy density (2.13). In  any case it should be expected that particles in a 
hadron cluster undergo repeated collisions which result in local thermodynamic equili- 
rium with the initial temperature Ti. 

2.6. Initial entropy density 

We will try to associate the initial temperature Ti with the characteristics of secondary 
hadrons and estimate the timee tQ, T ~ ,  and tr in the case of entropy conservation. The 
latter assumption suggests an  ideal QGP expansion (the dissipative summands in the 
QGP energy-momentum tensor are disregarded). 

Suppose, two identical nuclei of radius RA collide with the formation of thermalized 
QGP, as in Sec. 2.5. In  the longitudinal direction QGP is distributed as shown in Fig. 7, 
and in the transverse direction it occupies a t  cylinder of radius RA. We assume for simpli- 
city that QGP expands only in the longitudinal direction in accord with the scaling- 
solution of Sec. 2.4. Using the equation of state of an ideal QGP gas in the model 
(1.1) - (1.3), we find the QGP entropy density 

8 ( E  + p)/l '  = dp/dT = h29oT3. (2.14) 

According to the scaling-solution (2.4), the entropy density depends o d y  on the proper 
time: s(x, t )  = ~(t), then at  the time t the total entropy is S = ~ ( t )  V ( t ) ,  where V(t )  
= $d4x'6(t - r'). Integrating over d4x' according to (2.9) and (2.3), we find V ( t )  
= nRA2t2Ym. Whence 

To relate the entropy X with the observed quantities, we assume the QGP expansion to 
proceed adiabatically in the "mixed" and hadron phases, i.e. the entropy S is constant. 
Since in the hadron phase the pion gas expansion obeys the state equation (1.1)- (1.3), 
then by analogy with (2.15) we have in this phase 

S = h2qanR~'2 YmT3t, (2.16) 

where z > tR. In  particular, a t  the moment of system decay into observed hadron 
(t = t,): 

S/2Ym g d S / d y  g c dnnldy (2.17) 

where c 
interaction. 

the observed quantities [69] : 

3.6; dnn/dy is distribution over the rapidities of z-mesons produced in A A  

Comparing (2.15) and (2.17), we obtain the relation of the initial entropy density with 

(2.18) 

It should be emphasized that entropy density is meaningful only in the presence of lo- 
cal thermodynamic equilibrium. Contrary to entropy, the energy density (2.12) can be 
determined in a nonthermalized medium. Using (2.18), we find the relation of the initial 

2* 
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temperature with zi  [69] : 

(2.19) 

As is seen from this relation, the initial temperature Ti depends on the QGP thermali- 
zation time ti. It has already been mentioned above that the time t i  is uncertain. 

The time zi may depend, in particular, on the atomic number of the nucleus. For 
example, the parametrization tidA = tiPP/Ad, 0 < 6 < 113, and rim = 0.5 fm is 
used in [70]. With such estimates it is difficult to  expect accuracy higher than an order 
of magnitude. From the expression (2.19) it follows that Ti is determined up to the 
factor N 2. As an example [69] consider collision of Ola with a P b  nucleus with dnnfdy 
= 42. Using (2.11)- (2.19), we obtain thethermalizationtimezi ci 0.1 fm, Ti  N 320 MeV, 
the initial energy density ci cu 17 GeV/fm3. The lifetime of the quark phase rQ = 0.8 fm, 
T, = 160 MeV, E~ = 1.4 GeVffm3. In  the mixed phase the energy density E IY 0.1 GeVIfm3. 
The hadron phase has z, N 14 fm, T, 

In  spite of uncertainty of the estimates, this example shows how short the QGP life- 
time may appear to be and how difficult it is to identify a QGP signal against the back- 
ground of the hadron and possibly also “mixed” phases. 

m, 2i 140 MeV, et N 12 mn4. 

