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THE QUARK-GLUON PLASMA

Jean-Paul BLAIZOT +
Service de Physique Théorique

CEA Saclay
91191 Gif-sur- Yvette Cedex

France

Abstract

I present various aspects of the physics of the quark-gluon plasma. Known
properties of the transition from hadronic matter to the quark-gluon plasma
are recalled. Progress in the phenomenology of ultra-relativistic heavy ion
collisions is discussed on two examples. Some recent theoretical developments
are mentioned.

1 Introduction

In the ordinary vacuum, the elementary degrees of freedom of Quantum Chromody-
namics, the quarks and the gluons, interact strongly, so strongly that they can never
be observed as free particles: they tightly bind themselves into color neutral objects,
the hadrons. These hadrons are the elementary modes of excitation of the vacuum
which itself has non trivial properties. In particular it contains a non vanishing quark
condensate (t/'0), and a gluon condensate (G^v). The existence of these condensates
reflects the presence in the vacuum of non trivial interactions between quarks and
gluons, leading eventually to chiral symmetry breaking and color confinement.

At high temperature, or large baryonic density, one expects hadronic matter to
undergo a transition to a phase where quarks and gluons become the relevant degrees
of freedom, forming a gas of weakly interacting particles, dubbed the quark-gluon
plasma. This expectation was originally based on the property of asymptotic freedom
of quantum chromodynamics, and has been confirmed by numerous simulations of
lattice QCD.
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Thus, the physics of the quark-gluon plasma deals with the interplay between
the properties of the vacuum and those of the elementary particles. Exploring the
detailed properties of the quark-gluon plasma at high temperature or density presents
great theoretical challenges. One is also interested in understanding how, as one tunes
up the temperature or the baryonic density, the vacuum changes, the condensates
" melt", confinement diasappears and chiral symmetry is restored, and in following
the corresponding evolution of hadron properties.

What makes the field particularly interesting is the possibility to study these
questions, albeit perhaps only approximately, by performing experiments. Collisions
of two heavy nuclei at high energy are believed to produce the prerequisite condi-
tions for the formation of the quark-gluon plasma. One should not try to hide the
difficulty of the enterprise: heavy ion collisions are complicated dynamical systems,
and besides, we do not understand well enough the characteristic properties of the
quark-gluon plasma to have at our disposal a series of non ambiguous "signatures" of
its formation. Nevertheless substantial progress has been achieved over the last years.
Succesful experiments have been performed, contributing to a better understanding
of the dynamics of heavy ion collisions, and leading to the formulation of new, more
precise questions to be answered by next eperiments.

This short presentation is not meant to be a review (there are numerous com-
prehensive reviews, e.g. [1, 2, 3]). Rather, I shall try to give, through selected
examples, an illustration of various facets of this very active field of research which
shares frontiers with astrophysics, nuclear and particle physics. '

I start by reviewing known facts about the properties of QCD at finite tem-
perature. These are obtained mostly from lattice gauge calculations which provide
undisputable evidence for the existence of a transition to a new state of chirally
symmetric matter.

Then I turn to the phenomenology of heavy ion reactions, and critically analyze
two examples. Original ideas focused experimental effort in the right directions,
and indeed, sizeable effects were found. However, their interpretation turned out
to be more complicated than expected, and remains somewhat ambiguous. Some
ambiguity will be removed by new experiments involving heavier nuclei and providing
more precise data. I shall in particular emphasize the importance of the forthcoming
experiments involving Pb beams at CERN.

In the last part of the talk, I return to theory to discuss some recent develop-
ments. The first topic concerns kinetic theory and perturbative calculations in QCD
at high temperature. The second topic is somewhat more speculative and presents a '
scenario for nuclear collisions in which the assumption of local equilibrium is aban-
doned in favor of the extreme opposite involving strong coherent pion fields.
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Figure 1: Schematic representation of the energy density and the pressure of the
quark-gluon plasma (a) and of the quark condensate (b), as a function of the tem-
perature.

