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PHYSICS WITH RELATIVISTIC HEAVY IONS: 
QGP A N D OTHER DELICACIES* 

GLENN R. YOUNG 
Physics Division, Oak Ridge National Laboratory, 

Oak Ridge, Tennessee 37831-6372, U.S.A. 

ABSTRACT 

Conditions favorable to'formation and observation of a deconfined state of 
quarks and gluons (often called the quark-gluon plasma) are thought to exist 
following the collision of very heavy nuclei at center-of-mass energies exceeding 
several tens of GeV/nucleon. The Relativistic Heavy Ion Collider under construc
tion at BNL since 1991 is designed to provide such collisions at energies up to 
y/s/A = 200 GeV. Two large dedicated experiments are being built to operate 
there; these two experiments take rather different approaches to the problem of 
classifying such collisions and probing for signals of QGP formation. Two smaller 
experiments are proposed to focus on specific aspects of these collisions. Recent 
developments in the understanding of the initial state formed in such collisions 
include, particularly, the possible rapid equilibration of the gluon density, leading 
in an equilibrium picture to such high temperatures that sizable thermal exci
tation of charm becomes probable. Recent theoretical conjectures have focussed 
on the possible formation of a disordered chiral condensate following chiral sym
metry restoration in heavy-nucleus collisions, which might be a consequence of 
nonequilibrium deexcitation of a dense partonic state. 

1. Introduction 

This talk addresses the general considerations for formation of a deconfined state 
of quarks and gluons in collisions of very heavy nuclei (colloquially known as "heavy-ion 
collisions'') at energies of several tens of GeV/nucleon in the center of mass. Remarks 
on the present status of the Relativistic Heavy Ion Collider (RHIC) under construction 
at BNL since 1991 and the two large experiments already under construction to run at 
RHIC are given next. This is followed by a discussion of likely conditions formed in the 
initial stages of a collision at RHIC, plus a sketch of the recent theoretical conjectures 
concerning nonequilibrium decay of such a system, particularly the chance of forming 
and observing a chirally disordered phase following chiral symmetry restoration. 

It has long been conjectured1'2 that, were it heated and/or compressed sufficiently, 
strongly-interacting matter would undergo a transition from a system of quarks and 
gluons confined into bound mesons and baryons to a system of deconfined quarks and 
gluons free to move over some region of space much larger than a typical hadron. 

"Research sponsored by the U.S. Department of Energy under contract DE-AC05-84OR21400 with 
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A phase diagram resulting from viewing this transition as involving heating and/or 
compressing nuclear matter is depicted in Fig. 1. More recent theoretical study suggests 
viewing a collision of heavy nuclei at relativistic energies as being a large set of partonic 
collisions resulting in many nearby (but probably causally disconnected) regions of 
large parton density, whose subsequent evolution necessarily involves expansion and 
"cooling" and may involve crossing a phase boundary. Whether there is an actual 
phase transition is the subject of intense debate; if there is one, the present view from 
lattice QCD studies as well as general considerations of the behavior of QCD in the 
two-flavor limit, is that it is likely to be of second order. 2 - 4 

100 A-GeV Collider 
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Fig. 1. Phase diagram of nuclear matter and nuclear collisions (figure from Ref.7). 

Estimates of the energy densities of a pion gas vs a deconfined system of quarks 
and gluons (popularly dubbed a quark-gluon plasma, or QGP) made in a Stefan-
Boltzmann picture can be compared to see what increase in energy density must be 
achieved before formation of a QGP is even possible. The estimate illustrated in Fig. 2, 
which only sums degrees of freedom for a two-flavor case, suggests some 2-3 GeV/fm 3 

must be added to the normal rest-energy density of an atomic nucleus of some 0.15 
GeV/fm3. That such an energy density is a likely occurrence in a relativistic heavy-ion 
collision can be estimated using a simple formula suggested by Bjorken,5 specifically 
e = ^ j r x ^fp. For Au nuclei, R = 6.6 fm and dEx/dy is estimated (using versions of, 
e.g., ISAJET or the Lund Model Monte Carlo codes which have been adapted to the 
case of collisions of heavy nuclei) to be of the order of 700 GeV for 100 GeV/nucleon -f 
100 GeV/nucleon collisions in a collider. The formation time r 0 is estimated (e.g., from 
e + e " —* hadrons results) to be of the order of 1 fm/c, although it is rather uncertain. 
This leads to energy density estimates of 3-6 GeV/fm3, well in excess of the expected 
2 GeV/fm3 energy density expected to be required to achieve deconfinement. 
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Fig. 2. Degrees of freedom for pion and quark-gluon gasses; u and d quarks alone (figure from 
Ref.7). 