2.7. Dissipative processes 

In estimating the quantities ci and Ti  we have used the ideal fluid approximation. Note 
that this approximation for quarks and gluons does not imply that the interacting in 
the system is small. It is of importance that the interaction be properly taken into ac- 
count by the equation of state p = p ( ~ ) .  Among the papers devoted to  this topic we 
should mention [71-731. As is well known, the ideal fluid approximation is applicable 
if the characteristic times and free paths of particles (in the case of quarks, antiquarks, 
and gluons) in the system satisfy the conditions 

(2.20) 

where t and L are the time and scale factors on which such macroscopical hydrodynamic 
quantities as energy density, pressure, etc. change considerably. To what degree is this 
picture valid for ultrarelativistic ion-ion interactions? Since the characteristic free 
paths of quarks 1s 1 fm and the system dimension in the transverse direction 
RA N All2 f m, the conditions (2.20) are fulfilled within a reasonable accuracy. The con- 
dition that the hadron liquid be ideal is, of course, not obligatory. Nuclear (hadron) 
matter may exhibit viscosity. This fact can be taken into account by adding to t h e  
right-hand side of the equation of motion for the energy-momentum tensor a,Tp* = 0 a 
term that takes into account the energy dissipation under hydrodynamic expansion [54]. 
An account of nuclear matter viscosity decreases the initial energy density in AA inter- 
actions down to values ei = (1  -2) GeV/fm3 [54], but even with such E~ values the nuclear 
matter is able to  be in the quark-gluon plasma phase. 

Concluding this section, we would like to emphasize once again that in spite of the 
approximate character of the estimates of initial energy densities and temperatures of a 
nuclear cluster, the indicated hadron -+ quark-gluon plasma transition can be achieved 
in ion-ion collisions ( A  2 10) for energies Ec,m. 2 10 GeVfnucleon in the centre-of-mass 
system. 
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3. 

3.1. QGP diagnostics 

Experimental Signals of QCP Formation 

In  the preceding sections are given theoretical considerations testifying in favour of 
QGP formatian in ion-ion collisions for energies Ec.,,. 2 10 GeV/nucleon. In  this section 
we discuss the dynamical processes in QGP under its hydrodynamic expansion and the 
experimental manifestations of these processes. The goal of QGP diagnostics resembles 
in a sense the problems of the Universe origin: the initial conditions should be recon- 
structed from data of observational astronomy (far-reaching effect of Big Bang). 

Of particular importance is to find out which observed characteristics of collisions 
carry information on QGP formation. 

Among the experimental QGP signals reported in the literature, we will single out the 

a) The analysis of the spectra of leptons, photons, and J/y-particles produced at the 
QGP stage and undergoing no subsequent interactions can be used to trace the pro- 
perties of matter a t  hottest stage, e.g., QGP temperature. 

b) Hadron transverse momentum dependence on dnldy probes the QGP - hadron phase 
transition. 

In  the discussion of these problems, the most detailed consideration is given to the 
formation of lepton pairs in QGP. On this example we demonstrate the typical problems 
and difficulties encountered in QGP diagnostics. These problems are inherent in all QGP 
signals and connected with the following two facts. 

Quark-gluon plasma is a macroscopical ensemble characterized by temperature, 
pressure, chemical composition (the number of different types of particles), etc. In  the 
process of nuclear collisions it exists, however, in a finite temperature interval Ti > T 
> T, (see Fig. 7) ; when under hydrodynamic expansion the temperature falls below T,, 
QGP is transformed into hadrons. Soft processes of hadronization may substantially 
distort information on parton system evolution. This is just one of the QGP diagnostics 
problems: since the parton hadronization mechanism is still unknown, the results of 
decoding of observed inclusive hadron spectra, as well as other hadron characteristics, 
in search for QGP signals are model-dependent and cannot serve as a rigorous proof of 
QGP existence. 

Another unfavourable circumstance is that the dimensions of the space-time region 
occupied by QGP in the course of system evolution are smaller than the 4-volume of the 
hadron (and mixed) phases. Experimental QGP signals can therefore be obscured by the 
hadron phase. 

One should bear in mind that a possible QGP signal distortion during subsequent 
evolution as well as the signal-background relation have not yet been studied in detail. 
Preliminary results of such investigations show that initially optimistic tones with re- 
spect to  several reported signals of QGP formation is often followed by dissappointment. 

following : 

3.2. Lepton pair production 

3.2.1. QGP signal calculations 

Detection of electromagnetic signal by a hot hadron matter WEN proposed as far back as 
1959 1741. Such a QGP signal may be lepton pairs p+p-, e+e-, photons y. The advantage 
of these particles from the viewpoint of QGP diagnostics is that they leave the QGP 
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volume undergoing practically no secondary interact,ions with quarks and gluons (con- 
trary to hadrons). 

