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Preface 

This RHIC Theory Summer Study was held at Brookhaven National Laboratory, July 
8-19, 1996. Considering its apparent success and broad attendance, one can only hope this 
meeting is just the first in a long series. The ostensible reason for the Study was to define 
and sharpen the scientific focus of the physics at RHIC. An unstated purpose was to bring 
together leading figures in disparate disciplines and have them forge their thoughts and ideas 
into a coherent whole. It is not the first time workers in hard QCD, lattice thermodynamics 
and the phenomenology of heavy-ion collisions have co-attended meetings, but perhaps the 
open format and the background presence of an accelerator actually devoted to this physics 
might have been expected to catalyse closer interplay of these fields. 

As one summary speaker stated, the heart of the subject is phenomenology. RHIC 
concerns itself with producing and detecting signs of high particle and high energy density 
in an ultra relativistic nucleus-nucleus collision. This involves both perturbative and non- 
perturbative aspects of the strong interactions and necessarily can not be aadressed solely 
by pristine theoretical algorithms. One must also borrow from and extend the techniques of 
the past couple of decades directed at diffraction and production in hadron-hadron collisions. 
The many contributions presented in this Proceedings speak eloquently to this need. 

RHIC '96 was divided into four sections, each devoted to a single theoretical topic. The 
Proceedings- reflects this. An additional section, housing presentations by experimentalists 
describing the RHIC detectors as well as new results at CERN, FNAL and the AGS, was 
added. The list of participants and the Table of Contents remind us of those speakers whose 
contributions, unfortunately, are absent. The entire day by day Agenda was viewed as too 
long and complicated to include. Nor is there any memory of the numerous parallel working 
sessions, except perhaps in forthcoming research. 

Many peoples efforts went into making RHIC '96 possible. T. D. Lee and Tom Kirk 
provided the original impetus. The convenors and organisers were instrumental in defining 
the scope of the workshop and in selecting its attendees. The speakers themselves, in 
practice almost all invitees ) were a most important ingredient. Special thanks are due Doris 
Rueger, Bonnie Sherwood, Pat Tuttle, Liz Mogavero and Mary Campbell for seeing that 
the workshop operated smoothly and pleasantly. Pat Yalden, in the Laboratory's Graphic 
Arts division, collaborated beautifully with the artist, Elinor Kahana, to produce the cover 
to this volume and the Workshop Poster. 

I, personally, would like to thank all of the above, and my co-chairman Tom Ludlam, for 
their excellent cooperation. 

October,1996 Sidney Kahana 

... 
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To Know the Smallest 
We Need the Largest 

T. D. Lee 
Columbia University, New York, NY 10027 

I. INTRODUCTION 

Below is a list of some of the milestones in physics since 1870: 

‘70 
’72 
‘73 
‘74 
’75 
‘77 
‘79 
‘83 
‘a7 

‘94 
‘95 
‘96 
‘97 
‘99 
‘00 

Nineteenth Century Twentieth Century- 

Maxwell Equation 
Boltzmann Equation 

Asymptotic Freedom (QCD) 
c Quark 

b Quark 
Gluon 
w, z 

7 

Hertz: Electromagnetic Wave 
Photoelectric Effect 
Michekon-Morley Experiment 

Roentgen X-ray 
Becquerel Radioactivity 
Thomson Electron 
Rutherford a and p rays 
Planck Formula 

t Quark 

Of these the discovery of the electron by Thomson in 1897 set the direction of the field 
“particle physics”. 

... 
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This leads to the theme of my talk: 

From 1897 - Present: 
To comprehend the largest, 

we need only understand the smallest. 

From Present - 21" Century: 
To know the smallest, 

we need also the largest. 

One of the reasons for the change is the evolution from simple systems consisting of a few 
elementary particles to their merging with a complex condensate-the physical vacuum. 

Let us start with one of the puzzles in modern physics: the discrepancy between sym- 
metry and asymmetry. 



11. WHY DO WE BELIEVE IN SYMMETRY? 

THEORY (1996) 

QCD (strong interaction) 

SU(2) X U(1) Theory (electro-weak) 

General Relativity (gravitation) 

All these theories are based on symmetry, 
but most symmetry quantum numbers are 
not conserved! 

So, why do we believe in symmetry? 

Perhaps the reason is 

Maximum Asymmetrical Possibilities = Perfect Symmet y. 

I wish to illustrate this seeming paradox by the example of the buckling of an elastic 
beam. 

When one applies a force F to a beam, the deformation is uniform over the length of the 
beam if F is small. However, the beam buckles when F is larger than a critical value. This 
problem was solved by Euler, as shown in Figure l(a). What I would like to call attention 
to is the relation between the possible buckling directions and the shape of the cross section 
of the beam, a s  illustrated in Figure l(b). 

If the cross section of the beam is a circle, then the buckling can be along any direction 
perpendicular to the beam. There are three important conclusions that can be drawn for 
such a perfect symmetrical initial state: 

1) A circular cross section gives maximum (infinite) possibilities of asymmetrical buckling 
directions. 

2) Because these different asymmetrical buckling possibilities stem from perfect circular 
symmetry, they are connected through rotation. 

3) If we rotate very slowly from any one of these asymmetrical bucklings to another there 
is no energy cost. Consequently, this gives rise to a zero-energy excitation (analog of the 
Goldstone-Nambu boson). 

Point I) gives a clear illustration of the theme that perfect symmetry can generate the 
maximal asymmetrical possibilities. In that case, point 2) emphasizes that the complexity 

xv 



E 

e 
F - 0  

BUCKLING (Euler) 

F> 4 9 E I / Q Z  

E = elastic constant 
I = moment of inertia 
Q = length of the rod 

~ 

cross- 
sections 

Possible 
Buckling 
Direciim 

00 

2 

1 

~ ~~ ~~ 

Figure l(a) 

FIG. 1. 

Figure l(b) 

of all these asymmetries can be unified into a single mechanism based on perfect symmetry. 
Furthermore, if one is confronted with any one of these asymmetrical configurations, the 
underlying perfect symmetry can be verified by observing the zero-energy Goldstone-Nambu 
excitation. 

The buckling problem illustrates how to reconcile symmetry in principle with asymmetry 
in manifestation. It is also an example of the spontaneous symmetry breaking mechanism, 
which relates the asymmetrical phenomena to an origin that is perfectly symmetrical, and 
forms the basis of the Standard SU(2) x U(1) Model. As in the buckling example, the 
symmetry in physical law can generate a large variety (maximal) of asymmetries; further- 
more, these asymmetrical configurations are in turn connected through the symmetry, and 
thereby result in the zero-mass Goldstone-Nambu boson excitation, which can be verified ex- 
perimentally. However, in order to apply the spontaneous symmetry breaking mechanism to 
the microscopic system of elementary particles, one has to assume that the physical vacuum 
is not symmetric. 

What is the physical vacuum? Our present view is that it has the following properties: 
1) a state without matter, 
2) but with energy fluctuations (virtual matter) because of interactions, 
3) Lorentz invariant, 
4) therefore not aether, 
5) a complex condensate that can violate symmetry, 

xvi 



6) like superconductors, can undergo phase transitions. 
Also, as we will discuss, it may violate T (time reversal) and CP (charge conjugation 

x parity). 
Even though there is no “matter” in the physical vacuum, because of the uncertainty 

principle the presence of interactions necessitates energy fluctuations in the vacuum, which 
makes it a complex system. The Lorentz invariance implies that the vacuum transforms like 
a scalar or pseudoscalar field; like such fields it can have complicated structures. The Rela- 
tivistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory will be an effective 
tool to study the complex structure of the QCD vacuum, as illustrated in Figure 2 (together 
with some of the questions). 

RHIC (20 TeV/ nucleus) 

Au Au 

chiral symmetric? 

quark-gluon plasma ? 

7 7-chiml Tdmnfine 

how to detecf? 

FIG. 2. 

Our subsequent analysis will be divided into three parts: 

0 Phenomenological Models? 

0 How good is QCD? 

0 New Approaches? 



111. PHENOMENOLOGICAL MODELS 

A. Problems 

Table I gives a few of the worries concerning most of the phenomenological models. 

PHENOMENOLOGICAL RESONANCE CALCULATION 

e Take the ARC model for.% t- AU at AGS (14.6 GeV/dnucleon). 
For detailed A production, there is an 8- 10% 
difference between C.M. and Lab. system. 

At RHlC energy, the corresponding difference may become 50-700%. 
At AGS, thermalization could be a reasonable zeroth-order 

At RHlC energy, the equilibrium concept is hard& applicable. 

approximation. 

-4s a concrete example, we examine the cascade (ARC) model developed by Kahana, 
Pang and Schlagel [l] give by Table 11. 

Cascade (ARC) 

2. Straight line trajectories 
< - E  
' - E. 

Z ( t )  = 4 ( 0 )  + v; t 
3. Collision at closest approach 

d <  

4. Outgoing channel selection 
pattial cross-sections: 
elastic, inelastic (productions of pion, strange, ...) 

5. Momentum distribution 
/w= - space) I A 12 

Repeat steps 2-5 

Y. Pang, T. J. Schlagel, S. H. Kahana 

TABLE 11. 

Step 3 involves a nonzero d, which makes the model violate Lorentz invariance. For 
applications to RHIC physics, this would be a serious problem and must be corrected. 
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B . Lorent z Invariant Models 

A particularly attractive approach has been developed by Y. Pang [2], based on Feyn- 
man's parton model and the relativistic Boltzmann equation. Table I11 summarizes Pang's 
method: As the parameter A + 00, the number of partons also becomes infinite, and the 
cascade model becomes the relativistic Boltzmann Equation (Table IV) 

I 
Lorentz invariance 

w(z,t,p) = Boltzmann probability function 

Decompose each particle into a large number 

N 

1 
= c 63(z - Zi(t))63@ - P i )  

x of partons 
N + X N  W+XW with A + =  

Cross-section 0 + U / X ,  so that 
mean free path - wu fixed 
collision distance d = 
:_ Cascade Model + Relativistic Boltzmann 

y: Pang 

+ i/fi + 0 

Equation 

TABLE 111. 

Relativistic Boltzmann Equation 

" m 

[- C6,4.63@- &) + c 6,,ja3@- PZj)] 
i=l j=1 

Probability Distribution: Wn(5,t.g) 

S-Matrix: 

a. bi. cj = @. n, n, K, p. A. A. C.. . 

TABLE IV. 

xix 



C. Non-uniqueness in Interpretation 

Assuming that in Au + Au collisions at RHIC energy, a large increase in entropy density 
is observed in the central region (through, say, mr or/and K K  interferometry), how can 
we be sure whether this signifies a transition to quark-gluon plasma (QGP), or simply the 
observation of Hagedorn temperature corresponding to the emergence of a very large number 
of broad resonances? 

Another example of the non-uniqueness in interpretation is given in Figures 3-5 on J/$ 
suppression. (I thank M. Gyulassy and S. Gavin for giving me these diagrams.) 

1.2 

1 .o 

E 0.8 

v 0.6 

0.4 

Y- 

A L 

0.0 o-2 L 0.6 0.8 
0.0 0.2 0.4 

NGeV 

FIG. 3. Matsui and Satz predicted suppressions of J /$  as a result of QGP formation. This 
figure shows the dependence of $', xc, and J /$  radii on Debye mass. 

0 2.5 5 7.5 10 12.5 
L (fm) 

FIG. 4. NA 50 result on J /$  to Drell-Yan ratio showing a J /$  suppression in Pb + Pb collisions. 



30 
n 
v! 
d- 

I 
o! 
W 20 

\ 
b 

I a 

2 
* 10 

0 

- 
-------_____ 

-- nucleons only 
- comovers, n - 
-- comovers, n - 

0 50 100 150 

FIG. 5. Gavin and Vogt predicted J / $  suppression in Pb+Pb collisions due to J /$  absorption 
by nucleons and cornovers. 

IV. HOW GOOD IS QCD 

The non-uniqueness in interpretation of RHIC physics can only be resolved when QCD 
can be elevated into a theory with precise predictive power. 

A. Continuum vs. Lattice QCD 

At present, there are two main approaches, the continuum QCD and the lattice QCD, 
for solving problems with strong interactions. Each has its own limitations, as summarized 
in Table V. We emphasize that the present compact form of lattice QCD is intrinsically 
different from the noncompact form of continuum QCD, except in the weak-coupling limit 
or when the lattice size equals zero. Both limits are difficult to achieve. In addition, for 
lattice QCD there is the problem of spurious fermion solutions. 

It is well know that the Dirac equation on a discrete lattice in D dimension has 2 O  

degenerate solutions. The usual method of removing these spurious solutions encounters 
difficulties with chiral symmetry when the lattice spacing l # 0, as demonstrated by the 
persistent problem of pion and kaon masses. On the other hand, we recall that in any 
crystal in nature, all the electrons do move in a lattice and satisfy the Dirac equation; yet 
there is not a single physical result that has ever been entangled with a spurious fermion 
solution. Therefore it should not be difficult to eliminate these unphysical elements (as will 
be discussed in the next section). 



CONTINUUM QCD 

ACTION A = - f 1 Fpv Fpvd4x 

( Fpv UNBOUNDED) 

Based on Perturbative Series 
of Noncompact Action 

Difficulties with 

confinement 
hadron spectra 
hadron distributions in 

dynarnical processes 

LATTICE QCD 

A = g i t r a c e ( l  -Ua )+c.c. 

(4  BOUNDED) 

Based on Compact Action, 
and often with Euclidean time 

Difficulties with 

spurious fermion solutions 
(Wilson & staggered formalism) 

pion mass 
dynamical processes 

TABLE V. 

V. NEED FOR A TERAFLOP MACHINE 

At present, in order to remove the spurious fermion solutions, two approaches are being 
used in lattice QCD: the Wilson and the staggered formulation. So far, their results have 
large differences, as illustrated in Figure 6 .  (I thank N. Christ for giving me this diagram.) 

Nt=4 Phase Diagram 

t w o  pure 

- . . - . . - . . . . - . . - . . - 

mv.da 

FIG. 6. 
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Table VI lists the need for a teraflop machine, in order to resolve this and other pressin 
problems of lattice QCD. 

NEED FOR A TERAFLOP MACHINE 

In order to make a more definitive statement on 
The continuum limit of lattice QCD 
(by comparing staggered fermion thermodynamics at 
Nt = 4, 8 and 12) 

The calculation of pion mass 

The comparison of finite temperature Wilson 
and staggered fermions on Nt = 4 and 8 
lattices. 

thermodynamics 
An improved action to study Nt = 8 

TABLE VI. 

VI. NEW APPROACHES 

From the determination [3] that the A-parameter is about 230 MeV, it follows that f; 

physics in the small domain k' << h-l, the continuum QCD should be applicable. Latti 
QCD becomes important only for physics at large distances k' > A-', when confineme: 
plays a dominant role. Thus it seems reasonable that we probably only need a lattice 
spacing e<, 1/5 fm, the interior of which could be studied by using continuum QCD throul 
perturbative calculations (because of asymptotic freedom [4]). 

In Au+Au collisions, the whole process occurs in a spatial dimension about 10 fm. ThL 
a finite lattice of - 503 points in spatial distribution might be sufficient, as illustrated 
Figure 7. Thus a teraflop machine could be sufficient to resolve our present need. 

-.& 

p e r t u r b a t i v e  QCD 

1 I I I -  

I I I  I I l l  

FIG. 7. 
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The crucial problem is how to devise an interpolation formula, connecting the continuum 
QCD with the lattice QCD, without taking the lattice spacing C + 0 limit (i.e., keeping C 
fixed at, say, <, 1/5 fm). There are two difficulties: 

(i) spurious fermion solutions. 
Both the staggered and the Wilson fermion approaches can be connected to the contin- 

(ii) the noncompact action of continuum QCD vs. the compact action of lattice QCD. 
Our subsequent discussions will be divided into three parts: 

uum formulation only in the limit C + 0. 

A. Spurious Lattice Fermion Solutions 

To see the origin of the spurious lattice fermion solutions, we may consider the re- 
placement of the continuum equation - ia$ /ax  = p$ by its discrete form in one space 
dimension: 

(1) 
i -5 ( $ j + 1 -  q j - 1 )  = PL $j 

where $j  is the value of $ at the j t h  site. The above equation can also be derived by 
setting the derivative d / d $ j  of the discrete bilinear form 

to be zero at a constant cj $; $j . The lattice-eigenvalue p~ is given by 

1 
p~ = - sinKC e 

where 

(3) 

(4) 
is between -7r and 7 r -  The spurious solution refers to the zero (pL(0)  = 0 )  at 0 = 7r 
(which is the same as t9 = -7r). This is a special case of the Nielsen-Ninomiya theorem [5]: 
For any continuous and periodic function p~ (e) , if as 8 + 0 p~ (e) -+ K = 8 / C , then 
because of the periodicity p ~ ( 6 )  = p ~ ( 6  + 27r) , there must be another zero of pL(0) for 6 
between 0 and 27r. For a D-dimension cubic lattice, the corresponding wave function is a 
product function, the number of spurious solutions becomes 2O. 

B. Elimination of Spurious Lattice Fermion Solutions [6] 

We note that on a discrete lattice, particles hop from point to point, whereas in a real 
crystal the lattice structure is embedded in a continuum and electrons move continuously 
from lattice cell to lattice cell. In a discrete system, the lattice functions are defined only on 
individual points (or links, as in the case of gauge fields). However, in a crystal the electron 
state vector is represented by the Bloch wave functions which are continuous functions in 
F ,  and herein lies one of the essential differences. 



In this new approach we shall expand the field operator in terms of a suitably chosen 
complete set of orthonormal Bloch functions 

where 1-1 denotes the Bloch wave number restricted to the Brillouin zone, and n labels 
the different bands. Thus, e-iB.Ffn(.@ I F') has the periodicity of the lattice. The lattice 
approximation is then derived by either restricting it to only one band (say, n = 0) ,  or to 
a few appropriately defined low-lying bands. Since the inclusion of all bands is the original 
continuum problem, there is a natural connection between the lattice and the continuum 
in this method. By including the contributions due to more and more bands, one can 
systematically arrive at the exact continuum solution from the lattice approximation, as 
we shall see. There is a large degree of freedom in choosing the Bloch functions (l.l), as 
the original continuum theory has no crystal structure. These extra degrees of freedom are 
analogous to gauge fixing; the final answer to the continuum problem is independent of the 
particular choice of Bloch functions. 

For the expansion of the continuum wave function $(z) in terms of ( 5 ) ,  we choose the 
zeroth band (n = 0) to be simply the linear interpolation of the discrete values { $ j  } ; i.e., 
in the zeroth-band approximation 

where 
A(X) = for ~ z l < e  

otherwise. 

Thus, at z = j e  , $(x )  = t$j. Substitute (6) into the continuum bilinear form 

B($(x))  = -+w+ -&- d?)(x) d x .  

Setting aB / a& = 0 at a constant J $+$ d x  , we find 

qj cc eiej 

with 0 given by (4). Correspondingly, the zeroth-band Bloch function is 

(7) 

'where N is the total number of lattice sites. It is not difficult to construct from fo ( K  I z) 
and the Fourier series a complete set of Bloch functions ( 5 ) ,  which satisfy 

(9) 

Let 

XXV 



We find for n = 0 

which, like (3), has a spurious zero solution at 8 = 7r .  

If we substitute the full expansion 

into (7), then 6B / 6$(a;) = 0 at a constant J +t+ dx gives -2 a+ / i3a; = px wuere 

27r m 
e p =  K + -  

with K given by (4) and m = - -  , -1,O, 1, - -  - 

3 

2 

1 

5 0  

-1 

-2 

-3 
-1.0 -0.5 0.0 0.5 1.0 

O h  

FIG. 8. The dash-dot line gives p0 = 3 sine/ (2 + cost) vs. 0 = K t  and the dashed lines 
denote p-1 and j31 defined by (10). The solid lines are the continuum freeparticle spectrum 
pt=Kt+27rmvs.8,  with m=O and fl. 

In Figure 8, the abscissa is 8 / 7r = KC / T , the solid line gives the exact continuum value 
p l /  7r and the different segments correspond to m = -1 ,O,  1. The dashed line segments 
are the corresponding ,&/T defined by (10). For I n I > 1 , each /3n deviates from the exact 
continuum result (13) within < 1%. For In1 5 1, we see that ,BO and ,B-1 are both 0 
at 8 = 7r ; likewise PO and Pl are both 0 at 8 = -T . Thus, the spurious solutions also 
extend to n = fl bands. This additional unwanted degeneracy makes it easy to remove all 
spurious solutions, as we shall see. 
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Because fo(K I Z) and f i ( K  I Z) are not eigenfunctions of -28 / 8~ , the degeneracy 
between ,Bo and P-1 at 8 = 7r can be removed by considering the off-diagonal elements 
of -i 8 / da: . At 8 = 7r - E where E is a positive infinitesimal, we may consider only two 
bands, n = 0 and -1 ; in this subspace the operator -it3 / dx becomes the following 2 x 2 
matrix: 

As E + 0 , its eigenvalues are 

Similar considerations apply to 8 = -7r by taking into account the coupling between n = 0 
and n = 1 band. Thus, by taking into account only n = 0 and f l  , we have removed all 
spurious zero-mode solutions and, in addition, the result differs from the exact continuum 
value by less than a few tenths of a percent for the entire range. 

C. Noncompact Lattice QCD 

In order to extend the above considerations to QCD we have to construct an appropriate 
complete set of Bloch wave functions that is compatible with the gaugefixing condition. 
Once that is done, the restriction to the Oth band ( n  = 0 )  gives a noncompact formulation 
[7] of lattice QCD. The exact continuum theory can be reached through the inclusion of all 
n = 0 and n # 0 bands, without requiring the lattice size e +  0.  This makes it possible, at 
a nonzero f2 , for the lattice coupling ge to act as the renormalized continuum coupling. All 
physical results in the continuum are, of course, independent of f?. Table VI1 summarizes 
this new approach: . 

at nonzero lattice size e: 

removal of spurious lattice fermion solutions 

Noncompact lattice QCD 

lattice as first approximation 

a unifying Hamiltonian formalism 

(thereby restoring chiral symmetry) 
with R. Friedberg and Y Pang (J. Math. Phys. 1994) 

with R. Friedberg, Y Pang and H. C. Ren (Phys. Rev. D 199t 

of the continuum (keeping e fixed) 

distance > e using lattice calculation 

distance < e using pertucba five approach 
(for confinement) 

/ - . asvmDtotic freedom) 

TABLE VII. 
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VII. CONCLUDING REMARK 

Large things are made of small 
And even smaller. 
To know the smallest 
We need also the largest. 

All lie in Vacuum 
Everywhen and everywhere. 
How can the micro 
Be separate from the macro? 

Let Vacuum be a condensate 
Violating harmony. 
We can then penetrate 
Through asymmetry into symmetry. 
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Abstract 

We give an elementary introduction to lattice calculations of the QCD equa- 
tion of state and briefly review results for the case of two light flavors [1,2]. 
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I. INTRODUCTION AND BACKGROUND 

Lattice simulations have shown for some time that ordinary hadronic matter at zero 
temperature undergoes a dramatic crossover characterized by large increases in the entropy 
and energy densities of the system [3] when the temperature is raised to about 150 MeV. In 
the thermodynamic limit, this crossover may become a phase transition to a new state of 
matter, the quark-gluon plasma(QGP). The equation of state (EOS), or energy density and 
pressure as a function of the temperature, is important input for phenomenological models of 
upcoming heavy-ion collision experiments at RHIC that seek to detect the QGP. Because the 
phase transition occurs at relatively low temperature, a nonperturbative method is required 
for first principles calculations using QCD. 

Generally, thermodynamic quantities are given by derivatives of the partition function. 
In particular, the energy density E and pressure p are given by 

where V and T are the spatial volume and the temperature of the system. The partition 
function is given by a path integral over all possible field configurations of the Boltzmann 
weight, 

Z = /[dd, d$, dt,b]e-SE, 

where the Euclidean space-time action is given by 

SE = d~’h d3ZL~(d(Z, r‘), $(Z, r‘), $(Z, r‘)), 

and the integral over Euclidean time is cut off at time r .  The above path integral corresponds 
to the thermodynamic partition function if r is identified as the inverse temperature, and 
the boundary conditions on the (fermion) boson fields are chosen to be (anti-) periodic. 

To regularize the theory nonperturbatively, SE is discretized on a four dimensional space- 
time lattice (see Fig. 1) with spacing a ,  so the continuum derivatives become finite differ- 
ences, and the integral over space-time becomes a sum over all lattice sites. In the limit 
that a + 0, the classical continuum action is recovered. The lattice spacing disappears from 
the lattice action; the extra factors of a are absorbed into the fields and the quark mass to 
make them dimensionless. Therefore the lattice spacing, or cut off, is varied implicitly by 
changing the bare gauge coupling, 6/g2, and the bare quark mass amq.  Explicitly, 

The gauge fields, U,(x), live on the links of the lattice to maintain exact gauge invariance. 
They are elements of the group SU(3) and are related to their continuum counterparts by a 
simple exponential relation, 

U,(x) = exp{iga,A,(x)} M exp{ig dYJUY>). 
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FIG. 1. The four dimensional Euclidean space-time lattice. 

The quadratic part of the continuum gauge lagrangian then becomes the trace of the path 
ordered product of gauge links around an elementary plaquette, 

(6) 
1 
3 ~ p y ( z )  = - Tr Up(z)Uy(z + ab)U;(z + aC)UJ(z), 

which yields the standard Wilson gauge action given by the RHS of Eq. 4. The Dirac action 
is constructed by replacing the the? operator with a finite difference operator. For Kogut- 
Susskind (KS), or staggered fermions, the quark fields are transformed to a spin diagonal 
basis which mixes the spin and flavor degrees of freedom in a complicated way, and all spin 
components but one are thrown away. In the limit a + 0, the continuum action for four 
degenerate Dirac fermions is recovered. The fermion matrix for KS quarks is 

where the 776s are the KS phases which correspond to the Dirac 76s in the spin diagonal 
basis. 

Once the lattice action has been constructed, it is straightforward to calculate observ- 
ables. Integratigg over the quark fields (which are Grassman variables), we obtain 

(0) = 2-' /[dU]Odet((M(U)))'f/'e-'g where 2 = / [ d U ]  det((M(U)))"fi4e-'g 7 (8) 

for any observable. Thus det((M(U)))"f/4e-sg serves as a probability weight for nf  flavors 
of quarks, and the remaining path integral over gauge fields is done by Monte Carlo simula- 
tion. Using importance sampling to generate the gauge field configurations with the desired 
weight, observables become simple averages over the configurations. 

Now, let's return to discussing thermodynamics on the lattice where the volume and 
inverse temperature are V = N:a: and T-' = Ntat. V and 2" are varied by changing the 
number of lattice sites N,, Nt, or the lattice spacings a,, at, or both. To simulate at finite 
temperature in the continuum, the prescription was to cut off the Euclidean time integral in 
the action at T = T-'. This is accomplished on the lattice by taking Nt << N, for the usual 
case when at = a,. This sets the overall temperature scale. To vary the temperature around 
this scale, we vary the lattice spacing by adjusting 6/g2 and amq. For small amp increasing 
6/g2 is roughly equivalent to raising the temperature. However one should keep in mind 
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that varying amq also changes the lattice spacing and thus the temperature. Derivatives 
with respect to T-' and V are most easily obtained by adjusting the couplings. Then, the 
interaction measure, or energy density minus three times the pressure is 

E - 3p 
- 3 1 - )  d log2 = -N," 

T4 dV 

where the rightmost expression is for KS quarks and the Wilson action, and 

are the derivatives of l o g 2  with respect to 6 / g 2  and amq. The definition of is given 
in Eq. 6, and the form of +.(c, results from exponentiating the quark determinant. The 
derivatives of 6 / g 2  and amq with respect to log(a) are just the ,B function and anomalous 
dimension of the quark mass which have been calculated nonperturbatively from spectrum 
data in the literature [l]. It is important to use the nonperturbative ,B function since it 
differs by roughly a factor of two from the perturbative result in the region of 6 / g 2  used for 
present simulations. 

The pressure is obtained from 

p dlogZ - l o g 2  - =  --- 
T dV  v '  

which is just a restatement of the fact that the free energy density is independent of volume 
for large volumes. The derivatives of log 2, given by Eqs. 6 and 10, are calculated rather 
than 2 itself. These are integrated numerically with respect to 6 / g 2  and amq to obtain the 
pressure. 

Together, the interaction measure and the pressure form the equation of state. The 
energy density (and pressure) can be calculated directly from an expression similar to Eq. 9, 
but with derivatives of the couplings with respect to the temporal (spatial) lattice spacing 
at fixed spatial (temporal) lattice spacing. These derivatives are much harder to measure, 
and in fact have not been calculated nonperturbatively for QCD with nj # 0. 

It is important to note that the physical energy and pressure are given after subtracting 
off their divergent vacuum, or T = 0, contributions. In practice this is done by subtracting 
the same quantities measured on a symmetric lattice (Nt = N,)  from quantities measured 
on the finite temperature, or asymmetric, lattice (Nt < Ifs). These are often referred to 
(unfortunately) as cold and hot lattices, respectively. This fact more than doubles the cost 
of calculating the EOS since each point in the phase diagram requires two lattices. 

Finally, to determine the temperature from T-' = Nta, the lattice spacing is given by 
by setting one observable to  its physical value. For example, in the results discussed below 
the (zero temperature) rho mass measured in units of a is used, or am,, = a x 770. Since 
simulations are done in the strong coupling regime, there are scaling violations. In other 
words, using the nucleon mass results in a different a, and therefore a different temperature. 
While no one has done a detailed analysis, the conventional wisdom is that these scaling 
violations are on the order of ten percent. Also, typically thermodynamic quantities are 
normalized by T" by simply multiplying by N,"; for example, pa4 x N: = p /T4 .  While this 
also yields physical numbers, the values will show scaling violations depending on Nt (see 
below). All of these systematic errors disappear in the continuum limit. 
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FIG. 2. (a) The interaction measure on Nt = 6 lattices. (b) The EOS. The horizontal lines are 
Stefan-Boltzmann values for &/T4. The diamonds indicate an earlier result on Nt = 4 lattices. 

11. RESULTS FOR NF = 2 

Below we briefly review recent calculations of the two flavor QCD EOS at zero chemical 
potential by the MILC collaboration [1,2]. Most simulations with dynamical fermions have 
used two light flavors because doing so cuts the computational burden in half over simulations 
with two light and one strange flavor. Since previous simulations have shown the critical 
temperature T, to be roughly 150 MeV, it is reasonable to assume that the dynamics near 
T, is governed mainly by pions, and thus two flavor simulations should capture the bulk of 
the physics. Fine details, like the order and universality class of the transiton may of course 
depend on the presence of the strange quark. Also, presently there is no viable method of 
simulating QCD at finite chemical potential; however at RHIC, the baryon number density 
in the central rapidity region is expected to be small (see the contribution from J. Harris). 
Simulations for the EOS are also limited by computational resources to relatively small 
lattices ( Nt = 4,6). Results for the pure SU(3) gauge theory and preliminary calculations 
with four flavors of quarks have been obtained by the Bielefeld group following a similar 
approach, and are also discussed in this volume by Karsch. 

In Fig. 2(a) the interaction measure for Nt = 6 is shown as a function of 6/g2. The two 
curves in the figure correspond to quark masses urnq = 0.0125 and amq = 0.025, and up to 
an overall shift in the coupling, appear quite similar. The interaction measure rises sharply 
through the crossover region (it is normalized to zero at T = 0) and then decreases towards 
zero at large 6/g2 (high temperature). 

In Fig. 2(b) we show the Nt = 6 EOS as a function of the temperature. Again, there is a 
rapid rise in E / T ~  which levels off around 160 MeV. The energy density is about 1 GeV/fm3 
at this point. The pressure rises smoothly through the crossover region but has not leveled 
off at the highest temperature simulated. Also shown in Fig. 2(b) is an earlier calculation 

7 



on Nt = 4 lattices. There is a large finite size correction when Nt is increased from 4 to 6. 
This is expected from the lattice Stefan-Boltzmann results (see Fig. 2(b)). It appears that 
the approach to these expected asymptotic values is quite slow. 

From the location of the maximum in the slope of (0 )  or (&) with respect to 6/g2, the 
pseudocritical temperature of the transition is roughly 140 MeV (for both amq = 0.025 and 
0.0125) [2]. Figure 2(b) shows that the energy density is already substantial at this point. 

d, 
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FIG. 3. (a) The EOS extrapolated to urnq = 0.0 from a fit to the O(4) universal scaling function 
plus polynomial terms. Each set of curves indicates the central value and a one standard deviation 
spread resulting from the statistical uncertainty in the fit. (b) The speed of sound for urnq = 0.0125 
from the same fit. Both figures are taken from Ref. [2]. 

The light quark mass is too large in the above simulations, in the sense that the pion 
mass is two to four times its physical value (simulations corresponding to the physical pions 
would require extremely large amounts of computer time on present computers). Thus 
results must be extrapolated to mq x 0. Such an extrapolation for the EOS is shown in 
Fig. 3(a), where a second order phase transition in the limit mq + 0 has been assumed. 
Until recently, lattice simulations and universality arguments [5] have indicated that in the 
limit m4 + 0 two flavor QCD probably exhibits a second order phase transition in the 
same universality class as the 3d O(4) spin model [5]. However, new lattice simulations on 
large volumes have cast some doubt on both conclusions (see A. Ukawa’s contribution to 
this volume). The results displayed in Fig. 3 are from a fit to an O(4) universal scaling 
function [6] (plus polynomial terms), although the data are fit equally well to the mean field 
scaling function. The appearence of the bump in the energy density just after the transition 
is likely an artifact of the extrapolation, although it need not be [4]. Ignoring the bump, 
the extrapolated EOS is quantitatively similar to the amq = 0.025 and 0.0125 results: the 
results depend weakly on the quark mass. The gap in a/T4 at low temperature is due to a 
breakdown in the fit which, for amq = 0, corresponds to an extrapolation in 6/g2.  

The smooth interpolation of the data as a function of T also allows for a determination 
of the speed of sound, c: = (dp/dT)/(d~/dT), shown in Fig. 3(b). The speed of sound has 
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important experimental implications for the detection of the quark-gluon plasma (see M. 
Gyulassy, these proceedings). At the transition we expect c, to be small since dE/dT >> 
dp/dT.  However, just below T,, c, should approach 1/3, the value for a relativistic free gas 
of massless pions (for massive interacting pions the value will be less than 1/3), and above 
T,, c, should again approach 1/3 if the system is a weakly interacting relativistic plasma. 
From Fig. 3(b), the second expectation is more or less borne out from the simulations. 
Unfortunately, while c, is small near T,, in the hadronic phase there is no indication of an 
increase, and thus no dip. Again, this is because of the difficulty in measuring E and p ,  and 
thus their derivatives, in the low temperature hadronic phase. 

REFERENCES 

[l] T. Blum, S. Gottlieb, L. Karkkainen, and D. Toussaint, Nucl. Phys. B (PS) 42 (1995) 
460; T. Blum, S. Gottlieb, L. Karkkainen, and D. Toussaint, Phys. Rev. D. 51 (1995) 
5153. 

[2] C. Bernard e t  al, Nucl. Phys. B (PS) 47 (1995) 503; C. Bernard e t  al, ”Thermodynamics 
for two flavor QCD”, to appear in Nucl. Phys. B (PS), hep-lat 9608026. 

[3] See annual reviews in the Proceedings of the International Symposium on Lattice Field 
Theory, Nucl. Phys. B (PS), and references therein. 

[4] M. Asakawa and T. Hatsuda, hep-ph/9508360. 
151 For universality arguements, see R.D. Pisarski and F. Wilczek, Phys. Rev. D 29 (1984) 

338; K. Rajagopal and F. Wilczek, Nucl. Phys. B399 (1993) 395; and K. Rajagopal, this 
workshop. For lattice results see E. Laermann and F. Karsch, Phys. Rev. D 50 (1994) 
6954; C. DeTar, in Quark Gluon Plasma 2, R. Hwa, Ed., World Scientific, 1995; Y. 
Iwasaki, K. Kanaya, S. Kaya, T. Yoshie, “Scaling of Chiral Order Parameter in Two- 
Flavor QCD” , hep-lat/9609022. 