2. R H I C Facility at BNL 

The premier facility for studying such collisions will be the Relativistic Heavy 
Ion Collider now under construction (since 1991) at Brookhaven National Laboratory. 
It will use the existing AGS/Booster/Tandem Van de Graaff/proton linac accelerator 
complex as injector and makes use of the tunnel, helium refrigerator, and experimental 
halls constructed for the ISABELLE/CBA project in the early 1980s. Beams of Au 
ions can be accelerated to energies of 100 GeV/nucleon. Lighter ions such as 1 2 C and 
^Si can be accelerated to somewhat higher energies of 125 GeV/nucleon due to their 
larger charge-to-mass ratios, Z/A, and protons can be accelerated to 250 GeV. The 
machine involves two rings of superconducting magnets, so collisions between any pair 
of nuclear species can be arranged, in principle. A site plan for RHIC and the associated 
accelerators is shown in Fig. 3. The total project cost is of the order of $550M, including 
the experimental program. The first industrially-produced accelerator dipole magnet 
was delivered from Northrop-Grumman to BNL and passed its quench test with 40% 
margin on May 9 of this year. A dozen dipoles have been delivered since and have passed 
quench tests; all have passed field-quality checks also. Quadrupole, sextupole, corrector, 
and insertion quadrupole construction are all progressing well. Most civil construction 
is complete for the project, including preparing the two out of six experimental areas 
not completed as part of ISABELLE/CBA. Installation of dipoles into the ring has 
commenced and will continue over the next two years. 

The expected luminosity for RHIC is rather low, and must seem particularly so 
to those who have been engaged in designing SSC and LHC experiments. The design 
luminosity for Au-Au at top energy is 2 x 10 2 6 /cm 2 / s , and for p — p it is 10 3 1 /cm 2 / s . 
The proton luminosity in fact does not make full use of available AGS proton intensity 
and could be increased by an order of magnitude. The Au-Au luminosity could also be 
increased by a similar amount with a straightforward program of upgrades planned by 
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Fig. 3. Layout of RHIC on BNL site. 



the RHIC staif. It is worth noting, however, that production rates for massive objects 
(e.g., J/ip and T mesons, Drell-Yan pairs) are well-known to scale with mass A of the 
colliding nuclei as ~ 4̂1-8-2.0 - n n u c j e a r collisions, which compensates a seemingly low 
luminosity by more than four orders of magnitude when count rates are computed. 

There are two major experiments now approved and under construction for RHIC. 
These are named STAR and PHENIX and are described further below. Various smaller 
experiments are proposed, with two (BRAHMS and PHOBOS) now moving through 
the initial technical and budgetary review process. 

There axe also other areas of study that can or will be pursued at RHIC but 
which will not be discussed at any length here. These include: 

a. Study of two-photon collisions at RHIC (and also at LHC) when heavy ions are 
collided. This oifers a chance to study pseudoscalar mesons with little background 
yet good cross section; it is even possible to talk of W, Z, and Higgs production 
(for a Higgs of mass less than twice the W mass) at such colliders. The nuclei do 
not come within a strong-interaction radius; rather, the strong Z4 dependence of 
the photon flux and thus of the two-photon luminosity lets one select only distant 
collisions of the ions, meaning no particles are formed from strong-interaction 
collisions of the entrance channel nucleons.6 

b. Polarized proton operation of RHIC. A "magic" momentum exists for the injection 
lines of RHIC, such that polarized protons accelerated in the AGS can be trans
ferred to RHIC without losing their polarization. A series of Siberian snakes and 
spin rotators then lets a program of spin physics be carried out for p—p collisions 
up to y/s = 500 GeV, and for p+A collisions up to y/s = 250 GeV. Measurements 
would include polarized Drell-Yan to study quark helicity and transversity, heavy 
flavor (J/i>, ij>', T) and direct photon production to study gluon helicity, and W* 
and Z° production from polarized beams. 

c. Operation of RHIC as a facility for BB physics. This has been addressed in previous 
RHIC summer studies, and the case made for this physics at a p — p machine 
with luminosity up to 10 3 2 /cm 2 / s or more at y/s = 500 GeV. 