2 Phases of Hadronic Matter

Most informations we have on the properties of the quark-gluon plasma come from
evaluating on a lattice the partition function [8]

2 — (2.1)

where HQCD ls the hamiltonien of QCD involving quark and gluon degrees of freedom,
fiB and Ms are chemical potentials reflecting conservation of baryonic and strange
charges. Present calculations are actually limited essentially to zero chemical poten-
tials. My discussion relies on the recent reviews [5, 6, 7] (see also [8]).

Typical results obtained for physical quantities such as the energy density, the
pressure, or the expectation value of the quark condensate {ijfip), are sketched in
Figs.l. The noteworthy feature is the rapid variation of these quantities around the
transition temperature Tc (Te « 150MeV). At large temperature (T » Tc), the en-
ergy density and the pressure approach those of an ideal gas of non-interacting quarks
and gluons, denoted respectively by c,- and P1. Above Tc, chiral symmetry is restored
and (V^) goes to zero. The change in the energy density at the transition is quite
substantial: c « 2 —3GeV/ fm3 in the quark-gluon plasma, while a reference value for
the hadronic phase is the energy density of ordinary nuclear matter, 0.15GeV/fm3.

The nature of the transition depends in a complicated fashion on the number of
light quark species. In the absence of dynamical quarks, the transition is first order,
that is discontinuous. For three or more Savours of massless quarks, the transition
seems also first order. For two flavours of massless quarks, it could be a second
order transition, turning into a rapid cross over as soon as the mass is non zero
(which is the case in the real world). The nature of the transition is not only an
interesting theoretical question, it may also have phenomenological consequences. If
the transition is first order, with a large latent heat, various phenomena associated
with supercooling could be observed (bubble formation, mixed phase, e t c . ) . A second
order transition, corresponding to a change in the symmetry in the system, may be



accompanied by large fluctuations. A transition similar to the ionization transition of
the hydrogen plasma may be harder to observe since, in this case, all thermodynamical
functions are smooth functions of the temperature.

The rapid variation of the thermodynamical functions can be understoood as
reflecting the increase in the number of degrees of freedom at the transition. This can
actually be modeled in a very simple way, using the so-called bag equation of state.
The quark-gluon plasma has an energy density and a pressure given respectively by
tqap = e, + B, and Pqgp = Pi — 5 , where B is the bag constant and ê  and Pi are the
energy density and pressure of an ideal gas of quarks and gluons, c,- = 3P, = aTA,
where a is proportional to the number of particle species. On the other hand, the
hadronic energy density is given by thad « «i * SPhad- To first approximation ej =
a'T* where a' is proportional to the number of massless hadronic degrees of freedom
( typically the 3 pions). The increase in the number of degrees of freedom is more
directly reflected in the entropy density s — (e + P)IT, and sMP/s/,o,i = a/a' « 10.

Non perturbative effects remain present just above the transition. For example
the pressure reaches the free gas value only for T J£ (2 — Z)TC. The relative behaviour
of the pressure and the energy "density as a function of the temperature has been
interpreted as evidence for the existence of massive excitations in the plasma above
the transition temperature [9]. One can also relate e — ZP to the scale anomaly of
QCD, e - 3P = (Q£) ex (G2) where (G2) is the gluon condensate. This would imply
that the gluon condensate melt at a higher temperature than the quark condensate.

The study of the chiral transition may also be approached via effective La-
grangians representing the low energy behaviour of QCD [10]. Simple exact results
may be obtained in chiral {.erturbation theory concerning the behaviour of the quark
condensate: in this approach, the melting of the quark condensate is caused by pionic
fluctuations. It has been argued that, near chiral symmetry restoration, meson masses
drop [H]. This could also lead to an increase in the effective number of hadronic de-
grees of freedom below the transition, contributing to smoothen the transition.

It is not an easy task to identify a characteristic property of the plasma. Such a
difficulty is met in lattice simulations when trying to identify a good order parameter
in the presence of dynamical quarks with non vanishing masses. One possible char-
acterization is to use the modifications of the effective potential between two heavy
quarks in the plasma. The expected behaviour of such a potential is sketched in
Figs.2. At low temperatures, the potential is the familiar confining potential, rising
linearly at large distance (V(r) ~ ar), and behaving like a Coulomb potential at
short distance. In the quark gluon plasma, the string tension a vanishes and the
potential gets screened over a distance ro(T) which is a decreasing function of the
temperature. These properties will be used in our discussion of J / $ production in
nuclear collisions.