[6] D. Toussaint, University of Arizona preprint AZPH-TH/96-13 (1996). 

9 



Continuum Limit in Lattice QCD* 
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Abstract 

We discuss the continuum limit in lattice QCD based on our quenched stag- 
gered light hadron mass calculation at the coupling of ,8 = 6.5 on a 483 x 64 
lattice with quark mass mqu = 0.01,0.005,0.0025 and 0.00125 in lattice units. 
We observe the flavor symmetry restored for pion and p meson, signaling that 
we are close enough to the continuum. The lattice scale is estimated to be 
a-1 = 3.7(2) GeV. 

I. ASYMPTOTIC SCALING AND CONTINUUM LIMIT: 

In the continuum limit the lattice cutoff is removed by sending the lattice spacing u 
The asymptotic freedom of QCD means the gauge coupling g is sent to zero to zero. 

simultaneously, since Callan-Symanzik (CS) renormalization-group coefficient 

is negative near the ultraviolet fixed point g = 0 for number of quark flavors N j  < 17: in 
perturbation expansion, 

Since there is no dimensionful parameter in quenched lattice QCD other than the lattice 
spacing, hadron mass m in general is described as 

with a dimensionless function f of the dimensionless gauge coupling g. Since QCD is renor- 
malizable, the explicit dependence of m on the cutoff a must disappear in approaching the 
continuum limit : 

*Work in collaboration with Seyong Kim, Center for Theoretical Physics, Seoul National Univer- 
sity, Seoul, Korea. The author thanks the computation center of RIKEN for the use of VPP500/30 
vector parallel super computer. 
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-2 I d m  
- = -a (f Pcs + f) -+ 0, da 

as a + 0. 

The differential equation f’&s + f = 0 is easily solved to give 

or 

(4) 

This relation is called the asymptotic scaling. By confirming this scaling on the lattice, 
we can extract the continuum hadron mass value by extrapolation’. In practice, however, 
to confirm the asymptotic scaling in any lattice-QCD numerical calculation is a daunting 
task. Hadron mass calculation at a single value of the gauge coupling g on a lattice usually 
requires months or years of super computing at tens of GFLOPS. Calculations at multiple 
values of g take longer. . 

11. FLAVOR SYMMETRY VIOLATION BY LATTICE: 

Instead we use the violation and restoration of the flavor symmetry as an indicator of 
closeness to the continuum. In the current work we employ the staggered formulation of 
quark propagation. Unlike the original Wilson formulation, this formulation preserves a 
continuous U( l )  remnant of the SU(Nf) flavor chiral symmetry. This allows one of the 
(Nf2 - 1) Nambu-Goldstone (NG) pion modes to survive as a NG mode. Its mass m, obeys 
the GellMann-Oakes-Renner relation 7-12: cc m,. The other pion modes can no longer be NG 
mode, and will acquire heavier mass which does not obey the GMOR relation. As the lattice 
cutoff is removed by sending the lattice pacing and gauge coupling to  zero simultaneously, 
this lattice violation of flavor symmetry should also be removed. The non-NG mode pion 
mass should gradually approach the NG-mode pion mass and eventually be degenerate. It 
is this signal we will be looking at in this talk2. 

111. RIKEN-SEOUL LATTICE QCD COLLABORATION: 

To get a meaningful result for hadron mass, the lattice box must be large enough to 
contain the hadron. More accurately, a perimeter of the box must be about 2.5 fm or longer 
to contain a proton. On the other hand the lattice spacing must be fine enough, eg smaller 

lThe scaJing relation also shows why hadron mass cannot be perturbatively expanded in terms of 
gauge coupling g. The hadron mass behavior as mu 0: exp(l/(2b0g2)) has an essential singularity 
at g = 0. 

2This is a necessary condition for the continuum limit. 

12 



than 0.1 fm, to accurately describe the propagation of quarks and gluons [l]. In the present 
work [Z] the lattice size is 483 x 64 and the inverse-squared gauge coupling is ,B = 6/g2 = 6.5 
’. These parameters roughly correspond to a physical box of (2.5 fm)3 and lattice spacing a 
of - 0.05 fm. We use four different values of quark mass, 0.01, 0.005, 0.0025 and 0.00125 in 
lattice units or equivalently about 40, 20, 10 and 5 MeV in physical units. Since the normal 
up- and down-flavor quark mass is considered to be about 5 and 10 MeV respectively, we 
are quite close to the real world in this regard too. 

We use the VPP500/30 vector-parallel super computer at RIKEN for this work. The 
space-like lattice size of 48 allows efficient use of a 24-node partition of the super computer. 
In generating the gauge configurations we use a combination of a Metropolis update sweep 
followed by an over-relaxation one. The separation between two successive hadron-mass 
calculations is 1000 such pairs of sweeps and take about 3 hours in total including the 
necessary disk accesses. This separation should be about equivalent with a series of earlier 
studies at lower cutoff or smaller volume [4]. With the current statistics of 200 configurations 
the autocorrelation in successive Nambu-Goldstone pion propagators at time t = 20 is about 
15 %. All the configurations used for the hadron-mass calculations, almost 2 Gbytes each, 
are stored in a tape archive. This will enable us to study hadrons with strangeness and 
charm in the near future. Further details on our simulation method and characteristics were 
already reported [2,3]. 

IV. EFFECTIVE MASS: 

As is mentioned in the above, we first calculate quark propagators q(t ,  x, y,  z )  for each 
gauge configuration4. Next we combine them to form hadron propagators, Ph(t, x, y, z ) ~ .  
For example, NG pion propagator PT and non-NG one PT2,,,6 are respectively given by 

Here the summation over the space coordinates is taken to project the propagator onto 
zero-momentum mode. Such a zero-momentum-projected hadron propagator is dominated 
by the ground-state mass of the hadron, mh: 

3This quantity, the inverse-squared gauge coupling ,!? = 6/g2 is to be distinguished from the 
renormalization-group coefficient pes. 

4Quark propagators are gauge-dependent . The color indices are suppressed here. 

5Hadron propagators are gauge independent. There is no color index. 

‘This channel is mixed with a parity partner 0. 
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FIG. 1. Nambu-Goldstone pion effective mass at = 6.5 on 483 x 64 lattice for quark mass 
m, = 0.01, 0.005, 0.0025 and 0.00125. 

at large t. In practice, however, hadron propagators suffer from various noise. So we need 
to try various methods in extracting the mass from them. A frequently used measure is the 
so-called effective mass, defined at each time slice as 

This quantity may deviate from the true hadron mass mh for various reasons: because of 
the unwanted excited states in the small-t region or suffer from noise in the large-t region. 
But we usually find a plateau in the medium-t region in this quantity from which we can 
extract the hadron mass fairly accurately. 

V. NAMBU-GOLDSTONE PION: 

Let us look at the effective mass of NG pion plotted in Figure 1. At a first glance, we 
observe nice long plateaus with small error bars: if we neglect first four or five points in 
time, the remaining points seem to align on a well defined plateau for each quark mass. 
Indeed if we take weighted average of the effective mass from t = 5 through 31, we get 
pion mass estimates of 0.1592(4), 0.1135(7), 0.0812(8) and 0.0583(9) for the four quark 
mass values of 0.01, 0.005, 0.0025 and 0.00125 respectively. However, closer inspection of 
Figure 1 reveals strange wiggles and there seem to be two plateaus for each quark mass: 
one for a higher mass in earlier time and the other for a lower mass in later time. This 
tendency is more pronounced for lighter quark mass cases. Perhaps our Jack-knife analysis 
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FIG. 2. Effective mass of flavor symmetry partners at ,L3 = 6.5 on 483 x 64 lattice for quark 
mass m, = 0.01: Nl and N2 (top), p and p2 (middle) and T and x2 (bottom). All show flavor 
symmetry res tor ation. 

is underestimating the error because of unexpectedly strong auto-correlation in the pion 
propagator. We are investigating this issue by accumulating more statistics and by trying 
various methods of fitting the propagator in extracting the mass [2]. Anyway we are confident 
that the systematic error is not very serious: it can grow only by a factor of two or so larger 
than the cited values of statistical error. 

VI. FLAVOR SYMMETRY RESTORATION: 

In Figure 2 we plot effective mass of flavor symmetry partners: NG pion 7r and non-NG 
one 7r2,  p and p 2 ,  and Nl and N2, for the heaviest quark mass value of 0.01. We clearly observe 
that T and 7r2 are on top of each other, and so are p and p 2 .  The same is observed for pions 
and p mesons for the lighter quark mass values, 0.005, 0.0025 and 0.00125, albeit with more 
noise. From this we conclude that the flavor symmetry is restored in the present calculation. 
A similar calculation at slightly smaller value of ,O = 6.4 by the JLQCD collaboration still 
shows the violation [5 ] .  We also observe that N2 signal, from the “even-point-wall” source, 
is nearly flat and Nl ,  from the “corner-wall’’ source, seems to converge with it for large t. 
Thus we will use N2 for nucleon mass estimation. 
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VII. IMPLICATION FOR THERMODYNAMICS: 

Current lattice-QCD calculations investigating the phase transition or cross over sepa- 
rating the low-temperature hadronic world and the high-temperature quark-gluon-plasma 
world are typically done on lattices with time-like extent of up to Nt = 12. On such a 
lattice the phase transition or cross over occurs at the inverse-squared coupling of ,8 5 6.0 
or the lattice spacing a larger than 0.05 fm [l]. As many people realize, at such large lattice 
spacing the flavor symmetry is badly violated: there is at most one light pion and the other 
pions are all too heavy. This is of course unsatisfactory since pion, as the lightest hadron, 
should be essential in this phenomenon just like in any other low-energy hadronic physic- 
s. According to our hadron mass calculation to achieve the continuum requires p = 6.5 
or a - 0.05 fm. A full-QCD lattice thermodynamics calculations with such spacing to  be 
at the phase transition or cross over in turn requires Nt of about 24. In other words the 
linear lattice size would have to be increased by a factor of at least 2, and perhaps 4. The 
computational complexity would then increase by 21° or 411. Thus we would need at least 
1000 times faster computer and more efficient algorithm [6]. 

VIII. PROTON SPIN STRUCTURE: 

Another interesting experiment planned to use the RHIC accelerator will be investigating 
the spin structure of proton. As is shown in Figure 2, our signal from the NZ nucleon operator 
is very stable. This will allow us to calculate the moments of proton structure functions, 
both spin-independent and spin-dependent, very accurately if we get access to a powerful 
enough super computer7. 
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Lattice QCD with 0, 2 and 4 Quark Flavors 

Robert D. Mawhinney* 
Columbia University, Department of Physics, New York, NY 10027, USA 

Abstract 

We have done simulations of lattice QCD with different numbers of light 
dynamical quarks. Since we cannot reach the continuum limit with our current 
computers, we have done comparisons with 0 (quenched), 2 and 4 light quark 
flavors with the physical volume and lattice spacing constant, when these are 
determined from the mass of the rho. We find a 7% (2a) difference in the 
nucleon to rho mass ratio for 2 and 4 quarks. More importantly, the effects 
of chiral symmetry breaking are dramatically decreased for the case of 4 light 
quarks. 

I. INTRODUCTION 

The role of light dynamical quarks in QCD is not fully understood. Perturbatively, light 
quarks introduce screening and cause the QCD coupling constant to evolve more slowly. The 
role of light quarks in the low-energy non-perturbative physics of QCD is much less certain. 
Of major interest in the numerical study of lattice QCD is a qualitative and quantitative 
determination of light quark effects in low-energy hadronic physics. 

In lattice QCD, many calculations have been done in the quenched approximation [l], 
where the effects of dynamical quarks are removed. Valence quarks can still be introduced, 
allowing hadron masses to  be measured from the decay of two-point hadronic correlation 
functions, but there are no closed loops involving quarks. Some quenched calculations report 
hadron masses in reasonable agreement with experiment but what is not known is whether 
this trend will continue to weaker couplings. In addition, theoretical arguments in the 
context of chiral perturbation theory have given predictions for specific ways in which the 
fermion truncation of the quenched approximation will appear; quenched chiral logarithms. 
If these quenched chiral logarithms appear in numerical results they will certainly cloud the 
extraction of hadron masses, etc. 

*The two flavor calculation reported here was done at Columbia in collaboration with Shailesh 
Chandrasekharan, Dong Chen, Norman H. Christ, Weonjong Lee and Deck Zhu. The zero and four 
flavor calculations were done in collaboration with Dong Chen and Norman Christ at Columbia 
and Gregory W. Kilcup at the Ohio State University. This work was supported in part by the U.S. 
Department of Energy. 
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TABLE I. Parameters for the three simulations reported here. The run length, thermalization, 

N j  = 4 N f  = 2 
volume 163 x 32 163 x 40 
p 5.4 5.7 
md ynamicala 0.01 0.01 

N j  = 0 
163 x 32 
6.05 

Lattice QCD calculations with dynamical fermions are less advanced. Inclusion of the 
fermionic determinant increases the required computer power by at least 2 orders of mag- 
nitude. Over the last few years, calculations on 163 x 32, 163 x 40 and 204 lattices have 
been done by a number of groups [l]. However, a full data set with various lattice spacings 
and volumes is not yet available. To date, very little difference has been seen between the 
quenched and 2 flavor calculations at zero temperature for similar volumes and lattice spac- 
ings. (At finite temperature, differences between the quenched and 2 flavor theories with 
staggered fermions have been seen for a number of years.) 

A study of full QCD comparable to the level of current quenched calculations awaits 
the coming new computers which will push towards the Teraflop scale. Here we report 
a less ambitious calculation, which still requires about 7 Gigaflop-years of computing; a 
comparison of 0, 2 and 4 flavor QCD with a fixed lattice spacing and volume (in units of the 
rho mass extrapolated to zero valence quark mass). The calculations we report only have 
results for a single dynamical fermion mass, but we have calculated hadron masses and the 
chiral condensate for a wide variety of valence quark masses. As we detail below, even from 
this restricted set of simulations, we have seen pronounced effects of dynamical fermions for 
the four quark case. 

Section I1 gives some details of our calculations. and section I11 details the valence 
hadron masses we measured for the three simulations and discusses the major differences 
between them. In section IV we use a simple model of finite volume effects to support our 
conclusions about the hadron mass spectrum. 

11. SIMULATION PARAMETERS 

We are reporting on three different simulations whose parameters are given in Table I. 
The simulations were done using the 16 Gigaflop, 256-node computer at Columbia, which is 
just finishing its seventh year of full time computation. (Additional quenched simulations 
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FIG. 1. Hadron masses versus mvd for the 163 x 32 quenched calculation at p = 6.05. 

were done by Greg Kilcup using the T3D at the Ohio Supercomputer Center. Some results 
from these are reported in [2].) 

All of our simulations were done with staggered fermions. For 0 and 4 flavors, we used an 
exact hybrid Monte Carlo algorithm, while for 2 flavors, there is no practical exact algorithm 
available. The R algorithm we employed has “(At)2” errors, which means observables will 
have systematic errors of this order, where for our case At = 0.0078125. The high accep- 
tance rate for the exact evolution, which has the same parameters as the inexact evolution 
(except for the conjugate gradient stopping condition), demonstrates that the (At)2 errors 
are negligible for the inexact case. 

We have measured hadron correlators using a variety of different source sizes [3], but 
only report results here from 163 wall sources. With staggered fermions, the sinks which 
are used to select the quantum numbers of the hadronic states can be, and in some cases 
must be, non-local, due to the fact that the 4 components of the 4 fermionic flavors are 
delocalized. We have used local sinks for all the hadrons reported here. 

111. RESULTS 

Figures 1, 2 and 3 are plots of hadron masses as a function of the valence quark mass. 
In order to compare the plots, a few major points about staggered fermions should be 
recalled. At any finite lattice spacing, staggered fermions exhibit flavor symmetry breaking. 
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FIG. 2. Hadron masses versus mvd for the 163 x 40 two flavor calcukion at /3' = 5.7 with 
mdWa = 0.01. 

The particles labeled p and p2 should become degenerate in the continuum limit and are 
actually quite degenerate on the lattices we have studied. The a1 and 711 correspond to the 
continuum mesons of the same names, as does the nucleon N .  The N' is the parity partner 
of the nucleon. 

The 7r and 7r2 should also be degenerate in the limit of small lattice spacing, but they are 
far from degenerate for the lattices we studied. An important feature of staggered fermions 
is the presence of a U( l )  chiral symmetry, for finite lattice spacing, when the quark mass 
is set to zero. (This U( l )  symmetry is a subgroup of the s U ( 4 ) ~  flavor symmetry of four 
flavor continuum QCD and must not be confused with the anomalous u (1)~  symmetry of 
the continuum.) This U( l )  chiral symmetry of staggered fermions then leads to a Goldstone 
theorem for the valence pion and the prediction that m: goes linearly to zero as the valence 
quark mass goes to zero. Note that it is m, versus rnvd plotted here and not m:, which we 
will plot later. 

The Q particle in these figures is related to the staggered fermion pseudo-Goldstone 
pion by a U( l )  rotation on the valence quark lines. In the continuum, this Q becomes a 
scalar, isoscalar particle. However, the Q measured here does not include vacuum bubble 
contributions. Only quark propagators which start on the source and end on the sink are 
included in the correlator. This means that for the case where mvd = mdp, the Q mass 
reported here is not the mass for the scalar, isoscalar particle for full QCD. However, in the 
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FIG. 3. Hadron masses versus m d  for the 163 x 32 four flavor calculation at /? = 5.4 with 
mdyna = 0.01. 

absence of chiral symmetry breaking, this cr and the 7r are degenerate. 
Comparing Figures 1, 2 and 3 reveals the following features: 

1. For all three calculations, the values of p and p2 agree quite closely for all valence 
masses and therefore in the extrapolation to mvd = 0. The agreement at mvd = 0 is a 
result of our choice of parameters; we wanted to keep the physical volume and lattice 
size constant in units of the p mass. The fact that there is agreement for all valence 
masses was unexpected. 

2. While mp is the same for all three simulations, m N  increases as more quarks are added. 

3. The mass of the Q decreases as the number of quark flavors is increased. m, is greater 
than mp for the quenched calculation and clearly less than mp for four flavors. 

4. The splitting between parity partners (T, a), (p ,  a l )  and ( N ,  N')  decreases as the num- 
ber of dynamical quarks increases. This is evidence for much smaller chiral symmetry 
breaking effects as the number of dynamical quarks is increased. We will concentrate 
on this issue in Section IV 

The variation in mN/mp as the number of dynamical quarks is increased is given in 
Figure 4. There is very little difference between the quenched and 2 flavor calculations for this 
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FIG. 4. mN/mp vs. mvd for the 0 ,  2 and 4 flavor calculations. The points at mvd = 0 are the 
ratios of the extrapolated quantities, while the line is the extrapolation of the ratios. 

quantity. This has been seen by others for mN/mp and is also true of other zero-temperature 
hadronic quantities like BK. However, the four flavor calculation is quite distinct from the 
others. The difference between the 2 and 4 flavor results is about 7% or 20. The statistical 
difference of 2a does not make an ironclad case for a difference, however as we have varied 
our statistical analysis this is the smallest statistical difference we have seen. 

Another comparison between the three simulations is given in Figure 5, where m:, mz 
and m:2 are plotted versus valence quark mass. As mentioned earlier, the presence of a 
Goldstone theorem for external quark lines means that mi should go to zero as mvd + 0. 
This appears to be the case for the quenched approximation, although the extrapolated value 
for m: is actually 6 standard deviations away from zero. For the 2 and 4 flavor calculations, 
the intercept is growing relatively larger, until for the 4 flavor calculation the intercepts for 
mi and mz are closer to each other than the intercept for m: is to zero. 

To summarize, we have observed a systematic difference in the value of mN/mp between 
four flavors and the other calculations. The remaining features we observe in the valence 
hadron spectrum are easily understood as a decreased strength of chiral symmetry breaking, 
except the large intercept for mi in the limit mvd + 0. In the next section we use an earlier 
proposal of ours for finite volume effects to understand this intercept. 

IV. CHIRAL SYMMETRY BREAKING AND FINITE VOLUME 

Before drawing conclusions about the role of light dynamical fermions in four flavor 
QCD, it is important to be confident that the four flavor simulation we have done has the 
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general qualitative properties associated with the continuum limit of QCD, i.e. confinement 
and chiral symmetry breaking. There can be unexpected phase structure in theories with 
many fermions [4], so we seek assurance that we are in a phase consistent with continuum 
QCD. Evidence for confinement comes indirectly through our hadron mass correlators; we 
see propagating states that fit the same functional forms as for two flavors where we do have 
bound hadrons. We have also measured Wilson lines and find no evidence for deconfinement. 

As mentioned above the four flavor hadron spectrum shows little effect of chiral symmetry 
breaking. In addition, extrapolations of m: to mval = 0 give a large intercept, in apparent 
contradiction to the Goldstone theorem. This large intercept effect has been known for 
some time in quenched simulations and was widely expected to be caused by finite volume 
effects since the intercept became closer to zero as the volume increased. Recently [5], 
we have proposed a simple model which can help to quantify the role of finite volume 
effects in quenched or partially quenched calculations. (Our 2 and 4 flavor calculations are 
sometimes referred to as partially quenched calculations, since we are discussing valence 
quark extrapolations on a set of gauge fields that were generated including the effects of 
quark loops.) To test whether the four flavor results we are seeing are cQnsistent with 
conventional QCD, we now discuss the role of finite volume effects. 

One simple effect of finite volume that has been predicted analytically and is seen nu- 
merically is a cutoff in the average eigenvalue density for the.Dirac operator. We can observe 
this effect numerically by measuring the chiral condensate as a function of valence quark 
mass. In a chirally asymmetric phase, when the valence quark mass is less than the smallest 
eigenvalue of the Dirac operator, the valence chiral condensate goes to zero linearly with the 
valence quark mass. 

In particular, we write the valence chiral condensate (fc) as 

where ?(A, ,8, mdP) is the ensemble average of the density of eigenvalues of the Dirac operator 
and mg is the valence mass for the quark fields 5 and [. (These fields do not' enter in the 
dynamics; they are an extra set of fermions used to probe the system.) The ensemble 
average can depend on the dynamical fermion mass used (mdyn) as well as ,8 = 6/g2. Our 
normalization is J dX ?(A, ,8, m d P )  = 1. If ?(A, p, m d P )  is zero (or small) below some A&, 
then equation (1) gives (CC(mg)) going linearly to zero. 

To relate this finite volume effect in the quenched chiral condensate to the intercept in 
the quenched pion mass squared. we use the fact that there is a Gell-Mann-Oakes-Renner 
relation on the lattice, which is independent of whether the ensemble of gauge fields is 
quenched or unquenched, 

where 

(The lattice version of this for staggered fermions is ([[(mg)) = m Et CT(t)  where CT(t) is 
the staggered fermion pseudo-Goldstone pion correlator [6] .) 
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TABLE 11. Fit parameters for fits to the form given in equation (4). 

a0 a-1 a1 
Of 0.00917(23) -2.38(53) x 1.669( 10) 
2f 0.00765(29) -2.61(17) x 1.973 ( 7) 
4f 0.00488(41) -3.77(19) x 2.245(15) 

X 2  
1.0( 17) 
7.6( 52) 
15( 13) 

As shown in [5] ,  the assumption that jj(X,p,mdyn) drops dramatically below some A- 
and is constant for X- < X < Xo leads to the result that 

(CC(mg)) = a0 + a1n-q + a-l/mg t o(m?) + 0 ( q 2 ) ,  (4) 

for A- < mg < Xo. Figure 6 shows plots of ((((mc)) for our simulations. The curvature at 
mC - 

Now, assuming C(mc) is a smooth function of r n g  in the range A- < mg < Xo, we have 
is the onset of finite volume effects. 

m: = - q q a - 1  + [ -- C(0) C’(O)a4] mg + 
(5) 4 a0 4 

Thus a non-zero intercept for mi can be related to the finite volume cutoff in the Dirac 
eigenvalue spectrum since a-1 - -A&. 

Uncorrelated fits to our measurements of (cc) are given in Table 11. The error on x2 is 
the jackknifed error on this quantity. For four flavors, we find that a-l/ai is about 3.6 times 
as large as the two flavor value, while the ratio of the mi intercepts is about 5.6. There is 
clearly some Nf dependence in C(mg), or higher order terms we have neglected in (5) are 
important for good quantitative agreement. 

This analysis supports the conclusion that we are in a phase with chiral symmetry break- 
ing, although the breaking is small. The small amount of breaking (small ao) in a finite 
volume (non-zero a-1) leads to a large intercept for m:. We are investigating the possi- 
bile Nf dependence of C(mc) and are working on a determination of fT for the four flavor 
calculation. 

V. CONCLUSIONS 

We have seen that increasing the number of light dynamical quarks to four does alter 
the valence hadron spectrum at zero temperature. The change in the nucleon to rho mass 
ratio is about 7% and seems resolved by our statistics. A much larger effect is seen in the 
amount of chiral symmetry breaking on the lattices. The hadron spectrum exhibits much 
less chiral symmetry breaking, which is consistent with the suppression of small eigenvalues 
of the Dirac operator due to the fermionic determinant. 

By checking the role of finite volume effects in distorting chiral symmetry breaking, we 
have argued that our four flavor results are consistent with a chirally asymmetric, confining 
theory. To gain further evidence for the explanation proposed here, calculations of the 
explicit eigenvalue density are being done in collaboration with Robert Edwards from SCRI. 
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Of great interest is whether the effects we have seen for valence calculations done on 
a dynamical fermion background persist when the dynamical and valence masses are var- 
ied together. We are currently undertaking another four flavor calculation at a different 
dynamical quark mass to  gain some insight into this question. 
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Abstract 

We will discuss recent advances in the Calculation of thermodynamic observ- 
ables using improved actions. In particular, we will discuss the calculation of 
the equation of state of the SU(3)  gauge theory, the critical temperature in 
units of the string tension, the surface tension and the latent heat at the de- 
confinement transition. We also will present first results from a calculation of 
the equation of state for four-flavour QCD using an S(a2) improved staggered 
fermion action. 

I. INTRODUCTION 

The idea that strongly interacting hadronic matter undergoes a phase transition to a new 
phase, the quark-gluon plasma, has been around for a long time. More than 10 years ago 
lattice calculations have given first direct evidence for the existence of such a phase transition 
and opened the way for its detailed quantitative analysis. Many of the non-perturbative 
features of finite temperature QCD, which have been developed in a perturbative context 
in order to get control over the infra-red behaviour of QCD, have since then been studied 
in lattice calculations. However, many of these numerical studies also had to remain on a 
qualitative level for a long time because the simulations on coarse lattices were hampered 
by large discretization errors and calculations at smaller lattice spacing suffered from poor 
statistical accuracy. 

Indeed, it is well known that the non-zero lattice spacing introduces severe problems in 
thermodynamic calculations, which in the past made a direct comparison with the physics in 
the continuum limit difficult. For instance, already the thermodynamics of a free Bose (glu- 
on) or Fermi (quark) gas deviates strongly from the well-known Stephan-Boltzmann result 
when calculated on coarse Euclidean lattices. This problem carries over to QCD. Although 
the plasma phase of QCD does in many respects show strong non-perturbative properties 
(screening masses, poor convergence of perturbation theory,...), bulk thermodynamic observ- 
ables like energy density and pressure do rapidly come close to the non-interacting ideal gas 
limit above the QCD phase transition. The calculation of these quantities is thus expected 
to suffer from similarly strong cut-off effects as the ideal gas. 

At high temperature the relevant contributions to thermodynamic observables result from 
momentum modes which are of the order of the temperature, Le. the average momentum is 
proportional to 2'. However, in lattice calculations T is fixed through the temporal extent, 
N,, of the lattice and the cut-off a-l, Le.  T E I/N,a. The relevant momenta, ( p }  - 3T, are 
therefore of the order of the cut-off, where lattice and continuum dispersion relations differ 
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strongly from each other. Indeed this is the origin of the well-known discrepancy between 
the energy density of an ideal gas calculated on a finite lattice (e(N7)) and in the continuum 
(ESB). The cut-off dependence in finite temperature calculations thus shows up as a finite 
size egect, which should not be confused with the finite size dependence resulting from the 
spatial extent of the lattice. The latter is an infra-red effect and controls the approach to 
the thermodynamic limit. 

In the next section we briefly discuss the Symanzik improved actions, which recently 
have been used in thermodynamic calculations. Results for the SU(3) gauge theory and 
four-flavour QCD are discussed in Sections 3 and 4. 

11. IMPROVED ACTIONS 

During the last few years much progress has been made in dealing with the systematic 
discretization errors in lattice regularized quantum field theories. Various improved dis- 
cretization schemes for the Lagrangian of QCD have been constructed and explored, which 
do show much less cut-off dependence than the prescription originally given by Wilson. 

When formulating a discretized version of QCD one has a great deal of freedom in 
choosing a lattice action. Different formulations may differ by subleading powers of the 
lattice cut-off, which vanish in the continuum limit. This has, for instance, been used 
by Symanzik to systematically improve lattice regularized SU(N)  gauge theories [l]. In 
addition to the elementary plaquette term appearing in the standard Wilson formulation 
of lattice QCD larger loops can be added to the action in such a way that the leading 
O( a') deviations from the continuum formulation are eliminated and corrections only start 
in O(a4). Examples for the Symanzik  improved actions are, for instance, the actions S(lt2) 
and S(212), where appropriately weighted contributions from planar (1,2) or (2,2) loops, have 
been added to  the Wilson plaquette action, S(lyl), 

4 1 1 1 S( 2 2 L  -E (1 - F R e  Tr ,Jx)) - 5 (1 - -Re Tr n Jx)) . 
UO N 

X , O M  

For uo EZ 1 these are examples for tree level improved actions which can systematically be fur- 
ther improved by adding additional loops to the action. One-loop corrections can be taken in- 
to account through O(g2) corrections to the weight factors for each loop. A non-perturbative 
procedure to select these weight factors has been introduced recently [2]. Here the factor 
uo appearing in the definition of the Symanzik actions is determined self-consistently from 
plaquette expectation values [2], u$ = 6 N j N ,  (CX,,,,(1 - Re Tr Jz)) ) . Th' is non- 
perturbative approach is expected to reduce the cut-off dependence also at non-vanishing 
values of the gauge coupling and does approach the tree level form of the action for small 
values of g2. Indeed, rather encouraging results have been obtained at zero temperature 
for observables which are sensitive to short distance scales. Other improvement schemes 
based on renormalization group techniques have been developed with great success in the 
last years. We will not discuss them here but rather refer to recent reviews [3,4]. 
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The importance of improved actions for thermodynamic calculations does become imme- 
diately evident from an analysis of the high temperature gluon gas on lattices of size NZN,. 
One indeed finds a strong reduction of the cut-off dependence relative to the standard Wilson 
formulation. For instance, the deviation of the energy density from the continuum result, 
ESB, which has been calculated in the thermodynamic limit (Nu + 00) on a lattice with 
temporal extent N, is drastically reduced, 

Although one has no control over the subleading corrections when setting up the systematic 
O(a)2) improvement it turns out that in many cases not only the O(a2) corrections get 
eliminated but also the O(a4) corrections get reduced. In the case of the (1,2)-Symanzik 
action the leading Ny4 correction is, in fact, nearly an order of magnitude smaller, Le. 
CI = 0.044, which is to be compared with 1/3 in the Wilson case. As a consequence one finds 
already on lattices with temporal extent N, = 4 that the cut-off dependence is drastically 
reduced in the case of Symanzik improved actions. While the Wilson action leads to nearly 
50% deviations from the continuum Stephan-Boltzmann gas value on this size lattices the 
deviations from the continuum result are less than 2% in the case of the (1,2)-Symanzik 
improved action. This clearly demonstrates the importance of improved actions for the 
description of the high temperature phase of QCD, which asymptotically approaches the 
ideal gas limit (2' --f 00). 

A similar systematic improvement as discussed above for the gluonic sector can be 
achieved in the fermion sector. We will present first results for four-flavour QCD in Section 
4. In the next section we start with a discussion of results obtained for the thermodynamics 
of the pure SU(3) gauge theory using tree level and tadpole improved actions [5-81. 

111. SU(3) THERMODYNAMICS 

Only recently calculations with the standard Wilson action could be extended to lattices 
with sufficiently large temporal extent (N,  = 6 and 8) that would allow an extrapolation of 
lattice results for bulk thermodynamic quantities to the continuum limit [9,10]. Computa- 
tionally the step from N, = 4 to N, = 8 is quite non trivial as the computer time needed to 
achieve numerical results with the same statistical significance on a two times larger lattice 
increases roughly like 2". It therefore is highly desirable to use improved actions, which 
suffer less from discretization errors, also for thermodynamic calculations. 

We have analyzed the thermodynamics of the SU(3) gauge theory using the O(a2) im- 
proved tree level ( u g  f 1) and tadpole (uo < 1) improved actions defined in Eq. 1. As 
discussed above it seems to be plausible that improved actions will help to reduce the cut- 
off dependence of thermodynamic quantitites in the high temperature plasma phase. It is, 
however, less evident that this also is of advantage for calculations close to the deconfinemen- 
t phase transition where the physics is strongly dependent on contributions from infrared 
modes. In addition to a calculation of the equation of state an analysis of the cut-off depen- 
dence of the critical temperature itself as well as properties of the first order deconfinement 
transition like the surface tension and latent heat are therefore of interest. 
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A. The critical temperature 

action NU P C  

standard Wilson 00 5.69254 (24) 
(2,2) Symanzik (tree ) 24 4.3995 (2) 
(1,2) Symanzik (tree ) 00 4.07297 (28) 
(1,2) Symanzik (tadp.) co 4.35228 (39) 

When comparing the cut-off dependence of thermodynamic observables one, of course, 
has to make sure that these are compared at the same value of the cut-off. On lattices with 
fixed temporal extent this amounts to a comparison at the same value of the temperature, 
which, for instance, can be defined in terms of the critical temperature for the deconfinement 
transition, L e .  T/T,. Also the determination of this temperature scale is influenced by the 
finite lattice spacing and will contribute to the overall cut-off dependence of thermodynamic 
observables. An indication for the size of cut-off dependence in the definition of a temper- 
ature scale can be deduced from a calculation of the critical temperature in units of Ja. 
The ratio TC/& has been studied in quite some detail at different values of the cut-off for 
the SU(3)  gauge theory using the Wilson action. An extrapolation of these results to the 
continuum limit yields [lo] 

TClJa 
0.5983 (30) 
0.624 (4) 
0.631 (3) 
0.635 (3) 

TC - = 0.629 f 0.003 
f i  

. (3) 

When comparing calculations of T'/& at the critical coupling for T, on an NT = 4 lattice 
with Eq. 3 one observes a change of the ratio by roughly 10%. A calculation of this ratio 
with a tree level improved Symanzik action at a comparable value of the cut-off (critical 
coupling on a N, = 4 lattice) does, on the other hand, yield results which differ little from 
the continuum extrapolation for the Wilson action. In fact, results are within statistical 
errors consistent with Eq. 3. The inclusion of an additional tadpole improvement factor 
does yield only small modifications. Some results for the ratio Tc/& at the cut-off value 
UT, = 0.25 are given in Table I. 

TABLE I. Critical temperature in units of f i  on lattices with temporal extent NT = 4, i.e. at 
a value of the cut-off given by UT, = 0.25. Infinite volume extrapolations of Pc for the Symanzik 
actions are based on lattices with Nu = 16, 24 and 32. 