3 . Exper iments at R H I C 

The first experiment approved for RHIC is known as STAR (Solenoidal Tracker at 
RHIC). It consists of a large Time Projection Chamber (TPC), surrounded by a time-
of-flight barrel and an electromagnetic calorimeter. The TPC will have a silicon-drift 
microvertex detector at its center and external TPCs at high rapidity. An isometric 
view of STAR is shown in Fig. 4. 

STAR emphasizes full track reconstruction and particle identification for all par
ticles emitted in the central two units of rapidity at RHIC. Since rapidity densities of 
charged particles can exceed dN/dy = 1000, the design and event analysis for STAR 
are quite challenging tasks. Prototype TPC tests have shown that required chamber 
performance can be achieved, and event/track simulation Monte Carlos have shown 
that track reconstruction in the dense environment can be accomplished. The track 
density is not unlike that found in a jet which has fragmented into hadrons, but occurs 
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Fig. 4. STAR detector. 

over nearly the entire detector volume. STAR can perform particle identification for 7r, 
K, and p over the central two units of pseudorapidity and expects to obtain momentum 
spectra for JT*, K*, K°, p, p, d, d, <f>, A/A, S + , E~, and O - . 

The identification of multistrange hyperons and antihyperons is of particular in
terest and is a prime motivation for including the silicon-drift microvertex detector 
in STAR in order to spot displaced decay vertices. An illustration of the underlying 
physics motivation is shown in Fig. 5 (see Ref.7). The basic physics idea is that for a 
system at a temperature of 200 MeV (i.e., the QCD critical temperature), the thermal 
excitation of strange quarks is greatly enhanced. This coupled with strange quarks' 
lack of Pauli-blocking (unlike the case for the valence u and d quarks) makes creation 
of ss pairs quite likely, largely via gg —» ss reactions. It is easy for the s~ quarks to 
form mesons and the s quarks to form baryons, as shown in the figure, due to the large 
number densities of u, d quarks and the low densities for the corresponding antiquarks. 
Formation of multistrange antihyperons in particular is sensitive to the temperature 
reached due to the need to form not only several antiquarks, but for the mean temper
ature to favor formation of antistrange quarks. 

Given its large coverage, STAR can perform fluctuation analyses of single events, 
which is a means of searching, e.g., for the analog in a QGP of the critical opalescence 
expected for a second-order phase transition. This large coverage also makes it possible 
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Fig. 5. Strangeness enhancement and K+ (or A) distillation (figure from Ref.7). 

to extract the spectral shape parameters for identified particles; these can be related 
to the temperature reached during a given collision. This large coverage also means 
that small-relative-momentum correlations can be studied for single events, making it 
possible to study single event shapes, which might provide evidence for rapid or even 
violent cooling of the reaction volume, as might be expected following a first-order 
transition. STAR can also measure jet, photon, photon-jet, and jet-jet cross sections 
for all types of collisions at RHIC. These distributions are conjectured to provide 
information on the propagation of partons in a deconfined QCD phase. 8 ' 9 

The PHENIX experiment, which is also under construction, emphasizes detec
tion of lepton pairs, photons, and identified hadrons over a wide range in pr and mass. 
PHENIX has emphasized running at full possible RHIC luminosity, coupled with selec
tive triggering, and high event- and data-rates given that it is pursuing infrequently-
produced objects. One philosophy guiding the design of the experiment has been to be 
as inclusive as possible regarding potential signatures of QGP formation (since there 
are no "guaranteed" signatures for QGP formation agreed upon by the interested com
munity) and to look for correlated changes in several observables as a function of some 
global parameter such as charged-particle rapidity density or dEx/dr]. The list of pos
sible signatures which PHENIX will be able to observe includes: 



Debye-screening of strong interactions among partons due to large density of 
partons, resulting in a "suppression" of the formation probability of certain 
massive vector mesons [such as the J/^>, i>', T(2s), T(3s)] at low px 