The general algorithm of calculating the QGP signal characteristics is as follows. It is 
necessary first to obtain the probability of particle formation per unit time in unit 
volume in the rest frame of the element of a quark-gluon matter and then to integrate 
over the 4-volume with an account of the “history” of system evolution. Note that the 
particle production rate in the rest frame of the element of the QGP is determined by 
quant.um electrodynamic or quantum chromodynamic formulae and is rather exactly 
known a t  least a t  high temperatures. At the same time, integration over the syst.em evo- 
lution is model-dependent due t.0 unseftainties in the initial conditions (scaling or other), 
type of expansion (one- or three-dimensional), etc. In  view of these uncertainties, the 
relation of QGP and hadron phase signals cannot, be reliably estimated. 

3.2.2. Annihilation cross-section 

Consider in more detail the dilepton production by a thermalized medium. Such a me- 
dium can be either quarks, antiquarks, and gluons in the deconfinement phase or the 
hadron (pion) gas. In first-order perturbation theory, the dilepton production is descri- 
bed by the diagram of Fig. 8, where “q” is a pion or a quark. 

In  quantum electrodynamics, the annihilation e+e- is similar to  that shown in Fig. 8. 
The cross-section of the annihilation e+e- -+ p+p- is of the form 

where OL is the fine structure constant, m the muon mass, M the mass of a virtual photon 
y*. I n  the case of quark and antiquark annihilation, one should take into account the 
color factor N, = 3 in formula (3.1). Besides, one should bear in mind that quarks have 
a fractional electric carge (eu= 213, ed = -1/3). Then the e+e- - pair production 
cross-section by quark and antiquark is given by 

oq(Jf) = F,a(M),  (3.2) 

where Fq = 4N, 2 e f 2 ,  the,summation being carried out over the quark flavoiirs. In  

this expression we have also summed up over the spins of quarks in the initial state. For- 
mulas (3.1) and (3.2) require some complication if particles a and d (Fig. 8) are pions. 
Since pions are colourless spinless particles with unit electric charge, the factor of aver- 
aging over spin and colour gives unity. By the vector dominance hypothesis, the main 
x+x--annihilation channels are x+x- -+ e -+ e+e-, x+x- + e’ + e+e-. It is therefore 
necessary to multiply (3.1) by the form factor which is the sum of Breit-Wigner reso- 
nances : 

1 

m4,, 
(m2,. - M 2 ) 2  + miJ:,’ 

me4 + 0.25 
(me2 - M 2 ) 2  + me2Fe F*(Jf) = (3.3) 

me = 775 MeV, re = 155 MeV; m,. = 1600 MeV, = 260 MeV. 
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The factor 0.25 arises due to the fact that the branching of they decay Q’ --f X + X -  makes 
up 25%. Thus, the cross-section of the process X + X -  -+ e+e- is determined by the ex- 
pression 

o,(M) = F J M )  u(M)  ( 1 - 4 z 2 r 2 .  - (3.4) 

3.2.3. 

To calculate the probability of dilepton production per unit time in unit volume of a 
thermalized matter, the annihilation cross-section a(a8 -+ e+e-) should necessarily be 
averaged over the momentum distribution functions of primary particles ( f )  and anti- 
particles (j) : 

The annihilation rate in a matter 

where v is the relative velocity of the primaryparticle and antiparticle, v = [ ( E E  - ppp)2 
- m,“]112/EE, E and p (B and p )  being the energy and momentum of particles (anti- 
particles). In what follows we will be concerned with the case T > ma, then we may 
approximately assume that 

f(z4 fl exp (-E/T). (3.6) 

In this case, integration of the expression (3.5) gives the equality 

for the number of lepton pairs, with invariant mass M ,  emitted from the element d4x of 
the 4-volume. In (3.7), Pt is the transverse momentum of the dilepton, Y* and E* are 
respectively the rapidity and energy of the dilepton in the rest frame of the QGP ele- 
ment: E* = E + = M t  cosh Y*, M t  = ( M 2  + Pt2)llZ is the “transverse” mass of 
the dilepton. 