It should be noted here that a recent analysis of the ratio T,/& using a renormalization 
group improved action let to a somewhat large value [ll] ( T c / f i  = 0.657 (5)). Although 
the difference is only about 3% this does seem to be larger than the errors quoted. Here one 
has to keep in mind that the determination of the string tension is, in fact, quite involved. 
It does seem that the good consistency between the results from different actions quoted in 
Table I also has been achieved because the string tension has been analyzed in the same 
way for all cases. It seems that the slightly larger value obtained in [ll] does reflect the 
different approach taken there to calculate the string tension rather than a different cut-off 
dependence for the Symanzik and renormalization group actions. 
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B. Bulk thermodynamics 

Bulk thermodynamic quantities like the energy density ( E )  or pressure ( p )  calculated 
with the Wilson action on lattices of size N:N, with NT = 4, 6 and 8 [lo] show a strong 
cut-off dependence in the plasma phase. A first analysis with the tree level improved (2,2)- 
Symanzik action [5] has shown that this cut-off dependence gets drastically reduced already 
on a NT = 4 lattice. This is true also for the (1,2)-Symanzik action, the tadpole improved 
(1,2)-Symanzik action [7] and a fixed point action [12] which all yield results consistent with 
the continuum extrapolation performed for the standard Wilson action. As an example we 
discuss here the pressure. 

The pressure can be obtained from an integration of the difference of action densities at 
zero (So) and finite (ST) temperature [13], 

where the zero temperature calculations are performed on a large lattice of size N: and the 
finite temperature calculations are performed on lattices of size N,3N,. In order to compare 
calculations performed with different actions one has to determine a physical temperature 
scale. This can, for instance, be achieved through a calculation of the string tension at some 
value of the gauge coupling (p )  and at the critical coupling for the phase transition on a 
lattice of temporal size NT. This yields T/Tc E fi(pc)/fi(/?). We show in Figure 1 the 
results of a calculation of the pressure. The strong cut-off dependence for the Wilson action 
is clearly seen in Figure la. The continuum extrapolation obtained from this calculation [lo] 
is in good agreement with the results obtained with improved actions on lattices of temporal 
extent NT = 4 (Figure lb). 
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FIG. 1. Pressure of the SU(3) gauge theory calculated with the Wilson action (a) and different 
improved actions (b). In the latter case the temporal extent of the lattice is N,  = 4 while it is 
N ,  = 4, 6 and 8 for the Wilson action. The solid line in (b) shows the continuum extrapolation 
obtained from the standard Wilson action. The dots give results from a calculation with a perfect 
action on a 123 x 3 lattice [12]. The arrow indicates the continuum ideal gas value. 

It thus seems that systematic errors in the calculation of the equation of state which result 
from the lattice discretization are well under control for the SU(3) gauge theory. In Figure 2 
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we show the energy density, pressure and entropy density obtained from an extrapolation of 
results obtained with the standard Wilson action. We note the rapid rise in all observables at 

5 

4 

3 .  

2. 

1 -  

I 'i 
01 I I I 

1 2 3 T/T, 4 5 

FIG. 2. Extrapolation to the continuum limit for the energy density, entropy density and 
pressure versus T/T,. The dashed horizontal line shows the ideal gas limit. The hatched vertical 
band indicates the size of the discontinuity in e/T4 (latent heat) at T,. Typical error bars are 
shown for all curves. 

T, followed by a rather slow approach to the asymptotic ideal gas behaviour. The latter is in 
accordance with the expectation that the high temperature behaviour of QCD is controlled 
by a universal function, which only depends on a running coupzing that varies logarithmically 
with temperature. However, the (15-20)% deviations from the ideal gas limit observed at 
temperatures as large as 5Tc are, in fact, too large to be described by perturbation theory, 
The perturbative expansion of the thermodynamic potential is converging quite badly and 
would require a running coupling which is significantly smaller than unity [14,15]. As a 
consequence, the perturbative expansion does seem to converge only for temperatures much 
larger than T,. In particular, the calculation of screening lengths on the lattice do, however, 
suggest that the running coupling is larger than unity even at 5Tc [17]. 

A quantity which is very sensitive to deviations from the perturbative high temperature 
limit is the trace anomaly of the energy-momentum tensor, T' = E - 3p. It defines the 
temperature dependent gluon condensate [ 161 

E - 3p = (G2)~,o - (G2)~ . ( 5 )  

As the left hand side will, for high temperatures, be proportional to T4 the first term on the 
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right hand side, (G2)T=0,  will soon become negligible. The temperature dependent gluon 
condensate may then be compared to the perturbative calculation of E - 3p [18] 

In the case of S U ( 3 )  we thus expect in the perturbative limit to find ( ~ - 3 p ) / T ~  = 0.02322g4- 
0.04435g5 + O ( g 6 ) .  This does reflect the poor convergence of the perturbative expansion 
which also persists at higher orders [14,15]. 

1 2 3 4 T/T, 

FIG. 3. The zero temperature gluon condensate divided by T4 and ( E  - 3p)/T4 versus T/T,. 
The dashed band shows the uncertainty in the zero temperature gluon condensate value [16]. 

In Figure 3 we compare the contribution from the non-vanishing gluon condensate in 
the vacuum with the calculated ( E  - 3 p ) / T 4 .  It is evident, that (G2)*,o does contribute to 
the peak in this quantity. However, this contribution rapidly becomes negligible above T,. 
On the other hand it is also clear from the leading order perturbative result given in Eq. 6 
that this cannot give a satisfactory description of the equation of state for temperatures 
T N 5T,. Here a running coupling g2(T) N 2 would be needed in order to describe the 
numerical results in terms of the leading order correction. However, for such a large value 
of g 2 ( T )  higher order corrections clearly cannot be neglected. 

C. Surface tension and latent heat 

The success of improved actions for the calculation of bulk thermodynamics even at 
temperatures close to T, naturally leads to the question whether these actions also do lead 
to an improvement at T, where a strong cut-off dependence has been observed previously in 
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the calculation of the latent heat (A€) and the surface tension (01). The region around T, 
is, of course, a highly non-perturbative regime. However, observables like A€ and a ~ ,  which 
characterize the discontinuities at the first order deconfinement phase transition in a SU(3) 
gauge theory, do depend on properties of the low as well as the high temperature phase. 
As the latter is largely controlled by high momentum modes it may-be expected that some 
improvement does result even from tree level improved actions. 

At the SU(3) deconfinement transition Ae and 01 have been studied on lattices up 
to temporal extent N, = 6 [19,20] using the standard Wilson action. A strong cut-off 
dependence has been found when comparing calculations for N, = 4 and 6. For this reason 
an extrapolation to the continuum limit has so far not been possible for these observables. 

We have extracted 01 [7] from the probability distribution of the absolute value of the 
Polyakov loop, P( ILI), following the analysis presented in Ref. [20]. The probability distri- 
bution at the minimum is proportional to 

P( ILI) eXP(-[f& t f2K + 2 w 4 ] / T )  (7) 
where f; denotes the free energy in the phase i, and is the volume occupied.by that phase 
and A denotes the interface area of the finite system. The distribution functions for the 
tadpole improved actions for three different lattice sizes are shown in Figure 4. From the 
depth of the minimum one can extract the surface tension. 
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FIG. 4. Polyakov loop distributions for the tadpole improved (1,2) Symanzik action. 

In Table I1 we give results for 01 on the largest lattices considered. Clearly the surface 
tension extracted from simulations with improved actions on lattices with temporal extent 
N, = 4 are substantially smaller than corresponding results for the Wilson action. In fact, 
they are compatible with the N, = 6 results for the Wilson action. 

The latent heat is calculated from the discontinuity in ( E  - 3p) .  This in turn is obtained 
from the discontinuity in the various Wilson loops entering the definition of the improved 
actions, 

with 3 S - dS/dp. 
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TABLE 11. Surface tension and latent heat for the three improved actions and the Wilson 
action. Results for the Wilson action are based on data from [20] using the non-perturbative 
p-function calculated in [lo]. 

action v, N ,  QI/T,3 
standard Wilson 242 x 36 4 0.0300 (16) 

362 x 48 6 0.0164 (26) 
(1,2) Symanzik (tree ) 323 4 0.0116 (23) 
(1,2) Symanzik (tadp.) 323 4 0.0125 (17) 

A ~ / T $  
2.27 (5) 
1.53 (4) 
1.57 (12) 
1.40 (9) 

The difference of action expectation values at Pc is obtained by calculating these in the 
two coexisting phases at ,Bc. In order to extract the latent heat one does still need the 
p-function entering the definition of A€/?': in Eq. 8. The necessary relation a(@) has been 
obtained from a calculation of &a (improved actions) or a determination of Tca (Wilson 
action). Results for Ae/T: are summarized in Table 11. 

In particular the comparison with results obtained with tadpole improved actions on 
even coarser lattices ( N ,  = 3) [7] suggests that the values obtained for the latent heat with 
improved actions on lattices with temporal extent N, = 4 only have a small additional cut- 
off dependence. We thus may use these results to estimate the latent heat in the continuum 
limit. Using Eq. 3 and f i  = 420 Mev we find 

AE -N 1.5T," = 0.230~ = 0.9 GeV/fm3 (9) 
From Figure 2 we find that the energy density on the confinement side of the transition 
is about 1/3 of this value, the critical energy density on the plasma side thus is about 
1.2 GeV/fm3. 

IV. FOUR-FLAVOUR QCD WITH AN IMPROVED STAGGERED ACTION 

In the fermionic sector of QCD the influence of a finite cut-off on bulk thermodynamic 
observables is known to be even larger than in the pure gauge sector. For instance, in 
the staggered formulation the energy density of an ideal fermi gas differs by more than 
70% from the continuum value on a lattice with temporal extent N, = 4 and approaches 
the continuum value only very slowly with increasing N,. This cut-off dependence can 
drastically be reduced with an O(a2) improved staggered action. We have used an improved 
action, Sl[U] = S(1?2)+$M~, where a higher order difference scheme (one-link and three-link 
terms), is used to improve the fermionic part [21]. The improved fermion matrix reads 
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In the gluonic sector we use the tree level improved (1,2)-Symanzik action. With this action 
the overall cut-off distortion for the ideal gas limit on a 163 x 4 lattices reduces to about 
20%. We have performed simulations for two quark masses, mu = 0.05 and 0.1 [8]. Like in 
the pure gauge sector the improvement is visible already close to T,. 

The general structure of the four-flavour equation of state does not differ much from 
that of the pure gauge theory. In fact, the temperature dependence of the pressure is very 
similar to that of the pure gauge theory, if we rescale the latter by an appropriate ratio 
of the number of degrees of freedom so that the high temperature limit coincides for both 
cases. This is shown in Figure 5. 
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FIG. 5. Comparisson between the pressure of four-flavour QCD on a 163 x 4 lattice for two 

values of the quark mass and the pressure of the pure S U ( 3 )  gauge theory. The latter has been 
rescaled by the appropriate number of degrees of freedom of four-flavour QCD. 

While the pressure is obtained in complete analogy to the pure gauge theory through an 
integration of action differences (Eq. 4), the calculation of energy density now also requires 
the determination of differences of the chiral condensates at zero and non-zero temperature 
as well as the cut-off dependence of the two bare couplings, ,f3 and m,, 

Only in the chiral limit the derivative dln m a / d a  vanishes and ( E -  3p)  is again proportional 
only to the @-function, dp/d In a, as it is the case in the pure gauge sector. 

Results for the energy density are shown in Figure 6 .  The energy density does stay close 
to the ideal gas limit immediately above T,. We do observe an overshooting of the ideal gas 
limit close to T, for the non-zero quark masses considered by us. This is a feature not seen 
before in the pure gauge sector. Whether this does persist for finite values of the quark mass 
or is an artefact of our present statistical accuracy has to be clarified in further more detailed 
investigations. The overshooting does, however, seem to disappear in an "extrapolation" to 
in the chiral limit, which we constructed by ignoring the term proportional to ($$) in the 
definition of the energy density [8]. This contribution of this term vanishes in the chiral 
limit as the derivative dlnrnalda is proportional to the quark mass. 

We note that the energy density in the critical region is larger than in the pure gauge 
case when expresed in units of T,, i.e. E N 102';. However, as the critical temperature is 
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FIG. 6. Energy density of four-flavour QCD on a 16' x 4 lattice. The lower set of curves shows 
an "extrapolation" to the chiral limit which has been obtained by ignoring the second term in 
Eq. 10 (see text). 

substantially smaller than in the pure gauge theory, the critical energy density again turns 
out to be about 1 GeV/fm3. 

The calculations with an improved fermion action show that a strong reduction of the 
cut-off dependence is possible in the high temperature phase. Still a further improvement 
is necessary in order to reduce the cut-off dependence to only a few percent as it is the 
case in the pure gauge sector. In addition one would also like to achieve a reduction of the 
flavour symmetry breaking in the staggered action. This does not seem to be the case for 
the improved action we have used here. 

V. CONCLUSIONS 

Thermodynamic observables of the SU(3)  gauge theory and QCD studied with improved 
gauge and fermion actions show a drastic reduction of the cut-off dependence in the high 
temperature limit as well as at T,. The major improvement effect is already obtained with 
tree level improved actions. The calculation of the equation of state of the SU(3) gauge 
theory does seem to be well under control and major sourced for lattice artefacts have 
been eliminated. This opens the possibility to repeat quantitative studies of various other 
thermodynamic quantities on rather coarse lattices which so far could only be investigated 
on a qualitative level without reliable extrapolations to the continuum limit. 

The calculation of thermodynamic quantities with improved fermion actions has just 
started. In this case further work is still needed in order to be able to select an appropriate 
action which even in the ideal gas limit has as little cut-off dependence as the Symanzik 
improved actions. 

REFERENCES 

[l] K. Symanzik, Nucl. Phys. B226 (1983) 187 and Nucl. Phys. B226 (1983) 205. 

39 



[2] G.P. Lepage and P.B Mackenzie, Phys. Rev. D48 (1993) 2250. 
[3] F. Niedermayer, Improved Lattice Actions, heplat-9608097, June 1996. 
[4] T. DeGrand, Lattice Gauge Theory for QCD, COLO-HEP-378 (hep-ph/9610391), Oc- 

[5] B. Beinlich, F. Karsch and E. Laermann, Nucl. Phys. B462 (1996) 415. 
[6] B. Beinlich, F. Karsch, E. Laermann and A. Peikert, String tension and Thermodynam- 

ics from Tree Level and Tadpole Improved Actions, in preparation. 
[7] B. Beinlich, F. Karsch and A. Peikert, SU(3) Latent Heat and Surface Tension from 

Tree Level and Tadpole Improved Actions, BI-TP 96/24, to appear in Phys. Lett. B. 
[8] J. Engels, R. Joswig, F. Karsch, E. Laermann, and B. Petersson, Thermodynamics of 

four-flavour QCD with an improved staggered action, in preparation. 
[9] J. Engels, F. Karsch and K. Redlich, Nucl. Phys. B 435 (1995) 295. 

tober 1996. 

[lo] G. Boyd et al., Phys. Rev. Lett. 75 (1995) 4169 and Nucl. Phys. B469 (1996) 419. 
[ll] Y. Iwasaki, K. Kanaya, T. Kaneko and T. YoshiC, Scaling in SU(3) pure gauge thoery 

[12] A. Papa, SU(3) Thermodynamics on Small Lattices, BUTP-96/13. 
[13] J. Engels, J. Fingberg, F. Karsch, D. Miller and M. Weber, Phys. Lett. B 252 (1990) 

[14] P. Arnold and C.-X. Zhai, Phys. Rev. D50 (1994) 7603. 
[15] C.-X. Zhai and B. Kastening, Phys. Rev. D52 (1995) 7232. 
[16] H. Leutwyler, in Proceedings of the Conference QCD - 20 years later, (Edts. P.M. 

[17] U.M. Heller, F. Karsch and J. Rank, Phys. Lett. B355 (1995) 511. 
[18] J. I. Kapusta, Nucl. Phys. B148 (1979) 461. 
[19] Y. Iwasaki et al., Phys. Rev. D46 (1992) 4657. 
[20] Y. Iwasaki et al., Phys. Rev. D49 (1994) 3540. 
[21] S. Naik, Nucl. Phys. B316 (1989) 238. 

with a renormalization group improved action, UTHEP-348, October 1996. 

625. 

Zerwas and H.A. Kastrup), World Scientific 1993, p. 693. 

40 



Hydrodynamics and Collective Behaviour in Relativistic 
Nuclear Collisions 

Dirk H. Rischke 
Physics Department, Pupin Physics Laboratories, Columbia University, 

538 W 120th Street, New Yorlc, NY 10027, U.S.A. 

Abstract 

Hydrodynamics is applied to describe the dynamics of relativistic heavy-ion 
collisions. The focus of the present study is the influence of a possible (phase) 
transition to the quark-gluon plasma in the nuclear matter equation of state 
on collective observables, such as the lifetime of the system and the transverse 
directed flow of matter. It is shown that such a transition leads to a softening 
of the equation of state, and consequently to a time-delayed expansion which 
is in principle observable via two-particle correlation functions. Moreover, 
the delayed expansion leads to a local minimum in the excitation function of 
transverse directed flow around AGS energies. 

I. INTRODUCTION AND CONCLUSIONS 

Hydrodynamics has found widespread application in studying the dynamical evolution 
of heavy-ion collisions [l]. It was found that compressional shock waves, first predicted by 
Scheid and Greiner to occur in such collisions [2], lead to collective flow phenomena like 
sideward deflection of matter in the reaction plane (“side-splash” and “bounce-off”) as well 
as azimuthal deflection out of the reaction plane (“squeeze-out”). The confirmation of these 
collective flow effects by BEVALAC experiments [3] was one of the main successes of the 
fluid- dynamical picture. 

One of the primary goals of present relativistic heavy-ion physics is the creation and 
experimental observation of the so-called quark-gluon-plasma (QGP) phase of matter, pre- 
dicted by lattice calculations of quantum chromodynamics (QCD) [4]. A class of interesting 
signals for the QGP, which are directly related to the QCD equation of state (EoS) as 
measured on the lattice, emerge from the influence of that EoS on the collective dynamical 
evolution of the system. Relativistic hydrodynamics is the most suitable approach to study 
these signals, since it is the only dynamical model which provides a direct link between 
collective observables and the EoS. 

It was shown [5-81 that the transition to the QGP soflens the EoS in the transition region, 
and thus reduces the tendency of matter to expand on account of its internal pressure. This, 
in turn, delays the expansion and considerably prolongs the lifetime of the system. It was 
moreover shown [8] that this prolongation of the lifetime (as compared to the expansion 
of an ideal gas without transition) is in principle observable via an enhancement of the 
ratio of inverse widths, R o u t / R s i d e ,  of the two-particle correlation function in out- and 
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FIG. 1. Equation of state. 

side-direction. (This signal was originally proposed by Pratt and Bertsch [9].) Another 
aspect [10,11] of the delayed expansion is the reduction of the transverse directed flow in 
semi-peripheral collisions that can be readily tested experimentally at fixed target energies 

In this paper I summarize the essential physics and observable consequences of the soft- 
ening of the EoS in the transition region, namely, the time-delayed expansion and the sub- 
sequent enhancement of Rout/Rside, and the disappearance of the transverse directed flow. 
Natural units F, = c = l c ~  = 1 are used throughout this paper. 

[I21 * 

11. THE QCD PHASE TRANSITION AND SOFTENING OF THE EQUATION OF 
STATE 

Available lattice data for the entropy density in full QCD can be approximated by the 
simple parametrization [ 7,8,13] 

T - T, 3 
S ( T )  = ['I (1 + dQ -dH tanh [TI) , 
S C  Tc dQ +dH 

where sc = const. x ( d ~  + d ~ )  Tz is the entropy density at T,. Pressure p and energy density 
E follow then from thermodynamical relationships. For AT = 0, the EoS (1) reduces to the 
MIT bag EoS [14] with a strong first order phase transition between QGP and hadronic 
phase. In that case, the ratio dQ/dH determines the latent heat (density) of the transition, 

Fig. 1 shows (a) the entropy density and (b) the energy density as functions of temper- 
ature, and (c) the pressure and (d) the velocity of sound squared c i  = dp/dE as functions 
of energy density for AT = 0, O.lT,, and an ideal gas with dH degrees of freedom for 
dQ/dH = 37/3. Figs. 1 (a,b) present the thermodynamic functions in a form to facilitate 
comparison with lattice data. Present lattice data for full QCD can be approximated with a 
choice of AT in the range 0 5 AT < 0.1 T,. In the hydrodynamical context, however, Figs. 
1 (c,d) are more relevant. As can be seen in (c), for AT = 0 the pressure stays constant in 

EQ - EH 4B. 
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the mixed phase CH 5 E 5 E Q .  Hydrodynamical expansion is, however, driven by pressure 
gradients. It is therefore (the square of) the velocity of sound c i  = dp/dE, Fig. 1 (d), that 
is the most relevant measure of the system’s tendency to expand. For AT = 0 ,  the velocity 
of sound vanishes in the mixed phase, i.e., mixed phase matter does not expand at all on 
its own account, even if there are strong gradients in the energy density. For finite AT,  
pressure gradients are finite, but still smaller than for an ideal gas EoS, and therefore the 
system’s tendency to expand is also reduced, cf. Fig. 1 (d). 

The reduction of c$ in the transition region is commonly referred to as “softening” of 
the EoS, the respective region of energy densities is called “soft region” [5-81. For matter 
passing through that region during the expansion phase, the flow will temporarily slow down 
or even possibly stall under suitable conditions and consequently lead to a t i m e  delay in the 
expansion of the system. 

, 

111. HYDRODYNAMICS 

Hydrodynamics is defined by local energy-momentum conservation, 

Under the assumption of local thermodynamical equilibrium (the so-called “ideal fluid” 
approximation) the energy-momentum tensor 7’”” assumes the particularly simple form [15] 

T’” = ( E  + p )  U’U~ - pg’” , (3) 

where u p  = y (1,v) is the 4-velocity of the fluid (v is the 3-velocity, y E (1 - v’)-’/~, 
upu@ = 1), and gPu = diag(+,-,-,-) is the metric tensor. The system of equations (2) 
is closed by choosing an EoS in the form p = P ( E ) ,  i.e., as depicted in Fig. 1 (c). In the 
ideal fluid approximation, the (equilibrium) EoS is the only input to the hydrodynamical 
equations of motion (2) that relates to properties of the matter under consideiation and is 
thus able to influence the dynamical evolution of the system. The final results are uniquely 
determined once a particular initial condition and a decoupling (“freeze-out”) hypersurface 
are specified. 

For finite baryon density, one has to also take into account local conservation of baryon 
number, 

where N’ = n up is the baryon 4-current (in the ideal fluid approximation), n is the baryon 
density in the local rest frame of a fluid element. In this case, the EoS has in general to be 
provided in the form p = p ( ~ ,  n) (see Fig. 1 of Ref. [ll] for an explicit example). 

IV. DELAYED EXPANSION AND TWO-PARTICLE CORRELATIONS 

In this section I discuss the delayed expansion and observable consequences in the so- 
called Bjorken model [16] and for the EoS (I). The main assumption of Bjorken’s model is 
longitudinal boost invariance which implies that the longitudinal flow velocity of matter is 
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FIG. 3. Lifetimes and inverse widths in the Bjorken model. 

always given by wz E z / t  [16]. The initial conditions are specified at constant proper time 7 
d m .  I fix 70 = 0.1 R, motivated by the fact that for Au+Au collisions at RHIC energies 
equilibration is expected [17] to occur after 0.5 fm, while the initial radius R of the hot zone is 
on the order of 5 fm. Fig. 2 shows hydrodynamic solutions for the (cylindrically symmetric) 
transverse expansion of a “Bjorken cylinder” (at z = 0), for an initial (homogeneously 
distributed) energy density €0 = 18.75 T, s, - 10 EQ N 14 GeV fm-3. This value is expected 
to be reached through mini-jet production at RHIC energies [18]. As one observes, the system 
spends considerable time in the “soft region” of the EoS (corresponding to temperatures 
around Tc), and therefore the expansion is delayed, Figs. 2 (a-d), in comparison to the ideal 
gas case, Figs. 2 (e,f). 
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FIG. 4. The transverse directed flow as calculated from 3+1 dimensional hydrodynamics. 

Figs. 3 (a,b) show the lifetime’ of the system (assuming it “freezes out” at a temperature 
T = 0.7 T,) as a function of initial energy density EO for the Bjorken expansion. One observes 
a distinguished maximum in the lifetime associated with the transition to the QGP. Note 
that this maximum of the lifetime occurs not exactly at energy densities corresponding to 
the “soft region” of the EoS. This is due to the fact that the strong dilution on account 
of the (ever present) longitudinal velocity field has to be compensated so that the systems 
stays long enough in the “soft” transition region. If the system were initially at rest, the 
maximum would (as naively expected) occur around €0 N CQ [7,8]. 

Figs. 3 (c,d) show the ratio of inverse widths of the two-pion correlation function in 
out- and side- directions, Rout/Rside, as a function of €0 for the Bjorken expansion ’. Note 
that this ratio mirrors closely the dependence of the lifetime on initial conditions in Figs. 3 
(a,b). The effect is maximized around initial energy densities expected to be reached at the 
RHIC collider 1181. The enhancement over the ideal gas case is of the order of 40-100% (for 
AT = 0.1 T, to AT = 0) and should therefore be in principle experimentally observable. 

V. DIS- AND REAPPEARANCE OF TRANSVERSE DIRECTED FLOW 

The softening of the EoS and the delay in the expansion has an interesting consequence 
for semi-peripheral heavy-ion collisions at AGS energies. If the hot, compressed (baryon- 
rich) matter in the central zone undergoes a transition to the QGP, its tendency to expand 
is reduced, similarly as discussed above. This prevents the deflection of spectator matter, 

~ ~~ 

IHere defined as the intercept of an isotherm in Figs. 2 (b,d,f) with the t-axis. 

’Details on how to calculate this quantity can be found in Ref. [8]. 
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as it would occur for a stiff EoS with a stronger tendency to expand, for instance a purely 
hadronic EoS without phase transition [ll]. As shown in Fig. 4, this effect is observable in 
the excitation function of the transverse directed flow per baryon, 

The overall decrease of this quantity above Ekb N 2 AGeV observed for both EoS’s is 
simply due to the fact that faster spectators are less easily deflected by the hot, expanding 
participant matter. One clearly observes a dramatic drop between BEVALAC and AGS 
beam energies and an increase beyond - 10 AGeV for the EoS with phase transition as 
compared to the calculation with the pure hadronic EoS. Thus, there is a local minimum in 
the excitation function of the directed transverse (in-reaction-plane) collective flow around 
N 6 AGeV, which is again related to the phase transition to the QGP and the existence of 
a “soft region” in the nuclear matter EoS. Note that the position of the minimum strongly 
depends on the EoS. It may easily shift to higher beam energies, if more resonances are 
included in the hadronic part of the EoS. Also, absolute values for the directed flow cannot 
yet be compared to experimentally measured ones, since at this stage freeze-out has not 
been performed. Moreover, viscosity effects are neglected in the ideal hydrodynamic picture, 
which are known to have a strong influence on flow [19]. The main point is, however, that 
irrespective of these quantitative uncertainties, the minimum is a generic qualitative signal 
for a transition from hadron to quark and gluon degrees of freedom in the nuclear matter 
EoS. 
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Wilson Fermions at Finite Temperature 
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Brookhaven National Laboratory, Upton, NY 11 9'73 
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Abstract 
I conjecture on the phase structure expected for lattice gauge theory 

with two flavors of Wilson fermions, concentrating on large values of the 
hopping parameter. Numerous phases are expected, including the conven- 
tional confinement and deconfinement phases, as well as an Aoki phase with 
spontaneous breaking of flavor and parity and a large hopping phase corre- 
sponding to negative quark masses. 

In this talk I conjecture on the rather rich phase structure expected for lattice gauge 
theory with Wilson fermions, paying particular attention to what happens for large hopping 
parameter. I consider both zero and non-zero temperature. I restrict myself to the standard 
hadronic gauge theory of quarks interacting with non-Abelian gluons. I leave aside issues 
related to electromagnetism and weak interactions, both of which also raise fascinating 
issues for lattice field theory. 

The parameters of the strong interactions are the quark masses. I implicitly include 
here the strong CP violating parameter 8, as this can generally be rotated into the mass 
matrix [l]. The quark masses are in fact the only parameters of hadronic physics, the 
strong coupling being absorbed into the units of measurement via the phenomenon of 
dimensional transmutation [2]. 

For the purposes of this talk, I take degenerate quarks at 8 = 0; so, I can consider 
only a single mass parameter m. I discuss only. the two flavor case, as this will make some 
of the chiral symmetry issues simpler. I also will treat the theory at finite temperature, 
T ,  introducing another variable. Finally, as this is a lattice talk, I introduce the lattice 
spacing a as a third parameter. 

On the lattice with Wilson fermions the three parameters (m, T ,  a) are usually replaced 
with p, representing the inverse bare lattice coupling squared, the fermion hopping param- 
eter K ,  and the number of time slices Nt. The mapping between (m, T ,  a) and (p,  K ,  N t )  
is non-linear, well known, and not the subject of this talk. 

Note that in considering the structure of the theory in either of these sets of variables, 
I am inherently talking about finite lattice spacing a. Thus this entire talk is about lattice 
artifacts. 

I start with the (p ,  K )  plane at zero temperature, and defer how this is modified at finite 
temperature. The ,8 axis with K = 0 represents the pure gauge theory of glueballs. This is 
expected to be confining without any singularities at finite p. The line of varying K with 
,8 = 00 represents free Wilson fermions [3]. Here, with conventional normalizations, the 
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Fig. (1) The effective potential in the canonical sigma model. 

point K = Q is where the mass gap vanishes and a massless fermion should appear in the 
continuum limit. The full interacting continuum limit should be obtained by approaching 
this point from the interior of the @,K)  plane. 

is not the only place where free 
Wilson fermions lose their mass gap. At K = $ four doubler species become massless. 
Also formally at K = 03 six more doublers loose their mass. (Actually, a more natural 
variable is +.) The remaining doublers occur at negative K .  

The K axis at vanishing ,f? also has a critical point where the confining spectrum appears 
to develop massless states. Strong coupling arguments as well as numerical experiments 
place this point somewhere near K = $, but this is probably not exact. The conventional 
picture connects this point to ( p  = m , K  = i) by a phase transition line representing the 
lattice version of the chiral limit. 

This 
should take us from free quarks to a confining theory, with mesons, baryons, and glueballs 
being the physical states. Furthermore, when the quark is massless, we should have chiral 
symmetry. Considering here the two flavor case, this symmetry is nicely exemplified in 
a so called “sigma” model, with three pion fields and one sigma field rotating amongst 
themselves . Defining the fields 

While receiving the most attention, this point K = 

Now I move ever so slightly inside the (p ,  K )  plane from the point (03, i). 

a=$$ 

ii = i+&$ (1) 

I consider constructing an effective potential. For massless quarks this is expected to have 
the canonical sombrero shape stereotyped by 

v - x ((72 + ii2 - v”>” 

and illustrated schematically in Fig. (1). The normal Ether is taken with an expectation 
value for the sigma field (a) N v. The physical pions are massless goldstone bosons asso- 
ciated with slow fluctuations of the Ether along the degenerate minima of this potential. 

As I move up and down in K from the massless case near 1. this effective potential 
will tilt in the standard way, with the sign of (a) being appropriately determined. The 
role of the quark mass is played by the distance from the critical hopping, mq - Kc - K 

8 ’. 
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Fig. (2) The effect of a downward warping of the effective potential. The curve rep- 
resents the warped bottom of the sombrero potential. Here rnl represents the distance 
from the critical point. The solid circles represent possible states of the Ether. The phase 
transition now occurs without a diverging correlation length. 

with Kc - i. At the chiral point there occurs a phase transition, of first order because 
the sign of (a) jumps discontinuously. At the transition point there are massless goldstone 
pions representing the spontaneous symmetry breaking. With an even number of flavors 
the basic physics on each side of the transition is the same, since the sign of the mass term 
is a convention reversable via a chiral rotation. For an odd number of flavors the sign of 
the mass is significant because the required rotation involves the U( 1) anomaly and is not 
a good symmetry. This is discussed in some detail in my recent paper, Ref. [l]. For the 
present discussion I stick with two flavors. 

A similar picture should also occur near K = $, representing the point where a subset 
of the fermion doublers become massless. Thus another phase transition should enter the 
diagram at K = $. Similar lines will enter at negative K and further complexity occurs 
at K = co. For simplicity, let me concentrate only on the lines from K = $ and z. 

Now I delve a bit deeper into the (P ,K)  plane. The next observation is that the 
Wilson term separating the doublers is explicitly not chiral invariant. This should damage 
the beautiful symmetry of our sombrero. The first effect expected is a general tilting of the 
potential. This represents an additive renormalization of the fermion mass, and appears 
as a beta dependent motion of the critical hopping away from 5. Define Kc(/?) as the first 
singular place in the phase diagram for increasing K at given P. This gives a curve which 
presumably starts near K = 7 at P = 0 and ends up at 

Up to this point I have only reviewed standard lore. Now I continue to delve -yet 
further away from the continuum chiral point at (P ,  K )  = (00, i). Then I expect the chiral 
symmetry breaking of the Wilson term to increase and become more than a simple tilting 
of the Mexican hat. I’m not sure to what extent a multipole analysis of this breaking makes 
sense, but let me presume that the next effect is a quadratic warping of our sombrero, i.e. 
a term something like aa2 appearing in the effective sigma model potential. This warping 
cannot be removed by a simple mass renormalization. 

There are two possibilities. This warping could be upward or downward in the a 
direction. Indeed, which possibility occurs can depend on the value of /?. 

Consider first the case where the warping is downward, stabilizing the sigma direc- 
tion for the aether. At the first order chiral transition, this distortion gives the pions a 
small mass. The transition then occurs without a diverging correlation length. As before, 
the condensate (a) jumps discontinuously, changing its sign. However, the conventional 
approach of extrapolating the pion mass to zero from measurements at smaller hopping 
parameter will no longer yield the correct critical line. The effect of this warping on the 
potential is illustrated in Fig. (2). 

1 

1 for infinite /?. 
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Fig. (3) The effect of an upward warping of the effective potential. Here ml represents 
the distance from Kc(@). Now there are two phase transitions, with the intermediate phase 
having an expectation for the pion field. 

A second possibility is for the warping to be in the opposite direction, destabilizing 
the 0 direction. In this case we expect two distinct phase transitions to occur as K passes 
through the critical region. For small hopping we have our tilted potential with r~ having a 
positive expectation. As K increases, this tilting will eventually be insufficient to overcome 
the destabilizing influence of the warping. At a critical point, most likely second order, it 
will become energetically favorable for the pion field to acquire an expectation d u e ,  such 
a case being stabilized by the upward warping in the sigma direction. As K continues 
to increase, a second transition should appear where the tilting of the potential is again 
sufficiently strong to give only sigma an expectation, but now in the negative direction. 
The effect of this upward warping on the effective potential is illustrated in Fig. (3). 

Thus we expect our critical line to split into two, with a rather interesting phase 
between them. This phase has a non-vanishing expectation d u e  for the pion field. As the 
latter carries flavor and odd parity, both are spontaneously broken. Furthermore, since 
flavor is still an exact continuous global symmetry, when it is broken Goldstone bosons will 
appear. In this two flavor case, there are precisely two such massless excitations. If the 
transitions are indeed second order, a third massless particle appears just at the transition 
lines, and these three particles are the remnants of the three pions from the continuum 
theory. This picture of a parity and flavor breaking phase was proposed some time ago 
by Aoki [4], who presented evidence for its existance in the strong coupling regime. This 
phase should be “pinched” between the two transitions, and become of less importance 
as ,O increases. Whether the phase might be squeezed out at a finite /3 to the above first 
order case, or whether it only disappears in the infinite /3 limit is a dynamical question as 
yet unresolved. 

A similar critical line splitting to give a broken flavor phase should also enter our phase 
diagram from (p ,  K )  = (CQ, $), representing the first set of doublers. Evidence from toy 
models [5] is that after this line splits, the lower half joins up with the upper curve from 
the (p,  K )  = (co, i) point. In these models, there appears to be only one broken parity 
phase at strong coupling. 