Chiral symmetry restoration, resulting in changes in branching ratios and 
widths, particularly for the <f> meson, and possibly a dramatic narrowing of 
very wide mesons such as the a 

Thermal radiation from a hot gas of partons, resulting in copious emission 
of lepton pairs and direct photons with transverse mass in the range 1-4 
GeV/c 2 

Signals of phase transition phenomena, either for a first order transition 
with a large latent heat and resulting marked change in observables such 
as mean px, or for a second order transition with resultant fluctuation 
phenomena, such as non-Gaussian distribution of the neutral to total pion 
number density 

Production of strange and charmed quarks in great numbers, observed via 
copious production of kaons, <j> mesons, and charmed mesons 

Jet quenching, occurring due to increased energy loss for a jet trying to 
penetrate a QGP, and observed via the leading high-pr products from jet 
fragmentation to hadrons 

"Nonstandard" space-time evolution of the system produced, resulting in 
very long emission times for hadrons as could happen if a long proper time 
were needed for a QGP to cool to a hadronic state, observed via HBT 
correlations of identified pions and kaons produced at small AQ 

An isometric view of PHENIX is shown in Fig. 6. In contrast to STAR, PHENIX 
is better thought of as a collection of spectrometers with very fine granularity and 
including an array of specialized detectors to handle electron, muon, and photon de
tection. Those for electron detection are the most extensive, because the momentum 
range covered for electrons (150 MeV/c - 4 GeV/c and above) does not lend itself to 
the use of only one or two electron detection methods, instead requiring several with 
overlapping ranges of applicability as a function of electron momentum. 

The luminosity of RHIC is not nearly as high as that of present high-energy 
colliders, leading to some concern about counting rates for the infrequently created 
objects PHENIX is designed to observe. The luminosity is compensated by the scahng 
of production rates as ~ J 4 1 - 8 - 2 - ° j as noted above. The resulting estimated counting 
statistics for various vector mesons, Drell-Yan pairs, and for charmed-meson DD pairs, 
are given in Table 1, from which it can be seen that statistics should not be a limiting 
factor. It should be kept in mind that px coverage out to px/M > 2 is usually required 
to distinguish QGP from hadron-gas models of the collision. PHENIX was thus designed 
to ensure counting rates of several tens of thousand per vector meson species of interest 
in order to assure good counting statistics for px/M > 2. 
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Fig. 6. Isometric view of the PHENIX detector, showing the various spectrometer elements. 

4. Recent Theoretical Results Concerning a "Hot Glue" Scenario 

There has been a significant shift of theoretical viewpoint over the past three years 
concerning the likely energy densities (resp. temperatures) reached during the initial 
stages of a relativistic collision of heavy nuclei. (For example, compare the summary 
talk from the QM'91 conference1 and the theoretical talks in the QM'93 conference.2) 
It has been realized that the initial stages of these collisions, at center-of-mass energies 
which RHIC and the LHC will reach, will be dominated by semihard partonic processes. 
This has two main sources: the cross section for gg —>• gg is large, and the measured 
structure functions indicate that most of the incoming partons of interest are gluons. 
This means that processes with momentum transfers Q ~ 1 — 3 GeV/c are not at all 
"rare" or "isolated" in a sea of soft collisions, but are instead so frequent that a cascade 
calculation is needed to describe the situation properly, due to the large probability 
that a parton will undergo multiple collisions with other partons. Such calculations are 



now available (see, for example, Ref. 1 0) from several groups. One significant outcome is 
that the estimates for 7}n«,-0/ achieved must be revised upwards by more than a factor 
of two, which means energy densities reached increase more than an order of magnitude 
(recall that a Stefan-Boltzmann gas has e oc T 4 ) . 

Table 1. Typical yields per RHIC-year for various species 
into the PHENIX muon acceptance. 

Au + Au P + Au 
(Central*) (Mi: a. bias) 

p-+fi+H 309K 920K 
<t> -* / * " • > " 139K 500K 
J/lp -*• fl+fl~ 390K 1060K 
i>' -* **"*>- 5.7K 15K 
T -» p+p- 1.2K 1.4K 
T' -* p+p- 0.12K 0.14K 

Drell-Yan -+ fi+fi at 3 GeV 15K 26K 
DD -*• fi+p- at 3 GeV 26K 73K 
DD ->e-p WOK 370K 

*Au + Au central collisions correspond to 1% most central 
collisions for 2 X 10 2 7 luminosity, or to top 10% for 2 X 10 2 6 

("Blue Book") luminosity. 