In summary, there are reliable theoretical indications that dramatic changes
occur in the vacuum at high temperature. Similar effects are expected for large
baryonic density, although first principle calculations are technically more difficult :n
this case and very few results are available. Our theoretical knowledge of the detailed
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Figure 2: a) The heavy quark potential in vacuum, b) The heavy quark potential
in the quark-gluon plasma. As the temperature increases, the range of the potential
decreases and the bound state (indicated by the thick line) is less and less bound

properties of the quark-gluon plasma is still very primitive. In particular it is difficult
to find charactersitic observable properties of this new phase. For sufficiently large
temperature, lattice calculations do provide evidence for perturbative behaviour, but
non perturbative effects persists above Te. It could be that non perturbative effects,
although they do not contribute significantly to such quantities as the energy density
or the pressure, could provide more characteristic signatures of the plasma; but this
is a largely unexplored area (see e.g. Polonyi, in [3]).

Quark-Gluon Plasma and Nucleus-Nucleus Col-
lisions

We turn now to the phenomenology of heavy ion collisions. It is perhaps good to
keep in mind that we are discussing dynamical systems which are out of equilibrium
(although perhaps in local equilibrium). Fig. 3 gives a schematic illustration of the
space time history of such a collision. The energy density e(r) gradually builds up
as the two ions penetrate each other, reaches a maximum, and then decreases as the
system expands. The precise time dependence of the expansion phase is somewhat
model dependent, but the expansion is an unavoidable feature of the dynamics of a
nucleus-nucleus collision which can never be ignored.

Many observables have been measured [4]. Multiplicity and transverse energy
distributions allow us to draw the balance of energy and momentum. Information
on the size and lifetime of the colliding system may be obtained from interferometry.
Ratios of strange to non-strange particles, antimatter production, provide information
on chemical composition. Oileptons, heavy resonances such as the -J/9, probe the
early stages of the collision, when the energy density is the largest.

As mentioned in the introduction, sizeable effects have been found: large energy
densities are seen, strangeness is enhanced, J / $ is suppressed, etc... But the physical
interpretation of these results remains ambiguous. Some of the ambiguities will be
removed with more precise data involving heavier projectiles than those available
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Figure 3: A schematic representation of the space time evolution of a nucleus-nucleus
collision.

at present. Also, the experience gained from analyzing the first sets of data helps
formulating new questions.

I shall illustrate the present situation with two examples: a) that of the correla-
tions between transverse momentum and the multiplicity; b) that of J/9 suppression.
I shall show that, in both cases, new experiments, and in particular the planned ex-
periments with the Pb beam at CERN, can provide indeed answers to the questions
raised.

3.1 Transverse momenta and multiplicity

Since the transition expected from lattice calculations seems so spectacular, involving
in particular a dramatic change in the entropy density, it is natural to ask whether
one could "see" this transition in heavy ion collisions. In this respect, an interesting
prediction was made long ago [12]. The entropy density, as a function of the temper-
ature, exhibits a rapid variation at the transition temperature, corresponding, as we
said earlier, to the increase in the number of degrees of freedom in the system. Using
the average transverse momentum as a measure of temperature or pressure, and the
multiplicity as a measure of entropy, one is led to expect a behaviour such as the one
depicted in Pig.4. The plateau corresponds to the transformation of hadronic matter
into the quark-gluon plasma at constant pressure and temperature.