Now let me go to finite temperature, or more precisely, finite Nt, the number of sites in 
the temporal direction. Along the ,B axis, representing the pure glue theory, a deconfine- 
ment transition is expected [6] .  For an SU(3) gauge group, this transition is expected to 
be first order. Turning on the fermion hopping, this transition should begin to move in /3, 
the first effect being an effective renormalization of ,f3 down toward stronger couplings. In 
the process, the transition may soften, and perhaps eventually turn into a rapid crossover 
rather than a true singularity. In any case, the numerical evidence is for a single transition 
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Speculative Phase Diagram 
Wilson fermions at finite T 

Confined Deconfined 1 
P 

Fig. (4) The conjectured (p ,  K )  phase diagram for finite Nt. 

where both the Polyakov line and the chiral symmetry order parameter undergo a rapid 
change. The transition region should continue into the ( p , K )  plane to eventually meet 
the bulk transition line near Kc(@) coming in from strong coupling. 

On the weak coupling side of the deconfinement transition, physics is dramatically 
different. Here as the quark mass goes to zero, we expect chiral symmetry restoration 
in the thermal ether. In terms of the effective potential, we expect only a single simple 
minimum. Most importantly, we do not expect any singularity around zero quark mass, 
with physics depending smoothly around the (p ,  K )  = (co, i) point. In other words, we 
expect the chiral transtion at small quark masses to be absorbed into the finite temperature 
transition. As the hopping continues to increase, the m c-f -m symmetry of the continuum 
theory will play a role, bouncing the deconfinement transition back towards larger ,d after 
K passes Kc. 

What is less clear is what happens to the finite temperature line as we continue further 
toward the chiral transitions of the doublers. Here I conjecture that another transition line 
enters the picture. For small Nt the theory is effectively a three dimensional one, which 
should have its own c h i d  transition, possibly somewhere between K = & and K = 7.  
Speculating that the deconfinement transition bounces as well off of this line, but on the 
opposite side, I arrive at the qualitative finite temperature phase diagram sketched in Fig. 

To summarize the picture, at small ,8 and small K we have the usual low temperature 
confined phase. Increasing K ,  we enter the Aoki phase with spontaneous breaking of flavor 
and parity. As j? increases, the Aoki phase pinches down into either a narrow point or a 
single first order line, leading towards the free fermion point at (p ,  K )  = (co, i). Before 

1 

(4)- 
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reaching that point, this line collides with and is absorbed in the deconfinement transition 
line. The latter then bounces back towards larger p. Above the chiral line is a phase 
nearly equivalent physically with the usual confined phase, just differing in the sign of 
the light quark masses. Indeed, the only physical difference is via the lattice artifacts of 

line coming in from large p which reflects the deconfinement transition back to meet the 
doubler chiral line heading towards (p,  K )  = (co, 4). 

This diagram is wonderfully complex, probably incomplete, and may take some time 
to map out. Given the results presented by Ukawa at this meeting [7], it appears that 
we may as yet be at too small a value of Nt for the negative mass confined phase to have 
appeared. As a final reminder, this entire discussion is of lattice artifacts, and other lattice 
actions, perhaps including various “improvements,” will look dramatically different. 
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Abstract 

First results of lattice QCD simulation on the nucleon tensor-charge Sq are 
presented. From the quenched QCD simulations with the Wilson quark action 
at ,B = 5.7,6.0 on a 163x 20 lattice and at p = 5.7 on a E3 x 20 lattice, we 
find (i) the connected part 6qcon. is determined with small statistical error, (ii) 
the disconnected part S4dis., which violates the OZI rule, is consistent with 
zero, and (E) the flavor-singlet tensor charge SC(pz = 2GeV’) = 6u + Sd+ 6s 
takes 0.562(88) at ,B = 5.7, which is in contrast with the flavor-singlet axial 
charge AX = 0.1 - 0.3. 

The parton structure of the nucleon at the twist two level is known to be characterized by 
three structure functions f-(z, p) ,  gl(z, p )  and hl(z, p )  with x being the Bjorken variable and 
p being the renormalization scale (see, [l]). fi and g1, which represent the quark-momentum 
distribution and the quark-spin distribution in the nucleon respectively, can be measured 
by the deep inelastic lepton-hadron scattering. On the other hand, h,(z), which represents 
the quark-transversity distribution, could be measured in the polarized Drell-Yan processes, 
since it is related to the matrix element of the chiral-odd quark operator. Such experiment 
is planned using the relativistic heavy ion collider (RHIC) at BNL. Therefore, theoretical 
prediction of 151 is of great importance. Also, whether there is a large OZI violation in the 
first moment of hl(z) has particular interest since the first moment of gl(z) and that of 
the twist three structure function e(z) have been argued to have large OZI violation from 
experimental and/or theoretical point of view [2]. In this paper, we will report first results 
on the first moment of hl(z) in lattice QCD simulations [3]. 

The tensor charge of the nucleon is defined as Sq(p) = J i[h l (x ,  p )  - 51 (x, p)]dz, where 
hl(z)  and &(z) are the quark and anti-quark distributions respectively. One can also write 
Sq as a matrix element of the tensor operator 

where p p  is the nucleon’s four momentum, and sp is the nucleon’s covariant spin-vector nor- 
malized as $ = -1 [4]. In the nucleon light-cone frame, Sq is interpreted as the “transver- 
sity” of quarks in a transversely polarized nucleon [l]. On the other hand, in the nucleon 
rest frame with p = 0 and I/ = 3, Sq - (ps  I ij diag. (03,03) q I ps). This implies that Sq 
gives an independent information on the spin structure of the nucleon from the axial charge 
47 ( P S  I Qy3Y5Q I P S )  - (PS I 4 diag. 6737 -03) q I P S ) .  
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As for Sq, approximate but model-independent inequalities such as I Su I< 3/2 and 
I Sd I< 1/3 are known [5]. The non-relativistic quark model predicts Su = Au = 4/3 and 
Sd = A d  = -1/3, while the relativistic quark wave functions with non-vanishing lower 
components lead to Su = 1.17 and Sd = -0.29 together with the inequality I Sq ]>I A q  I [6]. 
There also exist estimates of Sq using QCD sum rules [6,7] and a chiral quark model [SI, but 
the uncertainties of the results are either large or uncontrollable. 

In lattice QCD simulations, one can treat both the connected (OZI preserviong) and 
disconnected (OZI violating) contributions even in the quenched approximation as has been 
demonstrated in [9,10]. Also, one can estimate systematic errors due to the lattice approxi- 
mation by combining simulations with different lattice spacing and/or lattice size. 

On the lattice, the matrix element of the tensor operator O(t ,  x) = ij diag. (03, 03)  q is 
extracted as 

where ZT is the lattice renormalization factor for the tensor operator and N ( t )  is the nucleon 
operator projected to zero momentum. 

Following the works in ref. [9] where similar simulations have been done, we have taken 
into account the points below. 

(i) We adopt the Wilson quark action and take N = (~%‘-~ysq)q as a nucleon interpo- 
lating field. To enhance the nucleon signal, we use a wall source at initial time slice t = 0 
with the Coulomb gauge fixing at t = 0. Other time slices are not gauge-fixed. (ii) To avoid 
the contribution of the negative-parity nucleon propagating backward in time, the Dirichlet 
boundary condition for the quark propagator in the temporal direction is adopted. (iii) The 
connected amplitude is calculated by the conventional source method. To obtain the discon- 
nected amplitude, the quark propagator with space-time unit source without gauge fixing is 
adopted. By this procedure, only the gauge invariant closed-loop is automatically selected 
after the average over the gauge configurations [9]. Note that t‘ = 0 must be excluded in 
the sum in eq.(2) to make the procedure consistent. (iv) To compare the matrix element on 
the lattice with that in the M S  scheme, we employ the tadpole-improved renormalization 
factor Z~(pa) .  At p = l /a with a being the lattice spacing, ZT in the Wilson quark action 
reads [ll] ZT = (1 - 0.44 am(l/a)) (1 - (3K/4Kc)), where K is the hopping parameter. 

We carry out the quenched QCD simulation with the Wilson quark action at ,B = 5.7 on 
a 163 x 20 lattice with 1053 gauge configurations. In order to estimate the scaling behavior 
and the finite size effect, simulations at p = 6.0 on a 163 x 20 lattice with 420 configurations 
and at p = 5.7 on a 123 x 20 lattice with 306 configurations are also performed. Gauge 
configurations, which are generated with a single plaquette action separated by 1000 pseudo 
heat bath sweeps, are analyzed for three hopping parameters. The u and d quarks are 
assumed to be degenerate with K, = Kd = K,, while the strange quark is assigned a 
different hopping parameter Ks. The statistical errors of the data points are estimated by 
the single elimination jackknife procedure, and final fit of the hadron masses and R(t) are 
done by the X2-fitting. The lattice spacing a is extracted from m,a in the chiral limit. 

The connected and disconnected parts of R(t) at p = 5.7 on a 163 x 20 lattice are shown in 
Fig.1 at K = 0.164. Clear linear behaviors are seen for the u and d connected contributions 
Sqcon. in the interval up to t N 11 even for the smallest quark mass K = 0.1665. For t > 11, 

- 
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FIG. 1. R(t) as a function of t  at K = 0.164 and ,/3 = 5.7 on a 163 x 20 lattice. 

errors grow rapidly. The disconnected contribution Sqdis .  are concentrating around zero with 
errors comparable to the signal below t = 11. Since the disconnected part of R(t) does not 
show clear signal of a linear slope and we find no other sensible criterion, we take the same 
interval to extract Sqdis.  in our linear fit. We adopt the same interval also for the fit of 
hadron masses. The linear fit of the connected part, the disconnected part and their sum 
are done separately. 

For u and d quarks the fitted values are linearly extrapolated to the chiral limit mqa = 
( l / K q  - 1 / K c ) / 2  = 0. For the strange disconnected contribution, we first make linear 
interpolation to the physical strange quark mass m,a = ( l / K s  - 1 / K c ) / 2  at each fixed 
value of Kq for nucleon, and then the results are again linearly extrapolated to the chiral 
limit m q a  = ( l / K q  - 1 / K c ) / 2  = 0. The physical strange quark mass m,a is estimated 
by generalizing the relation m$a2 = A m q a ,  obtained from the hadron mass results, to 
m;a2 = A(m,a + m,a)/2 and using the experimental ratio m ~ / m , = 0 . 6 4 .  

Our final results extrapolated to the chiral limit at p = 5.7 on a 163 x 20 lattice are 
summarized in Table 1. The results for L = 12 ( p  = 5.7) and for L = 16 ( p  = 6.0), which 
are done to estimate the finite size effect and the scaling behavior, are also shown in the 
table. To compare our data on Sq with that of Aq, results of a previous simulation for Aq 
in ref. [9] at ,B = 5.7 on a 163 x 20 lattice are presented. 

1. Both the connected and total tensor charges at p = 5.7 on a 163 x 20 lattice satisfy the 
inequalities I Su I > /  Au I and I Sd (<( Ad I. This is different from the prediction of naive 
quark models I Sq I> I Aq I mentioned before. 
2. We did not see clear linear slope for the disconnected parts and we could not make 

From Table 1, one finds the following features. 
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tensor charge 
P 5.7 6.0 

[9]. The flavor singlet tensor charge is defined as 6C = Su + Sd -t 6s. The matrix elements are 
evaluated at /-I = l/a. 

axial charge (ref. [9]) 1 
P 5.7 

definite conclusion of its precise value from our simulation. Nevertheless, rather small error 
bars (- 0.05) for &&s. in our main simulation ( L  = 16 at p = 5.7) indicate that the 021 
violation in 64 is small with a conservative upper bound I 6qdis. I <  0.1. Also, one notices 
that the disconnected part suffers a large finite volume effect. This is seen by comparing the 
data with smaller lattice sizes (L=12 at p = 5.7). The smallness of &&is. could be related to 
the C (charge conjugation)-odd and chiral-odd nature of the tensor operator ija,,ysq [12]. 
3. Due to the small disconnected contributions, the flavor singlet tensor charge SC = 
Su + Sd + 6s is not much suppressed from its quark model value. This is in contrast to the 
flavor singlet axial charge AX which is known to be largely suppressed [2]. 

In the future, simulations on a larger volume at ,L? = 6.0 should be done to extract a 
definite value of the connected and disconnected tensor charges in the continuum limit as 
well as to reduce the finite size errors. 

size 163 x 20 123 x 20 163 x 20 
SU 0.839(60) 0.822(83) 0.805(30) 
Sucon. 0.893(22) 0.760(39) 0.811( 18) 
Sd -0.231(55) -0.159(75) -0.202(25) 
SdCO,. -0.180( 10) -0.220( 17) -0.199(7) 
S('% d)dis .  -0.054( 54) 0.076( 71) -0.0024(232 
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Au 0.638( 54) 
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Ssdis. -0.046(34) 0.071(46) -0.0017( 147) 
SC 0.562(88) 0.733( 121) 0.6 0 1 (42) 
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The Critical Points of Lattice QCD with a Non-Zero Quark 
Density 

Maria-Paola Lombard0 
Zentrum f6r interdisziplinire Forschung, Universitit Bielefeld, 0-3361 5 Bielefeld, Germany 

Abstract 

We study the interplay of quark number density and chiral symmetry in lat- 
tice QCD. We suggest that both are controlled by the eigenvalue spectrum 
of the fermionic propagator matrix, which shapes the pattern of zeros of the 
partition functions. The onset in the quark current would be triggered by 
the lowest lying eigenvalue, the chiral transition by the density of zeros, the 
two critical points being distinct in full QCD, and coincident in the quencied 
approximation. Our preliminary estimate for the critical point in full QCD 
in the infinite couling limit compares favourably with the predictions of the 
strong coupling expansions and of numerical simulations based on exact, alter- 
native representations of the partition function. Several reasons of perplexity 
however remains, which are briefly discussed. 

Lattice QCD at non-zero quark number[l] is a poorly understood subject, despite the 
success of numerous calculations exploiting approximation schemes or simpler models. Many 
of the difficulties come from the particular structure of the Lagrangean: as the building 
blocks of the lattice QCD Lagrangean are quarks fields, a finite density on the lattice is 
realized by a coupling to a quark density, as opposed to a nucleon density of nuclear physics 
models. In practical numerical work, this induces several technical problems, which are 
described in detail in past publications. From a phenomenological point of view, it is not 
obvious that an excess of 3N quarks would produce the same physical effects as an excess of 
N baryons and it might be useful to keep this in mind, especially when facing unexpected 
results[2]. 

This warning issued, the rest of this note will only deal with the current formulation 
of lattice QCD at non-zero quark number. The numerical analysis poses specific problems, 
since the action is complex. The only method which at the moment has the potential to deal 
with it, proposed by Barbour some years ago, is based on the representation of the partition 
function 2 as 2 =< Det(P - ezp (p )  > where P is the fermionic propagator matrix[3]. 

The quark number density is an interesting observable which can be easily computed 
within this approach. The common feature of the results for the number density [4,5], as 
reviewed by Ukawa at this meeting, is a rather early onset po, definitively smaller than 
the critical point for chiral symmetry restoration expected around m ~ / 3  and a saturation 
threshold, beyond which the particle density is one. po can be rather accurately measured 
in the strong coupling limit, where we find po N- m,/2. High statistics simulations confirm 
that also at intermediate coupling the number density is sensitive to the pion mass [5]. 

In the following we only discuss the subcritical region at zero temperature in the infinite 
coupling limit, where the results they can be contrasted with the predictions of the strong 
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coupling expansions [6] and of an alternative, exact representation of the partition function 

We do not discuss here the problems connected with the saturation threshold, which 
hampers the observation of the Stefan-Boltzmann behaviour deep in the hot and dense 
phase, we just mention that possible solutions might be found in the framework of the 
lattice improved/perfect actions discussed here by Karsch, Wiese and T. D. Lee. 

[71. 

The early onset : the density of states of the fermionic operator and the pion mass. Gibbs 
proved that the onset of the number density on isolated configurations is controlled by the 
lowest eigenvalue of the fermion propagator matrix, and argued that the lowest eigenvalues 
is half the pion mass [8]. The results reviewed above suggest that this holds true also in the 
ensemble average. Alternative scenarios can be proposed and we postpone their discussion 
to a lengthier presentation. Here we merely sketch an argument which suggests that the 
persistency of this result in the statistical ensemble at zero temperature is compatible with 
the symmetries of the system, so ergodicity problems, if any, are not obviously manifest. 

Consider the determinant on a isolated configuration, and the partition function after 
averaging over the statistical ensemble: Det = ni=1,6V(z - Xi), 2 = &1,6V(Z - ai). The 
Xi’s are the eigenvalues of the fermionic propagator matrix, z is the fugacity e p  and the a i ’ s  
the zeros of the partition function in the complex fugacity plane: the zeros of the partition 
function can be seen as the “proper” ensemble average of the eigenmodes of the fermionic 
propagator matrix. From the determinant we obtain the number density on isolated con- 
figurations at zero temperature [8]: Jo = l/VC1.,~Xil.,ep l., and we note that an analogous 
expression holds true in the ensemble average as well, provided that we trade the eigenval- 
ues with the zeros of the partition function. To know the fate of the onset of the current 
in the statistical ensemble we only need to monitor min {IXl’s }, the contribution of each 
pole to the current being, configuration by configuration, constant. Consider now that the 
23 symmetry, well verified in high statistics simulations [5 ] ,  imposes 2 = ni=1,2v(z3 - pi), 
i.e. the 23 symmetry constraints the arguments of the zeros, but not their modulus. We 
have indeed checked that, configuration by configuration, min {In 1x1 } N m,/2 :it may well 
be that the onset in the current in the full ensemble is the same as the onset on isolated 
configurations, whose origin is clear. 

In a sense, this is a straighforward result: it says that the signal in the fermion number 
density is triggered by the lowest eigenmode in the spectrum of the fermionic propagator 
matrix. This result is the one expected for non confining theories, like Gross Neveu, where 
the lowest state defines indeed the dynamical fermion mass [9]. In this formulation and 
within this approach to lattice QCD the lowest eigenvalue gives half the pion mass. 

The chiral transition, and random matrix models The possibility of observing another phase 
transition at pc > p,,, and a non trivial distribution of zeros of the partition function are 
closely related, as we can read off the expression for the number density. How would these 
transitions at po and pc relate with chiral symmetry restoration? 

A very useful laboratory for the study of chiral symmetry is offered by random matrix 
models. In the case of QCD at finite density, we learnt from the work of Stephanov that 
the transition would show at a physical p, in the full model, but at half the pion mass in 
the quenched approximation [lo]. The applications of these results to QCD would suggest 
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that the onset for the quark number at half the pion mass would also restore the chiral 
symmetry in the quenched model, because of the simultaneous occurrence of quarks and 
conjugate quarks in the system, while in full QCD the chiral symmetry, would be restored 
at the “correct” pc [6,7] thanks to the rearrangements of the eigenvalues produced by the 
richer dynamics- this relates also to the different nature of critical phenomena in quenched 
and full models. 

This discussion suggests a natural numerical strategy, whose preliminary outcome is 
shown in Figure 1. These results , obtained on a 64 and 84 lattice with a bare quark mass = 
.l, are preliminary, and are just meant as an illustration of the simple idea presented above. 
We see that the two statistical ensembles (quenched and full) show the same extrema, which 
defines a common critical region for the quenched and the full model. This agrees with the 
results of [13], where the “forbidden” region of quenched QCD was found to be coincident 
with the metastable region of full QCD, as computed in strong coupling expansion. However, 
contrary to the expectations of [13], it seems impossible to measure the real chiral transition 
point in the quenched approximation, while in the full model a peak in the eigenvalues 
distribution shows up in correspondence with the expected critical point. Needless to say, 
it would be very interesting to study the relation of the spectrum of the fermionic propagator 
matrix with the fermion matrix spectrum, which is naturally related with chiral symmetry. 

Summary The picture suggested by the above discussions is as follows : on isolated con- 
figurations the analysis of the fermionic propagator matrix gives a signal for the current in 
correspondence to its lowest state. This seems to survive the statistical ensmble average: 
there are two main reasons for this, first, that the real part of the pole is stable, second, that 
for each pole the amplitude of the contribution to the current is constant, and equal 1, so 
no cancellation occurs. Thus the onset for the quark number is the lowest real part of the 
zero of the partition function, or, equivalently, the real part of the logarithm of the lowest 
eigenmode of the fermionic propagator matrix. This a straighforward result in non-confining 
models, while in QCD the result p, f~ mn/2, and the nature of the region p, < p < pc , 
deserve further investigation. 

We haven’t found any indication of systematic errors associated with the method or 
lack of ergodicity in the algorithm which can offer an alternative explanations of these 
observations. Still, they cannot be exluded. The best way to address this issue, in our 
opinion, is to cross check with the results of alternative formulations12. 

Within this formulation quenched and full QCD share the same critical region. However, 
the simple dynamics of the quenched model cannot build up any structure in the density of 

IGiven the prominent role of the density of states evaluated at zero p ,  the suggestion would 
naturally arise to give a second try to various partial quenched schemes [ll]. These approximations 
were dismissed in the past because of the threshold at half the pion mass, but, as we have shown, 
this threshold is not necessarily related with the chiral transition. Particularly interesting could 
be their application to the recent proposal by Kogut and collaborators [12]. 

2The is reminiscent of other observations: quenched and full model can be completely different, 
but even dramatic qualitative differences are realized by subtle numerical effects. 
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FIG. 1. Density 'of states for the grand canonical partitidn'function (left) and the fermion- 
ic propagator matrix, which is its quenched counterpart: the threshold, compatible with 
m,/2 = .31[13] induces a non zero number density in the quenched and full model alike; one 
appealing scenario could be that this threshold induces the restoration of chiral symmetry in the 
quenched model, but not in the full model where the chiral transition point, estimated from the 
the position of the peak , is consistent with pc = .69(1)[7] 

modes, so no new transition appears after statistical averaging, and the results from random 
matrix models suggest that the onset of the current restores chiral symmetry. The structure 
in the spectrum is instead apparent in full QCD, where we attempted, not unsuccesfully, an 
estimate of the chiral transition point. 

These observations would predict a non-zero critical density at the zero temperature 
chiral transition, and might be related with the presence of diquarks in the region p, < p < 
pc. But, again, cross checks with other formulations are mandatory in order to disentangle 
possible numerical artifacts from predictions amenable to an experimental verification. 

This note reports on work in progress with I. Barbour, S. E. Morrison, E. G. Klepfish 
and J. B. Kogut. .I wish to thank my collaborators and acknowledge valuable'. discussions 
with F. Karsch. I would like to  thank the Physics Department of the University of Bielefeld 
for its hospitality, and the High Energy Group of HLRZ/Julich, particularly K. Schilling, for 
support during the initial stages of this project. The calculations were done at HLRZ/KFA 
Julich. This work was partially supported by Nato grant no. CRG 950896. 
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Hadronic Ratios and the Number of Projectile Participants 

Jean Cleymans and Azwinndini Muronga 
Department of Physics, University of Cape Town, 

Rondebosch 7700, South Africa 

Abstract 

We investigate the dependence of hadronic ratios on the number of projectile 
participants using a thermal model incorporating exact baryon number and 
strangeness conservation. A comparison is made with results from Au - Au 
collisions obtained at the BNL-AGS. 

Preliminary results on the dependence of hadronic ratios on the number of projectile 
participants have recently been presented by the E866 collaboration [I] for relativistic Au - 
Au collisions at the BNL-AGS. These results give insight into the behaviour of the produced 
hadronic system as a function of the baryon number and of the size of the interaction volume. 

It is the purpose of the present paper to analyze these results using a thermal resonance 
gas model at a fixed temperature and a fixed baryon density. Our treatment differs from 
previous [2,3] ones in that we consider the baryon content exactly. This means that we do 
not introduce chemical potentials for the baryon number (nor for strangeness). Chemical 
potentials are usually introduced to enforce the right quantum numbers of the system in an 
average sense. This is a correct treatment for a large system, however, for a small system 
the production of e.g. an extra proton - anti-proton pair will clearly be more suppressed 
than in a large system. These extra corrections were first pointed out by Hagedorn 141 and 
subsequently a complete treatment was presented by many people [5-81. We emphasize that 
these corrections do not contain any information about the dynamics. They simply follow 
from baryon number conservation. These corrections must be taken into account before 
considering more involved models. It is also worth emphasizing that they do not involve any 
new parameters. 

As an example we analyze the (preliminary) data recently presented by the E866 collab- 
oration [l] at BNL. 

The exact treatment of quantum numbers in statistical mechanics is obtained by pro- 
jecting the partition function onto the desired values of B and S 

where the usual fugacity factors AB and As have been replaced by : 

We will use 
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B = 2Npp (3) 

where Npp is the number of projectile participants with the factor 2 reflecting the symmetry 
of the Au - Au collision system. As the contributions always come pairwise for particle 
and anti-particle the fugacity factors will give rise to the cosine of the angle. In the further 
treatment it is useful to group all particles appearing in the Particle Data Booklet [lo] into 
four categories depending on their quantum numbers (we leave out charm and bottom). ZK 
is the sum (given below) of all mesons having strangeness f l  ( K ,  E ,  K*, . . .), similarly ZN 
is the sum of all baryons and anti-baryons having zero strangeness, Zy is the sum of all 
hyperons and anti-hyperons while 2 0  is the sum of all non-strange mesons, and so on : 

We do not include cascade particles as their contribution is unimportant for the energy 
range under consideration and their inclusion considerably complicates the formalism. Each 
term will be multiplied by the cosine of an angle, either q5 or $, in the case where two angles 
are needed (e.g. for the hyperons) one introduces a new one, a, using 

n=-m 

Using the integral representation of the modified Bessel functions 

n- 
I ~ ( z )  = il ezcose cos ne d6 

T O  

one can write the partition function as 

In order to discuss the particle abundances it is useful to introduce the following quantities [8] 
03 

n=--oo 
M 
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-00 

n=--00 

If a particle, i, has strangeness 1 and baryon number 0, it's density will be given by 

while a particle with strangeness 0 and baryon number 1, will have a density given by 

All other particle densities are obtained by using the appropriate R factor given in equation 
(8). The factor in square brackets replaces the fugacity in the usual grand canonical ensemble 
treatment [2,3]. Having thus determined all particle densities, we consider the behaviour at 
freeze-out time. In this case all the resonances in the gas are allowed to decay into lighter 
stable particles. This means that each particle density is multiplied with its appropriate 
branching ratio (indicated by Br below). The abundances of particles in the final state are 
thus determined by : 

where each sum runs over all particles contained in the hadronic gas. 
The comparison with experimental results is shown in figures 1 to 4. To compare with 

earlier calculations [2,3] we keep the temperature T and the baryon density B/V fixed. This 
corresponds to keeping the baryon chemical potential fixed in the standard hadronic gas 
calculations using the grand canonical ensemble. 

In figure 1 we compare our results with recent data from the AGS [1,11]. Figure 1 shows 
the K+/T+ ratio. As one can see the results obtained from our calculation show a steep 
rise with Npp before leveling off. The dependence on the baryon density is minimal in this 
case. This result is confirmed by calculations done in the grand canonical ensemble which 
also show that this ratio is almost independent of the baryon density [3]. We note that the 
experimental data indicate a slower rise than the model calculation. 

In figures 2, 3 and 4 we show the K-/& , the K+/K- and the p / w +  ratios. In each 
case good agreement is obtained with the results of the E866 collaboration [l]. The relevant 
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FIG. 1. The K+/& ratio as a function of the number of projectile participants Npp. The solid 
line is obtained for T = 96 MeV and B/V = 0.024 ~ D I - ~ ,  the dashed line corresponds to  T = 103 
MeV and B/V = 0.050 fm-3 while the dotted line corresponds to T = 100 MeV and B/V = 0.04 
fm-3. 
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FIG. 2. The K-/n+ ratio as a function of the number of projectile participants Npp.  The 
notation is the same as in figure 1. 
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FIG. 3. The K+/K- ratio as a function of the number of projectile participants Npp.  The 
notation is the same as in figure 1. 
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FIG. 4. The p / ~ f  ratio as a function of the number of projectile participants Npp.  The notation 
is the same as in figure 1. 
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temperature is around T x 100MeV, the baryon density is in the range B/V x 0.02 - 0.05 
fm-3. In the grand canonical ensemble this corresponds to a baryon chemical potential of 
p~ x 540 MeV. 
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I. QED LPM EFFECT ON THE BACK OF AN ENVELOPE 

It is acceleration of a charge that causes radiation. A fast charged particle, when sent 
through a medium, experiences multiple small-angle scatterings. Multiple kicks lead to 
multiple photon bremsstrahlung which can be characterized in terms of the induced radiation 
intensity per unit length (radiation density). The w-dependence of the radiation intensity 
can be deduced from the following back-of-an-envelope consideration. 

If the scattering centres act as independent sources of bremsstrahlung, the radiation 
density is simply given by 

w- dI(BH) d u d z  = - A 1 ( W- dw d 1 ) " ) ;  ( W- dw d 1 ) ( ' )  a ,  (1) 

with X the mean free path. This expression corresponds to the so called Bethe-Heitler (BH) 
limit and is valid when the photon formation time is small as compared with the distance 
X between the neighboring scatterings: 

W 1 
tf,, N - N - < A .  k; 0 2 w  

QED bremsstrahlung is restricted into cones of opening angle 0, N p / E ,  with E the energy 
of the projectile and p a typical momentum transfer in a single scattering. 

Thus, the BH regime applies to photon energies satisfying 

W 
< - < 1 ,  ELPM G Xp2. 

E 
ELPM E (3) 

If w is taken sufficiently small the photon formation length ctf,, may embody few scatter- 
ings: tf,, > nX, n > 1. In such circumstances quantum mechanics enters the game and 
radiation due to separate scatterings can no longer be treated independently. The ampli- 
tudes add up coherently and a group of n centres radiates as a single effective scattering 
centre. The bremsstrahlung density gets suppressed by the factor n as compared to the BH 
formula: 

In a course of n independent interactions with the medium, the typical total scattering 
angle of the charge, which enters into the expression for the formation time, increases with 
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n according to the diffusion law, 0: i no:. As a result, the coherent (LPM) regime holds 
for 

1 

tfom M - 1 > nx n < (WXO?)-’ 3 ncoh QED . 
n0,2 w 

Thus the coherence number nC,h (in the &ED problem) is 
.-. 

(5) 

It increases with w decreasing. When ncoh becomes so large that the coherence length reaches 
the longitudinal size of the material, = L, the radiation density hits the minimum. In 
this (so called “factorization”) limit the whole medium acts coherently and the total brems- 
strahlung amounts to radiation off the incoming and outgoing charge, which is practically 
independent of the medium: 

In the intermediate range of photon energies 

L 
x ELPM ELPM 

E (a)’ < E W < min{-, E 11 1 < n r < -  * - (7) 

the soft bremsstrahlung spectrum acquires an unusual w-dependence 

dw 
to be compared with the standard dI(BH) 0: - . du d$LPM) C( - w W 

This spectacular coherent phenomenon has been predicted quite some time ago by Lev 
Landau and Isaac Pomeranchuk Ill. Their semi-qualitative prediction was elaborated .by 
Arkady Migdal in [2] where a rigorous (and mathematically quite involved) derivation has 
been given. (Hence, an abbreviation LPM in (3) and thereafter.) 

Small &ED coupling makes the electron mean free path X rather large and, as a result, 
puts the characteristic energy ELPM (3) in the ball-park of few TeV for realistic target 
materials. This may explain why it took 40 years to observe the LPM effect in a recent 
SLAC experiment r31 long after this phenomenon has become a part of classical textbooks 
on radiation physics 14]. 

Thus for realistic electron energies, E < ELPM, three regimes can be observed: 

- d l  
dwdz 

w-- 

CY 
WBH < w < E .  - 

x 
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The most energetic photons with w E E follow the BH pattern, so that the total radiative 
energy loss becomes 

L 
0: C Y - E .  dI 

AE = i L d z / i E d u u a  X 
For E > ELPM the third (BH) energy interval in (8) collapses, and the coherent LPM 
suppression starts to affect hard photons: 

AE cx aid=. 
Finally, in the extreme limit when E > L2p2/X, the medium becomes “transparent” and we 
are back to the linear (medium independent) expression 

AE cx a E .  

A fresh treatment of the &ED LPM effect based on describing electron propagation in statis- 
tically averaged atomic electric fields was recently given by R. Blankenbecler and S. Drell 151. 
Of particular interest are coherent structures (maxima and minima) in the photon spectra 
off structured (multi-layer) targets predicted in [6]. 

11. LPM EFFECT IN QCD 

A new interest in the LPM effect has arisen because of the corresponding problem in 
QCD: the energy loss of a high energy quark or gluon due to medium-stimulated gluon 
radiation, if proved noticeably large, may affect the physics of lepton-nucleus, hadron-nucleus 
and nucleus-nucleus collisions. It may be also important as a signal for quark-gluon plasma 
formation in high energy heavy ion collisions. 

Till recently, for reasons beyond my comprehension, the energy loss for a QCD projectile 
(say, a quark passing through quark-gluon plasma) was widely believed to be independent 
of the initial energy l71 (though an attentive searcher would have found a rather broad range 
of predictions, from Eo up to E2,  in the literature). 

The first step to the true solution of the LPM problem in QCD was made by M. Gyulassy 
and X.-N. Wang in [8] where the problem has been formulated most clearly in terms of a 
simplified but realistic model for multiple scattering of a color charge in a QCD medium. 
The Gyulassy-Wang model pictures the medium as consisting of static scattering centres 
interacting via one gluon exchange with the energetic quark (gluon) projectile. The static 
approximation eliminates collision energy loss and thus singles out the radiation loss under 
interest . 

Gyulassy and Wang considered gluon radiation caused by multiple interactions of the 
projectile with the target medium. It was found that within this picture interference between 
elementary bremsstrahlung amplitudes due to remote scattering centres are color suppressed 
(by the factor (1/2N)”-l for the quark-projectile and by (1/2)m-1 for the initial gluon, with 
n the distance between the centres in units of A). Therefore only gluons with small formation 
times tfOm 5 X are radiated and, as a result, the radiation spectrum falls off rapidly with w 
and the density of the mean energy loss amounts to a constant: 

dI 2 - CYsp 
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R. Baier et al. (BDPS) have noticed another set of contributions, disregarded in [8],  in 
which the secondary gluon gets rescattered rather than the projectile color charge, as shown 
by the second graph in Fig. 1 for the double scattering case. 

FIG. 1. Rescattering at t 2  of the initial quark and of the secondary gluon produced at tl. 

These contributions bring back gluons with large formation times, ifom 5 Xn,,~, 
ncoh >> 1. The coherence number ncoh differs from n E D  ( 6 )  because of the difference in 
the accompanying radiation in &ED and QCD. 

In &ED the elementary amplitude for radiation of a soft photon with 4-momentum IC 
due to scattering pi --$ pi+l at a centre #i reads 

As it can be shown making use of the gauge invariance, it may be rewritten in the form 
of the 2-dimensional current built up of relative “transverse angles” between the photon 
direction and the directions of the incoming and scattered electrons: 

Here 

with p and Pi the longitudinal light-cone (Sudakov) components of the photon and electron 
momenta correspondingly. Elastic scattering does not affect the electron energy, so that 
pi+l M $’ = E ,  ,&+I = Pi = 1, ,8 = w / E  << 1. Transverse momentum of the projectile 
changes, $ + 1 ~  = $L + &, and so does the relative angle: 
(0) 

So we may represent the elementary &ED radiation current as 
- + - a  

e; - esi 6 Ai oc -- (6 - &)2  0; * 

In the QCD case the situation is different. Now the two terms of the basic amplitude (9) 
corresponding to emission off the outgoing and incoming lines acquires the color generator 
factors in a different order: 

(Abelian) - - 2  ‘ (TaTb)Ai  
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where a and b are the octet color indices of the emitted and exchanged gluons respectively. 
The color symmetric piece of the amplitude (12) has abelian structure and is negligible at 
high energies as compared with its color antisymmetric piece. Indeed, in the limit E + m 
we have 1O;il N p / E  --+ 0 and the radiation current (11) vanishes. In this limit we can 
treat our projectile (quark) as moving along the z-axis, so that 0; = 0 (PE = w =fixed, 
,&E 3 00). Gluon emission off the incoming and outgoing quark lines combines into the 
current proportional to  the QCD structure constant: 

Taken together with the specific QCD contribution due to radiation from the t-channel gluon 
exchange this results in the effective radiation current (shown by the black blob in Fig. 1) 

111. ENERGY SPECTRUM OF INDUCED GLUON RADIATION 

There is a nice correspondence 1'1 between the effective radiation currents in &ED (11) 
and in QCD (13): the latter we get by substituting transverse momenta for the transverse 
angles in the former one! Moreover, QED and QCD multiple scattering patterns also respect 
such a substitution. Indeed, in the &ED case, as it was already mentioned above, it is the 
photon-electron angle 0; which gets additive independent kicks resulting in a random walk 
(diffusion) in angle: O2 + 82 + n(p/E)2. At the same time, in QCD it is a gluon, rather 
than a quark, that receives the kicks, which leads to diffusion in its transverse momentum: 
IC: + IC: + np2.  

