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1. PROGRESS REPORT OF PAST RESEARCH 

The research program supported by the Nuclear Physics Division of DOE 
started in May 1991. The present three year period is from May 1, 1993 to April 30, 
1996. This progress report summarizes the work done during this period. The 
references in { } refer to the papers written in the period and have OlTS numbers, 
while those in [ ] are general references, including earlier papers of ours. They are 
listed at the end of this section and the next. 

A. QUARK HADRON PHASE TRANSITION 
While a large part of the theoretical effort in the quark-matter community is 

concentrated on the early phase of heavy-ion collisions in the hope of discovering 
identifiable signatures of plasma formation, my effort has been aimed at the final stage 
of the plasma and study the observable consequences of quark-hadron phase 
transition (PT). I am not oblivious to the complications that may weaken, or perhaps 
even erase, the  hadronic signal after PT. But if one is ever going to learn what those 
hadronic complications can do to the PT signal, it is paramount that we first know what 
the PT signal is without those complications. Thus we have embarked on a program to 
investigate distinguishable features of quark-hadron PT that are observable under 
ideal circumstances. Realistic complications in heavy-ion collisions are systematically 
taken into account in the studies proposed for future years. The study of 
phenomenological properties of quark-hadron PT is important not only because so 
little is known about it, but also because that is where really interesting physics should 
be, if we look at condensed-matter physics as an example and forerunner. 

There are several directions one can take in this subject: Ginzburg-Landau or 
computer simulation, first or second order, and experimental tests. The summary of 
our work is divided along those lines. 
1. Ginzburg-Landau Theory 

(a) Second order phase transition 
The study of observable consequences of quark-hadron PT was initiated in [l], 

where we addressed the problem of multiplicity fluctuation in the framework of 
Ginzburg-Landau theory. The conventional understanding in critical phenomena is 
that correlation length diverges at T, and that the critical exponents are universal. We 
wanted to know what those features would imply for hadron observables (instead of 
specific heat, etc.) when T is not a variable that can be tuned in heavy-ion collisions, 
and thus the  usual critical exponents are irrelevant. We found that the normalized 



factorial moments have no scaling behavior in the  bin size, but have an excellent 
power-law behavior in F' = F2& which we call F scaling. Furthermore p, satisfies 
the formula p, = (4 - l)', with v=l.304. 

In (1) I have analyzed the above problem in detail. Spatial inhomogeneity is 
taken into account, and the dependence of multiplicity fluctuations on the bin size is 
examined. The dependences of the F-scaling index p,  and of the scaling exponent v 
on the bin size and Ginzburg-Landau parameters are determined. It is found that 
universality holds to an accuracy of less than 1% deviation, and the value of the 
scaling exponent is v=l.31. Experimental data on hadronic and nuclear collisions 
that have been analyzed according to the 'procedure that I have suggested yield 
values of v that are all > 1.5 [2]. Thus one can conclude that no PT of the GL type has 
occurred. The result of (1) has been reported in'(7,9,10), and reviewed in (24). 

(b) Photocount at laser threshold 
Since heavy-ion experiments at high enough energies that can check our 

prediction on v are several years in the future, it is urgent to find other ways to test the 
theory. I have found it in quantum optics. It has been known for many years that the 
properties of a laser at the threshold of lasing can be well described by a second-order 
PT of the Ginzburg-Landau type [3]. Thus instead of hadrons in a heavy-ion 
experiment, one can study the photon-number fluctuations in a laser experiment, and 
make the analysis suggested in (1) to check the value of v. After some searching 
around, I found an experimental group that can do the laser experiment. The empirical 
value of v turns out to agree very well with 1,304. The work is described in (5). It 
provides the proof needed to validate the approach and the measure I have taken to 
characterize the observable consequence of second-order PT, in which particles are 
produced. Together with the work of (a), this has been reported in {IO}. 