Several complications come to obscure this simple prediction. Firstly, one
should not forget that the system produced in the collision will expand longitudi-
nally. Consequently, the "useful" entropy density, that is the entropy density which
will be converted into collective transverse flow, is reduced for a central collision, by

fr
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Figure 4: The average transverse momentum as a function of the multiplicity.

a factor « 1//2, with R, the radius of the nuclei, being also typically the time it takes
the transverse expansion to set in. Then, quite large multiplicity densities are needed
in order to reach the second rise. Furthermore, the expansion considerably smoothens
the structure exhibited in Fig.4, as revealed by detailed hydrodynamical calculations.
Secondly, the analysis of nucleus-nucleus collisions are complicated by simple geo-
metrical effects related to variations of the impact parameter. In an experiment with '
given ions, at fixed energy, the observed variations in the multiplicity reflect simply
variations in the impact parameter: central collisons produce more particles than
peripheral ones. Now, varying the impact parameter changes the effective size of the
system, and hence the useful entropy. When properly analyzed, this effect also leads
to a plateau [13]. If we had evidence that local equilibrium was achieved, this could
be the explanation for the plateau seen in the data. But simple independent string
fragmentation models give a similar behaviour: since the average transverse momen-
tum is limited in such models, increasing the multiplicity by increasing the number
of fragmenting strings would not affect the transverse momentum.

Is this to say that no useful (i.e. non trivial) information can be extracted from
such measurements? Of course not, and a careful analysis of the PT distributions
could reveal interesting characteristics of collective flow. In this context, I would like
to discuss here a recent suggestion by Ollitrault [14]. Fig.5a represents a non central
collision of two identical nuclei, in the transverse plane. If some thermalization takes
place, pressure will build up in the shaded area, with a gradient larger in the direction
with smaller spatial extent, leading to anisotropic collective flow. Shortly stated, if
local equilibrium is achieved, spatial anisotropy transforms into momentum space
anisotropy. This anisotropy can be measured from the tensor

V

where v runs over all detected particles in a given event, and pt{v) is the component
of the momentum in the direction i tranverse to the collision axis. Ollitrault defines
an invariant measure of the anisotropy

4DetS
(trS)''

(3.2)
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Figure 5: a) A view of the colliding nuclei in the transverse plane. The shaded area
indicates the overlap region of the two nuclei, b) Predicted variation of the anisotropy
as a function of the observed multiplicity for the collision of two heavy nuclei. iVmax

is the multiplicity achieved in a central collision .

Clearly, a = 0 if the tensor 5 is isotropic, while a = 1 for maximum anisotropy.
The corresponding variation of a with multiplicity, i.e. with impact parameter, is
sketched in Fig. 5b. We note that some compromise has to be achieved in order to
see the effect. Indeed, a is larger when the collision is most peripheral, but then the
multiplicity is small and large fluctuations may hide the effect. When the particle
number is large enough to ensure that fluctuations are negligible, the effect is small.
There is therefore a window of multiplicities in which the effect could be observable.
Once all corrections are taken into account, a sizeable effect is expected for Pb-Pb
collisions [14].

3.2 J/<3> suppression

As we have seen, the effective potential of interaction between two heavy quarks
is strongly modified in dense matter. In a quark-gluon plasma at sufficiently high
temperature, the screening becomes so efficient that the potential cannot sustain any
bound state: in such a medium, a <//$ dissolves into a charm quark and a charm
antiquark which ultimately recombine with light quarks to form charmed mesons D
and D. Thus one expects that a cc, produced together with a quark gluon plasma in
a nuclear collision, will not lead to a J/W, whereas «//$ production will proceed as
in usual hadronic collisions if no plasma is formed. This is, briefly summarized, the
original idea of Matsui and Satz[15].

Indeed, a large suppression (up to 50%) in the production rate of the J / $ has
been observed, in comparison of what could be expected if the nuclear collision was
a mere superposition of nucleon-nucleon collisions [16], This suppression grows, i.e.
less J/'i are seen, when the centrality of the collision increases. Also the production
of a Jf $ with a large transverse momentum is less suppressed than that of a J/*B
with a small transverse momentum which spends therefore more time in the system.



All this is not incompatible with a scenario involving the formation of a quark-gluon
plasma.