Given this symmetry, we can simply find the coherence number ny:D by repeating the 
previous estimates based on the formation time (2) now expressed in terms of IC*. 

For the BH regime we have 

where we have used the fact that in a single scattering the gluon is emitted with a typical 
transverse momentum kl 5 (41) E p. The coherence number follows from the inequality 
(cf. (5)) 

Finally, the factorization regime applies to 
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As expected, neither WBH, wfact not the differential energy spectrum depend explicitly on the 
initial energy: 

- 
dI 

dudz 
w- 

QIS - 
L wfact < w < E ; WfaCt = A / L ~ ( L / X ) ~  * 

It is interesting to notice that the BH and factorization regimes in (17) are interchanged 
compared to the &ED photon energy spectrum (8). Qualitatively, the LPM gluon spectrum 
can be obtained from the &ED result by substituting w / E  + E/w.  

Written in full, the radiation density per unit length in the LPM regime for a projectile 
in a color representation R reads [lo] 

with A, the gluon mean free path in the medium. After taking into full account both 
rescattering of the secondary gluon and of the projectile R, the dependence of the radiative 
spectrum on the “color charge” CR proves to be trivial 1’1. This is natural because, as we 
have discussed above, at high energies bremsstrahlung is mainly determined by the color of 
the exchange gluon rather than that of a projectile. 

An extra logarithmic enhancement factor in (18) is a peculiar property of the Coulomb 
scattering off a point-like centre. The normalized scattering cross section 

can be written in this case as 

This is the Rutherford scattering cross section with p2 the infra-red cutoff parameter (the 
Debye screening parameter for hot plasma). Radiation intensity is determined by the quan- 
tity 

l / b 2  
p2 6(b2)  = / d2qq2 V(q2)  , 

0 

where b is the characteristic small (sic!) impact parameter of the problem, 

If the integral in (20) was convergent in the ultraviolet, we could put b2 = 0 and express the 
answer in terms of the mean squared momentum transfer in a single scattering, (q2)  = p26(0). 
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(Original Migdal derivation based on the classical random walk treatment of the electron 
propagation L21 corresponds to exactly this situation.) However, this is not the case for the 
Rutherford scattering (19): the region of large momentum transfer ,u2 << q2 << ,u2ncoh gives 
rise to the logarithmic enhancement in (18) 

The LPM problem has been reduced in [lo] to analyzing the solution of the Shrodinger 
equation in impact parameter space, with the potential which (for the Rutherford case) 
has a logarithmic singularity in the origin. Mathematical aspects of this problem have been 
studied by Chadan, Martin and Stubbe in [ll]. The expression (18) for the induced spectrum 
has been derived within logarithmic approximation in In n,,h. 

IV. QCD ENERGY LOSS AND JET BROADENING 

In QCD applications (hot plasma, cold nuclear matter) one expects the LPM energy 
parameter ELPM = Xp2 = -H to be on the order of GeV. Only such soft gluons will be 
radiated independently by each scattering centre, while more energetic gluons are subject 
to the coherent LPM suppression. For a sufficiently thick target, L > L,  = dw, we 
have E < wfaCt and the total energy loss becomes ['I 

For initial energies as high as E > ECT = ,u2L2/X the factorization contribution takes over in 
the energy loss. However, on top of this (dominant) medium-independent piece one can try 
to see the medium-dependent piece coming from the gluon energies w 5 wfaCt. The latter 
contribution is quadratic in the longitudinal size of the medium [I2] 

This qualitative expectation is supported by the analysis of LPM radiation in a finite length 
medium, which has been carried out in [13]. With logarithmic accuracy we have 

Any estimate of energy loss in possibly realistic circumstances in heavy ion collisions based 
on semi-quantitative approximate theoretical predictions is hazardous and should be received 
with caution and scepticism. Nevertheless, let us mention that an energetic quark traversing 
hot QCD matter with temperature T = 250MeV is expected to lose [14] 

A E  N 8 0 G e V . c ~ ~  (25) 

which is rather large a number for a, N 1/3-1/2 or so. 
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For cold nuclear matter both the infra-red cutoff p2 and the gluon mean free path A, are 
obviously ill-defined quantities. It is remarkable, however, that they enter in the combination 
which not only is well defined but, moreover, determined by small-distance physics. Indeed, 
in the characteristic ratio 

dependence on the infra-red-sensitive to ta l  gluon scattering cross section a, cancels, and 
the answer is expressed in terms of the physical matter density p and large-momentum- 
dominated integral of the differential cross section. 

We conclude that in spite of the fact that each scattering act may be dangerously “soft”, 
4;” N p2, induced radiation of sufficiently energetic gluons with w >> p2A N lGeV stays well 
enough under jurisdiction of the perturbative QCD. In the finite-L problem the characteristic 
transverse distance b2 in (24) and (26) decreases with L as 

In time of the Brookhaven workshop the last of BDMPS papers [15] was completed 
which deals with cold matter. By allowing for inelastic breakup of target nucleons, the 
characteristic parameter of the problem (26) was related, in certain approximation, with 
small-x behavior of the nucleus gluon distribution [l67l5l: 

4n2asCR 
-6( P2 b2) = p xG(x, b-2) . 
AR NZ - 1 

Since xG(z) depends on x slowly (logarithmically) for x << 1, it suffices to  state that x in 
(28) should be chosen in the range 

with M the nucleon mass. Let us stress again that the gluon distribution is probed at a 
large momentum scale (27). The same argument applies to the as factor in (28). 

Using p = 0.15fm-3 and CR = CF = 4/3 one finds 

AE N 8GeV.crf.[xG(x)] 

which is much smaller compared with (25) for hot plasma (for the sake of estimate one may 
take as N a, xG(z) N 1). 

However, it would be premature to conclude from this comparison that the energy loss 
seems to give a reasonable signal for the quark-gluon plasma phase, the reason being a 
contradictory experimental situation with j e t  broadening in nuclei. 

The left-hand side of (28) may be related with another, nonperturbative but measurable, 
quantity such as the transverse momentum which a jet produced in a hard interaction with 
a nucleus receives as it passes through. 

82 



Luo, Qiu and Sterman (LQS) have studied [I7] pl-broadening of dijets produced in 
photon-nucleus collisions at Fermilab. They expressed the transverse momentum squared 
given to the quark jet by rescatterings in the nucleus in terms of a dimensional parameter 
A i Q s  which characterizes the momentum transfer squared in a single collision: 

Here Q is the hardness of the production process (the relative transverse momentum of the 
two jets making up the Drell-Yan dijet) and A is the atomic number of the nucleus. An 
expression for A i Q s  is given in [17] in terms of a new QCD nuclear matrix element, but the 
actual determination of A i Q s  M 0.05-0.1GeV2 is made by comparing (31) to experiment [I8]. 

The width of the transverse momentum distribution (31) growth linearly with the lon- 
gitudinal size of the medium L cx All3 as expected. An interesting relationship between jet 
broadening and energy loss was found in [15]: 

It is completely independent of 
well in finite length hot matter 

the dynamics of the multiple scattering and holds equally 
as well as cold matter. Perhaps even more surprising the 

coefficient relating p:w to dE/dz is independent of the nature of the high energy parton 
passing through the matter. Equation (32) makes more precise the bound IdE/dzJ 5 $p:, 
suggested sometime ago by Brodsky and Hoyer [19] on the basis of the uncertainty relation. 

Coming back to numbers, it is straightforward to see that the experimental value A i Q s  = 
0.05 - 0.1GeV2 when used in (31) and (32) overshoots by an order of magnitude the previous 
estimate for the energy loss in nuclei, unless an unreasonably large gluon density zG(s) N 20 
is used in (30). 

The problem here is that present experiments find a large pl-broadening (and energy loss) 
for outgoing partons giving A i Q s  M 0.05 - 0.1 GeV2 (final state interaction with medium) 
while much smaller numbers are found for the broadening of the p-pair spectrum (initial 
state parton interaction) the latter numbers being consistent with (30). This puzzle remains 
unsolved at present. 

Very recently an elegant and economic way of reproducing the (infinite medium) BDMPS 
results for &ED and QCD [lo] was found B. Zakharov. Technology developed in [21] is based 
on the notion of the (complex) “optical potential” and may prove efficient for future studies. 

From the theoretical side, the study of the QCD LPM phenomenon has scarcely begun. 
There is still a long way to go towards improving theoretical understanding of the problem, 
especially in “cold matter” applications, and developing rough semi-qualitative expect ations 
into reliable numerical estimates. 

Wellcome to the club. 
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Abstract 

We review the extension of the factorization formalism for perturbative QCD 
to soft initial- and final-state scattering associated with hard processes in 
nuclei. 

I. INTRODUCTION 

In this talk, we would like to review a few results from a perturbative QCD (pQCD) 
treatment of the scattering of hadrons and leptons in nuclei, based on factorization, work 
in collaboration with Ma Luo [l-31 and, more recently, Xiaofeng Guo [4]. At the outset, 
it may be useful to clarify the relation of this work to the recent papers of Baier e t  al. 
(BDMPS), described by Dokshitzer at this workshop [SI. We have tried to illustrate this 
relation schematically in Fig. 1. The BDMPS analysis begins (Fig. la)  with the classic 
treatment of radiation induced when a charged particle passes through a large target, due 
originally to Landau, Pomeranchuk and Migdal (LPM). This analysis does not require the 
presence of a hard scattering, but describes the coherent results of many soft scatterings. 
Its primary subject has traditionally been induced energy loss. Our analysis (GLQS) begins 
with the perturbative QCD treatment of hard-scattering in a small target (Fig. lb), in which 
the primary subject of interest is momentum transfer. A complete analysis (Fig. IC) of hard 
scattering in a large target, involves both energy loss and the transverse momenta due to 
initial- and final-state soft scatterings. Our work is a step in this direction, attempting 
to stay as close as possible to the pQCD formalism, in which we may readily quantify 
corrections. To be specific, we consider only a single soft inital- or final-state interaction in 
addition to the hard scattering. Our central observation is that for suitably-defined jet and 
related inclusive cross sections this is the first order in an expansion in the quantity 

All3 x X2 
7 

Q2 

where X represents a nonperturbative scale, which we shall identify with a higher-twist 
parton distribution below. That additional scatterings are suppressed by factors of 1/Q2 is 
perhaps surprising. Let us review why this is the case, at least for certain cross sections. 
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(a) LPM 

BDMPS \ 

0 

GLQS 

( c )  
FIG. 1. Alternate approaches to hard scattering in nuclei. (a) Landau-Pometanchuk-Migdal 

analysis treats energy loss due to many soft scatterings. (b) Perturbative QCD analysis treats 
momentum transfer due to hard scattering. (c) For scattering in nuclei, both must be combined. 

The basic analysis of hard-scattering in nuclear matter (cold or hot) [6] is quite simple. To 
be specific, consider the scattering of a quark. A hard-scattering with momentum transfer 
Q can resolve states whose lifetimes are as short as l /Q, for instance quarks off-shell by 
order Q, but still less that Q. The off-shellness of the scattered quark increases with the 
momentum transfer simply because the number of available states increases with increasing 
momentum. Similarly, the scattered quark, of momentum p’ is typically off-shell by order 
mJ 5 Q. We may think of r n ~  as the momentum of the jet into which quark fragments. If 
we are to recognize the jet, we must have mj << EJ = p; .  On the other hand, the counting 
of available states ensures that m j  >> AQCD. 

Now the scattered quark has a lifetime in its own rest frame At(p’) N $ with mj << 
EJ.  In the target rest frame, however, this becomes, for large enough EJ/mJ, N 

EL > RA, where RA is the (fixed) target size. Thus, at high enough energy the lifetime 
of the scattered quark will exceed the target size, even though the quark itself is far off the 
mass shell, typically by a scale that grows with the momentum transfer Q. 

Further couplings of the off-shell quark are suppressed, first of all by the strong coupling 
evaluated at scale mj, and, more importantly, by an overall factor of l/m; N 1/Q2, since 
the effective size of the scattered quark decreases with momentum transfer in this manner. 

In summary, for inclusive processes such as jet production, high-Q implies that process- 
dependent multiple scattering is power-suppressed compared to single scattering. Initial- 
state interactions internal to the nucleus are leading-power, but factorize. Thus the “Cronin 
effect”, A”-dependence with Q > 1, due to multiple scattering, is higher-twist for inclu- 
sive distributions, while the “EMC” effect for parton distributions in nuclei is (almost by 
definition) leading-twist. 

The most important point here is that the scattered particle remains off-shell for its 
entire transit of the target. Thus, its interactions with the target may be treated by the 

k ( m J  
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formalism of perturbative QCD, which, however, must be extended to include corrections 
that decrease with extra powers of momentum transfer. Up to the first such “higher-twist” 
contribution, a general cross section has the representation [7] 

where @ represents covolutions in fractional momenta carried by partons, and fn represents 
a parton distribution of twist n. Target-size dependence due to multiple scattering can only 
appear in the second term in this expansion. 

11. PARTON-NUCLEUS SCATTERING IN PERTURBATIVE QCD 

A. Factorization at Leading and Nonleading Powers 

Let us review some of the details of a factorized cross section like (2). The first term, 
consisting of only twist-two matrix elements has the detailed form, 

where we may take p’ as the momentum of an observed jet. The fragmentation of a jet, 
suitably defined, is calculable in perturbation theory, and may be absorbed into the “hard 
scattering function” 6. The f a i p  are distributions of parton type a in hadron p .  They have 
the interpretaion of expectation values in the hadronic state of products of fields on the light 
cone, for instance, for a quark distribution 

where for simplicity we choose the A+ = 0 gauge, assuming p’is in the plus direction. Eq. (3) 
is ilustrated by Fig. 2a. As shown, the convolution in eq. (3) is in terms of the momentum 

2 

FIG. 2. Perturbative QCD at leading twist (a), and higher twist (b). 

2 

fractions r and y carried by partons i and j ,  from hadrons p1 and p2, respectively, into the 
hard scattering. 
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Fig. 2b is the corresponding picture for a higher-twist contribution to hard scattering. In 
this case two partons i and i f  with momenta zlpl and x2p1 from the target (the “nucleus”) 
collide with a single parton j of momentum yp2 (from the “projectile”), 

The expectation value T corresponding to this multiparton contribution from the target is 
typically of the form [7] 

where Bi is the field corresponding to a parton of type i = q, ij, G. In eq. ( 5 ) ,  the hard 

but is otherwise independent of the structure - in particular the size - of the target (and 
projectile). To find A-enhancement due to multiple scattering, we must look elsewhere. 

part &(ii,l+j (4) depends on the identities and momentum fractions of the incoming partons, 

B. A-Enhancement from Matrix Elements 

For definiteness, we consider photoproduction or deeply inelastic scattering on a nucleus 
[1,3]. In this case, the additional soft scattering is always a final-state interaction. The 
structure of the target is manifest only in the matrix element T in eq. (5). Each pair of 
fields in the matrix element (6) represents a parton that participates in the hard scattering. 
The yzT integrals parameterize the distance between the positions of these particles along the 
path of the outgoing scattered quark. In eq. (6), integrals over the distances yzT generally 
cannot grow with the size of the target because of oscillations of the exponential factors 
eiP zaYs . Poles from 6 in the xi integrals, associated with the scattered particle, however, 
can result in finite contributions from points where two of the xi vanish [l-31. An example 
is shown in Fig. 3. It is important to emphasize that using a pole in the complex xi 

t .: 

FIG. 3. Pole that gives rise to an A-enhanced cross section. 

(longitudinal momentum) space to do the integral does not correspond to assuming on- 
shell propagation for the scattered quark. Indeed, the xi integrals are not pinched between 
coalescing singularities at that point, and the same results could be derived by performing 
the xi integrals without ever going through the xi = 0 points. 
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The result of this reasoning is that matrix elements that depend on three fractional 
momenta, as in (6) above, simplify to a form like 

where I ~ A )  is the relevant nuclear state. In this form, integrals over the ytT can grow with 
the nuclear radius as fast as All3, once local color confinement is taken into account. The 
variable x here is the fractional momentum associated with the hard parton from the target 
that initiates the process. The soft scattering contributes a negligible longitudinal fractional 
momentum. Details of the reasoning and calculation for deeply inelastic scattering are given 
in Ref. [3]. 

111. APPLICATIONS 

In Refs. [l] and [3], we have applied the formalism sketched above to single-particle in- 
clusive and single-jet production for deeply inelastic scattering and photoproduction. These 
cases involve final-state interactions only. In each case, the leading 1/Q2 correction is pro- 
portional to the matrix element in eq. (7), or to a corresponding matrix element TG with four 
gluon fields. Of course, the value of the correction cannot be estimated without an idea of 
the magnitudes of the T's. Since these magnitudes are nonperturbative they must be taken 
from experiment. At the same time, we expect the 2-dependence of the probability to detect 
the hard parton to be essentially unaffected by the presence or absence of an additional soft 
scattering. Thus, we choose ansatz 

for Tq, in terms of the corresponding twist-two parton distribution f, with X a constant with 
dimensions of mass (see eq. (1)). This assumption facilitates the comparison to data. 

A quantity that is sensitive to final-state rescattering in a particularly direct way is the 
momentum imbalance of di-jets in photoproduction in nuclei. The A4l3 dependence of this 
quantity is related to the matrix elements Tq and TG by the simple formula [2J 

where HrR is a hard-scattering function that we have computed to lowest order and where in 
the second equality we have used (8). The momentum l may be identified as the momentum 
of the more energetic jet. By comparing eq. (9) to  data, [8] we found X2 - 0.05 - 0.1 GeV2 
[Z]. This value may be used to predict anomalous A-enhancement for other processes. 

One such process is direct photon production at measured transverse momentum, whose 
very moderate A-dependence has been measured by the E706 experiment at Fermilab. In 
Ref. [4], it was found that the value of X2 above, which produces a relatively large enhance- 
ment in dijet momentum imbalance, due to final-state interactions, produces a quite small 

89 



A-enhancement in photoproduct ion, due to init ial-s t at e interact ions, consistent with exper- 
iment. This may shed some light on the long-standing observation that (initial-state) trans- 
verse momentum effects in Drell-Yan cross sections are also surprisingly small [9]. Clearly, 
further study of this and related questions is in order. 
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Abstract 

The high density of scattered partons predicted in nuclear collisions at very 
high energy makes color screening effects significant. We explain how these 
screening mechanisms may suppress nonperturbative, soft QCD processes, 
permitting a consistent calculation of quark-gluon plasma formation. within 
the framework of perturbative QCD. We present results of a model calculation 
of these effects including predictions for the initial thermalized state for heavy 
nuclei colliding at RHIC and LHC. 

Most recent theoretical predictions for the initial conditions at which a thermalized 
quark-gluon plasma will be produced at heavy ion colliders are based on the concept of 
perturbative partonic cascades. The parton cascade model [l] starts from a relativistic 
transport equation of the form 

where F;(z ,p)  denote the phase space distributions of quarks and gluons. The collision terms 
Ci are obtained in the framework of perturbative QCD from elementary 2 2 scattering 
amplitudes allowing for additional initial- and final state radiation due to scale evolution 
of the perturbative quanta. To regulate infrared divergences, the parton cascade model 
requires a momentum cut-off for the 2 + 2 scattering amplitudes (usually e = 1.5 - 2 
GeV/c) and a virtuality cut-off for time-like branchings (p i  = 0.5 - 1 GeV2/c2). 

Numerical simulations of such cascades for heavy nuclei provide a scenario where a dense 
plasma of gluons and quarks develops in the central rapidity region between the two colliding 
nuclei shortly after the impact [2]. Detailed studies [3] indicate that the momentumspectrum 
of partons becomes isotropic and exponential, i.e. practically thermal, at a time r x 0.7& 
in the rest frame of a slab of width AZ at central rapidity. To permit a hydrodynamic 
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FIG. 1. Schematic representation of a nuclear parton cascade. 

FIG. 2. An example of the processes contributing to color screening. 

description, the width of the slab should exceed the mean free path of a parton. Including 
color screening effects, one finds that the mean free path of a gluon in a thermalized plasma 
is Xf M (3a,T)-l where T is the thermal slope of the parton spectrum. For the predicted 
very high initial values of T (2 0.7 GeV) one infers that a thermal hydrodynamic description 
applies after ri M 0.3 fm/c. 

The high density of scattered partons in A+A collisions makes it possible to replace the 
arbitrary infrared cut-off parameters and pi by dynamically calculated medium-induced 
cut-offs [4]. The dynamical screening of color forces eliminates the need for introduction of 
the momentum cut-off e, and the suppression of radiative processes provided by the 
Landau-Pomeranchuk-Migdal effect makes the virtuality cut-off pi unnecessary. Note that 
the viability of this concept crucially depends on the high parton density achieved in nu- 
clear collisions. The dynamical cut-off parameters must lie in the range of applicability of 
perturbative QCD. Since the density of initially scattered partons grows as (A1A2)1/3(ln s ) ~ ,  
this condition requires both large nuclei and high collision energy. The calculations indicate 
that this criterion will be met at RHIC and LHC but not at the presently accessible energies 
of the SPS and AGS. The framework is also not applicable to p p  or pjj collisions at current 
energies because the parton density remains too low. 

The dynamic screening of parton cascades can be implemented as follows [5].  Consider 
an example of two hard processes as illustrated in Fig. 2. Let us assume that jets from the 
first hard scattering are produced at a large angle and carry a high transverse momentum 
p ~ 1 .  The interaction point is well localized transversely on a distance of t L / p ~ l .  As these 
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two jets travel in the transverse direction, they will experience secondary interactions, which 
can give rise to many nuclear effects of hard scatterings, e.g. energy loss and Cronin effects. 
Here the interactions of the produced hard partons with the propagating partons originating 
from other perturbative scatterings nearby as shown in Fig. 2 are of interest. 

A semiclassical estimate of the screening requires that different scattering events can be 
treated as incoherent. This condition is satisfied if the produced partons, which screen other 
softer interactions, can be treated as on-shell particles. This requires that the transverse 
distance AXL between the two scatterings must be larger than the interaction range of the 
two hard scatterings which are determined by the off-shellness of the exchanged gluons. If 
this condition is not satisfied, the propagating parton between two scatterings cannot be 
treated as real and consequently one cannot treat the multiple scatterings as incoherent. We 
are thus led to consider 

as the formation time of the produced partons in the mid-rapidity region from the hard 
or semihard scattering after which they can be treated as real (on-shell) particles and can 
screen other interactions with smaller transverse momentum transfer. The dimensionless 
coefficient a of order unity parametrizes our uncertainty of the precise formation time. 

In the framework of the inside-outside cascade, the incoming nuclei being highly Lorentz- 
contracted, the primary semihard parton-parton collisions all start at t = 0 and the evolving 
dense system at central rapidity is longitudinally boost invariant. In the space-time evolution 
of the collision the partons with larger p~ are produced earlier, as implied by (2). These 
hard partons will then screen production of partons with smaller later in time and space. 
Since, for fixed p ~ ,  partons with larger rapidities form later in the chosen reference frame, 
only partons in the same rapidity range are relevant for screening. For the central region 
around y = 0 we consider the screening effect of partons within a unit rapidity interval, 
A y  = 1. 

We now estimate the static electric screening mass generated by the produced minijets. 
The number distribution of minijets produced in an AA collision at an impact parameter 
b = 0 can be written as [6] 

where T A A ( ~ )  is the nuclear overlap function and 

is the minijet cross section. The hats refer to the kinematical variables of the partonic 
sub-processes, x; is the momentum fraction of the initial state parton i, PT is the transverse 
momentum, and y is the rapidity of the final state parton. The f; are the parton distribution 
functions, and K = 2 is a factor accounting for the contribution from higher-order terms in 
the cross section [7]. For the purpose of screening we treat all the minijets as gluons. This 
should again be a good approximation, since gluons clearly dominate the minijet production 
PI * 
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FIG. 3. Differential minijet cross section at y = 0 and screening mass p~ as functions of 
transverse momentum p ~ .  (a) LHC energy, (b) RHIC energy. Dashed line: without screening; 
solid and dotted lines: with screening. 
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FIG. 4. Transverse energy density E of produced minijets as a function of the lowest momentum 
transfer po or the formation time T f ( p o ) ,  respectively. The solid and dashed lines show the estimate 
with and without color screening. 

To obtain an estimate of the average parton number density in the central region at a 
given time r f ( p T ) ,  we divide (3) by the approximate volume V = TRIAz M TRirfAy of 
the produced system. Then the static color screening mass becomes [6] 

assuming that all the quanta with transverse momenta k~ 2 p~ screen the formation of 
partons at transverse momenta kT < p ~ .  Only the quanta within the rapidity window Ay 
are assumed to contribute to the screening mass. 

In order to estimate the effect of this screening on the parton scatterings with smaller 
p ~ ,  we use the computed electric screening mass as a regulator for the divergent $- and 6- 
channel sub-processes. We will simply make a replacement $(a) + $(6) - p; in the minijet 
cross sections used in (4). In this way, by feeding the m-dependent screening mass back into 
the equation that defines it, we obtain self-consistent equations for the screening mass and 
the differential minijet cross section. These equations can be solved numerically by starting 
at a large p~ with no screening and then integrating down to smaller m. 

In Fig. 3 we show the screening mass p~ and the screened one-jet cross section as 
functions of p ~ .  In the upper panel the results are shown for the LHC energy @ = 5.5 
TeV (per nucleon pair) and in the lower panel for the RHIC energy fi = 200 GeV. The 
jet cross sections are based on MRSA structure functions without nuclear shadowing. The 
figure clearly supports our self-consistent picture of color screening: as the jet cross section 
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ri = 0.25 fm/c RHIC 
ci (GeV/fm3) 61.4 

$1 0.34 
Ti (GeV) 0.668 

TABLE I. Initial conditions for the hydrodynamical expansion phase at RHIC and LHC. The 
initial time is taken as ri = 0.25 fm/c; q is the initial transverse energy density, and the effective 
number of flavors is assumed as N j  = 2.5. 

LHC 
425 
1.02 
0.43 

grows, the parton medium becomes denser and generates a large screening mass, slowing 
down the rise of the cross section towards smaller m. In this way, the medium of produced 
minijets regulates the rapid growth of the jet cross section. Finally, at N p ~ ,  the cross 
section saturates. 

To study the lack of sensitivity of the results to details of the uncertainty relation (2), we 
show curves corresponding to a = 1 and a = 2. For A = 200 collisions at RHIC energy, the 
screening mass saturates at slightly below 1 GeV, and at 1.5 GeV for collisions at the LHC. 
Both these values are comfortably within the range of applicability of perturbative QCD, 
demonstrating that there is no need for an artificial infrared cut-off. The screening of parton 
scattering by already scattered partons is analogous to  the interaction among ladders in the 
traditional picture of soft hadronic interactions [lo]. It would be interesting to rederive our 
results from this alternative point of view. 

In order to study the further evolution of the dense parton plasma created in the first 
generation of interactions, one can calculate the energy density carried by the scattered 
partons. The energy density is obtained by dividing the total transverse energy produced 
by the minijets with momentum transfer p~ exceeding po by the volume corresponding to 
the formation time rf(p0): 

The result is shown in Figure 4. As a function of r j  the energy density first rises as more and 
more parton scatterings are completed, but later starts to fall on account of the longitudinal 
expansion when the saturation of minijet production due to color screening sets in. 

Since earlier studies [3,4] have shown that the conditions for a hydrodynamic description 
of the expansion are satisfied at a time of order r; = 0.25 fm/c, for the energy densities 
predicted by (6). The full set of initial conditions is listed in Table 1. The initial temperature 
is predicted to be very high in nuclear collisions both at RHIC and the LHC, but only about 
one-third of the gluonic phase space is populated by the initial parton interactions. We 
assumed here that the parton distributions become isotropic due to free-streaming, and no 
additional transverse energy is produced in the kinetic equilibration. (We emphasize that 
the assumptions necessary for the conversion of our results into initial conditions for the 
hydrodynamic evolution introduce considerable uncertainties into the values listed in Table 
1. These uncertainties could be eliminated by a microscopic transport calculation of the 
kinetic equilibration processes.) 
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FIG. 5 .  Evolution of the temperature T and parton saturation factors X,,X, for the initial 

conditions given in Table 1 in the longitudinal expansion model. 

Figure 5 shows the evolution of the temperature T ,  as well as the gluon and quark 
phase space occupation ratios, A, and A,, as obtained from a longitudinal hydrodynamical 
expansion with chemical equilibration [4]. The equilibration only accounts for the processes 
gg j ggg and gg -+ qij; it may proceed faster if more complex reactions are also included 
1121. We have assumed that A:) = $A!). The evolution is stopped when the energy density 
reaches 1.6 GeV/fm3, where the transition to a mixed phase is assumed to occur. The 
lifetime of the pure plasma is found to be about 4 fm/c at RHIC and 18 fm/c at the LHC. 
For such a long life-time transverse expansion is expected to significantly reduce the plasma 
life-time at LHC energies and to produce large collective transverse flow [13]. 

Although many quantitative issues need to be resolved (e.g. the influence of shadow- 
ing, the precise formation time, the correct value for Ay) a well-defined picture of a parton 
cascade in nuclear collisions, which screens its own infrared divergences, is emerging. The 
screening mass p ~ ( p ~ )  sets a scale which permits a perturbative description of QCD inter- 
actions even in the limit p~ + 0 as the parton density becomes high. This concept is akin to 
the picture of random classical color fields proposed in [14] for the small-s gluon structure 
of large nuclei. It is quite likely that the two approaches can be connected. 
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Abstract 

Recent results on minijet production in nuclear collisions at the RHIC and 
LHC energies are reviewed. Initial conditions of the QGP at 7 = 0.1 fm/c, e- 
specially parton chemistry, thermalization and net baryon number-to-entropy 
ratio are discussed. Also, contribution of minijets from a hard BFKL-pomeron 
ladder will be estimated. 

I. INTRODUCTION 

Particle and transverse energy production in the central rapidity region of heavy ion 
collisions can be treated as a combination of hard/semihard parton production and soft 
particle production. With increasing energies, the semihard QCD-processes are expected to 
become increasingly important. This is due to two reasons: firstly, already in p p ( p )  collisions 
the rapid rise of the total and inelastic cross sections can be explained by copious production 
of semihard partons, minijets, with transverse momentam _> po N 1...2 GeV [l]. This is also 
expected to happen in AA collisions at very high energies. Secondly, the semihard particle 
production scales as A4j3, so that for large nuclei the importance of semihard partons is 
increased further [2-41. The soft, non-perturbative, particle production in ultrarelativistic 
heavy ion collisions can be modelled e.g. through strings [5-71 or through a decaying strong 
background colour field [8]. 

The time scale for producing partons and transverse energy into the central rapidity 
region by semihard collisions is short, typically 3 - l/po N 0.1 fm/c, where po N 2 GeV 
is the smallest transverse momentum included in the computation. The soft processes are 
completed at later stages of the collision, at T~ N ~ / R Q ~ D  N 1 fm/c. If the density of partons 
produced in the hard and semihard stages of the heavy ion collision becomes high enough 
- as will be the case - a saturation in the initial parton production can occur [2,9-111, and 
softer particle production will be screened. The fortunate consequence of this is that a larger 
part of parton production in the central rapidities can be computed from perturbative QCD 
(pQCD) at higher energies and the relative contribution from soft collisions with p ~ 5  2 GeV 
becomes smaller. Typically, the expectation is that at the SPS (Pb+Pb at f i  = 17 AGeV), 
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the soft component dominates, and at the LHC (Pb+Pb at f i  = 5.5 ATeV) the semihard 
component is the dominant one. At the RHIC (Au+Au at fi = 200 AGeV) one will be in 
the intermediate region, and both components should be taken into account. 

A lot of effort has also been devoted for building event generators [7,12] addressing the 
dominance of semihard processes in nuclear collisions at high energies. These have generated 
also new insight and very useful discussion during the recent years. Also recently, a promising 
novel approach to minijet production has been developed [13]. 

I have divided this talk basically into two halves. In the first one, I will recapitulate 
the basic features of semihard parton production and review our latest results [4,10,11]. 
The main goal of these studies is to find out the initial conditions for early QGP-formation 
at T - 0.1 fm/c, including the transverse energy deposited into the mid-rapidity region, 
chemical composition of the parton plasma, and, to study the possibility of a very rapid 
thermalization and estimate the initial net baryon-to-entropy ratio. It is vitally important 
to study the early formation of strongly interacting partonic matter, since the later evolution 
of the QGP, the final state global observables, and the suggested signals of the plasma will 
strongly depend on the initial conditions. The second half I will devote for discussion of an 
additional mechanism for parton and transverse energy production: minijets from a BFKL- 
ladder [14]. Especially, I will estimate the maximum amount of transverse energy one should 
expect from the BFKL-minijets in heavy ion collisions. 

11. INITIAL CONDITIONS FOR QGP AT T N 0.1 fm/C 

Hadronic jets originating from high p~ quarks and gluons are clearly observed experi- 
mentally but when the partons have p r S  5 GeV the jets become very difficult to distinguish 
[15] from the underlying event. In heavy ion collisions, where we expect hundreds (RHIC) or 
thousands (LHC) of minijets with pr N 2 GeV be produced, detection of individual minijets 
will be impossible. However, the semihard partons are expected to contribute dramatically 
to the early formation of QGP. The idea of multiple production of semihard gluons and 
quarks in p p  and AA collisions is based on a picture of independent binary parton-parton 
collisions. The key quantity is the integrated jet cross section, 

where z1,2 are the fractional momenta of the incoming partons i and j, and f ip(s,  Q) are 
the parton distributions in N (= p,A) .  The factor 2 comes from the fact that, in the lowest 
order (LO) pQCD, there are two partons produced in each semihard subcollision. In the 
eikonal models for p p  collisions [l] the ratio ajet/ghels+,ic can be interpreted as the average 
number of semihard events in one inelastic collision. The results I will be quoting in the 
following [4] are obtained with the MRSH [16] and MRSD-’ [17] parton distributions with a 
scale choice Q = pr. More detailed formulation can be found in Refs. [3,11], and numerical 
evaluation of Eq. (1) in Ref. [4]. 

The formula above is defined in the lowest order (LO), dS/dt* N a:. Often a constant 
factor K - 2 is used to simulate the effects of NLO terms. Studies of the NLO jet cross 
section d a / ( d p r d y )  [19] show that (with a scale choice Q = pr and with a jet size R - 1) 
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this is a reasonable approximation [18]. Strictly speaking, however, a theoretical K-factor 
can only be defined for quantities where a well-defined, infrared-safe measurement function 
can be applied [19]. For ET-production in nuclear collisions, an acceptance window in the 
whole central rapidity unit defines such a function but for this acceptance criteria and for 
pr N 2 GeV the exact NLO contribution has not been computed yet. 