3.2.4. System evolution 

The expressions (3.7) and (3.8) solve the first part of the problem, i.e. assist in calculating 
dilepton pair generation in the rest frame of the element of the matter. However, a9 has 
been mentioned above, QGP undergoes hydrodynamic expansion in the course of evo- 
lution (Fig. 7). Under one-dimensional hydrodynamic expansion, integration of the ex- 
pression (3.7) over d4x (2.9) leads to the formula for dilepton production cross-section 
in QGP (mq = 0): 

In this formula, as distinguished from (3.7), y is the dilepton rapidity in the centre-of- 
mass system of A A  collision, y = Y” + x. In setting the integration limits, the scaling 
conditions (2.3) as well as the lifetimes of QGP phaBe are taken into account (Fig. 7). 
For y < Y, (y N 0), integration over x gives 
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According to  the scaling-solution (2.6), the proper time is in one-to-one correspondence 
with the temperature tT3  = t iTi3 (see Sec. 2.6), whence z d t  = Ti6ti2 3dT/T7. Thus, 
from (3.Q we derive [62, 691 

T‘ 

(3.10) do 
= 2 U nRA23Ti6ti2 dT - (-)lie 2nT exp (- %). dM2 d2Pt d y  ( 2 ~ ) ‘  T7 Mt 

Tc 

Formulas for the contributions into the dilepton production cross-section from the pion 
and mixed phases can be obtained in a similar manner [75, 761. 

3.2.5. Properties of QGP produced dileptons 

The formulas derived in the preceding section make it possible to  calculate the behaviour 
of the spectra of dileptons generated in QGP. Before normalization, we consider several 
semi-qualitative characteristics of the behaviour of these spectra, which can serve for 
QGP diagnostics. 

Figure 9 (from ref. [77]) shows the behaviour of the dilepton mass spectra as predicted 
by the QGP model. Note that for masses 1 GeV < M < 3 GeV such a behaviour coin- 
cides with the experimental data on dilepton production in p A  interactions. As is 

1 2 3 4 5  
M/GeV 

Fig. 9. Dimuon mass spectrum in proton-nucleon interactions at 225 GeV (open circles) 
and 400 GeV (closed circles). Solid line corresponds to  QGP rate [77], dashed line 
to Drell-Yan process 

known, for dilepton masses M > 3 GeV the behaviour of the spectrum is described well 
by the Drell-Yan mechanism (annihilation of quarks and antiquarks of colliding had- 
rons). The contribution of this process is shown in Fig. 9 by the dashed line. As follows 
from Fig. 9, for masses M 5 3 GeV this mechanism does not already describe dilepton 
production. An especially large difference (about 100 times) is observed for masses 
M 5 0.6 GeV. Dileptons in this mass region are called ‘‘anomalou~~~. The origin of 
“anorna lo~s~~ dilepton pairs is not yet known. A possible relation of “anomalous” di- 
leptons with the electromagnetic QGP signal was discussed in [78 - 801. Experimental 
data on “anornalo~s’~ dileptons can be found in Fig. 10 (ref. [78]). 

The spectra of dileptons produced in QGP at  Ti  = 180 MeV and T, = 160 MeV are 
given for comparison. From this figure it follows that the mass spectra of 
dileptons agree qualitatively with QGP predictions. 
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Fig. 10. Lepton pair cross-section (normalized to pion density at y = 0) as a function of 
pair mass 

Formula (3.10) implies that the spectra of dileptons due to QGP possess the M,-scaling 
property, i.e. the spectra depend not separately on the variables M ,  and P,, but on their 
combination M t .  The distribution of dileptons from QGP over the variable M for fixed 
values of M,, y must therefore be close to a constant. Indeed, Fig. 11 from ref. [62] 
shows that in the nonresonant region 1.2 GeV < M < 2.7 GeV the dimuon production 
cross-section at fixed M, is independent on M .  For the same M, variation the absolute 
value of the differential cross-section changes by several orders of magnitude ! Similarly, 
the dilepton distribution over Pt for fixed M, and y values must also be constant. On the 
contrary, the same distribution of dileptons produced at a pre-equilibrium stage in the 
model [54] (Sec. 2.2.3) is different from constant [81] (Fig. 12). This fact may help in 
identification of dilepton production mechanisms in hadron collisions. 

But the M,-scaling is inherent not only in thermodynamic models. For example, 
inclusive spectra of particld produced through the Regge mechanism of Kancheli- 
Mueller [82] in the central region possess the same properties. 