(c) First order phase transition 
If the quark-hadron PT is first order, it can also be treated in the Ginzburg- 

Landau formalism. The fluctuation of the  multiplicity of produced particles can still be 
studied using F,, as I have done in (15). In that case the GL free energy has a Iqf 
term, and there is a parameter g that characterizes how deep the dip is in the f r e e  
energy, or how strong the first-order PT is. I found that F scaling is still valid, and the 
scaling exponent v now depends on g,  varying from 1.3 for weak first order to 1.45 for 
strong first order PT. It would really be exciting if at Rf-IIC energies or above the data 
can be classified according to the v value and provide u s  with a first experimental 
glimpse at the nature of the PT. . 
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It would be nice if a verification of this result can be found in quantum optics 
experiments also. First order PT at lasing threshold is possible with two-photon lasers 
[4]. Unfortunately, experiments with two-photon lasers are a very recent development, 
and I have not yet succeeded in persuading anyone to perform the relevant 
experiments, although they all express great interest in the subject [5]. 
2. Cluster Formation in the Mixed Phase 

In the case where the quark-hadron PT is first order, there is another process 
that can take place in space and time that is not considered in the Ginzburg-Landau 
formalism. That has to do with the existence of a mixed phase, in which quarks and 
hadrons can coexist, possibly for a long time. In that mixed phase hadrons can form 
clusters that can grow, either by themselves or by coalescence, so that by the time they 
emerge from the mixed phase region, they may be hadronic clusters of all sizes. 

Because of the complications involved, this problem cannot be treated 
analytically at present. In a series of papers { 6, 17, 21) we constructed cellular 
automata for the problem with different stages of complexity, first in one dimension, 
then in two dimensions with coalescence only, and finally in 2D with breakup included. 
The idea is to find simple rules that capture the essence of the dynamics and then 
show that the results from computer simulations are independent of the parameters 
used in the problem. What we found is a power-law behavior of the cluster-size 
distribution P(S)  = S-y, where S is the cluster size. In 2D the value of y is 1.9. It is 
universal in that it is independent of nucleation probability, nucleation radius and 
lattice size. There is no tuning parameter that takes the system to exhibit that behavior. 
In that sense the phenomenon may be regarded as exhibiting self-organized criticality 
(SOC) [6]. That is a new connection we have found between quark-matter physics and 
statistical physics. 

There are questions on how the clusters can be observed in heavy-ion 
collisions. They are discussed in (22). This subject of cluster production has been 
reported in {I 9) and reviewed in (24). 

B. PARTICLE PRODUCTION BY SOFT INTERACTION IN HADRONIC AND 
NUCLEAR COLLISIONS 
Soft production, intermittency and correlation are related problems in 

multiparticle production, on which I have worked for many years. There are many 
physicists in the community who do not appreciate the importance of studying those 
problems. One eminent nuclear experimentalist expressed to me this negative 
opinion on intermittency by saying that he does not see what one can learn from it. 
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Part of the problem with the experimental work in heavyion collisions is that most 
people s e e m  to know in advance what they a re  looking for and how to interpret what 
they will see. There is a lack of true exploratory spirit to delve into the unknown, 
except for the  likes of Bjorken. My response to  that experimentalist is that I thought 
o n e  of the dreams of an  experimentalist is to discover something that theorists cannot 
explain. What did Cronin and Fritsch plan to  learn when they discovered CP 
nonconsewation? (Incidentally, that experimentalist later admitted to m e  that his 
opinion has been changed by my argument.) This is a circuitous way of explaining 
why I regard the study of intermittency to be important. Although it does not have the 
impact of CP violation, it has ruled out many models on multiparticle production, such 
as the fireball model. Both the Fritiof model and dual parton model have troubles 
reproducing the intermittency data [2] {I I}. Those who ignore soft interaction or  
continue to  u s e  the Lund model for it do not care. But those who study soft interaction 
seriously and  attempt to describe it as best one  can in the absence of a workable 
theory take the  intermittency data as an  important guide post. Although the like-sign 
component of it is now regarded as being strongly influenced by Bose-Einstein 
correlation, the  effect in the unlike-sign sector persists ;and represents a challenge to 
the  theorists to  explain. My work in the'past several years has been to meet that 
challenge. The importance of understanding soft interaction is complementary to  that 
about phase transition, for if one  wants to identify a signal for PT, o n e  ought to have a 
good idea of how the observables should behave when there is no PT. 
1. ECCO 2.0 

ECCO stands for eikonal cascade code, a Monte Carlo event generator that 
implements the  geometrical branching model [7]. It ha:; been effective in reproducing 
not only the global features of the soft production data, but also the local features of 
multiplicity fluctuations, i.e., intermittency [8]. The first version of ECCO [9] is 
somewhat crude. It h a s  five parameters to  fit all major ;aspects of the particle 
production data, including the factorial moments of NA22 [IO]. It has subsequently 
been extended to treat nucleus-nucleus collisions [I I], as well as three-dimensional 
intermittency [I 21. 