The first estimate of the average number of produced semihard partons with pr 2 PO in 
an AA collision at a fixed impact parameter b can be obtained as [3] 

and the average transverse energy carried by these partons as [3] 

where TAA(b)  is the nuclear overlap function [3] which scales TAA N A4/3, describing thus the 
typical scaling of hard processes in nuclear collisions. The normalization is J @ b T A A ( b )  = 
A2 and, for large nuclei with Woods-Saxon nuclear densities, T'A(O) M A2/(7rRRi). The 
acceptance criteria imposed for the quantities Ojet(fi,  po) and for Ojet(f i ,  po)  (ET)  will be 
IyI 5 0.5, and the corresponding cuts will be made in y1 and yz. In Eqs. (2) and (3) above, 
TAA(b)Ojet is the average number of semihard collisions and (ET)  is the average transverse 
energy carried by the partons produced in each of these collisions. We fix PO = 2 GeV, L e .  
we describe the initial conditions at 7 ~v l/po = 0.1 fm/c. The predictions for the central 
rapidity unit in Pb-Pb collisions at the RHIC and LHC energies are summarized in Tables 
1. Also, contributions from gluon, quark and antiquark production are shown separately 

In the results given, we have neglected nuclear effects in parton distributions: fi/A = 
Afi/,. In reality, however, in the typical z-region x N 2po/fi there are quite strong shad- 
owing corrections [20], especially for the LHC nuclear collisions. Also, the scale evolution 
of nuclear gluon shadowing was shown to be potentially important in the analysis in Ref. 
[21]. However, a re-analysis with the input from HERA at small-x [22] has to be performed 
before getting a solid quantitative prediction of the shadowing effects on minijet production. 

The rapid rise of the structure function ,Fz(x, Q) at small values of x observed at HERA 
[22] does not affect the bulk of the 2 GeV minijets at RHIC energies very much but obviously 
has quite dramatic consequences at the LHC energies. As demonstrated in [4], there is a 
clear enhancement of minijet production due to the new parton distributions. However, the 
more rapidly the gluon distributions rise, the more there should be nuclear shadowing due to 
the GLRMQ-fusions [9,23,24]. Again, a more quantitative prediction depends on the scale 
evolution of nuclear gluon shadowing as well. 

Let us now have a closer look at the results in Table 1. There are four important 
observations. Firstly, the gluons clearly dominate both the initial parton and transverse 
energy production: the initial parton system is about 80 % glue. 

Secondly, the effective transverse area of the produced semihard partons is N A A T / ~ ~ .  
Comparing this with the effective nuclear transverse area, T R ~ ,  we notice that 

[41 

lResults for d a / ( d p ~ d y )  at y = 0 can be found in Ref. [LO]. 
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NPbPb 
LHC: 

total 9 4 
3252 2710 276 266 

NAAn’” re 1 for LHC and ( A  << 1 for RHIC, 
nRi  ( A  

RHIC: 

(4) 

5978 5220 385 373 
200 156 26.3 17.4 
199 157 25.7 16.6 

i.e. the parton system at the LHC at 0.1 fm/c is already dense enough so that a saturation 
of parton production can take place [2,9,11]. In this way, the scalepo acquires also dynamical 
significance. At RHIC, since ( A  < 1, saturation occurs at smaller values of p~ (at r > 0.1 
fm/c), possibly in the region where pQCD cannot be trusted. This qualitative argumentation 
is supported by a more quantitative, although still phenomenological, analysis of Ref. [lo], 
where we suggested that at sufficiently large energies (LHC) and large nuclei ( A  re 200), 
a dynamical screening mass is generated, causing a saturation in the minijet cross sections 
[lo] at a perturbative scale like po N 2 GeV >> AQCD. The consequence is that the softer 
parton production is screened and its relative importance becomes smaller.2 

The third interesting observation is that the gluonic subsystem in the central rapidity unit 
Ay = 1 may thermalize very fast, at least in the LHC nuclear collisions. In the perturbatively 
produced system the (transverse) energy per gluon is .i?$/fl&,pb = g_ $‘QCD/npQCD 9 M 3 GeV 
and the energy density of the system at a = 0.1 fm/c is t$QcD = E!/(nRirhAy). The 
temperature Teq of an ideal (massless boson) gas in a complete thermal (= both kinetic and 
chemical) equilibrium with this energy density can be computedfrom Sded = 3~~/90.16T:~ = 
epQCD, 9 and we get Teq = 0.988 (1.14) GeV with the MRSH (MRSD-’) densities. Especially, 
we find [4] 

€pQCD ?deal €pQCD $deal 

,;QcD nideal (5) - re -  9 g forLHC and % > & forRHIC, 
n9 9 9 

GbPb total 9 4 
LHC 10310 8640 854 

17580 15330 1150 
RHIC 547 426 73.6 

539 422 71.7 

2A similar saturation effect is also expected in the approach by McLerran et al. [13]. 

G 
816 
1100 
47.0 
44.8 
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so that at the LHC the average energy of gluons is already as in an ideal gas in thermal 
equilibrium. Only isotropization is needed, and a rapid thermalization is indeed possible. An 
instant thermalization would in turn have profound consequences on e.g. thermal dileptons, 
for which a high initial temperature plays a crucial role [25].3 

Note that our conclusion of the possibility of an almost instant thermalization is due to 
the small-a: enhancement in the HERA gluon densities. From the energy/gluon viewpoint it 
also seems that thermalization for RHIC is going to happen somewhat later. Note however, 
that above I did not consider isotropization of the system at all. In the simplified picture 
presented here, the transit time of the colliding nuclei, qr - 2 R ~ / y ,  and the initial parton 
spread, AZ - l/(zp) - l/po for the partons which will be produced in the mid-rapidity, are 
neglected. Then a Bjorken-like boost-invariant picture is possible, and in the central rapidi- 
ties a proper time T is a relevant variable. For a more thorough discussion of isotropization, 
a more detailed microscopic space-time picture has to be specified, as done in Refs. [12,26] 
(see also the discussion in [11,10]). 

The fourth observation [ll] is that initially, at T - 0.1 fm/c, the net baryon number 
density in the central rapidity unit is very small as compared to the gluon density but larger 
than the nuclear matter density (0.17 fm-3), even though the colliding nuclei are practically 
already far apart, especially at the LHC where Ttr << n. More precisely, we estimate 

1 0.25 (0.30) fm-3, for LHC 
nB-B -(nq 3 - nq) = 0.22 (0.23) fm-3, for RHIC 

with the MRSH (MRSD-’) parton distributions. Computing the net baryon-to-entropy 
ratio by using sg = 3.6ng for a thermal boson gas gives initially, at T = 0.1 fm/c: 
( B  - B)/Sg N 2 for RHIC. We conclude that at the future 
colliders we are still relatively far away from the extreme conditions of the Early Universe, 
where the inverse of the specific entropy is - lo-’ [27]. For the LHC, assuming an instant 
thermalization of the gluon system at T = 0.1 fm/c, and an adiabatic evolution thereafter, 
the final entropy can be approximated by the initial entropy of gluons [4,11]. The non- 
perturbative mechanism for particle production will not increase the entropy much but does 
increase the net baryon number. If the non-perturbative contribution to the net baryon 
number production is assumed to be of the same order of magnitude as in the current P- 
b+Pb collisions at SPS, the f inal baryon-to-entropy ratio for the LHC will be - For 
the RHIC nuclear collisions, thermalization is most likely not as instantaneous, but following 
nevertheless the same line of arguments, and taking into account that the non-perturbative 
component becomes important also for entropy production, we estimate - for the final 
net baryon-to-entropy ratio. 

for LHC, and N 2 

111. MINIJETS IN THE BFKL-APPROACH 

Minijet production I have considered above is based on collinear factorization, where 
the perturbative partonic cross sections are factorized at a momentum scale Q - pr from 

30n the other hand, for the thermal dileptons the 
antiquark component of the early parton system. 

trouble is the small out-of-equilibrium quark- 
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the parton distributions with nonperturbative input. Next, I will discuss an additional 
mechanism for minijet and transverse energy production, where factorization is not used. 

The small-x rise in the structure function F42,  Q2)  observed at HERA Q2 > 1.5 GeV2 
[22] can be explained by the leading log(Q2) DGLAP-evolution [28] and also by the leading 
log(Q2)log(1/x) evolution [29]. Also a power-like behaviour, F2 - x - ~ ,  expected in the 
leading log(l/x) BFKL-approach [30], does not contradict the data. In the following, let 
us assume that the small-2 increase is entirely due to the BFKL-physics. Then, with this 
assumption, we will study what is the rnasimurn transverse energy deposit in the central 
rapidity unit due to the minijets emitted from a BFKL-ladder in the LHC nuclear collision- 
s. At RHIC the BFKL-minijets are not expected to contribute in any significant manner 
because the BFKL-enhancement takes place only at x5 0.01. Therefore, this latter part of 
my talk, which is based on Ref. [14], will be relevant only for the LHC. 

It is instructive to start from a case of fully inclusive minijets with two tagging jets 
separated by a wide rapidity gap, as studied by Mueller and Navelet [31]. The (summed) 
subprocess is also shown Fig. la, where the incoming partons have momentum fractions xu 
and 2 6 ,  the tagging jets rapidites yu and Y b  (ya  >> yb) and transverse momenta kaT and k b ~ ,  
respectively. Between the tagging jets there are n gluons emitted, labeled by l...n. Thus 
each final state is described by a Feynman graph with 2 incoming and n+2 outgoing on-shell 
gluons. The colour singlet hard BFKL-pomeron ladder arises when these Feynman graphs 
are squared and summed. In the kinematic region we will be interested in, the rapidities are 
strongly ordered, yu >> y1 >> ... >> yn >> Yb, but the transverse momenta are not, kTi - kTj .  

Then only the transverse degrees of freedom of the momenta of the virtual legs become 
important. The tagging jets of Fig. l a  have transverse momenta at a perturbative scale, so 
that one may use collinear factorization to write the cross section down as: 

where only gluons are considered. The strong rapidity ordering simplifies the momentum 
fractions to xu M h e y a  and xb M ke-yb, and the parton densities factor out of the sum. 

For the process gg + gg the leading contribution in the large i/i! limit comes from 
the t-channel amplitude. In a physical gauge, this amplitude is also gauge invariant up to 
the subleading terms. The matrix element &l...nb consists then of the following building 
blocks: In the leading i/i! approximation, in a physical gauge and with the strong rapidity 
ordering, each gluon can be regarded as emitted from an effective non-local Lipatov-vertex, 
where bremsstrahlung from initial and final legs and emission from the exchanged gluon 
are summed. These are described by the black blobs in Fig 1. Also the propagators are 
effective ones since they are exponentiated (Reggeized) after computing the leading virtual 
corrections to the t-channel gluon exchange. The effective propagators are drawn by thicker 
(vertical) lines in Fig. 1. Original references, detailed discussion and derivation of these 
concepts can be found in the useful lecture notes by Del Duca [32]. 

Next, we square each matrix element kfal...nb, and due to the strong ordering in rapidities, 
colour singlet ladders with n + 2 rungs are formed. The colour algebra can be performed 
by summing (averaging) over the final (initial) state colours, and the polarization sums can 
be done. With help of e.g. Laplace-transformation (in ya - Y b ) ,  the rapidity integrals can 
be disentangled. Finally, by summing over n, one obtains an iterative integral equation, 

fi 6 
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FIG. 1. (a) The BFKL Iadder in fully inclusive minijet production between the two tagging jets a and 
b [31,9,33]. (b) Fixing one step of the ladder (c) creates a ladder on each side of the minijet c [34]. 

the inhomogeneous BFKL-equation [30,31] (see also [32]), which describes an addition of 
one rung into the colour-singlet hard pomeron ladder. The BFKL-ladder is denoted by 
f (qT ,  kT, ya - yb) in Fig la. The cross section (7) then becomes: 

where q T  = -kaT and kT = kbT. If all the virtual corrections and the real emissions are 
neglected, the ladder reduces into 2f(qT,  kT, y) + 6(2)(qT - kT), and the Born limit for the 
two jets separated by a large rapidity interval is recovered [32]. 

Let us then study the case with tagging jets further by fixing one step of the ladder, as 
shown in Fig. 1b. It is straightforward to sum the graphs with gluon emissions between the 
tagging jet a and the fixed minijet c, and, between the minijet c and the tagging jet b. This 
creates a ladder on each side of the fixed rung. Especially, we learn that a generic factor 
C X , N ~ / ( T ~ ~ & ) ,  which includes the phase-space factor and contraction of the two Lipatov 
vertices associated with the step c, arises from fixing the the rung c. The cross section 
becomes [34] 

Our goal is to study the leading BFKL minijet production mechanism which is N a,. 
As illustrated in Fig. 2, we therefore relax the requirement of having tagging jets. Then 
coupling of the pomeron ladder to the hadron becomes essentially non-perturbative and a 
form-factor, or, rather, a parton distribution, will be needed. Also, now that we do not 
require any tagging jets, we have to give up collinear factorization. We do not have any 
perturbative Born limit to compare with, either. Therefore, the best we can do is to adopt 
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FIG. 2. Minijet production without the tagging jets requires an introduction of unintegrated parton 
distributions f(z, q$) [33]. 

the procedure for deep inelastic scattering (DIS) in [35], where an addition of each rung into 
the pomeron ladder between the two hadrons or nuclei is expected to be described by the 
homogeneous BFKL equation for the unintegrated gluon density f(z, q;), 

Normalization for this scale-invariant equation is given by the gluon distributions 

determined from experimental input [35]. 
By using the knowledge of the factor arising from fixing one rung of the BFKL-pomeron 

ladder, the inclusive minijet cross section from the BFKL-ladder can now be written down 
as [33,14] 

where pr and y are the transverse momentum and the rapidity (in the hadron CMS) of 
the minijet. From momentum conservation and multi-Regge kinematics the momentum 
fractions become x1(2) M %ekY. Due to the fact that in this case we do not have an 
“external” hard probe like the virtual photon with an associated quark box as in DIS, nor 
an on-shell Born cross section to relax into, we cannot determine the overall dimensionless 
normalization constant KN exactly. However, we are able to fix the slope of the minijet 
pr-distribution, which will be sufficient for estimating the upper limit of transverse energy 
production from the BFKL-ladder. 

The minijet cross section of Eq. (12) is shown in Fig. 3 [14]. In the BFKL-computation 
we have used the unintegrated gluon densities compatible with the small-a: rise in the set 
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FIG. 3. The minijet cross sections at y = 0 as functions of transverse momentum p~ at fi = 5.5 
TeV from [14]. (panel a) and 6 = 900 GeV (panel b) [14]. The curves 1, 2 and 3 are predicted in the 
approach of collinear factorization, leading twist and lowest order (CFLTLO) pQCD, and MRSD-’ parton 
distributions. The curves a and b are the BFKL-minijets from Eq. (12) with and without running coupling. 

MRSD-’ [17]. For comparison, the more traditional (CFLTLO) minijet cross sections, dis- 
cussed in the first half of the talk, are also shown with the MRSD-’ parton distributions. 
The NLO jet analysis [19,18] indicates that LO+NLO calculation with collinear factorization 
reproduces the measured jet cross sections well. Therefore, at p ~ 2  5 GeV, the BFKL-minijet 
contribution should be less than the collinearly factorized. We can thus argue that KNS 1. 

The transverse energy production due to the minijets from the BFKL-ladders at I y I 5 0.5 
in AA collisions can now be estimated [14] from 

The coherence of the BFKL ladder is broken when we fix a rung, and the cross section 
diverges at p~ -+ 0. The 
saturation of the CFLTLO-minijet cross section in the LHC Pb-Pb collisions (as considered 
in the first half of the talk), implies that the BFKL-cross section should not grow much 
larger than the curve 2 in Fig. 3. Therefore, we do not trust the BFKL-computation with 
KN N 1 below PT 5 ptFKL N 1 GeV. With these values, we find for central Pb-Pb collisions 
at the LHC, = 3060 GeV with fixed as = 0.2, and, 4940 GeV with (ad hoc) running 

A cut-off is, unfortunately, needed also in the BFKL case. 
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C Y , ( ~ T ) .  Comparing these numbers to the value 15330 GeV in Table l b  for gluons, we see 
that the BFKL-contribution is at most a few 10% correction to the results in [4,11]. On the 
other hand, one should perhaps compare the results at the same level of approximations, 
(only LO gluons, as fixed) i.e. curves 3 and a in Fig. 3a. Then the two contributions become 
of similar magnitude. In this case, however, the po in the CFLTLO-computation should be 
lower than 2 GeV, and the BFKL contribution would again be the smaller one. 

We worked under the assumption that the BFKL-evolution is responsible for all the 
small-z rise at HERA, i.e. we studied the maximum contribution from the kinematical 
region relevant for the hard BFKL-pomeron. Since the HERA results can be explained 
by the leading log( Q2) and/or the leading log( Q2) log( l/x) approximations, the leading 
log(l/z)-contribution is obviously not the dominant mechanism at the present values of 
x. Thus, my conclusion is that the BFKL-minijets certainly bridge the way towards softer 
physics at pr < po - 2 GeV, but the initial conditions relevant for the early QGP-formation 
in the LHC nuclear collisions are dominantly given by the minijets computed in collinear 
factorization. 
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Theoretical Overview of Potential of Nuclear beams in HERA 
and Interface with Heavy Ion Physics. * 

M. Strikman 
Pennsylvania State University, University Park, PA 16802 

Abstract 

Overview is given of the theoretical issues of the physics which can be ad- 
dressed with nuclear beams circulating in HERA. It is shown that such ex- 
periments widen considerably the horizon for probing QCD compared to that 
from free nucleon targets. They would allow to understand dynamics of nucle- 
ar shadowing, the origin of diffraction in deep inelastic scattering. Interplay 
between the physics to be studied at HERA and in AA collisions at RHIC is 
also discussed. 

I. INTRODUCTION 

The successes of QCD in describing inclusive perturbative phenomena have moved the 
focus of investigations to new frontiers. Three fundamental questions to be resolved are the 
space-time structure of high-energy strong interactions, the QCD dynamics in the nonlinear, 
small coupling domain and the QCD dynamics of interactions of fast, compact color singlet 
systems. The study of electron-nucleus scattering at HERA allows a new regime to be 
probed experimentally for the first time. This is the regime in which the virtual photon 
interacts coherently with all the nucleons at a given impact parameter. In the rest frame 
of the nucleus this can be visualized in terms of the propagation of a small qij pair in high 
density gluon fields over much larger distances than is possible with free nucleons. In the 
Breit frame it corresponds to the fact that small x partons cannot be localized longitudinally 
to better than the size of the nucleus. Thus low x partons from different nucleons overlap 
spatially creating much larger parton densities than in the free nucleon case. This leads to 
a large amplification of the nonlinear effects expected in QCD at small 5.  The 
HERA ep data have confirmed the rapid increase of the parton densities in the small x limit 
predicted by perturbative QCD. However the limited x range available at HERA makes it 
difficult to distinguish between the predictions of the DGLAP evolution equations and the 
BFKL-type dynamics. Moreover, the nonlinear effects expected at small x are relatively 
small in ep scattering in the HERA kinematic domain and it may be necessary to reduce 
~tr by at least one order of magnitude to observe unambiguously such effects. However, 

*Based on the report of the conveners of the working group “Light and Heavy Nuclei”, in the 
framework of the study “Future of HERA”l 
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the amplification obtained with heavy nuclear targets allows an effective reduction of 
about two orders of magnitude in a: making it feasible to explore such nonlinear effects 
at the energies available at HERA. The question of nonlinear effects is one of the most 
fundamental in QCD. It is crucial for understanding the kind of dynamics which would slow 
down and eventually stop the rapid growth of F2(x,Q2)) at small x.  It is also essential in 
order to understand down to what values of x the decomposition of the cross section into 
terms with different powers of & remains effective. It is important for the understanding of 
the relationship between hard and soft physics. One can also study the dynamics of QCD at 
high densities and at zero temperatures raising questions complementary to those addressed 
in the search for a quark-gluon plasma in high-energy heavy ion collisions. 

Deep inelastic scattering from nuclei provides also a number of ways to probe the dy- 
namics of high-energy interactions of small color singlet systems. This issue started 
from the work of Gribov [2] who demonstrated the following paradox. If one makes the nat- 
ural (in soft physics) assumption that at high energies any hadron interacts with a heavy 
nucleus with cross section 2nRi (corresponding to interaction with a black body), Bjorken 
scaling at small x is grossly violated - CT,*A cx lnQ2 instead of &. To preserve scaling, B- 
jorken suggested, using parton model arguments, that only configurations with smallpt 5 pto 
are involved in the interaction (the Aligned Jet Model) [3]. However, in perturbative QCD 
Bjorken’s assumption does not hold - large pt configurations interact with finite though 
small cross sections (color screening), which however increase rapidly with incident energy 
due to the increase of the gluon density with decreasing x.  Hence again one is faced with a 
fundamental question which can only be answered experimentally: Can small color singlets 
interact with hadrons with cross sections comparable to that of normal hadrons? At HERA 
one can both establish the x,Q2 range where the cross section of small color singlets is 
small - color transparency, and look for the onset of the new regime of large cross sections, 
perturbative color opacity. 

Another fundamental question to be addressed is the propagation of quarks through 
nuclear matter. At large energies perturbative QCD leads to the analogue of the Landau- 
Migdal-Pomeranchuk effect in quantum electrodynamics. In particular Baier et al. [4] find 
a highly nontrivial dependence of the energy loss on the distance, L,  traveled by a parton 
in a nuclear medium: the loss instead of being cx L is cx L2. Several manifestations of this 
phenomenon can be studied at HERA. 

There is also an important connection t o  heavy ion  physics. Study of eA scattering at 
HERA would be important for the analysis of heavy ion collisions at the LHC and RHIC. 
Measurements of gluon shadowing at small x are necessary for a reliable interpretation of 
the high pt jet rates at the LHC. In addition, the study of parton propagation in nuclear 
media is important for the analysis of jet quenching phenomena, which may be one of the 
most direct global signals of the formation of a quark-gluon plasma. 

Current fixed target data on lepton-nucleus scattering only touch the surface of all these 
effects due to the limited Q2 range of the data at small x .  Indeed the Q2 range of these 
data is too small to distinguish the contribution of the vector meson dominance behavior of 
the photon from its hard QCD behavior at small x.  The range of x and Q2 in experiments 
with nuclei at HERA compared to the fixed target experiments is shown extends a factor 
of 100 down in x. The primary experimental program for nuclei in HERA includes: (i) 
Study of the x and Q2 dependence of nuclear shadowing over a wide Q2 range. This will 
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FIG. 1. Color-dipole cross section, a,,-~(z,  b )  of Eq. (l), as a function of the transverse size of 

the qQ pair for various values of z and for the GRV94 parameterization of gN(z, Q’). 

allow the processes limiting the growth of Fz as x tends to zero to be studied in detail. (ii) 
To establish the diference between the gluon distributions in nuclei and free nucleons. This 
would allow direct access to  nonlinear phenomena. (iii) Study of digractive processes: to 
see if the pomeron generated by nuclei shows any difference from that generated by free 
nucleons. Processes such as vector meson production can also be used to search for color 
transparency. (iv) Study of hadronic final states. This allows the propagation of partons in 
the nuclear medium to be studied as well as the multiplicity fluctuations discussed later. 

11. SPACE-TIME PICTURE OF DIS OFF NUCLEI AT SMALL X IN THE NUCLE- 
US REST FRAME 

At small x it is convenient to consider the process in the rest frame of the target nucleus. 
In the language of noncovariant diagrams the process corresponds to the virtual photon 
fluctuating into a quark-antiquark pair at a longitudinal distance I ,  N 1 / 2 m ~ x  from the 
nucleus which far exceeds the nuclear radius. The distance 1, is referred to as the “coherence 
length”. The pair propagates essentially without transverse expansion until it reaches the 
target. QCD evolution leads to a logarithmic decrease of lc(z)  with increasing Q2. At 
HERA coherence lengths of up to 1000 fm are possible, so that the interaction of the qij pair 
with nuclear matter can be studied in detail - notably its transparency to small size pairs 
- color transparency. In the case of transversely polarized photons both configurations with 
small kt and highly asymmetric fractions z and configurations with comparable z and 1 - z 
contribute to the cross section. For the case of the longitudinal photons the asymmetric 
contribution is strongly suppressed. 

At HERA new features of color transparency should emerge: the incident small size qij 
pair resolves small 2 gluon fields with virtualities - Q2. If the transverse size of the qa pair 
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FIG. 2. Typical fan diagrams leading to nonlinear evolution of gA(S ,  Q2). 

is rt = b, - b, , the cross section for interaction with a nucleon is [5] 

where Q2 M y, A(z M M 9, z = e. Since the gluon density increases rapidly 
with decreasing z, even small size pairs may interact strongly, leading to some sort of 
perturbative color opaci ty  - the interaction of a small object with a large object with a cross 
section comparable to the geometric size of the larger object (Fig. 1). 

Unitarity considerations for the scattering of a small size system [6] - i.e. the requirement 
that O.inel(qij, t a r g e t )  5 7rRtarget - indicate that nonlinear effects (i.e. effects not accounted 
for by the standard evolution equations) should become significant at much larger values of 
5 in e A  scattering than in e p  scattering. 

In the simplest model of nonlinear effects corresponding to the fan diagrams of Fig. 2, the 
additional contribution 6gA(Z,  Q2)  to g A ( z ,  Q2) due to the nonlinear term in the equation 
for the Q2,z evolution of the gluon density is [7]: 

The analogous equation for the gluon density in the nucleon has a much smaller coefficient 
- approximately by a factor r ; /~-&Al /~ ,  where r N  N 0.8 fm is the nucleon radius. Once 
again one can see then that the z-range where nonlinear effects become significant differs 
for a heavy nucleus and for a nucleon by more than two orders of magnitude, assuming 
z g N ( z ,  Q2)  c( xn with n N -0.2. Thus electron-nucleus collisions at HERA can be seen as 
efficient amplifiers of nonlinear QCD effects. 

111. PERTURBATIVE AND NONPERTURBATIVE SHADOWING 

At small z the DIS cross section per nucleon in a nucleus is smaller than for a free one, 
the so called shadowing phenomenon. Shadowing is determined by a combination of non- 
perturbative and perturbative effects. In the DGLAP evolution equations one can express 
shadowing at large Q2 through the shadowing at the normalization point Q;. This type 
of shadowing is connected to the soft physics. It can be visualized e.g. in the aligned jet 
model of Bjorken [3], extended to account for QCD evolution effects [8]. A virtual photon 
converts to a qij pair with small transverse momenta (large transverse size) which interacts 
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with the nucleus with a hadronic cross section, leading to shadowing. The effective small 
phase volume of these configurations (oc $) leads to Bjorken scaling and it is due to color 
transparency [SI. 

At large Q2, these qij pairs evolve into systems with gluons, leading to a shift of shadowing 
to smaller z, which is equivalent to the standard Q2 evolution of parton distributions. These 
qa pairs, which interact with the target nonperturbatively, seem to be responsible for most 
of the shadowing at intermediate Q2 and IC - which has been studied at fixed target 
energies. This mechanism of shadowing is effective for UT only since for a~, the aligned jet 
contribution is strongly suppressed. For UL (as well as for the production of heavy quarks) 
one is more sensitive to the shadowing due to the interaction of small size qtj pairs with the 
nuclear gluon field which can be shadowed. 

At smaller x the situation may change rather dramatically because, as the recent HERA 
data indicate, already for Q2 -1.5 GeV2 at IC - perturbative contributions to F 2 p ( ~ ,  Q2) 
appear to become important, leading to a rapid increase of the structure functions with 
decreasing z. Hence contributions of various perturbative mechanisms which may generate 
shadowing for configurations of a size smaller than the hadronic size may become important. 
Perturbative QCD may be applicable to those small size pairs. Typical contributions involve 
diagrams of the eikonal type, various enhanced diagrams, etc. 

IV. SHADOWING AND DIFFRACTION 

In practically all models it is assumed that nuclei are built of nucleons. So the condition 
that the matrix element < AIT[J,(y),J,(O)]IA > involves only nucleonic initial and final 
states is implemented'. Under these natural assumptions one is essentially not sensitive to 
any details of the nuclear structure, such as short-range correlations etc. 

In the case of scattering off the deuteron and light nuclei the same diagrams contribute 
to the cross section for diffraction in ep scattering and the cross section for shadowing - 
hence similar nonlinear phenomena like those described by eq.(2) are involved in each case. 
For example for the deuteron [2]: 

1 A2 where R = (+I-, X = ReA/ImA = ;E for the amplitude A of y*p scattering and RD is 
the deuteron ra ius. For small z, X may be as large as 0.5, leading to R N 0.5 especially for 
the case of the longitudinal cross section. So already for light nuclei the study of the total 
cross sections of scattering from nuclei would aIlow to  establish a fundamental connection 
between the two seemingly unrelated phenomena of diflraction at small t in ep scattering and 
nuclear shadowing. With the increase of A more complicated nonlinear interactions with 
several nucleons become important. 

o+y. 

lThe condition that nuclei are built of nucleons is not so obvious in the fast frame picture. However 
it is implemented in most of the models [7,9]. 
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Nuclear shadowing for the total cross sections has a simple physical meaning - it cor- 
responds to a reduction of cross section due to screening of one nucleon by another ( as 
well as by several nucleons for A > 2).  If one treats the deuteron as a two nucleon sys- 
tem it is possible to apply the Abramovskii, Gribov, Kancheli (AGK) cutting rules [lo] to 
elucidate the connection between nuclear shadowing, diffraction and fluctuations 
of multiplicity. One observes that the simultaneous interaction of the y* with the two 
nucleons of the deuteron modifies not only the total cross section but also the composition 
of the produced final states. It increases the cross section for diffractive scattering off the 
deuteron due to diffractive scattering off both nucleons by 6adjff  = ashad .  At the same time 
the probability to interact inelastically with one nucleon only is reduced since the second 
nucleon screens the first one: 6u3ingie = -4u,had. In addition, a new process emerges in the 
case of the deuteron which was absent in the case of the free nucleon - simultaneous inelastic 
interaction with both nucleons which leads to a factor of two larger multiplicity densities for 
rapidities away from the current fragmentation region: udouble = %shad - Altogether these 
contributions constitute -ashad,  the amount by which the total cross section is reduced '. 

To summarize, there is a deep connection between the phenomena of diffraction observed 
at HERA in ep scattering and nuclear shadowing as well as the A-dependence of diffraction 
and the distribution of the multiplicities in DIS. 

Using current information from HERA on diffractive production in ep scattering it is 
straightforward to estimate the amount of nuclear shadowing at small x taking into account 
interactions with 3 or more nucleons using the eikonal approximation with an effective cross 
section, u e f f ,  determined from diffractive data, see discussion in section V. The result of the 
calculation 11111 is shown in Fig. 3 for R e / I m  = 0; for A 2 12 it weakly depends on the value 
of Re/Im. Since the data on diffraction indicate that the fraction of diffractive events in DIS 
weakly depends on 2, Q2 these considerations show that significant shadowing effects should 
be present for F e ( z ,  Q') in the wide small x range of HERA. Note that the shadowing effect 
in DIS is expected to be much smaller than for the case of real photon scattering since the 
effective cross section for interaction of the hadron component of quasi-real photon at HERA 
is a factor of N 3 larger than for a highly virtual photon (we use here the HERA data on 
diffraction for real photons). 

Since the interaction of the octet color dipole gg is a factor of 9/4 stronger than for 
the qij dipole, nonlinear effects are expected to be more important for gluons. So gluon 
shadowing would provide even more direct access to nonlinear phenomena. Note that in 
this case there is no simple relation of shadowing with diffraction in y* + p DIS, so any 
information about gluon shadowing would be complementary to the information from ep 
DIS. Comparison of different determinations of shadowing of gluons and measurements of 
the scaling violation for the Ft/F:  ratios will allow to determine the range of applicability 
of the DGLAP evolution equations and hence provide unique clues to the role of nonlinear 
effects. 

'For simplicity we give here relations for the case of purely imaginary y*N amplitude @ = 0. 



A 

FIG. 3. A-dependence of nuclear shadowing and probability of rapidity gap events in the color 
screening model of shadowing; dot-dashed curve assumes A-independent probability of rapidity 
gap events. 

V. DIFFRACTION OFF NUCLEI 

Diffraction studies have been defined as one of the primary goals of nuclear beams in 
HERA. Such processes can be interpreted as the diffractive interaction of different hadronic 
components of the virtual photon with the target via vacuum exchange. Diffraction predom- 
inantly selects the y* components which interact with sufficiently large cross sections such 
as large transverse size qij, qijg color dipoles. Therefore the study of diffraction plays a very 
important role in determining the relative importance of small and large size configurations 
and addressing the question whether small white objects interact weakly or not. Indeed 
if the interaction with a target becomes sufficiently strong at small impact parameters the 
cross section for diffraction (which includes both elastic scattering and inelastic diffractive 
dissociation) would reach the black body limit of 50% of the total cross section. 

Diffraction off a nucleon (including dissociation of the nucleon) constitutes about 15-20% 
of the deep inelastic events. Therefore the interaction is definitely far from being close to 
the scattering off a black body. Even this number came a surprise in view of the large 
Q2 value involved. Using the generalized optical theorem as formulated by Miettinen and 
Pumplin, one can estimate the effective total cross section for the interaction of the hadronic 

components of the y* as a,ff = 16.n ,t=O /atot(y*N) x 12 i 15 mb. This cross 
section is significantly smaller than the pN cross section which at the HERA energies can 
be estimated to be close to 40 mb. However it is sufficiently large to result in a substantial 
cross section of diffraction for small z - it can reach 30-40% for large A (Fig. 3) [Ill. For 

&J**+P-X+P 

f5t 
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large A the coherent diffraction dominates when the incoming wave is sufficiently absorbed 
at small impact parameters which, by virtue of Babinet’s principle, corresponds to scattering 
beyond the nucleus. In such processes the nucleus remains intact and the average momentum 
transfer is very small ((t) cc A-2/3).  

One expects that hadronic configurations interacting with different strength contribute 
to diffraction (cf. Fig. 1). The parameter a,ff characterizes just the average strength of 
this interaction, while the distribution over the strengths is expected to be quite broad. The 
study of diffraction off nuclei allows to separate contributions to diffraction of large and 
small size configurations due to the filtering phenomenon: with the increase of A the 
relative contribution of more weakly interacting (smaller size) configurations should increase 
since they are less shadowed, leading to a relative enhancement of the color transparent sub- 
processes. Examples of promising processes are: diffractive production of charm, diffractive 
production of two high pt jets as well as related phenomena of multiplicity fluctuations in 
inelastic y*A interactions e [ll]. 

VI. COLOR TRANSPARENCY PHENOMENA 

An important property of QCD is that small objects are expected to interact with hadrons 
with small cross section [12]. This implies that in the processes dominated by the scatter- 
ing/production of hadrons in “point-like” (small size) configurations (PLC) when embedded 
in the nuclei, the projectile or the outgoing hadron essentially does not interact with the 
nuclear environment. A quantitative formulation of color transparency for high-energy pro- 
cesses can be based on eq.(l). For the case of nuclear targets it implies that for a small 
enough color dipole, the cross section of its interaction with nuclei is proportional to A up 
to the gluon shadowing factor. As a result the color transparency prediction for 2 jet and 
vector meson diffractive production is [13,14] 3: 

Gluon shadowing constitutes a rather small effect for x N For smaller x it increases but 
it is in any case much smaller than the screening effect expected in the case of lack of color 
transparency if the produced system interacts with cross section comparable to a p ~  N 30-40 
mb. For such values of a one expects the cross section to behave as cc A4/3 for t = 0 which 
would be possible to test using diffractive production by quasi-real photons. 

Coherent diflractive p, J/+-meson production 
The most straightforward test of color transparency can be made using coherent pro- 

duction of p or J/+-mesons at small t using nuclei with A > 12. The pt resolution of the 
current detectors is good enough to single out the diffractive peak which is concentrated at 
p+, 5 0.1 GeV. In the higher z end of the range which could be studied at HERA for vector 

31n writing eq.(4) we neglect the difference of Q2 scales for different processes which is reflected 
in a different dependence of the essential transverse size of the qij state on the process (see Fig. 4). 
For a discussion of the appropriate scale for dijet production see [15]. 
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meson production, x N one expects at large Q2 nearly complete color transparency 
since gluon shadowing effects are rather small and decrease rapidly with increase of Q2, 
while the transverse separation$, between q and a is of the order of 0.4 fm for Q2 - 10 
GeV2 and further decreases with increase of Q2 (Fig. 4 [6] ). Study of coherent J / $  meson 
production would allow to probe color transparency for propagation of even smaller dipoles 
since (bce(Q2 = 0)) - 0.2 frn. 