Some authors [62, 693 propose to use a more detailed prediction - a power-law de- 
crease of the spectra in the mas$ region 1 GeV < M < 2 GeV as a possible experimental 
signal of QGP generation in ion collisions. Formula (3.10) implies that this decrease can 
be given by 

1 
N- 

da 
dM2 dPt2 dy Mt6 ' 

(3.11) 
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But in the mass interval 1 GeV < M < 2 GeV, the spectra of dileptons from a pre- 
equilibrium stage, which are calculated in the model [54], also decrease by the law 
N 1/M,6 [81]. Since at  the present time there are no criteria for choosing one of the two 
mechanisms, the functional dependence (3.11) is of no help in choosing either QGP or 
nonequilibrium phage as the sourse of lepton pairs. 

-- 1.8 - - - 2.25 
*+ 2.7 * * 

+ ++ + 3.3 

f 2 3 
M/GeV 

- 

- 

I I I 

0.2 0.4 0.6 
Pr /GeV 

Fig. 11. Dimuon spectrum is inde- Fig. 12. Pt-spectrum of dileptons produced by 
pendent of mass if the transverse chromoelectric flux tubes a t  fixed value of 
mass is fixed [62]. The values of M ,  = 0.65 GeV and (y] < 0.5. Curves 1 and 2 
dl,/GeV is shown near corresponding correspond to different types of source in eq. 
data points (read t instead of T) (2.1) (read t instead of T) 

3.2.6. Correlation in dilepton spectra 

In the derivation of the relations (3.9) and (3.10), local thermodynamic equilibrium with 
an initial temperature Ti  was assumed to be established in a system of quarks, anti- 
quarks, and gluons for a time q. It should be stressed that the fact of establishing any 
temperature in QCD is far from being obvious by itself. Indeed, the possibility of finding 
the temperature in the thermodynamical sense (or impossibility of introducing this 
characteristic) it not efficiently ascertained by QCD dynamics known well in the strong 
coupling region. At this stage, we think it reasonable to solve the problem of thermali- 
zation experimentally. Since dileptons and phQtons are effectively emitted also at  times 
close to r i  (contrary to hadrons), tbeir spectra must be sensitive to the assumption of 
thermalization. 

In  an equilibrium QGP, the dilepton production cross-section is mainly specified by 
the Boltzmann factor (see formula (3.7)) 

exp ( -E*/T,) _N exp (- (M2 + ~ , 2  + ~ ~ * 2 ) 1 / * / ~ , )  , (3.12) 

which arises from the product f (E)  j ( E )  of the distributionfunctionsof quarks and anti- 
quarks. In formula (3.12), Pi* = M ,  sinh Y* - is the longitudinalmomentum of a dilep- 
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ton in the rest frame of the QGP element. The Boltvnann factor leads to the following 
correlation in the spectrum of dileptons produced in an equilibrium QGP: the dilepton 
pair distributions over Pt (over M )  become harder with increasing longitudinal dilepton 
momentum Pi* observed in c.m.s., i.e. the relative part of high values of transverse 
momenta (masses) increases. Indeed, an analysis of formula (3.12) readily shows that 
dilepton distributions over Pt and M are distinct for distinct Pl* values. In selection of 
events with high PI* values in these distributions, the fraction of high mass and P, 

I I 1 I I I I 

300 400 500 
M / M e V  

Fig. 13. Ratio of dumuon mass spectra measured at different o.m.8. longitudinal 
momenta Pl* 

values increases. The observed longitudinal momentum of the dilepton produced in the 
QGP model is determined both by the local value of the momentum PI* and by the 
hydrodynamic QGP expansion Pl = M ,  sinh (Y* + x). For large transverse dilepton 
masses M,,  the characteristic “thermal” rapidity values Y* will be much lower than 
the values acquired under hydrodynamic expansion. The observed longitudinal 
momentum PI  will not therefore be related to PI* value, and thus the “thermal” 
P, - P1 ( M  - P,) correlations will be absent. For small M,,  the situation is vice versa. 
In  this case, selection of events with large P, effectively selects dileptons with large 
PI*, and the indicated correlations occur. 