In this grant period w e  have improved the first version of ECCO considerably by 
eliminating s o m e  ad hoc assumptions in the code. We have provided a sensible 
description of the leading nucleon distribution and  then demanded energy-momentum 
conservation a t  every branching step, not just overall conservation a t  the end  of 
branching. . Resonance production and decay have been incorporated in the final 
step. All of that have been accomplished with less parameters than before. More 
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significantly, those parameters are determined by fitting the global features of the data. 
Local features contained in the intermittency data are reproduced without further 
adjustment of any parameters. At this point ECCO 2.0 is the only event generator that 
can describe the multiplicity fluctuations in hadronic collisions [IO], as pointed out in a 
recent review article [2]. 

Using ECCO 2.0 we were able to show the validity of F scaling in pp collisions. 
Furthermore, the scaling exponent v is shown to stay roughly constant at around 1.5 
for & ranging from 20 to 100 GeV. At higher energies there would be significant 
contribution from hard interaction, which ECCO 2.0 does not take into account. Note 
that v4.5 is high enough above 1.31 to exclude PT. That is not surprising, but is 
nevertheless a good test of the criterion for PT. The work was written up in (2,3}, and 
reported in (8). 
2. Correlation 

Recent data on two-particle correlation in multiparticle production processes 
show a narrow peak at very small invariant mass for like-sign charged particles. No 
such peak is found for unlike-sign particle correlation. It suggests that the effect is due 
to Bose-Einstein correlation. In ECCO we can simulate the effect of such correlation, 
but not fully, since the algorithm deals with probabilities, not amplitudes. The 
interference of the wave functions of two pions results in an enhancement of the 
correlation function when their momenta are very nearly equal. We can simulate this 
effect by requiring a preference in the charge assignment of the two daughter particles 
in the last step of branching, depending on their momenta relative to their near 
neighbors. In that way the intermittency pattern is essentially unchanged, but the 
correlation function for like pions develops a peak at small momentum difference. Our 
simulation results agrees generally with the data, though not in every detail (4). 

An interesting theoretical question concerns the nature of correlations due to 
dynamical origin. If a system undergoes a second order phase transition, the long 
correlation length at the critical point should have some observable consequences. 
We have considered a specific aspect of the problem by focusing on the azimuthal 
correlation in the transverse plane, thereby avoiding the complications of longitudinal 
expansion that mask the main coherence effect. Instead of the usual way of 
introducing coherence by mixing coherent and chaotic components, the problem can 
be formulated in a way that makes use of a dimensionless coherence angle x .  The 
two-particle correlation function has, in addition to the conventional direct and 
exchange terms, a "contact" quartic term, which can be expressed in the exponential 
form with a new parameter E .  We have calculated the azimuthal correlation function 
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q(@) as a function of the azimuthal angle @ for a wide range of values of the 
parameters X,E and kR. There are features that range from the conventional (HBT for 
x+ 0) to the unusual (strong coherence for x z n , ~  f 0). Comparison with data, 
when available, will then provide some insight on the clegree of coherence in the 
system. This work is described in (18). 
3. Intermittency 

I was asked by the organizers of the 23rd International Symposium on 
Multiparticle Dynamics to give a theoretical review of iritermittency in high-energy 
collisions (1 1). As a result of that effort I wrote a review article on the subject with 
emphasis on the possible dynamical origins of intermitkency (14). 