On the other hand as discussed earlier at the smallest values of x of the HERA range, 
screening effects should start to play a role even at large Q2 so a gradual disappearance 
of color transparency is expected - the emergence of color opacity. Noticeable screening is 
expected already on the basis of unitarity constraints. Qualitatively one may expect that the 
rise of the cross section for vector meson production with increasing energy at fixed Q2 will 
slow down at significantly lower energies than for the case of the y* + p reaction. Currently 
theoretical calculations of vector meson production by transversely polarized photons are 
difficult because the nonperturbative large distance contribution is not as strongly suppressed 
in this case as in the longitudinal case. If contribution of pairs with large transverse size is 
indeed important for UT, it would be filtered out with increasing A leading to larger values 
of UL/Q for large A. 

Several other effects of Color Transparency (CT) in diffractive production can be studied 
in (i) Production of excited vector meson states p’, q5‘. (ii) Production of high pt dijets. (iii) 
Coherent diffractive production at -t 2 0.1 GeV2 for A = 2,4. An important question 
here is the possibility to observe the “disappearance” of color transparency for p-meson 
production and the emergence of “color opacity” - due to nonlinear screening effects at 
x - Manifestations of CT would be the increase of the differential cross section $ 
below the diffractive minimum (Itmin(4He)l M 0.2 GeV2) and suppression of the cross section 
in the region of the secondary maximum. (iv) A-dependence of rapidity gaps between jets 
in photoproduction which would allow recent interpretation of the HERA yp rapidity gap 
data as manifestation of CT [16]. 
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VII. CONNECTION TO HEAVY-ION COLLISIONS AT HIGH ENERGIES 

The interplay between the physics which can be studied in high-energy eA collisions 
at HERA and that to be studied in the heavy ion physics was discussed at the dedicated 
workshop “Nuclei at HERA and Heavy Ion Physics” which was held at BNL in 1995. It was 
concluded that the measurements of eA collisions at HERA can provide crucial information 
necessary for unambiguous interpretation of the heavy ion collisions at RHIC and LHC for 
establishing whether a quark-gluon plasma is formed in these collisions. 

Three major links are 
0 Nuclear gluon shadowing. One needs x g ~ ( x ,  Q2) for x - Q2 N 1 - 10GeV2 and 

z N Q2 N 10GeV2 to fix the initial conditions at RHIC and LHC respectively. This is 
especially important for the LHC since mini-jet production determines the initial conditions 
for 4 2 lOOGeV A. The bulk of the particles produced at central rapidities in AA collisions 
at the LHC is expected to be generated due to this mechanism [18]. Currently uncertainties 
in nuclear shadowing transform into at least a factor 2-4 differences in the final transverse 
energy flow [ 171. 

0 Jet quenching. Recent QCD studies [19] have demonstrated that the medium induced 
energy losses and pt  broadening of a high energy parton traversing a hot QCD medium 
are much larger than in the case of a cold medium. This provides a unique new set of 
global probes of the properties of the state formed during AA collisions [17]. To interpret 
unambiguously this effect it is necessary both to measure the nuclear gluon shadowing and 
to study the parton propagation in cold matter in DIS to confirm that the energy losses 
(pi-broadening) remain small at energies comparable to those to be studied at RHIC and 
LHC. 

Study of eA interactions at 
HERA in the same energy range as that to be studied in pA and AA collisions at 
RHIC (@ - 200 GeV) will provide a unique testing ground for the modern models of 
interactions with nuclei which aim at describing on the same footing ep, eA, pp, PA, AA 
collisions [20]. It would allow to be established whether or not the same dynamics determines 
hadroproduction in eA collisions and in central AA collisions. One of the key questions here is 
how effective AGK cancelations of the screeniy effects would work leading to predictions of 

for the central rapidity 
range. If these relations would work for heavy ion collisions hard rninijet mechanism would 
suppressed (due to screening of parton densities) rather than enhanced in AA collisions as 
compared to the N N  collisions. 

0 Testing of soft dynamics of interactions with nuclei. 

d a N +  N-h+X doh(r)+A-h+X - A d & ( 7 ) X 4 h + X  and d&l +A2 - = A1A2 d y  dY dY 
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Abstract 

Jet quenching due to parton energy loss in dense matter will suppress 
leading particles from jet fragmentation in high-energy heavy-ion collisions. 
We study the effect of jet quenching on inclusive particle distribution- 
s and investigate how one can improve the measurement of parton energy 
loss in direct photon events. We demonstrate that y/no ratio at large p~ 
will be significantly increased due to jet quenching. We point out that the 
medium-induced p~ broadening of a propagating jet can be studied through 
the effective jet profile in the opposite direction of the direct photon. 

I. INTRODUCTION 

Medium-induced radiative energy loss of a high-energy parton traversing a dense QCD 
medium is interesting not only because it illustrates the importance of quantum interference 
effects in QCD, but also because it depends sensitively on the density of the medium and thus 
can be used as a probe of the dense matter formed in ultrarelativistic heavy-ion collisions. As 
recent studies demonstrated [l-31, it is very important to take into account the destructive 
interference effect in the calculation of radiation spectrum from a fast parton induced by 
multiple scatterings. The so-called Landau-Pomeranchuk-Migdal effect can lead to very 
interesting, and sometimes nonintuitive results for the energy loss of a fast parton in a QCD 
medium. For example, Baier et al. recent showed [3] that the energy loss per distance, 
dE/dz,  is proportional to the total length that the parton has traveled. Because of the 
unique interference effect, the parton somehow knows its history of propagation. Another 
feature of the induced energy loss is that it depends on the parton density of the medium it is 
traversing via the final transverse momentum broadening that the parton receives during its 
propagation. One can therefore determine the parton density of the produced dense matter 
by measuring the energy loss of a fast parton when it propagates through the medium. 

Unlike in the &ED case, where one can measure directly the radiative energy loss of a 
fast electron, one cannot measure directly the energy loss of a fast leading parton in QCD. 

*Talk presented by X.-N. Wang 
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Since a parton is normally studied via a jet, a cluster of hadrons in the phase space, an 
identified jet can contain particles both from the fragmentation of the leading parton and 
from the radiated partons. If we neglect the p~ broadening effect, the total energy of the jet 
should not change even if the leading parton suffers radiative energy loss. What should be 
changed by the energy loss are the particle distributions inside the jet or the fragmentation 
function and the jet profile. Therefore, one can only measure parton energy loss indirectly 
via the modification of the jet fragmentation function and jet profile. 

In principle, one can measure the parton energy loss by directly measuring the fragmen- 
tation function and profile of a jet with a determined transverse energy. However, because 
of the huge background and its fluctuation in high-energy heavy-ion collisions [4], the con- 
ventional calorimetric study of a jet cannot determine the jet energy thus the energy loss 
very well. In Ref. [5 ] ,  Gyulassy and I proposed that single-particle spectrum can be used to 
study the effect of jet energy loss, since the suppression of large ET jets naturally leads to 
the suppression of large p~ particles. However, since the single-particle spectrum is a con- 
volution of the jet cross section and jet fragmentation function, the suppression of produced 
particles with a given p~ results from jet quenching with a wide range of initial transverse 
energies. One, therefore, cannot measure directly, from the single-particle p~ spectrum, the 
energy loss of a jet with known initial transverse energy. Recently, Huang, Sarcevic and I 
proposed to study the jet quenching by measuring the p~ distribution of charged hadrons 
in the opposite direction of a tagged direct photon [6]. Since a direct photon in the central 
rapidity region (y = 0) is always accompanied by a jet in the opposite transverse direc- 
tion with roughly equal transverse energy, the p~ distribution of charged hadrons in the 
opposite direction of the tagged direct photon is directly related to the jet fragmentation 
function with known initial energy. One can thus directly measure the modification of the 
jet fragmentation and then determine the energy loss suffered by the leading parton. 

In this talk, I will review the effects of energy loss on single-particle distributions both 
in the normal central A + A collisions and in events with a tagged direct photon with known 
transverse energy. I will discuss the energy and A dependences of the energy loss and jet 
quenching. In the case of jet quenching in y+jet events, the ET smearing of jet due to initial 
state radiation will be included. The change of jet profile function in the azimuthal angle 
due to p~ broadening of the jet will also be discussed. Finally, discussions will be given on 
the feasibility of measuring the energy loss in y +jet events at RHIC. 

11. MODIFIED JET FRAGMENTATION FUNCTIONS 

Jet fragmentation functions have been studied extensively in efe-, ep and pjj collisions 
[7]. These functions describe the particle distributions in the fractional energy, z = Eh/Ejet, 
in the direction of a jet. The measured dependence of the fragmentation functions on the 
momentum scale is shown to satisfy the QCD evolution equations very well. We will use 
the parametrizations of the most recent analysis [8] in both z and Q2 for jet fragmentation 
functions D&,(z, Q2) to describe jet (a) fragmentation into hadrons ( h )  in the vacuum. 

In principle, one should study the modification of jet fragmentation functions in a per- 
turbative QCD calculation in which induced radiation of a propagating parton in a medium 
and Landau-Pomeranchuk-Migdal interference effect can be dynamically taken into accoun- 
t.  However, for the purpose of our current study, we can use a phenomenological model 
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to describe the modification of the jet fragmentation function due to an effective energy 
loss dE/dx of the parton. In this model we assume: (1) A quark-gluon plasma (QGP) is 
formed with a transverse size of the colliding nuclei, RA. A parton with a reduced energy 
will only hadronize outside the deconfined phase and the fragmentation can be described as 
in ese- collisions. (2) The inelastic scattering mean-free-path for the parton a inside the 
QGP is A,. The radiative energy loss per scattering is e,. The energy loss per distance is 
thus dE,/dz = E,/&. The probability for a parton to scatter n times within a distance A L  
is given by a Poisson distribution, 

We also assume that the mean-free-path of a gluon is half that of a quark, and the energy 
loss dE/dx is twice that of a quark. (3) The emitted gluons, each carring energy Ea on 
the average, will also hadronize according to the fragmentation function with the minimum 
scale Qi = 2.0 GeV2. We will also neglect the energy fluctuation given by the radiation 
spectrum for the emitted gluons. Since the emitted gluons only produce hadrons with very 
small fractional energy, the final modified fragmentation functions in the moderately large 
z region are not very sensitive to the actual radiation spectrum and the scale dependence of 
the fragmentation functions for the emitted gluons. 

We will consider the central rapidity region of high-energy heavy-ion collisions. We 
assume that a parton with initial transverse energy ET will travel in the transverse direction 
in a cylindrical system. With the above assumptions, the modified fragmentation functions 
for a parton traveling a distance A L  can be approximated as, 

where 2; = z / ( l  - n e , / E ~ ) ,  2: = z E ~ / e ,  and CfG = P,(n). We limit the number of 
inelastic scatterings to N = ET/€,  by energy conservation. For large values of N ,  the average 
number of scatterings within a distance A L  is approximately (n,) x ALIA,. The first term 
corresponds to the fragmentation of the leading partons with reduced energy ET - nea and 
the second term comes from the emitted gluons each having energy ea on the average. 

III. ENERGY LOSS AND SINGLE-PARTICLE PT SPECTRUM 

To calculate the p~ distribution of particles from jet fragmentation in a normal central 
heavy-ion collision, one simply convolutes the fragmentation functions with the jet cross 
section [9], 
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tra in pp and pjj collisions. The dot- spectrum in central Au + Au collisions at 
dashed lines are from jet fragmentation 4 = 200 GeV over that of pp collisions, 
only and solid lines include also soft pro- normalized by the total binary nucleon- 
duction parametrized in an exponential nucleon collisions in central Au + Au col- 
form. The experimental data are from lisions. The mean-free-path of a quark 
Ref. [13-151. inside the medium is assumed to be 1 fm. 

where 2, = zT(ey/z, + e-y/zb)/2, xbmin = z , z ~ e - ~ / ( 2 z ,  - zTeY), xUmin = q e Y / ( 2  - zTe-y), 
and z~ = 2 p ~ / f i .  The K M 2 factor accounts for higher order corrections [lo]; The parton 
distribution density in a nucleus, f , /~(z ,  Q2, r )  = ~A(~>S,/A(Z, r ) f , p ( z ,  Q2), is assumed to 
be factorizable into the nuclear thickness function t ~ ( r )  (with normalization J d % t ~ ( r )  = A ) ,  
parton distribution in a nucleon f , /~(z ,  Q2) and the parton shadowing factor S,/A(Z, r )  
which we take the parametrization used in HIJING model [ll]. Neglecting the transverse 
expansion, the transverse distance a parton produced at ( r ,4 )  will travel is AL(r,#) = 

We will use the MRS D-1 parametrization of the parton distributions [12] in a nucleon. 
The resultant pT-spectra of charged hadrons (T*, K*) for pp and pjj collisions are shown in 
Fig. I11 together with the experimental data [13-151 for = 63, 200, 900 and 1800 GeV. 
The calculations (dot-dashed line) from Eq. (3) with the jet fragmentation functions given by 
Ref. [8] agree with the experimental data remarkably well, especially at large p ~ .  However, 
the calculations are consistently below the experimental data at low m, where we believe 
particle production from soft processes is very important. To account for particle production 
at small p ~ ,  we introduce a soft component to the particle spectra in an exponential form 
whose parameters are fixed by total d N / d y  [16]. The total p~ spectra including both soft 
and hard component are shown in Fig. I11 as solid lines. 

JR; - - cos2 4)  - COS 4.  
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To calculate the PT spectrum in AA collisions, one has to take into account both the 
parton shadowing effect and the modification of the jet fragmentation functions due to 
parton energy loss inside a medium. In addition, one has to know the A scaling of the 
soft particle spectrum in central AA collisions with respect to p p  collisions. Here we simply 
assume a linear scaling as in a wounded nucleon model. One can then calculate the ratio, 

between the spectrum in central AA and p p  collisions. The ratio is normalized to the effective 
total number of binary p p  collisions in a central AA collision. If none of the nuclear effects 
(shadowing and jet quenching) are taken into account, this ratio should be unity at large 
transverse momentum. Shown in Fig. I11 are the results for central Au + Au collisions at 
the RHIC energy with dE/dx = 1, 2 GeV/fm, respectively. As we have argued before, jet 
energy loss will result in the suppression of high p~ particles as compared to p p  collisions. 
Therefore, the ratio at large p~ in Fig. I11 is smaller than one due to the energy loss suffered 
by the jet partons. It, however, increases with p~ because of the constant energy loss ( or 
even some weak energy dependent energy loss). At hypothetically large p~ when the total 
energy loss is negligible compared to the initial jet energy, the ratio should approach to one. 

At small PT, particles from soft interaction (or from hadronization of QGP) dominate. 
The ratio RAA(~T)  is very sensitive to the A-scaling behavior of the soft particle production. 
Since we assumed a linear scaling for the soft particle production, the ratio should approach 
to A/gpppTAA(0) = 0.149 at small p~ for central Au + Au at the RHIC energy, as shown in 
Fig. 111. 

In this framework, one can also study the effect of energy and A dependence of the energy 
loss and the effect of energy loss on particle production of different flavors [16]. 

IV. JET QUENCHING IN y+JET EVENTS 

Since hadron production at a fixed large PT comes from fragmentation of jets with dif- 
ferent transverse energies, the suppression factor in Eq. (4) only provides the information 
about the effect of energy loss on jet fragmentation at an averaged value of z = pT/Ep. In 
order to study the modification of the fragmentation function due to energy loss, one might 
in principle measure the inclusive p~ spectrum in the direction of a triggered jet. However, 
with the large background and its fluctuation due to hadrons from many other minijets and 
soft processes, the determination of the jet energy is almost impossible. To overcome this 
difficulty, we proposed the study of high PT particle spectrum in the opposite direction of a 
tagged direct photon [6]. Direct photons are always accompanied by a jet in the opposite 
transverse direction. Even though taking into account of the initial state radiation, the 
average energy of the jet is approximately that of the tagged photon. One can therefore 
relate the PT distribution of hadrons in the opposite direction of a tagged photon to the 
fragmentation function of a jet with known initial energy and study the modification of the 
fragmentation function due to parton energy loss. 

in the central 
rapidity region, Iyl 5 Ay/2, Ay = 1. For sufficiently large E; of the photon, the rapidity 
distribution of the associated jet is also centered around zero rapidity with a comparable 

Let us select events which has a direct photon with transverse energy 
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width. If the azimuthal angle of the photon is #-, and & = 4, +T,  most of the hadrons from 
the jet fragmentation willfall into the kinematicregion, (Iyl 5 Ay/2, I$-&[ 5 A4/2), where 
one can take A4 = 2 according to the jet profile as measured in high-energy pfj collisions 
[17]. Given the jet fragmentation functions Dh/a(Z),'with z the fractions of momenta of the 
jet carried by hadrons, one can calculate the differential p~ distribution of hadrons from jet 
fragment ation in the kinematical region (A y , A+), 

where c(Ay, = 4 4 5 A y / 2  dy 44-&15A4/2 d#f(y, 4 - &) is an overall acceptance factor 
and f (y ,  4) is the normalized hadron profile around the jet axis. The summation is over 
both jet (a) and hadron species (h ) ,  and r,(E;) is the fractional production cross section of 
a-type jet associated with the direct photon. C(Ay, A$) is the acceptance factor for finding 
the jet fragments in the given kinematic range. We find C(Ay, Ad) R 0.5 at $ = 200 GeV, 
independent of the photon energy E;, using HIJING [ll] Monte Carlo simulations for the 
given kinematic cuts. The normalized function, 

as shown in Fig. 3, is the ET distribution of the jet with a given E; of the tagged direct 
photon. As we can see that the transverse energy of the jet has a wide smearing around E; 
due to the initial state radiation associated with the hard processes. Because of the rapidly 
decrease in ET of the cross section of direct photon production, the distribution is biased 
toward smaller E p  than g. The average E g  is thus smaller than E;. Since one only 
triggers a direct photon with a given E;, one should average over the ET smearing of the 
jet. Such a smearing is important especially for hadrons with p~ comparable or larger than 

If we define the inclusive fragmentation function associated with a direct photon as, 
E;. 

we can rewrite the p~ spectrum [Eq. ( 5 ) ]  in the opposite direction of a tagged photon as 

Using this equation, one can extract the inclusive jet fragmentation function, P ( z ,  E;), 
from the measured spectrum. Shown in Fig. 4 are the calculated p~ distributions from the 
fragmentation of photon-tagged jets with E; = 10, 15 GeV and the underlying background 
from the rest of a central Au + Au collisions at the RHIC energy. The points are HIJING 
simulations of 1OK events and solid lines are numerical results from Eqs. (3) and (5) with 
the fragmentation functions given by the parametrization of eSe- data [8]. The effect of 
parton energy loss is not included yet. As we can see, the spectra from jet fragmentation 
are significantly higher than the background at large transverse momenta. One can there- 
fore easily extract the fragmentation function from the experimental data without much 
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statistical errors from the subtraction of the background. One also notice that there are 
significant number of particles with p~ larger than the triggered photon, EyT,  because of the 
ET smearing of the jet caused by initial state radiations. 

Consider parton energy loss in central AA collisions, we model the jet fragmentation 
functions as given by Eq. (2). Including the ET smearing and averaging over the y-jet 
production position in the transverse direction, the inclusive fragmentation function of a 
photon-tagged jet is, 

where TAA(O) = J d2rti(r) is the overlap function of AA collisions at zero impact-parameter. 
We assume that jet production rate is proportional to the number of binary nucleon-nucleon 
collisions. 

Shown in Fig. 5 are the ratios of the inclusive fragmentation function in a central Au+Au 
collisions with energy loss dE,/dz = 1 GeV/fm, over the ones in p p  collisions without energy 
loss. The enhancement of soft particle production due to induced emissions is important 
only at small fractional energy z. The fragmentation function is suppressed for large and 
intermediate z due to parton energy loss. For a fixed dE/dz,  the suppression becomes less 
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with and without 

as E; increases. The optimal case is when the average total energy loss is significant as 
compared to the initial jet energy, and yet the p~ spectrum from jet fragmentation is still 
much larger than the underlying background. Notice that we now define z as the hadron’s 
fractional energy of the triggered photon. Because of the ET smearing of the jet caused 
by initial state radiations, hadrons can have PT larger than E;. Therefore, the effective 
inclusive jet fragmentation function does not vanish at z = w/EG > 1. 

As compared to our earlier results [6] where we did not take into account the ET smearing 
of the jet, the modification of the averaged fragmentation function due to energy loss is quite 
sensitive to the value of the mean-free-path for dE,/dx = 1 GeV. To study the sensitivity 
of the suppression to the energy loss, we plot in Fig. 6 the same ratio at a fixed value of 
z = 0.4 as functions of dE,/dz. The ratio in general decreases with dE,/dx as more large PT 
particles are suppressed when leading partons loss more energy. For small values of dE,/dx, 
the suppression factor is more or less independent of the mean-free-path. However, for large 
values of dE,/dx 2 1 GeV/fm, the ratio is sensitive to the mean-free-path. One thus needs 
additional information or a global fit to determine both the energy loss dE/dx and the 
mean-free-path from the experimental data. 

As we discussed in the introduction, recent studies [3] of energy loss in a dense medium 
indicate that the energy loss per distance dE/da: might be proportional to the total distance 
that the parton has traveled since is was produced. One way to test this experimentally is 
to study the suppression factor at any given z value for different nucleus-nucleus collisions 
or for different centrality (impact parameter). Shown in Fig. 7, are the suppression factor 
for the jet fragmentation function at z = 0.4 as functions of A1/3. In one case (dashed lines), 
we assume a constant energy loss dE/dx=O.5 GeV/fm. The suppression factor decreases 
almost linearly with A1i3. In another case (solid lines), we assume dE,/dz = 0.2(L/fm) 
GeV/fm. The average distance a parton travels in a cylindrical system with transverse size 
RA is ( L )  = 0.905R~. We assume RA = l.2A1/3 fm. We choose the coefficient in dE,/dx 
such that it roughly equals to 0.5 GeV/fm for A = 20. As we can see, the suppression 
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factor for a distance-dependent dE/dx decreases faster than the one with constant dE/dx. 
Unfortunately, we have not found a unique way to extract the average total energy loss so 
that we can show it is proportional to A2/3 for the distance-dependent dE/dx .  

V. PT BROADENING AND JET PROFILE 

In the above calculation, we have assumed that the jet profile in the opposite direction 
of the tagged photon remains the same in AA collisions, since we used the same acceptance 
factor C(Ay, A4). However, due to multiple scatterings suffered by the leading parton, the 
final jet must acquire additional acoplanarity with respect to its original transverse direction. 
Such a change to  the jet profile could affect the acceptance factor, which will be an overall 
factor to the measured jet fragmentation function if we assume the jet profile to be the same 
for particles with different fractional energies. 

To demonstrate this, we plot in Fig. 8 as the solid line the azimuthal angle distribution 
of ET (within Iyl < 0.5) with respect to the opposite direction of the tagged photon with 
E; = 10 GeV. We have subtracted the background so that d E ~ / d $  = 0 at 4 = T .  The 
profile distribution includes both the intrinsic distribution from jet fragmentation and the 
effect of initial state radiation. The acceptance factor is simply the fractional area within 
141 < A4/2 region. The p~ broadening of jets due to multiple scatterings will broaden the 
profile function. Shown as the dashed line is the profile function for an average Ap; = 4 
(GeV/c)2 with a Gaussian distribution. It is clear that with a modest value of the p~ 
broadening, the acceptance factor only changes by around 10% [HI. 

In addition, since the change of the jet profile function is related to the average p~ 
broadening, one can combine the measurement with the measured energy loss to verify the 
relationship between dE/dx and A& as suggested by recent theoretical studies [3]. 
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L ,  I 

dNY-jet/dydET/year 1 3500 400 70 

TABLE I. Rate of direct photon production in central Au + Au collisions at fi = 200 GeV, 
cm-2s-1 and 100 operation day per year. with luminosity ,C = 2 x 

VI. DISCUSSIONS 

To have a feeling of the experimental feasibility of the proposed y-jet measurement, we 
list in Table 1 the number of y-jet events per year per unit rapidity and unit (GeV) ET. We 
assume a central Au+Au cross section of 125 mb with impact-parameters b < 2 fm. We have 
taken the designed luminosity of L = 2 x cm-2s-1 with 100 operation days per year. 
As we can see, the rate for E; = 15, 20 GeV is too small to give any statistically significant 
measurement of the fragmentation function and its modification in AA collisions. If one can 
increase the luminosity by a factor of 10, the numbers of events for both E; =10 and 15 
GeV are significant enough for a reasonable determination of the fragmentation function of 
the photon-tagged jets. 

Given increased luminosity and enough number of events, one still has to overcome the 
large background of TO’S to identify the direct photons. Plotted in Fig. 9, are the production 
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rates of direct photons (solid line) and no's (dashed and dot-dashed lines). We can see 
that without parton energy loss, TO production rate is about 20 times larger than the direct 
photons at p~ = 10 GeV/c. Fortunately, jet quenching due to parton energy loss can 
significantly reduce no rate at large pT as shown by the dot-dashed line. However, one still 
has to face TO'S  about 4 times higher than the direct photons at prr = 10 GeV/c. At larger 
p ~ ,  the situation improves, but one loses the production rate. Since the isolation cut method 
normally employed in p p  collisions to reduce the background to direct photons does not work 
anymore, the only way one can identify them has to be through improvement of detector 
hardwares. 
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Abstract 

In this talk we present a detailed study on the shadowing corrections to 
the gluon structure functions for nuclei. Starting from the present status of 
the HERA data, we develop the Glauber - Mueller approach for the gluon 
density in a nucleus and estimate the shadowing corrections in the small x 
region which turns out to be big. Based on this observation we suggest and 
solve the new evolution equation for gluon density in a nucleus, which could 
be used to provide a reliable initial conditions for the time evolution of the 
nucleus-nucleus cascade. The extended version of the talk is published in Ref. 
PI * 

I. INTRODUCTION 

In this talk we present our new results concerning the whole issue of the shadowing 
corrections ( SC ) to the gluon density in nuclei [2]. We show that SC for the gluon 
distribution in a nucleus can be treated theoretically in the framework of perturbative QCD 
(pQCD) and can be calculated from the gluon structure function for the nucleon. We choose 
the gluon distribution in nucleus because the nucleus DIS is easier to handle theoretically, 
and we expect larger SC for a nucleus since the analysis of the SC shown that it is a density 
effect in the parton cascade ( see review [3] for example ). We consider also that gluon 

*Talk given by E.M. Levin 

** E-mail: ayala@if.ufrgs.br 

*** E-mail:gay@if.ufrgs.br 

*t E-mail: levin@hep.anl.gov; 1evingQccsg.tau.ac.d 
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density in nuclei will provide the initial condition for any phenomenological cascades for 
high energy nucleus - nucleus interaction at RHIC. 

Our motivation comes from some inconsistence on the interpretation of the HERA present 
results. In HERA [4] data for DIS the structure function F2(2, Q2)  increases in the region of 
small x ( at high energies) as &(x, Q2)  0; & for at large and small 
(Q2 M 1 - 2 GeV2 ) values of the photon virtualities Q2.  This steep behavior is well fitted 
by the perturbative QCD evolution given by the Dokshitzer-Gribov-Lipatov-Altareli-Parisi 
equation [5], even for the small values of Q2. Thus we can conclude that the parton cascade 
which describes the DGLAP evolution is a dilute system of partons, and there is no need of 
SC to describe the DIS data. 

On the other hand, from HERA data we can evaluate also the parameter K which charac- 
terizes the amount of the SC [6] K = zG(z, Q'), where xG(z, Q2)  
is the gluon structure function and R is the radius of the area populated by gluons in a nu- 
cleon. a(GG) is the cross section of two gluon interaction in the parton cascade calculated 
in [7]. The physical meaning of this formula is the probability of the gluon - gluon inter- 
action inside the parton cascade. From HERA data on photoproduction of J / 9  meson [8], 
R2 = 5.0 G e V 2  and the values of K. are bigger than one in substantial part of HERA 
kinematic region. 

We can conclude that the situation looks very controversial and the statement that the 
DGLAP evolution works is first but not the last outcome of the HERA data. 

lo-' > x > 

u GG xG(z,  Q2) = 

11. THE GLAUBER APPROACH IN QCD . 
The idea of how to write the Glauber formula in QCD was originally formulated in Ref. 

[9,10]. Let us consider that the gluon distribution is probed by a high energy particle with 
virtuality Q2.  In the space-time description of the process, the probe decays in a gluon-gluon 
pair with transverse separation r l  ( corresponding transverse. momentum I c l  ). This pair 
interacts with the nucleon due to the exchange of a gluon ladder diagram. In Double Log 
Approximation (DLA), the transverse momentum of the gluon in the ladder, ZI, is much 
smaller then the transverse momentum of the gluon in the pair ( I 1  << kl). Also, PI is 
almost constant during the GG-nucleus interaction ( see Ref. [l] for details). 

In the above framework, the GG pair cross section with the nucleon can be written (for 
N,  = 3) as [lo] 

and the nuclear gluon distribution is given by the Mueller ( Glauber) formula [lo] 

The term in curly brackets is the total cross section of the interaction of the gluon pair 
with the nucleus in the eikonal approach. This term is the solution of the s-channel unitarity 
constraint if the elastic amplitude of the gluon nuclei scattering is purely imaginary at high 
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energy and the structure of the final state is mostly the uniform distribution of the produced 
gluons ( see Ref. [l] for more detail explanation). The first term in the expansion of eq. (2) 
with respect to 0 gives the DGLAP equation in the region of small x. Using a Gaussian 
parameterization for the profile function S(bt) we can take the integral over the impact 
parameter bt which gives 

where C is the Euler constant and El is the exponential integral (see Ref. [ll] Eq. 5.1.11) 
and 

In order to  estimate of the SC predicted by the Mueller formula we will use the GRV [12] 
parameterization for the gluon distribution in a nucleon. This parameterization is a solution 
of GLAP equation evolved from a very small virtuality and it most essential contribution 
comes from the region a&zQ2 R 1 and cxsZnl/x M 1. This allows to estimate the SC from 
large distances and use the DLA, where Mueller formula is proven. 

However, in spite of the fact that the GLAP evolution in the GRV parameterization 
starts from very low virtuality ( QE - 0.25 GeV') it turns out that the DLA still does not 
work quite well in the accessible kinematic region (Q2 > 1 GeV2, x > In order to 
develop a more realistic approach in the region of not ultra small E (E > we suggest 
to substitute the small 5 kernel in the Born term in the expression (2) by the full DGLAP 
kernel. This procedure gives 

x'G$~' ( XI, QI2) . Q2 dx' d q 2  
n- ( 5 )  

The above equation includes also A X G $ ~ ~ ( X , Q ; )  as the initial condition for the gluon 
distribution and gives A X G $ ~ ' ( Z , Q ~ )  as the first term of the expansion with respect to 
KG. Therefore, this equation is an attempt to include the full expression for the anomalous 
dimension for the scattering off each nucleon, while we use the DLA to take into account all 
sc. 

In order to  investigate the general features of the nuclear gluon distribution we compare 
XGA with the solution of the DGLAP evolution equations in the GRV parameterization 
using the following three functions: 

dln(xGA(x, Q')) 
aln(Q"Q3 

, c y > =  dln(zGA(z, Q')) 
aln(l/x) , < w > =  N xGA(z,  Q2)(e(r- ( 5 ) )  

zGSRv(z, Q2) R, = 

The reason why we chose these function is that in the semiclassical approach (see [SI), the 
nucleon structure function is equal to xGA(z,Q2) = C { Q 2 ) < Y >  {s>'w> . The results of 
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our calculation are shown in Fig.1 for R1 as a function of Zn(l/x), lnQ2 and and in 
Figs. 2 and 3 for Ca and Au for different Q2 as function of x. 

The main message that one can read from these figures is that the SC turn out to be 
considerable and they change the 2 and Q2 dependence of the gluon structure function. 

However it should be stressed that the effective power of x remains bigger than the 
intercept of the so called "soft" Pomeron [13], even in the case of a sufficiently heavy nucleus 
(Au), for Q2 > 1 GeV2. At small values of x, the anomalous dimension < y > shows a 
sizeable reduction, which increases with A and < y > is smaller than $ for all Q2 > 2GeV2. 

In(l/x) 
FIG. 3. The eflective value of the anomalous dimension calculated for Nucleon'and Au. 

111. CORRECTIONS TO THE GLAUBER ( MUELLER) APPROACH. 

The Mueller ( Glauber ) formula (3) is not an evolution equation and it gives the possi- 
bility to calculate x G ~ ( 2 ,  Q2) and the SC for nucleus from the solution of GLAP equations. 
In order to evaluate the corrections to the Glauber approach we calculate the second itera- 
tion of the Mueller formula of eq. (2). The Mueller formula describes the rescattering of the 
fastest gluon in the pair during the passage through a nucleus. The second iteration takes 
into account also the rescattering of the next to the fastest gluon. This is a well defined task 
due to the strong ordering in the parton fractions of energy in the parton cascade in leading 
ln(l/x) approximation of pQCD that we are dealing with. 

One can see in Figs.4 that the second iteration gives a big effect and changes crucially 
R1, < w >, and < y >. The most remarkable feature is the crucial change of the value 
of the effective power w(Q2) for the "Pomeron" intercept which tends to zero at HERA 
kinematic region. The main conclusions from Figs.$ are: (i) the second iteration gives a 
sizeable contribution in the region z < and for x 2 it becomes of the order 
of the first iteration;(ii) It occurs because the second iteration gives correction of the order 
of cr~ln(Q2/&~)ln(l/x) M 1 for the DLA. (iii) for z < lov3 we have to calculate the next 
iteration. 
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FIG. 4. Second iteration calculations for R1, < w >, and < 7 > for  Ca and Au. 

IV. THE GENERAL APPROACH. 

In order to improve the calculation of the SC to the nuclear distribution z G ~ ( z , & ~ ) ,  
we suggest a new approach, which will take into account the interaction of all partons in a 
parton cascade with the target. Let us differentiate the Mueller formula over y = ln(l/z) 
and 5 = ln(Q2/Q;), and write it as an equation for K ( see Ref. [l] for more discussions). 
The result reads 

where K is given by K = %SGA("C,Q~). This is a generalized nonlinear evolution 
equation for the nuclear gluon distribution. This equation sums all contributions of the 
order (as  y t  )" absorbing them in zG~(y,t),  as well as all contributions of the order of K~ 

in the kinematic region where as6 < 1. 
This equation has the following nice features: (i) for K << 1 this equation provides the 

correct matching with the DGLAP equations; (ii) for K x as  this equation gives the GLR 
equation ; (iii) in the region a s y t  5 1 it gives the Glauber ( Mueller ) formula and (iv) it 
coincides with the equation that L.McLerran with collaborators [14] derived from different 
approach and with different technique. 

We solve the above equation in semiclassical approach for as constant using the method 
of characteristics ( see ref [2] for a detailed discussion ). This method has been adjusted to 
the solution of the nonlinear equation of eq.(7)-type in Refs. [6,15] In semiclassical approach, 
we write K in the form K = e', where the partial derivatives dS/dy = w and dS/a[ = y 
are supposed to be smooth functions of y and E.  The set of equations which describe the 
characteristics is 
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where @ = e-'F(eS) and @b = g. The initial condition for the characteristics is given by 

where K ; ~  is 

and ZGA is given by the Mueller formula. The GLAP equation for K is obtained taking the 
term in the curly in r.h.s of eq. (7) equal to K .  