Such P, - PI correlations are absent in the spectra of dileptons produced in a non- 
equilibrium phase [MI. Thus, an experimental discovery of M - PI and Pt - PI corre- 
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lations in dilepton spectra in the mass interval 0.1 GeV < M < 0.6 GeV would permit 
identification of the dilepton production mechanism (equilibrium and nonequilibrium), 
i.e. would serve as a signal of thermalization in processes under study. 

An example of experimentally observed M - P ,  correlations may be the difference in 
the mass distributions of “anomalous” dimuons measured for different values of z = 2Pl/ 
6 in [83] and [84] (see also [85]) .  This difference is shown in Fig. 13: the part of events 
with large masses increases with increasing longitudinal momentum P1. Such an effect 
may be an indication of the existence of local thermodynamic equilibrium in hadron 
collisions. 

3.2.7. 

A great progress in removal of uncertainties in dilepton spectra normalization in QGP is 
achieved provided that entropy is conserved in the courseof system evolution (Sec. 2.5.3). 
The idea is to construct a ti-independent quantity from experimentally observed spectra 
[76, 861. To this end, we find from (3.10) the number of dileptons dnl l /dy  produced per 
unit rapidity. The quantity dnl l /dy  is proportional to ti2 (consequence of formula (2.19)), 

and the multiplicity of charged pions d n ,  J d y  - ti, and therefore the ratio 

The density ratio d n f d y  for dileptons and pions 

dnll/dY 
(dncddY)2  does not depend on ti .  This ratio is presented in Fig. 14 [76]. 

The ratio turns out to be a monot,onously increasing function of dnCh/dy if thereexists 
only a pion phase in thermalized state. If the initial energy density exceeds the QGPfor- 

Fig. 14. Ratio of a dilepton rapidity 
density to a hadron rapidity density 
squared is constant in QGP model 
(read n,, instead of NPP, nch instead 1 of Nch) 

0 5 40 
dNn 
dY 

Fig. 15. Yield of dileptons divided to a square of pion density is independent of dn,ldy 
[87] (read n, instead of N,) 
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mation threshold (ei N 1 - 2 GeV), this ratio goes onto a plateau, the plateau height 
being proportional to the phase transition temperature T,. An experimental measure- 

ment of the ratio dnllldy as a function of dn&y seems to be of great importance from 

the viewpoint of the diagnostics of QGP formation in ion collisions. 
Figure 15 presents the ratio (dnb+,-ldy)/(dn,/dy)2 as a function of dnJdy at y = 0 from 

the data of AFS collaboration [87]. The independence of this ratio implies that “anoma- 
lous” dileptons are produced a t  an intermediate stage of hadron interaction. In other 
words, the mechanism of their production is related neither to the Drell-Yan process at 
the initial interaction stage nor to the decays of or bremsstrahlung radiation by final- 
stage hadrons [ 881. 

(dnnldy) 

3.2.8. 

In spite of the substantial decrease of uncertainty in the normalization of formula (3.10) 
attained by using the relation (2.13), the inexact values of ti and the initial QGP volume 
lead to a considerable uncertainty in the estimate of the quark and hadron phase contri- 
bution into the dilepton spectrum. Obviously, the quark phase contribution into the 
dilepton spectrum is enhanced for ti N 0.1 fm, while the hadron phase contribution for 

Uncertainties in QGP signal normalization 

1 1 

10-81 

0 1 2 3 
M / G e V  

Fig. 16. Contribution t o  dilepton mass spectrum from QGP and hadron phases (dashed 
line-Drell-Yan process contribution) (read nPP instead of N )  

zi N 10 fm. As an illustration, Fig. 16 presents the p+p- spectra [76] in central collisions 
of le7Au nuclei for energies E 2 50 GeVInucleon in the centre-of-mass system. The para- 
meter ti is chosen to be equal to 1 ; nRA2 = 127 fm2. 

From these figures it is seen that the pion phase dominata over the quark phase in 
the region M 5 2 GeV. The quark component becomes noticeable for M 2 2 GeV be- 
cause, as is seen from Fig. 7, quarks and antiquarks annihilate on the average at  higher 
temperatures than pions. It should be stressed once again that these assertions refer to the 
value ti c! 1 fm. If ti approaches N 0.5 fm, then the quark component starts dominating 
over the hadron one in the dilepton spectra also for M 5 2 GeV. Thus, the exact form of 
dilepton spectrum cannot be a priori predicted in real experiments. Everything is ulti- 
mately determined by the relationship between the lifetimes of the two phases. 