However, here too, difficulties show up in the interpretation. Firstly, if one wants
to force an interpretation in terms of quark-gluon plasma, one reaches parameter
values which cast doubt on the validity of the underlying picture. In short, one finds
that the time scales involved in the description of the phenomena are completely
mixed, which makes the formulation of the problem non trivial (see e.g. Blaizot and
Ollitrault in [3]). Secondly, similar suppression patterns are seen in proton-nucleus
collisions, where we do not expect a plasma to be formed. The cross-section for such
collisions can be parametrized as follows

(3.3)

where L^ is the average path length of the J /$ in the nucleus with mass number A. A
is a mean free path, related to an absorption cross section aat,, by A = l/n<rabt, with n
the nuclear density. Recent analysis [17] suggest that a value of o^, of «6.5m6 could
account for the suppression of J/^l in both p-A and A-B collisions, and allow for an
interpretation of this suppression as a final state absorption. Initial state interactions
do also play a significant role in modifying the transverse momentum distribution of
the produced J/V, both in p-A and A-B collisions. The increase in (p?) produced by
initial state multiple scattering involve the same average path length LA- Thus it is
possible to correlate the magnitude of the absorption to that of the modification of
(PT). Such a correlation is compatible with the present, not very precise, data.

What then can be learned from future experiments? The J/\P is produced, and
destroyed, very early in the collision. In a violent collision of two big nuclei, a lot of
matter is produced. This should enhance the "absorption" of the J/\P on its way out
of the system. With present data, it seems impossible to quantify the total amount of
absorption, if any, which cannot be accounted for by nuclear absorption alone, that
is by collisions of the Jf^l on the nucléons present in the system. But better data,
with more statistics, and also bigger nuclei, could reveal extra attenuation. If that
were observed, one would have with the J/W a useful "indicator", or "witness" of
the early stages of the collisions, and get from it useful information of the space-time
evolution of the system. I should also add that precision data allowing a study of
other resonances such as the *£' would also be useful. Finally, at higher energy, one
could contemplate the possibility of studying other heavy particles such as the 66
resonances [18].

4 Some recent developments

In this last section I briefly report on two recent theoretical developments.



4.1 Kinetic theory of the quark-gluon plasma

Kinetic theory is an active subject since the very beginning of the field (see for
example the review by S. Mrôwczyriski in [3]). I wish to report on recent work which
put together kinetic theory and recent progress in perturbative calculations in QCD
at high temperature.

The simplest picture we have of a quark-gluon plasma is that of an ideal gas
of quarks and gluons. To go beyond this idealized picture one may use perturbation
theory. It is known however that perturbative calculations suffer from difficulties in
higher order[2]. For example the thermodynamic potential cannot be calculated in
perturbation theory beyond the sixth order term, because of the infrared divergences.
This problem is not solved but progress has been obtained recently in the calculation
of properties of elementary excitations. One difficulty in carrying out higher order
calculations comes from the fact that usual expansion schemes do not work. For
example the loop expansion is inconsistent, as exemplified by the contradictory results
obtained in the calculation of the gluon damping rate [19]. It has been recognized
however that a proper rearrangement of the perturbative expansion could lead to
sensible results [20].

Quite remarkably, these formal rearrangements of the perturbative expansion
have a simple interpretation in terms of a kinetic theory which allows in particular for
a consistent description of the long wavelength excitations of the quark-gluon plasma
[21]. One can show that the dominant terms at high temperature are obtained by
assuming that the particles in the plasma do not interact among themselves but only
through average long wavelength fields present in the plasma. Because of the pro-
found symmetry which exists in the ultrarelativistic plasma between the fermionic
and the bosonic degrees of freedom, it is important to consider on the same footing
both electromagnetic and fermionic fields. The resulting set of equations of motion
generalises the familiar Vlasov equation to the case were an average fermionic field is
present in the system. The symmetry between fermionic and bosonic modes is respon-
sible for the occurence, in a quark-gluon plasma, of a collective fermionic excitation,
the plasmino, analogous to the ordinary plasmon [22].

The kinetic equations that we have obtained were derived under the assumption
of local thermal equilibrium. However they may have a wider range of applicability
and could, in particular, be used to describe off-equilibrium plasmas like those pro-
duced in nuclear collisions.