The Drell-Yan and DD~ yields are quoted per GeV/c2. Yields 
into the electron arms are 3-10 times smaller due to accep
tance and solid angle. 

In the picture which has held sway earlier, namely the Bjorken scaling scenario,5 

one expected that QGP formation would be complete by To ~ 1 fm/c. This leads to 
estimates of Tinitiai ~ 240 MeV (for RHIC) and ~ 290 MeV (for LHC). The present 
view (which has its roots in suggestions by Shuryak some time ago 1 1 , 1 2 ) leads to a 
description of the proper time evolution of the collision in brief as follows: 

0 < r < 0.3 fm/c 
- entropy production 
- parton momentum equilibration via gg —* gg and gq —> gq 

0.3 < r < 3 fm/c 
- gluon chemical equilibration via gg —> Ng (where iV = 3,4,5,. . .) 

(described by the usual gluon splitting of QCD) 
3 < r < Teru (~ 5 - 7 fm/c) 

- expansion of a gluon-dominated plasma, which then evolves ("cools") 
first to a state of mixed QGP and hadrons and then finally into a 
purely hadronic state 



Such considerations result in estimates of T;m-t,-0j ~ 400-500 MeV (for RHIC) and 
600-900 MeV (for LHC). 

Predictions for other observables change significantly enough to require some 
rethinking of experimental strategy in searching for evidence of deconfinement. Three 
obvious areas to consider are: 

- The predicted cross sections for thermal direct photon and lepton pair emission in 
the range of Mircmsverse = 2 — 4 GeV/c 2 increase substantially, since they depend 
on T3 or TA. 

- Over 50% of the Ej is expected to be carried by minijets (already a subject of 
considerable study, see Refs. 1 3 - 1 6 ) , as opposed to hadrons formed late in a cascade. 

- Open charm production is greatly enhanced, since the mean temperature is now 
within a factor of 2 or 3 of the charmed quark mass. One expects "direct" open 
charm production at the level of dN/dy ~ 0.5/event (for Au-Au central collisions 
at RHIC). For thermal production from the initial phase, one estimate 1 7 reaches 
dN/dy ~ 0.1, 1.0, or 10.0/event for Tinitiai of 300, 400, or 550 MeV. Wang and 
Muller 1 8 have pointed out that charm production now becomes a useful experi
mental observable to diagnose preequilibrium times in the collision, a regime 
which was felt earlier to be quite difficult to probe. 

5. Modification of Hadrons at Finite Temperature 

It has long been speculated that observable properties of hadrons should change 
if they are immersed in a dense medium of strongly-interacting particles. Speculation 
related to QGP formation has been particularly intense concerning the properties of 
vector mesons; in this case a decay channel to lepton pairs remains open and presumably 
unaffected by an environment which might modify properties of hadronic decays of 
vector mesons. 

A simple view is to take the constituent quark model quite literally and assume 
that a baryon mass is three times that of a constituent quark mass and that a meson 
mass is twice the constituent mass. Then one naively expects that if the constituent 
mass tends towards zero, so will the hadrons' masses. (That is, this would be another 
consequence of chiral symmetry restoration.) A prescription for the temperature de
pendent behavior of a hadron's mass could then be 

mhadron3(T) ~ MT) ~ |<r/>V>(T)|(1/3) - (1 - TyTlJ1'* , 
which then tends towards zero as T approaches the critical temperature Ta-iu 

A better view 1 9 then takes into account the following: 
- Not all mesons are alike. 

- Instanton effects (e.g., the 77 is heavy and experiences a repulsive interaction, while 
the IT is light and experiences an attractive one) are suppressed at high T. This 
leads to the question if masses for different species first tend to come together to 
a common value before all tend to decrease towards zero around TC T t-1 : c o/. That is, 
does the "q mass decrease in the same manner as do those of the (p,u;, 4>)1 



- Effects due to resonance interaction (e.g., the p for nx and the K* for Kit). 