3.2.9. “Melting” of resonances 

Comparing the expressions (3.9) and (3.10), one can notice an important feature of di- 
lepton spectra. In the spectra of dileptons produced in the pion phase, strong peaks cor- 
responding to e, e‘, and to other resonances are observed, whereas the spectra of dileptons 
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produced in QGP exhibit no such peaks. The higher the temperature Ti > T,, the less 
pronounced the resonance peaks in the dilepton spectrum. The resonances seem to “melt” 
in QGP [40]. An example [76] of this “melting” is presented in Fig. 17. 

Since the transverse hydrodynamic expansion was disregarded, the “transverse” mass 
M ,  of a dilepton pair increases with temperature a t  which this pair was produced. 
Quark-antiquark annihilation dominates a t  T > T, and pion annihilation a t  T < T,. 
Therefore, the relative contribution from the pion phase decreases with increasing M t .  
In  a number of papers [38, 401, resonance “melting” is associated with restoration of 

Fig. 17. “Melting” of resonances in dimuon 
spectrum as Mt increases. The values of 
Mt/GeV are shown near the curves (read ltCM 

instead of N ,  t instead of T) 

chiral symmetry in quark-gluon plasma, i.e. with disappearance of the condensate of 
quark fields (ipp). This effect could be rather instructive from the viewpoint of QGP 
formation diagnostic, but i t  depends on the QGP expansion model. Indeed, [89], in the 
(3 $. 1)-dimensional expansion model, the transverse expansion rate increases with time, 
whereas the temperature falls. And since in the pion phase dileptons are mainly produced 
at  the final stage of expansion, t,he resonance “melting” in a real (3 + 1)-dimensional 
expansion model must be less pronounced than in the (1 + 1)-dimensional scaling model. 

3.3. Emission of J / I ~  particle 

Alongside dileptons, which undergo practically no rescattering in QGP and are therefore 
able to be its “thermometeryy, this property is also inherent in particles containing heavy 
(e, b, . . .) quarks. For example, the free path of a Jfy-particle in nuclear matter makes up - 10 fm, i.e. the order of the size of heavy nuclei. Therefore, J /~I particles produced in 
QGP leave the plasma volume without changing their kinematic characteristics. Ex- 
perimentally, J f y  production is identified by the peak in the mass distribution of lepton 
pairs for the values M = 3.1 GeV. As in the case of dileptonproduction, there of course 
exists a parton (non-plasma) mechanism of J fy ,  production which evidently dominates 
for not very high energies of colliding hadrons or nuclei. If, however, energies are suffi- 
cient for QGP generation and cz pairs are produced in the plasma, one should expect an 
increased yield of Jfy-particles in events with QGP generation. This was the logic of the 
pioneering papers [77, 90, 911 investigating heavy-quark-containing particles in QGP. 
But these papers disregarded the fact cbpairs are produced in the medium of light quarks, 
antiquarlrs, and gluons at  a temperature T. The medium can either strengthen or weaken 
particlegeneration processes. Some information on the QCD vacuum atfinitetemperatures 
can be gained from QCD perturbation theory [25]. It is well known that for charac- 
teristic momenta p E  - g(T) .  T (g(T)  is a QCD “running” coupling constant a t  finite T) 
there occurs Debye screening of the chromoelectric component of a gauge field which is 
quite similar to the electric charge screening in the electron-ion plasma. But there also 
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exists a new scale p M  = g2(T) T associated with screening of the chromomagnetic 
component of a gauge field. On the other hand, the QCD vacuum has a much more com- 
plicated organization bhan that presented in pertmbation theory. As has aiready been 
mentioned, the QCD vacuum properties have been most successfully investigated in the 
past years in lattice gauge theories (LGT). The screening radius f(TY of color charges 
is calculated in LQT which takes into account not only the theoretical perturbative 
fluctuations of gauge fields. Obviously, if f f T )  is smaller than the cc bound state radius: 
l(2’) < rJ,v(T) at a given temperature, the production of J / y  particles in quark-gluon 
plasma should be expected to be suppressed. The estimates [92] of rJlv(T) show that al- 
ready at temperatures T 2 250 MeV f ( T )  < r.,lv(T), i.e. the production of J l y  particles 
is suppressed. Clearly, the suppression of J/y production will affect the character of 
transverse momerrtum distribution: screening in QGP causes,a decrease of the fraction of 
J / y  particles produced with small.(s 1 GeV) Pt [93-951. 