C. QUANTUM CHROMODYNAMICS 
Whereas the work on soft interaction reported in Sec. B is model dependent 

and largely inductive, problems in perturbative QCD for hard interaction is strictly 
deductive. In the fixed-coupling case the QCD equations can be exactly solved, as 
Dreinin and 1 discovered (12, 13). The problem that we first considered is how the rate 
r of parton multiplicities of gluon to quark jets, i.e., r=(nG) / (nQ) ,  depends on the 
coupling strength a, and on the number of flavors Nf. To that end the differential- 
integral equations on the generating functions for the gluon and quark jet multiplicity 
distributions can be put in the form of algebraic equations, which can be solved 
simultaneously. The result is r=1.84&0.02, nearly independent of a, and Nf. The 
dependence of the effective coupling on the virtuality Q2 is such that the value of r 
remains essentially constant for the practical range of Q2. To compare the  theoretical 
value with the experimental data, it is necessary to adopt some Monte Carlo model to 
convert the partons to hadrons. Using Herwig to make that conversion the value of r 
is reduced to L38kO.02, which is barely outside the errors of the measured value 
L27+0.04+0.06 [13], and is thus regarded as being quite satisfactory, since the 
complication of running a, has been avoided. This work is described in (12). 

averages (nG) and (nQ). That is achieved by studying the factorial moments FqG*Q. In 
the fixed a, case the coupled QCD equations can be put in the form of 2(4-1) 
simultaneous, nonlinear algebraic equations involving all moments of order 2 to 4. 
Those equations are solved exactly, yielding rapid increase of FqGrQ with 4, more so 
for quark than for gluon jets. It means that the multiplicity distribution for the quark jet is 
wider than that for the gluon jet, although (nQ) e (n,). Those results are very 
insensitive to the value of Nf (13). 

To go beyond the above result we have considered the fluctuations from the 
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We have done this work on fixed-coupling QCD, not because it is more 
important than the running-coupling problem, but because it allows an exact solution 
that is not possible for running a,. In the running case it is inevitable'that some 
approximations must, be made; then it is difficult to assess how significant the errors 
are. The cumulant moments, which can easily be determined from Fq, can be shown 
to be highly sensitive to inaccuracies due to approximations. We have found that by 
varying the strength of the fixed coupling the cumulant moments of our exact solution 
vary very little. Thus we believe that the implication of our fixed-coupling solution is 
quite reliable {I 2, 13). 

D. CHARM PRODUCTION 

high energy, but it has not been well understood even in pp collisions. If it is produced 
at low p,, as a majority of them are, then the only scale of virtuality is the charm quark 
mass, which is not high enough to guarantee the applicability of pQCD. Indeed, 
recent experimental data on t h e  production of D' mesons in ~ p collisions show 
glaring disagreements with theoretical predictions by both pQCD and the Lung string 
model [14]. Specifically, the data are on the  difference between 7? +p+ D'+X and 
n? -1- p 3 0' + X in the beam fragmentation region of the pions, referred to as the 
asymmetry A. If the cross sections for these processes cannot be reliably calculated, 
then our knowledge of the open charm production rate in pp, PA, and AA collisions is 
in question. 

I examined this problem and found that the valon model for low-p, processes, 
which I constructed many years age [15], is applicable. The important aspect about 
the asymmetry is that the flavors of the valence quarks in the beam strongly influence 
the charges of the D mesons produced, a fact that cannot be accounted for in pQCD. 
Such an influence is natural in the valon model, which on the one hand specifies the 
multiquark distributions on the basis of the  constituent-quark picture, and on the other 
uses recombination mechanism to describe hadron formation in the  fragmentation 
region. Since all the parameters in the  valon model have already been fixed 
previously in confronting other hadronic processes, I was able to treat the z+ D 
problem without introducing any free parameters. The calculated result for A agrees 
very well with the data (16). What one learns besides the  failure of pQCD is twofold. 
First, for low- p, processes recombination is more important than fragmentation. That 
is why the Lund string model fails. It serves as a warning to those physicists who use 
the Lund model to take care of soft interactions in heavy-ion collisions. Second, the 

The production of open charm is an important process in nuclear collisions at 
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momenta of the valence quarks in the incident particle are not significantly affected by 
the partons in the target so long as their rapidities are well separated. That is 
consistent with the known fact of short-range correlatiori in rapidity. This work is 
described in (16). It forms one of the bases for the proposed work on charm 
correlation to be described in Sec. 11. A below. 