- Mesons (and nucleons?) act as quasiparticles in a strongly interacting environment 
and thus are not absorbed strongly —*• a collective potential exists, and this 
potential is momentum dependent. Thus pionic matter is not an ideal gas, but 
rather more closely resembles a liquid with attractive interactions. (At low wave 
number k, the interactions of a pion vanish as k —> 0.) 

These modifications are compensated away from Tcriticah but are possibly significant 
near T^.,-^,. 1 9 

A favored area for speculation along these lines regarding observables is the decay 
properties of the <j> meson. Its lifetime is r = 45 fm/c, meaning that some fraction should 
decay inside any "fireball" produced (although this same lifetime means some ^'s will 
almost invariably decay "outside," but this apparent shortcoming might become an 
experimental advantage in deciding whether any observable effect exists, and what 
fraction of either the collisions observed or of the proper lifetime of the system formed, 
exhibits any medium modification effects at all.) The <f> mass is only 30 MeV above 
the KK mass, yet <f> —> KK is its dominant decay mode. Thus its decay should be 
quite sensitive to any relative shift at all of the dispersion curves of the <j> and K in 
hot hadronic matter, as noted by R. Pisarski and E. Shuryak. Additionally, the <f> has 
isospin 0. Since w scattering at low energies is proportional to isospin, one expects 
no strong resonances decaying into <j> + ir. Thus one expects that the (f> is modified 
in-medium less than is the K. 

Experimental consequences of this could be: 

1. If the K mass increases just a little (15 MeV is only 3% of the K mass), then 
the main <j> decay channel is blocked. (The K+K~ channel takes 49.1% of the <j> 
decays and the K^K% channel takes 34.3%, with pit being next at 12.9%.) 

2. If the K mass decreases, then T^ can increase by a large amount. 

3. Since the <f> —* e + e~ and fi+p~ channels should not be affected, they can be used 
as a control. 

An open question is whether the mass peak in <f> —* l+l~ also shifts. A schematic picture 
of two differing views is shown in Fig. 7. Similar arguments have been presented for 
the p meson. 2 0 The p and A\ are chiral partners, so their masses might be expected to 
become equal if chiral symmetry is restored. An open question pointed out by these 
authors is whether the phase transition dynamics do, indeed, lead to critical points in 
the (m, T) plane which actually reach, as opposed to just approach, one another for 
the QCD deconfinement and the chiral symmetry restoring phase transitions. 

6. Disordered Chiral Condensates 

Much of what has been discussed above and in the body of literature concerning 
this subject has dealt with equilibrium behavior of the system. It is reasonable to ask 
what might the consequences be for relativistic heavy nucleus collisions should the 
system formed evolve in a highly nonequilibrium manner. One such area which has 
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Fig. 7. Two views on possible in-medium behavior of the 4> meson (figure from Ref.7). 

received intensive theoretical attention in the past several years is that of disordered 
chiral condensates, 2 1 - 2 6 which is discussed briefly below. 

The general idea of these investigations is to study the chiral order parameter 
(?L9R) m a region far from equilibrium following a QCD phase transition. Lattice 
QCD calculations lead us to expect that chiral symmetry is restored under similar 
(or the same) conditions as when deconfinement occurs. Near TCTiticah the chiral order 
parameter (<7£<7JI) and the QCD pion-like parameter (g075tf&) become equivalent. (As 
T —> 0, domains form with nonzero value of this latter parameter, given nonzero pion 
content.) One wants then to probe the correlation length of the chiral order parameter. 
(The condensed matter analog is the size of domains in a spin system. Similarly, the 
study of QCD Debye-screening via heavy vector meson suppression is a probe of the 
color correlation length; in this case the condensed matter analog is the Mott metal-
to-insulator transition.) If chiral symmetry is restored, all directions in TT (the direction 
in isospin) are equally likely. One then wants to know if one (or a few) large domains 
form with any favored direction in 7?. (If many small domains form, even with a favored 
direction in 7? for each, the gaussian limit for the aggregate of all domains is approached, 
and an experiment will only find the familiar equal numbers of each isospin type.) One 
can further ask the question whether long-wavelength modes are excited in the system, 
whether there are limits to the wavelength of the modes (m~x or larger?), and whether 
there are expected experimental consequences. This all has its roots in the long-term 
speculation whether regions of "misaligned" vacuum occur. Defining 4>a = (<r, 7?) (which 
has the expectation value (i/, 0) in the ground state), if <j)a becomes partly aligned along 
one of the 7? directions in such a misaligned region, then due to explicit chiral symmetry 
breaking (i.e., m^ ^ 0) in such a region, <f>° will oscillate about the a direction. Such 
a region can be expected to decay by coherent pion emission, leading to clusters of 
pions, bunched in rapidity, with possibly highly non-Gaussian charge distributions. 
Defining R to be the ratio of neutral pions to all pions, then, for example, Rajagopal 
and Wilczek 2 7 find a probability distribution for such clusters' value of R 