Recent data, of NA 38 Collaboration m the transverse momentum dependence of J/y 
production in 160-U collisions exhibits the predicted J / y  suppression at low Pt [96]. But 
the collisions of produced J / y  in nuclear matter can give an alternative explanation of 
the observed effect [97]. 

Summarizing the presented material on quark-gluon plasma “thermometers”, we 
should note that in spite of lack of knowledge of concrete dynamics of QCP generation 
and evolution, one may hope to identify quark-gluon plasma signals in the spectra of 
particles containing heavy quarks and in dileptons in hadron and ion collisions. 

3.4. Transverse momentum of hadrons 

In  the papers [98 - 1001 it was proposed to study the correlation between the transverse 
momenta and multiplicity with the purpose of identifying the hadron-QGP transition 
signal. The point is that the dependence of the mean transverse momentum (P,) of se- 
condary particles on hadron multiplicity per unit rapidity dnldy reflects the hadronic 
matter equation of state. There exist two mechanisms leading to this relation. When the 
transverse expansion in the course of hydrodynamic evolution is taken into account, the 
quantity (P,) turns out to be related to the pressure in the medium [66,100,101]. On the 
other hand, the quantity dnldy is proportional to the entropy density (or energy density; 
see, for example, (2.12)). Thus, the degree of increase of (P,) as a function of dnldy  con- 
tains information on the equation of state of the medium. In the case of first-order phase 
transition in the mixed phase the energy density may vary while the pressure remains 

!.I 0.5 + ++I ari 
dn - 0 5 10 I5 

dn A-2/J dY 
dY 

a b 
Fig. 18. Mean transverse momentum versus rapidity density (a)-experimental data 
from UAI [I041 (solid line) and JACEE [I061 (crosses), (b)-QGP prediction [IOO] 
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constant. This leads to the following qualitative dependence of (P,) on Canldy (Fig. 18, b 
[loo]). The same dependence results from an account of the contribution from hadron 
“evaporation” a t  early stages at  T > T, [ 1031. It is of interest that such a dependence - 
an increase of (P,) as a function of dnldy  with a subsequent flattening is observed on 
SppS-collider [lM] (the dashed line in Fig. 18, a) as well as in ppinteractions on ISR 
[lo51 and in cosmic rays [lo61 (Fig. 18, a). It should be noted that there also exist alter- 
native explanations of this behaviour [ 107 - 1091. 

Conclusion 

Can QGP be detected in the already available experimental data! The question is not 
meaningless because, as has already been mentioned in See. 2, the estimates of the para- 
meters of “hadron-QGP” phase transition admit QGP generation on the existing accele- 
rator energies. A paradoxical situation may occur when one is going to seek something 
that has long before been discovered ! This optimistic point of view is based on the agree- 
ment of some QGP predictions with experimental data, which was discussed in See. 3. 
But the data presented refer to different experimental techniques and methods and have 
a different degree of reliability. Therefore it seems too early to declare that QCP has 
already manifested itself in experiment. On theother hand, it is difficulti to imagine that 
the qualitative coincidence between experimental data and QCP predictions is acciden- 
tal. The set of QGP generation signals undergoing experimental verification should be as 
large as possible. 

Such experiments are already beeing carried out in two most prominent research 
centres, CERN and Brookhaven. In CERN, in October 1987 3aS ions were accelerated up 
to 200 GeVInucleon. In  Brookhaven in 1987 beams of 32S at 15 GeVInucleon was ob- 
tained. The primary goal of these experiments was to discover the new state of the 
hadron matter - the quark-gluon plasma. Do the ion energies and masses suffice for 
this purpose? No definite answer to this question can be given at  the present time. Ex- 
perimental plans go even further : in Brookhaven nuclei up to gold (AU’~’) are planned to 
accelerate by 1989, and in future to create a heavy ion collider (RHIC) capable of accele- 
rating ions with atomic numbers - 200 up to energies -100 GeVInucleon. 

Whether or not the new state of hadron matter - quark-gluon plasma exists can be 
ascertained only in experiment. Let us hope that the answer will be affirmative. 
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