E. CHAOS IN NON-ABELIAN GAUGE THEORY 
. We have embarked on a program to investigate whether the nonlinear, non- 

Abelian dynamics of the quantum Yang-Mills field possesses chaotic behavior. Since 
the traditional measures of chaoticity in classical systems are not applicable to this 
problem where the number of degrees of freedom changes with time (increases in 
branching process) and the notion of trajectories is ill-defined, we have to find new 
measures that can quantify chaos in a quantum system. Instead of treating the QCD 
problem in general, which is horrendously complicated, we have chosen to focus on 
branching processes, where perturbative QCD is applicable. In place of trajectories 
with nearby initial conditions, we consider branching processes all initiated by an off- 
shell parton with the same high virtuality Q2, and let qui2ntum fluctuations vary the 
evolution process. For the "temporal" behavior of branching we use the normalized 
variances of the distributions of parton multiplicities at various generations to 
characterize the "distance between trajectories". For the "spatial" behavior the 
normalized factorial moments F, are used to describe the distribution of partons in 
momentum space for every event. Computer simulation of the branching processes is 
necessary in order to calculate the degree of fluctuatioris in both temporal and spatial 
analyses. 

For an efficient way of summarizing the nature of fluctuation of F, from event to 
event, a new measure p4 is introduced. It is called the entropy index and is related to 
the scaling behavior of the moments of F,. It can be determined from the data on 
particles produced in high-energy jets or in event generators. The larger pq  is, the 
more chaotic is the behavior. In our work we have considered two types of branching 
processes: (a) QCD branching, and (b) x model. The latter is an example of an 
Abelian interaction that has no infrared or collinear divergence. The result of our work 
indicates that p4 for QCD is much larger than that for the x model. Furthermore, P, 
for the  x model is sub-Poissonian, while for QCD branching it is much wider. 
Collectively, these properties suggest that QCD branching is chaotic, while the x- 
model branching is not. The work is described in (23, 28). 
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F. 
1. 

OTHER PROBLEMS 
Factorial moments of continuous order 
The normalized factorial moments Fq are defined at integer values of q only. 

However, for multifractal analysis it is necessary to continue Fq to all real values of q. 
Replacing factorials by gamma functions is a simple procedure, but inappropriate 
because it loses the attribute that nontrivial Fq contains no statistical fluctuations, Le., if 
the input Pn is pure Poissonian, then Fq = 1 identically, for all real q. I have found a 
way to continue Fq to nonintegral 4 while maintaining the property that Fq =1 for 
trivial dynamics. This work facilitates the determination of the multifractal dimensions 
of the particle production processes. (20) 
2. 

to a problem in evolutionary biology. The concept of PT in biology is not well 
developed. By chance I took notice of a paper in which is described an evolutionary 
game involving cooperators (C) and defectors (D) on a two-dimensional lattice. 
There is one tuning parameter b, which is the payoff for a defector. There are many 
interesting patterns of C and D, but for a specific value of b the pattern involves 
clusters of C of all sizes in a background of D. It looks to m e  like the behavior at a 
critical point. Upon analyzing the problem using Fq, we found F scaling, as described 
in Sec. I.A.1 (a) {I}. Furthermore, the scaling exponent v is found to be L23f0.15 in 
good agreement with the result of L31 for Ginzburg-Landau type PT {I} and for the 
photocount data from the laser experiment (5). Thus we have provided a strong 
support to the possibility that PT may be a valid concept in evolutionary biology, even 
though the biological system may be quite different from a physical system undergoing 
PT. This work is described in {27}, which has been submitted to Nature for publication. 
3. Multiplicity distributions of squeezed isospin states 

Recent interest in disoriented chiral condensate (DCC) [I61 as a possible 
explanation of the Centauro-type events [I71 has rekindled interest in the study of 
coherent states as a way of understanding unusual charge distributions. If charged 
pions are always produced in pairs to maintain local charge neutrality of the source 
medium, it is very natural to consider squeezed states, which involve operators that 
are exponentiations of the quadratic forms of the creation and annihilation operators. 
Unlike quantum optics the squeezed coherent states produced in hadronic and 
nuclear collisions must  have a limited range of possible initial isotopic spin states. 
Dremin and I have combined the two concepts (squeezed coherent states and isotopic 

Phase transition in evolutionary biology 
The method developed in {I} to characterize phase transition has been applied 
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spin states) and investigated their consequences on the  neutral and charge pion 
distributions in hadronic and nuclear collisions. 