P(R) = 0 . 5 i T 1 / 2 , 

which is not at all Gaussian, and leads to the unusual, expectation that there is a 10% 
chance for the 7r° fraction to be less than 1%! 



A particular example has been put forth by Rajagopal and Wilczek,2 7 who model 
the central region of a heavy nucleus collision, assume that the baryon density is locally 
negligible, and assume the chiral order parameter {q^qn) = 0, i.e., is disordered after 
the expected transition to a chirally symmetric state. They first ask if this is likely for 
an equilibrium transition. For QCD with two massless flavors and a second order phase 
transition (as now seems likely from the lattice QCD work of, for example, Christ et 
al. 4), formation of such a state initially seems possible because second order transitions 
have long-wavelength critical fluctuations. However, since mu and m^ are nonzero, this 
is not likely in reality. Near T^-Mcai, the correlation length in the ir channel is less than 
T~}tical, meaning misaligned regions are small, leading to small or no chance to radiate 
the copious numbers of pions needed to observe this phenomenon in an experiment. 

Their model thus assumes nonequilibrium evolution; the system is postulated to 
undergo a "quench." This means the (<r, 7?) field is suddenly removed from contact with 
a high-temperature heat bath, and its subsequent evolution modelled using the T = 0 
equations of motion. (For a real heavy nucleus collision, life is somewhere in between 
the extremes of an equilibrium phase transition, where T decreases arbitrarily slowly, 
and a quench, where thermal fluctuations stop instantaneously. The verdict will be out 
on this at least until data from RHIC are available and subject to analysis.) 

Rajagopal and Wilczek performed numerical simulations in the linear sigma 
model, using T = 1.23^,4,^; as a starting point. They found large power concen
trated in the long wavelength modes of their model. At Ti„, t :a/, the power spectrum of 
these modes is white, and at late r , the energy is equipartitioned among the modes. 
But, for intermediate times, r ~ a few times nz" 1, the low wave number modes can 
reach 100 (or more) times the amplitude of the modes in the initial white power spec
trum. This leads to large fluctuations in the value of R. A similar analysis examining 
possible fluctuations in electric charge alone [i.e., between TT1 = 1 /V^(TT + + ir~) and 
7T = ')] concluded that long wavelength modes for charge were not ampli
fied. This means an experimentalist needs to measure both charged and neutral pions 
in the same kinematical region. Rajagopal and Wilczek also found that m~l did not 
form an obvious limit to the wavelength. The model results were limited only by the 
size of the lattice on which they were run, suggesting in an experiment that the modes 
could grow to wavelengths on the order of the transverse size of the fireball formed. 
Longitudinal modes are damped by the rapid longitudinal expansion of the fireball. 

As a closing experimental note on this subject, recall that two quite odd and rare 
types of cosmic ray events are known that might find their explanation in this idea: 

- Centauro events, exhibiting for example 50 7r+, 50 7r _ 1, and 1-2 TT° 

- anti-Centauro events, exhibiting 32 photons and only 1-2 ,K± 

7. Concluding Remarks 

There has been an active experimental program in this area at the BNL AGS 
and CERN SPS since 1986. Tantalizing hints of the expected behavior characteristic of 
a QGP have been found in several observables,1 , 2 but there is also a healthy industry 
engaged in trying to understand whether all these observations can be understood in the 
framework of conventional hadronic physics. The energy densities and proper lifetimes 



reached at RHIC should be much larger (and the running time much longer) than 
those reached at the AGS and SPS. The expectation is that this leads to a favorable 
experimental situation for resolving the conjectures about existence and properties of 
the QCD confinement transition and chiral symmetry restoration transition. 
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