4.2 Coherent pion field in nuclear collisions

The work to be described is an attempt to explore dynamical scenarios which do
not rely on local thermal equilibrium. It relies on the fact that soft pions, and
their interactions, are well described by effective Lagrangians which are known to
represent much of the low energy aspects of QCD. Besides, the fact that many pions
are produced in nucleus-nucleus collisions at high energy makes plausible the validity

»
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of a quasi-classical approximation (one expects typically dN/dy « 1500 in the collision
of two heavy nuclei at RHIC). Following this line of reasoning, we were led to study
the classical non linear a model [23]

with the constraint a2+ if2 = 1. The model has been solved with boundary conditions
appropriate for a collision at extremely high energy, and ignoring transverse degrees of
freedom. That is, we assume that the two impinging Lorentz-contracted nuclei overlap
at some time t = 0. At this moment, the whole energy of the collision is localized
within a thin slab. The symmetry of this essentially one-dimensional problem implies
then that the fields are functions only of the proper time r ( r2 = t2 — x2 = s), and
an analytic solution can be obtained. A remarkable feature of this solution is that
the conserved vector and axial-vector currents have a constant orientation in isospace
and may be written in the form

" — b - a
A11 = 2xM~ V11 = 2x^- , (4.2)

3 S

where a and b are two constant, orthogonal vectors in isospace. The pion fields,
solutions of the equation of motion, are

ira = 0 7T(, = — sin ( K In — ) nc = - cos ( « In — J , (4.3)

where « = (a2 + b2)1^2 and so is an arbitrary parameter. To interpret physically
* j So we note that for s < so the fields oscillate violently. This comes from the fact

that, mostly because of our idealized boundary conditions, the regions in space-time
between the light cone x — ±t and the hyperbola s = S0 contain an infinite amount of
energy. Since the amplitudes of the fields are bounded because of the constraint they

^ satisfy, the only way to store a large energy is by producing these violent oscillations.
\ We may argue that in the region s < so the model cannot be trusted as it is supposed

to describe soft pions and their interactions. On the other hand, it is tempting to
speculate that this region is one in which chiral symmetry is effectively restored. The
model could provide then a dynamical picture of the transition between the chirally
symmetric state and the ordinary vacuum in which pions propagate.

Various observables can be calculated from the model solution. For example
the energy-momentum tensor takes the form

T111, = 8[2U11U11 - gMV) e (4.4)

where S is a transverse area, U11 = XJT, and e = 2f%K2/s is the energy density, equal
to the "pressure" in this one-dimensional model. The spectrum of soft pions can abo
be estimated. One finds a rapidity plateau whose height h is determined by fx and
K: A = /*K/tanh(5TK).

One interesting consequence of this scenario is the prediction of large fluctua-
tions in charged to neutral particle ratios [24]. As we have seen the classical solution
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depends only on two vectors a, b whose orientation in isospace is independent of time,
but a priori totally random. One may argue that this orientation is determined at
early time, and depending on the orientation chosen by the system, in some events
one should see mostly charged pions, in others one should see mostly neutral ones.
In nucleus-nucleus collisions, one does not expect the correlations between the ori-
entations of these vectors a, b at different points in the transverse plane to extend
beyond say lor 2 fm. Thus these fluctuations should decrease as the size of the nuclei
increases.

5 Conclusion

Lattice gauge calculations, and other theoretical approaches, give strong support to
the expectation that dramatic changes in the properties of the vacuum occur at high
temperature or high baryonic density. What is still unclear is how to characterize
unambiguously the properties of the quark-gluon plasma. This, I believe, will come
from a joint theoretical and experimental effort, as it requires a detailed knowledge
of the plasma properties as well as a good understanding of what can be measured.
Progress in these two directions are being made. Better theoretical descriptions of the
quark-gluon plasma are being developped, and our understanding of the dynamics of
high energy nucleus-nucleus collisions has considerably improved while experiments
are becoming more and more precise.

I hope that the few examples that I have discussed do convey the correct impres-
sion that the physics of the quark-gluon plasma is a rich and lively field of research,
offering many theo, ^-cal and experimental challenges. This is a field where intellec-
tually stimulating th« oretical speculations are becoming nicely balanced by a concrete
experimental program. The choice of topics I have covered is admittedly somewhat
arbitrary, and account for only a small part of a quite diversified activity. There is
indeed quite a large variety of theoretical approaches to the many questions raised
in these studies. Similarly, there is no single decisive experiment, but rather a whole
array of complementary experimental studies.
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