I = 0 and I = 1, I, = 1 states and for either sign of squeezing. It is a feature that may be 
relevant to the Centaur0 events. On the other hand, for I=1, I, = O  the neutral to 
charge ratio is about 1 for positive squeezing, and greater than 1. for negative 
squeezing. The latter leans toward the characteristics of the anti-Centaur0 events. In 
all isospin states the charged pion distributions are most sensitive to squeezing. By 
varying the squeeze parameter, one can not only adjust the neutral to charge ratio, but 
also change the detailed no and n, dependences. 

We have not made any proposal to suggest that the dynamical origin for the 
anomalous production of particles is related to the squeezed states. Our work only 
provides a formalism of the phenomenological description of unusual Pnu and Pn,. 
Further study on how the squeezed states can actually be produced in certain 
collisions at high energy can be justified only if our formalism is found empirically to be 
well suited for the data when more become available. This work is described in (25). 
4. 

in which there are many more events than expected having large transverse momenta. 
Extending the leading-order QCD jet calculations for hadron-hadron collisions to 
hadron-nucleus collisions, they have performed a simulation of the propagation of 
cosmic-ray particles through the atmosphere. It is found that pQCD cannot account for 
the excess of the particles produced at large pT (26). 

We have found that the neutral pion distribution Pnu has a peak at small no for 

Cosmic-ray events at ultra high energies 
Cao participated in a cosmic-ray group to interpret the results of an experiment, 

G. QUARK-GLUON PLASMA 2 
The first volume Quark-Gluon Plasma [ 181, which is a collection of review 

articles on the theoretical aspects of the subject, has turned out to be a very useful and 
timely source of information for active workers in the field. Not all interesting topics 
could be included in that volume for reasons ranging from unavailability of some 
prospective authors to limitation of print space. After five years more advances have 
been made in some subjects, and new topics of interest have arisen. It is therefore 
opportune to have another review volume. I have assembled a collection of thirteen 
articles, which again look very good and useful. They will be published as a sequel to 
the first volume under the title Quark-Gluon Plasma 2 (29). 
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H. 

that I regard as positive response to the situation. I screen the students carefully. If 
after six months of working with a student 1 find him to be not good enough to be 
competitive in the job market in the future, I would advise him to switch to a different 
field. I would use the Research Assistantship to support promising young physicists 
who need help to  be trained to become more effective in their research. A case in point 
is Jicai Pan. H e  got his Ph.D. a t  the Free University of Berlin, but was  not able to get 
any postdoctoral job because his thesis advisor refused to write any letter of 
recommendation for nonacademic reasons. Furthermore, the training h e  received was  
not good enough to prepare him to do frontline research. He came to Oregon on his 
own money, and when I found him to have some potential, I supported him a t  the 
research assistantship salary. The end result is that with further training a t  Oregon h e  
was able to  leave Oregon with a Research Associateship a t  McGill University working 
with C. Gale and S. Das Gupta. While a t  Oregon h e  collaborated with m e  on a 
number of problems, which I would not have been able to complete without his 
computing expertise. 

degree from Beijing University, and has been a member of a cosmic-ray experimental 
group. H e  is now working with m e  a t  the salary of a research assistant. He is an 
expert in Monte Carlo simulations and has performed in a role that is vital to  the 
investigation of problems on chaos and phase transition, carried out in this grant 
period. He is being trained to  work on the physics of heavy-ion collisions, on which h e  
h a s  had only peripheral experience. When he finishes a t  Oregon, h e  will contribute to 
the pool of nuclear physicists, without too much resources having been expended on 
his education. 

A very good student is soon ready to take the research assistantship position as 
soon as h e  is finished with his commitment to a TA position. My hope is that he will 
stay interested in the type of research supported by this grant. The dismal prospect for 
permanent jobs often causes good students to decide unilaterally to  change their 
fields. Pan and Cao represent the efforts made that result in movements in the 
opposite direction. 

COMMENTS ON TRAINING OF YOUNG PHYSICISTS 
Because of the tight job market for Ph.D.s in our field, I have done some  things 

Currently, there is another person in a similar situation. Z. Cao has a Ph.D. 
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