We set the initial condition y = yo = 4.6 (zB = loy2) ,  where the shadowing correction 
is not big and the evolution starts from y < 0. In this case dy/dy > 0 and the value of y 
increases. At the same time dS/dy < 0 and S decreases if yo < -1/2. With the decrease of 
S, the value of becomes smaller and after short evolution the trajectories of the nonlinear 
equation start to approach the trajectories of the DGLAP equations. We face this situation 
for any trajectory with yo close to -1. If the value of yo is smaller than - but the value 
of So is sufficiently big, the decrease of S due to evolution cannot provide a small value for 
W(S) and y increases until its value becomes bigger than -; at some value of y = yc. In 
this case, for y > yc the trajectories behave as in the case with yo > - f .  For yo > -1/2, 
the picture changes crucially. In this case, dS/dy > 0 , dy/dy > 0 and both increase. Such 
trajectories go apart from the trajectories of the DGLAP equation and nonlinear effects play 
more and more important role with increasing y. These trajectories approach the asymptotic 

( see [2] for details). In Figs. 5 and 6 we plot also the lines with definite value of the ratio 
solution very quickly, which is ( independent and satisfies the equation: dK.asymp(Y) dy = F ( & )  

(horizontal lines). These lines estimate that the SC are big. mG(z,Q2)(generalized equation) 
R =  zG(z,Q2)(GLAP) 

V. AND WHAT? 

We presented here our approach to the SC and a natural question arises: and what? 
What and how we can do for the RHIC physics. How our approach can help in creating a 
reliable Monte Carlo code for nucleus - nucleus interaction at high energies? 

Considering the space time structure of the nucleus - nucleus interaction we can set 
four stages ( see Ref. [l] ): (i)t < to ,  being t o ,  the time of the first parton - parton 
interaction, the system behaves as a very coherent system of partons, confined in both 
nuclei, and it's physics is almost unknown; (ii) at time t o  the coherence of the parton system 
is destroyed; (ii) t o  < t < t h ,  t h  being the hadronization time, there is a quark - gluon 
stage of the process, where QCD applies, and also new collective phenomena (e.g. Quark - 
Gluon Plasma) could be created. This stage could be described by known the Monte Carlo 
codes, lattice calculations and ideas, presented at this conference; (iv) t > t h  there is a 
hadronization stage which is a black box. 
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In our approach we are able to calculate the inclusive cross section for gluons at t = t o ,  
providing a natural cutoff for the divergence at small transverse momentum. 

We can calculate also the double inclusive cross section which gives the two gluon correla- 
tion function at t = to. We expect that this correlation is big for nucleus - nucleus collisions 
since it includes the production of two gluons from two parton cascade as well as from one. 
We hope that these two observables: gluon distribution and two gluon correlation will be 
enough to define the initial condition for the QCD motivated cascade during the third stage 
of the process. However, before providing a reliable QCD motivated Monte Carlo code we 
have to understand how to write it in correct degrees of freedom which are colorless quark - 
antiquak dipoles [16] but not quarks and gluons. We intend to do this in the nearest future. 

The important question for the future Monte Carlo code is also the mixing of ‘‘ soft” 
and “hard” processes. We firmly believe that the correct way of including them is to use 
the Glauber formula with the replacement a(r:) ---f usoft + shard. More detail discussion 
you can find in Ref. [ 11. 

VI. CONCLUSIONS. 

Several aspects are being addressed to progress in our study of the SC: calculation of 
Fk(x, Q’); use of other parameterization for S(bt); calculation with as running; introduction 
of the life-time gluon effect; introduction of the parton interaction inside the GG + N 
scattering, and the generalization of the approach to the BFKL dynamics. 

We can conclude also: 
1. We hope to have convinced you that we are on the way from our Really Highly 

Inefficient Calculation to your RHIC. Much work is needed to clarify the initial condition for 
the QCD phase of nucleus - nucleus interaction and this is the first and the most important 
task which we need to attack, since it will determine the correct degrees of freedom for 
further evolution of QCD cascades. 

2. Everything that we have talked about satisfies the third law of theoretica1,physics:Any 
model is a theory which we apply to  a kinematic region, where we cannot prove that this theory 
is wrong. We firmly believe that correct SC will provide the picture of the nucleus - nucleus 
interaction in which hard and semihard processes will play a crucial role with only small if 
any contamination of the soft contribution. 
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Review of J / $  Production Data at Fixed-Target Energies 

R. Vogt* 
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Abstract 

The interpretation of the recent NA50 data depends crucially on the under- 
standing of J / +  production in pp interactions. I briefly review the existing 
data and discuss how well the production cross section can be known. I also 
give some simple parameterizations of data that can be used in event gener- 
ators simulating J/+ production and suppression and outline their range of 
validity. 

Inclusive J / $  production, AB --+ J / $ X ,  can be characterized by the transverse momen- 
tum, p ~ ,  or transverse mass, mT = d m ,  and either the Feynman x ,  X F  = pL/pL,max,  

or the rapidity, y = 0 . 5 1 n ( ( E + p ~ ) / ( E - p ~ ) ) ,  of the J /$ .  The maximummomentumof the 
J /+ depends on the minimum invariant mass of the unobserved particles, mx,- > 2mp, in 
p p  interactions. When mx,min << M ,  pmax M (s - M 2 ) / 2 &  M &/2 at high energy. In the 
center of mass system, -1 < X F  < 1. 

The J/+ invariant cross section is usually assumed to be factorizable with the data fit 
to separate functional forms describing the X F  and p~ distributions, 

Assuming that the X F  distribution is symmetric about X F  = y = 0 in p p  (and PA) interac- 
tions, the data is usually fit to either the invariant form, 

or the noninvariant 

*Supported by the U. S. Department of Energy under Contract No. DE-AC03-76SF00515. 
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The p~ distribution is usually parameterized as 

g(pT) exp(-bT) or exp(-aP$) 7 (5) 

appropriately normalized. Note that, in principal, the XF and p~ distributions are not easy 
to separate because XF is a function of p ~ ,  

2mT XF = -sinhy . Js 
The total cross section is never measured since no experiment covers all the phase space. 
Extrapolations to unmeasured regions of phase space are very sensitive to the parameteri- 
zation of the cross section, perhaps leading to siginificant errors in the extracted total cross 
section. In fixed-target experiments, most of the forward XF range is available. The XF 
distributions narrow with increasing energy so that, at high energies, the exponents, d and 
c, used to characterize the distributions can become large. To expand information in the 
limited XF range available, the rapidity variable is often used in collider experiments. In 
fact, most of these experiments only cover a central region of rapidity, around y = 0. 

The J / $  cross section data is given in Table 1, essentially taken from Ref. [l]. Most of the 
data are gathered by measuring the J / $  through its decay to leptons, thus at central rapidity, 
Bda/~Zyl,,~ has not been corrected for the branching ratio to lepton pairs. The forward, 
XF > 0, cross section data has been adjusted so that the same branching ratio B(J /+  + 
p+p-) = (5.97 f 0.25)% is used for all the data. Most of the ISR experiments provide only 
Bda/dyl,,o rather than attempting to extrapolate to unknown regions. Note also that, for 
reasons of statistics, the fixed-target measurements generally use a nuclear target. Some of 
these experiments used more than one target and reported a nuclear dependence [2-61. Only 
the cross section from the light target is given in the table. Since several of these experiments 
showed that the XF distribution is modified in the nuclear target, the assumption that the 
XF distribution is symmetric about XF = 0 may not hold for the light nuclear targets. 
Recent data from E772 [7] on the target dependence is not shown in the table because their 
acceptance was such that it was not possible to extract absolute cross sections. .In Ref. [l] all 
the nuclear target data has been "corrected" to p p  by assuming aPd = ap,A" where Q! = 0.9. 
This value is actually somewhat smaller than the A dependence fit by most experiments, 
Q = 0.94 from NA3 [3] and LY = 0.91 from E772 [7] and NA38/NA50 [8], so that one must 
be careful with the treatment of the nuclear data. From the table, it is clear that (pT) and 
(pg) increase slowly with energy. However, nuclear effects have been observed to broaden 
the p~ distributions, attributed to initial-state elastic scattering with the nucleons, see e.g. 
[9] and references therein. 

The energy dependence of the cross section has been parameterized in two different 
forms, depending on whether one concentrates on the central rapidity value or the total cross 
section. Both assume that the cross sections scale as a universal function of T = M/&. 
In the 1978 review in Ref. [lo] a compilation of available data showed that the J / $  and $' 
production cross sections in pp collisions obeyed the relation 

(7) 
B-l,,o do = Aexp(-14.7~) , 
dY 

where B B($ + p+p-) is the branching ratio of the meson decays to muon pairs and 
AJ/+ = 40 nb and A,p = 0.018 AJ/+ [lo]. The normalization has been adjusted to take into 
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ISR [20] P 53 13.6 f 3.1 1.39 f 0.05 
ISR [ Z l ]  P 62.4 10.2 f 0.7 1.5 f 0.1 (f) 1.7 f 0.2 
ISR [20] P 63 14.8 f 3.3 1.29 f 0.05 - 

TABLE I. The J / $  cross section for XF > 0 with the branching ratio to leptons, 
B( J / $  + pfp-)  = (5.97 0.25)% divided out and Bda/dy,,o. All cross sections are per nucleon. 
(a) Target mass dependence is accounted for assuming A0a9 [l]. (b) Assuming d a / d s F  N (1- ~ x F I ) "  
and c = 12;. (c) Forward cross section obtained by assuming XF distribution symmetric about 
XF = 0. (d) Assumed, not measured. (e) From da /dp$  N exp(-up$) with (p$)  = l /a .  (f)  From 
d a / d p $  N exp(-bpT) with ( p ~ )  = 2/b. (g) Assuming d a / d x F  N (1 - / x F I ) "  with c N 2 and ( p ~ )  N 1 
GeV. (h) A N 3% background not subtracted. (i) Extracted from a ( p ) / a ( p ) .  (j) Same experiment, 
[5] claimed to be more reliable. (k) Changing ( p ~ )  to 1 GeV increases cross section 60%. 
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account the most recent measurement of the branching ratios. The J / $  and qY branching 
ratios are the same for muon and electron pair decays. The forward cross section and the 
noninvariant X F  distribution were parameterized by the E672 collaboration [6] as 

where n = 12.0 f 0.9, u = 13.5 f 4.5 and b = 44.9 f 21.9 GeV. The cross section co fit 
by E762 for their Be target was adjusted to a proton target assuming an A dependence of 
A'.' in [l]. This parameterization of the cross section, called the Schuler parameterization 
by NA50 and used by them to adjust their P A  and Pb+Pb data to = 200 GeV, is 
applicable for f i  5 31 GeV. 

The cross section may also be calculated from perturbative methods up to next-to-leading 
order (NLO) and compared to the data. This was done in the spirit of the color evaporation 
model [25] which assumes that e.g. the J / $  cross section is proportional to the free spin and 
color averaged open cz pair cross section integrated between 2mc 5 Mcz < 2mo so that 

The model is based on two ingredients. The quarkonium dynamics are assumed to be 
identical to those of low mass QG pairs. All perturbative QCD corrections apply to the short- 
distance cross section and are therefore identical for open pair and bound state production. 
Additionally, although the QG pair is produced at short distances in different color, angular 
momentum and relative momentum states and the relative production rates of these states 
may be different for different high-energy collisions. The average of many nonperturbative 
matrix elements are combined into the universal factor F which determines the probability 
to form a bound state. Once F has been fixed, the model predicts the shape of the energy 
dependence and the absolute normalization. The model was shown to describe the energy 
and X F  dependence [25] and, more recently, the 1 3 ~  dependence [29] of J / $  and Y production 
up to high energies where both of the previously discussed parameterizations break down. 
Note that x production is also in agreement with these results [25]. 

The quarkonium production cross section to  NLO was obtained using the QB pair pro- 
duction code developed in Ref. [26] with a mass cut of McZ < 2mo = 3.74 GeV for charmo- 
nium. The calculations were performed with two recent sets of parton densities, MRS D-' 
[27] and GRV HO [28]. Equivalent results were found at presently available energies for the 
two sets. Similar results on T production were shown to agree with the total cross sections 
reported by CDF [31] and UA1 [32]. Although these data were taken in p p  colliders, at high 
energies a(p)/a(p) x 1 because of the dominance of gluon fusion. Total cross sections have 
not yet been reported for the J / $  at high energies because J/$'s with 1 3 ~  < 5 GeV have not 
been measured. 

In fig. 1 we compare the Bdo/dyly=O data to the Craigie parameterization and the NLO 
calculation. Figure 2 shows the comparison between the Schuler parameterization of the 
forward cross section and the NLO result. At low energies, the comparison is rather good 
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FIG. 1. The calculated central cross section is compared to the Craigie parameterization and 
data from Table 1. 

for both parameterizations. The relative production cross sections for different energies may 
be satisfactorily scaled with the Schuler parameterization, as done by NA50 [SI. However, 
the differences at high energy, T = 0.0155 at RHIC Au+Au energies and T = 0.00056 at 
LHC Pb+Pb energies, are significant. 

The data shown here can constrain the mass and scale parameters in the calculation of 
the p p  cross section, but only up to the 20-30% level, especially if the fit of F is skewed 
by an overestimate of the A dependence. In fact, when a comparison is made between pA 
fits to the NA50 data with a = 0.94, corresponding to U+N = 4.8 mb, and a = 0.91 where 
U-+N = 7 mb, neither can be ruled out by the precision of the p p  production cross section. 
Near the NA50 energy, 200 GeV/nucleon for S+U and 160 GeV/nucleon for Pb+Pb, the XF 
distributions have been parameterized using the invariant form of eq. (3) with d = 2.94f0.32 
at @ = 16.8 GeV [16] and d = 3.55 f 0.11 at f i  = 20.5 GeV [5]. Either these values or 
those estimated by eq. (10) for the noninvariant form, c = 3.7 f. 1.9 at 4 = 16.8 GeV 
or c = 4.1 f 2.0 at fi = 19.4 GeV, can be used for longitudinal momentum distributions 
in event generators. The NA3 experiment [3] has information at the appropriate NA38 
energy to obtain the p~ distributions for p p  and pPt interactions. A similar increase in the 
average p~ may be seen in the AB data [9]. Since the shapes of the distributions rather than 
the absolute normalization are most important in the event generators, these distributions 
can be used to model J / $  production before subsequent interactions with nucleons and 
secondaries in simulations of J / $  suppression. However, one should keep in mind that the 
data is so far not precise enough to draw definitive conclusions concerning the origin of the 
observed J /$  suppression. Until the p p  production cross section can be know precisely, the 
interpretation of the suppression can remain open. We also point out that the interpretation 
of the $-to-continuum data will still be subject' to debate unless the Drell-Yan or continuum 
cross section is also known precisely. 
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FIG. 2. The calculated forward cross section is compared to the Schuler parameterization and 
data from Table 1. 
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Non-Equilibrium QCD of High-Energy Multi-Gluon Dynamics 

Klaus Geiger 
Brookhaven National Laboratory, Upton, N. Y. 11 973, U.S. A .  

Abstract 

I discuss an approach to derive from first principles, a real-time formalism 
to study the dynamical interplay of quantum and statistical-kinetic proper- 
ties of non-equilibrium multi-parton systems produced in high-energy QCD 
processes. The ultimate goal (from which one is still far away) is to have 
a practically applicable description of the space-time evolution of a gener- 
al initial system of gluons and quarks, characterized by some large energy 
or momentum scale, that expands, diffuses and dissipates according to the 
self- and mutud-interactions, and eventually converts dynamically into final 
state hadrons. For example, the evolution of parton showers in the mecha- 
nism of parton-hadron conversion in high-energy hadronic collisions, or, the 
description of formation, evolution and freezeout of a quark-gluon plasma, in 
ultra-relativistic heavy-ion collisions. 

I. INTRODUCTION 

In general, the study of a high-energy multi-particle system and its quantum dynamics 
involves three essential aspects: first, the aspect of space-time, geometry and the structure 
of the vacuum; second, the quantum field aspect of the particle excitations; and third, the 
statistical aspect of their interactions. These three elements are generally interconnected in 
a non-trivial way by their overall dynamical dependence. Therefore, in order to formulate a 
quantum description of the complex non-equilibrium dynamics, one needs to find a quantum- 
statistical and kinetic formulation of QCD that unifies the three aspects self-consistently. 
The main tools to achieve this are: the closed-time-path (CTP) formalism [1,2] (for treating 
initial value problems of irreversible systems), and (ii) transport theory based on Wigner 
function techniques [3] (for a kinetic description of inhomogenous non-equilibrium systems). 

The common feature of high-energy particle collisions is that they allow a distinction 
between a short-distance quantum field theoretical scale and a larger distance statistical- 
kinetic scale, which is essentially an effect of ultra-relativistic kinematics. This advantagous 
property facilitates the passage from exact QCD field theory of coherent non-abelian gauge 
fields to an approximate quantum kinetic theory of an ensemble of incoherent gluons. When 
described in a reference frame, in which the particles move close to the speed of light, the 
effects of time dilation and Lorentz contraction separate the intrinsic quantum motion of 
the individual particles from the statistical correlations among them. On the one hand, the 
quantum dynamics is determined by the self-interactions of the bare quanta, which dresses 
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them up to quasi-particles with a substructure of quantum fluctuations. This requires a ful- 
ly quantum theoretical analysis including renormalization. On the other hand, the kinetic 
dynamics can well be described statistical-mechanically by the motion of the quasi-particles 
that is, by binary interactions between these quasi-particles, and by the possible presence 
of a coherent mean color field that may be induced by the collective motion of the par- 
tons. Such a distinct description .of quantum and kinetic dynamics is possible, because the 
quantum fluctuations are highly concentrated around the light cone, occurring at very short 
distances, and decouple to very good approximation from the kinetic evolution which is 
dictated by comparably large space-time scales. As mentioned, the natural two-scale sepa- 
ration is just the consequence of time dilation and Lorentz contraction, and is true for any 
lightcone dominated process. In fact, at asymptotic energies the quantum fluctuations are 
exactly localized on the lightcone, and so the decoupling becomes perfect. This observation 
is the key to formulate a quantum kinetic description in terms of particle phase-space den- 
sities, involving a simultanous specification of momentum space and space-time, because at 
sufficiently high energy, the momentum scale A p  of the individual particles’ quantum fluctu- 
tions and the scale Ar of space-time variations of the system of particles satisfiy A p A r  >> 1, 
consistent with the uncertainty principle. 

In what follows, I am guided by the recent paper [4] and the related literature discussed 
therein, plus on preliminary results of work in progress [5].  For purpose of lucidity, I will 
henceforth confine myself to pure Yang-Mills theory, i.e. consider gluons only and ignore 
the quark degrees of freedom. The latter are straightforward to include. 

I 11. NON-EQUILIBRIUM TECHNIQUES FOR QCD 

I A. Basics of the closed-time-path formalism 

As proclaimed, the goal is to describe the time evolution of a non-equilibrium quantum 
system consisting of an initial ensemble of high-energy gluons at starting time to. In this 
context, the starting point of non-equilibrium field theory is to write down the CTP in-in 
amplitude Z p  for the evolution of the initial quantum state [in) forward in time into the 
remote future, in the presence of a medium which described by the density matrix. The 
amplitude Zp is formally given by [2]: 

where 3 = (J+,J- )  is an external source with components on the + and - time branch. 
/ ; ( to )  denotes the The initial state density matrix is denoted / ; ( t o ) ,  U is the time evolution 
operator, and T (Tt) denotes the time (anti-time) ordering. Within the CTP formalism 
the amplitude Z p  can be evaluated by time integration over the closed-time-path P in the 
complex t-plane. This closed-time path extends from t = t o  to t = t ,  in the remote future 
along the positive (+) branch and back to  t = t o  along the negative (-) branch. where any 
point on the + branch is understood at an earlier instant than any point on the - branch. 
With Zp defined on this closed-time-path, one may then, as in standard field theory, derive 
from it the Green functions and their equations of motion. The differences between the CTP 
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and the standard field theory, which are briefly summarized below, arise then solely from 
the different time contour. 

The interpretation of this formal apparatus for the evolution along the closed-time path 
P is rather simple: If the initial state is the vacuum itself, that is, the absence of a medi- 
um generated by other particles, then the density matrix t; is diagonal and in (l), one has 
Iin) + IO). In this case the evolution along the + branch is identical to the anti-time or- 
dered evolution along the - branch (modulo an irrelevant phase), and space-time points on 
different branches cannot cross-talk. In the presence of a medium however, the density ma- 
trix contains off-diagonal elements, and there are statistical correlations between the quan- 
tum system and the medium particles (e.g. scatterings) that lead to correlations between 
space-time points on the + branch with space-time points on the - branch. Hence, when 
addressing the evolution of a multi-particle system, both the deterministic self-interaction 
of the quanta, i.e. the time (anti-time) ordered evolution along the + (-) branch, and the 
statistical mutual interaction with each other, i.e. the cross-talk between + and - branch, 
must be included in a self-constistent manner. The CTP method achieves this through the 
time integtation along the contour P. Although for physical observables the time values 
are on the + branch, both + and - branches will come into play at intermediate steps in a 
self-consis t ent calculation. 

The convenient feature of this Green function formalism on the closed-time path is that 
it is formally completely analogous to standard quantum field theory, except for the fact that 
the fields have contributions from both time branches, and the path-integral representation 
of the in-in amplitude (l), contains as usual the classical action I [ A  and source terms 3 o A, 
but now for both time branches, 

Z p [ J + ,  3-, t;] = J DA+Dd- exp [i ( I[A+] + J+ - A+) (2) 

- i ( I*[d-] + 3- - A-)] M [ j ]  . 

From this path-integral representation one obtains the n-point Green functions 
G(") ($1, . . . , z,), which are now 

depending on whether the space-time points xi lie on the + or - time branch, and it is 
possible to construct a perturbative expansion of the non-equilibrium Green functions in 
terms of modified Feynman rules (as compared to standard field theory), 

(i) The number of elementary vertices is doubled, because each propagator line of a Feynman 
diagram can be either of the four components of the Green functions. The interaction 
vertices in which all the fields are on the + branch are the usual ones, while the vertices 
in which the fields are on the - branch have the opposite sign. On the other hand, 
combinatoric factors, rules for loop integrals, etc., remain exactly the same as in usual 
field theory. 

(ii) All local 1-point functions, such as the gauge-field or the color current, are 'vectors' 
with 2 components, 
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d(x)  = (2:)  (3) 

Similarly, all 2-point functions, as the gluon propagator A,, and the polarization 
tensor II,,, are 2x2 matrices with components 

Explicitely, the components of the propagator are 

where AF is the usual time-ordered Feynman propagator, A" is the corresponding 
anti-time-ordered propagator, and A> (A<) is the unordered correlation function for 
xo > yo (xo < yo). In compact notation, 

where the generalized time-ordering operator T p  is defined as 

with the Op-function defined as 

(8) 
1 if xo succeeds yo on the contour P 

ep(zo7 = 
0 if 20 precedes yo on the contour P * 

Higher order products A(x)B(y)C(z) . . . are ordered analogously. Finally, for later 
use, let me also introduce the generalized &-function defined on the closed-time path 
P: 

+S4(x - y) 

0 otherwise 

if xo and yo from positive branch 
-S4(x - y) if zo and yo from negative branch . (9) 

Henceforth I will not explicitly label the +, - components, unless it is necessary. Instead 
a compressed notation is used, in which it is understood that, e.g., 1-point functions such 
as d(z) or J ( z ) ,  2-point functions such as Ap(x, y) or nP,(z, y), receive contributions from 
both + and - time branches. 
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B. The generating functional for the non-equilibrium Green functions 

The amplitude Zp introduced in (1) admits a path-integral representation which gives 
the generating functional for the CTP Green functions defined on closed-time-path P [5]: 

~ P [ J ,  ,4 = J V A  d e t ~  6 ( f [ . ~ l )  exp {i ( I  [A, 31) } ~ ( j )  , (10) 

where A = (A+, A-) and J = (J+,  J - )  have two components, living on the + and - time 
branches. 
The structure of the functional Z p  in (10) is the following: 

(i) The functional integral (with normalization N )  is over all gauge field configurations with 
measure DA G JJp,uDdE, subject to the condition of gauge fixing, here for the class 
of non-covariant gauges defined by 

f"[A] := &*d'(~)  - B"(z)  * ( fi:A;(z) ) = 0 , (11) 

where 6fi f and n p  is a constant $-vector, being either space-like (n2 < 0), 

time-like (n2 > 0), or light-like (n2 = 0). With this choice of gauge class the local 
gauge constraint on the fields d;(z) in the path-integral (10) becomes, 

d e t F  S(& . A" - B") = const x exp { -i 1 d4x [ii - R ( x ) l 2 }  

f l  

2cr P 
5 I ~ ~ [ i i - d ]  , (12) 

where d e t F  is the Fadeev-Popov determinant (which in the case of the non-covariant 
gauges turns out to be a constant factor), and where S(6.d) E nu S(&.Aa). The right 
side translates this constraint into a the gauge fixing functional IGF. The particular 
choice of the vector &p and of the real-valued parameter a is dictated by the physics or 
computational convenience, and distinguishes further within the class of non-covariant 
gauges [ 6,7] : 

homogenous axial gauge : n2 < 0 cy = 0 
inhomogenous axial gauge : n2 < 0 cr = 1 

temporal axial gauge : n2 > o cr = o 
lightcone gauge : n 2 = 0  a = o .  (13) 

(ii) The exponential I is the eflective classical action with respect to both the + and the 
- time contour, I [A, J ]  E I [d+, J+] - I* [A-, J - 1 ,  including the usual Yang-Mills 
action IyM = Jd4x,CGyM, plus the source 3 coupled to the gauge field A: 

I [A, J ]  = -1 J d4SF;u(x)Fpu4(x) + s, d4x J;(S)Apva(5) 
4 P  
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(iii) The form of the initial state at t = t o  as described by the density matrix ,G is embodied 
in the function M ( j )  which is the density-matrix element of the gauge fields at initial 
time t o ,  

where A* refers to the + and - time branch at t o ,  respectively. The functional K: may 
be expanded in a series of non-local kernels corresponding to multi-point correlations 
concentrated at t = t o ,  

K[A] = IC(') -t J d4x  K:('p(z) dpf"(e) 
P 

+ - 2 P  'J d4xd4y  K?2?Eb(x, y)  A p 9 " ( x )  AV7 b(y) . . . . (16) 

Clearly, the sequence of kernels IC(") contains as much information as the original 
density matrix. In the special case that ,G is diagonal, the kernels IC(") = 0 for all n, 
and the usual 'vacuum field theory' is recovered. 

The path-integral representation (10) can be rewritten in a form more convenient for the 
following: First, the gauge-fixing functional 1 ~ ~ [ f i  - A] is implemented by using (12). Second, 
the series representation (16) is inserted into the initial state functional M(,G). Third, K(O) 
is absorbed in the overall normalization JV of Z p  (henceforth set to unity), and the external 
source 3 in the 1-point kernel K('): 

K:(O) := i I n n / ,  

Then (10) becomes, 

&+7,,G] * &[K: 
where, instead of (14), 

111. SEPARATING SOFT AND HARD DYNAMICS AND THE EQUATIONS OF 
MOTION 

The first step in the strategy is a separation of soft and hard physics in the path-integral 
formalism with Green functions of both the soft and hard quanta in the presence of the soft 
classical field is induced by and feeding back to the quantum dynamics. The basic idea to 
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split up the gauge field A, appearing in the classical action IYM [A] into a soft (long-range) 
part A,, and a hard (short-range) quantum field a,: 

This is the formal definition of the terms 'soft' and 'hard'. The soft and hard physics are 
separated by a (at this point arbitrary) space-time scale X = 1/11, so that one may associate 
the soft field A, being responsible for long range color collective effects, and the hard field 
a, embodying the short-range quantum dynamics. Consequently, the field strength tensor 
receives a soft, a hard part, a mixed contribution, 

Now comes physics input. Consider the following physics scenario: The initial state 
is a (dilute) ensemble of hard gluons of very small spatial extent << A, corresponding to 
transverse momenta k: >> p2. By definition of A, or 11, the short-range character of these 
quantum fluctuations implies that the expectation value (a,) vanishes at all times. However, 
the long-range correlations of the eventually populated soft modes with very small momenta 
k: << p2 may lead to a collective mean field with non-vanishing ( A ) .  Accordingly, the 
following condition on the expectation values of the fields is imposed: 

Furthermore, for simplicity the quantum fluctuations of the soft field are ignored, assuming 
any multi-point correlations of soft fields to be small, 

i.e. take A, as a non-propagating and non-fluctuating, classical field. 
When quantizing this decomposed theory by writing down the appropriate in-in- 

amplitude Z p ,  one must be consistent with the gauge field decomposition (20) into soft 
and hard components and with the classical character of the former. Mf) = 0, ME) 2 0. 
That is, I restrict in the following to a class of non-equilibrium initial states of Gaussian 
form (i.e. quadratic in the a, fields) and do not consider possible linear force terms. 

Substituting the soft-hard mode decomposition (20) with the condition (22) into (18), 
the functional integral of the in-in amplitude (18) becomes: 

&[XI = / DADa exp{i ( ] [ A ]  + ] [ a ]  + I [ A , a ] ) }  , (24) 

with a soft, hard, and mixed contribution, respectively [5 ] .  

noted by G("), 
Introducing the connected generating functional for the connected Green functions, de- 
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W p [ K ]  = -i In Z p [ K ]  , (25) 

from which one obtains the connected Green functions g(n) by functional differentiation, in 
terms of mixed products of a p  and A, fields 

where the superscript (c) indicates the ‘connected parts’. Specifically, one finds 

These relations define the soft mean field 2 and the hard propagators 6. 
The equations of motions for 2 and follow now as in usual field theory by functional 

differentiation of the effective action, 

Note that the main approximation at this point is the truncation of the infinite hierarchy 
of equations for the n-point Green functions of the excact theory, to the 1-point function 
(the soft mean field x(z)) and the 2-point function (the hard propagator A(z,y)), with 
all higher-point functions being combinations of these and connected by the 3-gluon and 
4-gluon vertices. 

A. Yang-Mills equation for the ‘soft’ mean field 

The equation of motion for the soft field a;(z), is given by srp/s’?i = - o z, 
= 0, the Yang- from which one obtains, upon taking into account the initial condition 

MUS equation for 2: 

-- -- 
where [D, 7 = D F - F D with the covariant derivative defined as Dx G Dx [a = a; - igzx, 
and FAp F x p [ a  = [Dx, Dp] /(-ig). The left hand side of (29) may be written as 

where, upon taking into account the gauge constraint (ll), the -iiph~zx does not contribute, 
because 0 = (;i - A) = i;”& and where 
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On the right hand side of (29), the current 3 is the induced current due to the ‘hard’ quantum 
dynamics in the presence of the ‘soft’ field 2: 

Finally, the second term on the right side of (29) is the initial state contribution to the 
current, which vanishes for t = zo > to .  

Notice that the function E on the left hand side of (29) contains the non-linear self- 
coupling of the soft field alone, whereas the induced current 3 on the right hand side is 
determined by the hard propagator A, thereby generating the soft field. 

- 

B. Dyson-Schwinger equation for the ‘hard’ Green function 

The equation of motionfor the ‘hard’ propagator, A$,(x, y ) ,  is SI’p/SA = K?2)/(2i), 
from which one finds after incorporating the initial condition K ( l )  = 0, the Dyson-Schwinger 
equation for A: 

h h 

where A = A, is the fully dressed propagator of the ‘hard’ quantum fluctuations in the 
presence of the ‘soft’ mean field, whereas A(,-,) is the free propagator. The polarization tensor 
II has been decomposed in two parts, a mean-field part, and a quantum fluctuation part. 
The mean-field pozarization tensor incorporates the local interaction between the ‘hard’ 
quanta and the ‘soft’ mean field, 
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g2 4 4  - 
q2;32, Y) = 6 w, Y) J, d zd w ~ o $ V A o ( ~ ,  Y, z ,  4 

(42) 
- - o d  x ZATC(z) A ' (w) . 

plus terms of order g3Z3 which one may safely ignore within the present approximation 
scheme. The fluctuation polarization tensor fi contains the quantum self-interaction among 
the 'hard' quanta in the presence of x, and is given by the variation of 2-loop part I$), of 
the effective action, 2iJI$)/6.&, 

fi$(Z,Yj = (Ql) + fi(2) + fi(3) + f i ( 4 ) ) a b  PV ( 2 , y )  , (43) 

Note that the usual Dyson-Schwinger equation in vucuum is contained in (39) -(47) as the 
special case when the mean field vanishes, Z(z) = 0, and initial state correlations are absent, 
Ic(2)(s,y) = 0. In this case, the propagator becomes the usual vacuum propagator, since 
the mean-field contribution is identically zero, and the quantum part fi reduces to the 
vacuum contribution. 

IV. TRANSITION TO QANTUM KINETICS 

The equations of motion (29) and (39) are non-linear integro-differential equations and 
clearly not solvable in all their generality. To make progress, one must be more specific and 
employ now the details of the proclaimed physics scenario, described above. 
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A. Quantum and kinetic space-time regimes 

The key assumption is the separability of hard and soft dynamics in terms of the space- 
time scale r ( ~ )  0: l / p  F=: 1 Jm. This implies that one may characterize the dynamical 
evolution of the gluon system by a short-range quantum scale rqua << r ( p ) ,  and a comparably 
long-range kinetic scale rk in  L r ( p ) .  Low-momentum collective excitations that may develop 
at the particular momentum scale gp are thus well seperated from the typical hard gluon 
momenta of the order p, if g << 1. Therefore, collectivity can arise, because the wavelength 
of the soft oscillations - l/gp is much larger than the typical extention of the hard quantum 
fluctuations - 1/11. Notice that this separation of scales is not an academic construction, but 
rather is a general property of quantum field theory. A simple example is a freely propagating 
electron: In this case, the quantum scale is given its the Compton wavelength N l / m ,  in the 
restframe of the charge, and measures the size of the radiative vacuum polarization cloud 
around the bare charge. The kinetic scale, on the other hand, is determined by the mean- 
free-path of the charge, which is infinite in vacuum, and in medium is inversely proportional 
to the local density times the interaction cross-section, l/(ng oint). Adopting this notion 
to the present case of gluon dynamics, let me define rqua and rkin as follows: 

quantum scale T ~ ~ ~ :  Measures the spatial extension of quantum fluctuations associated 
with virtual and real radiative emission and re-absorption off a given hard gluon, 
described by the hard propagator A. It can thus be interpreted as its Compton 
wavelength, corresponding to the typical transverse extension of the fluctuations and 
thus inversely proportional to the average transverse momentum, 

where the second relation is imposed by means of the definition (20) of hard and soft 
modes. Note that 3~ is a space-time dependent quantity, because the magnitude of 
(LL) is determined by both the radiative self-interactions of the hard gluons and ther 
interactions with the soft field. 

kinetic scale ~ k i ~ :  Measures the range of the long-wavelength correlations, described by 
the soft mean-field 2, and may be parametrized in terms of the average momentum of 
soft modes (q ) ,  such that 

where x may vary from one space-time point to another, because the population of soft 
modes z(q) is determined locally by the hard current 3 with dominant contribution 
from gluons with transverse momentum N 11. 

The above classification of quantum- (kinetic-) scales specifies in space-time the relevant 
regime for the hard (soft) dynamics, and the separability of the two scales rqua and rkin 

imposes the following condition on the relation between space-time and momentum: 
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The physical interpretation of (50) is simple: At short distances rqua << 1/ (gp)  a hard 
gluon can be considered as an incoherent quantum’ which emits and partly reabsorbs other 
hard gluons corresponding to the combination of real bremstrahlung and virtual radiative 
fluctuatiuons. Only a hard probe with a short wavelength 5 rqua can resolve this quan- 
tum dynamics. On the other hand, at larger distances rkin M l / ( gp ) ,  a gluon appears as a 
coherent quasi-particle, that is, as an extended object with a changing transverse size corre- 
sponding to the extent of its intrinic quantum fluctuations. This dynamical substructure is 
however not resolvable by long-wavelength modes >_ r k i n  of the soft field x. 

Accordingly, one may classify the quantum and kinetic regimes, respectively, by associ- 
ating with two distinct space-time points x p  and yp the following characteristic scales: 

The kinetic scale is therefore g2p2:  The effect of the soft field modes of on the hard 
quanta involves the coupling g x  to the hard propapgator and is of the order of the soft 
wavelength 5; = l / ( g p ) ,  so that one may characterize the soft field strength by 

plus corrections of order g2p2 and g3p3, respectively, which are assumed to be small. 
The quantum scale on the other hand is p2, because 

and one expects that that the short-distance fluctuations corresponding to emission and 
reabsorption of gluons with momenta I c l  >_ p, are little affected by the long-range, soft mean 
field, because the color force - gF acting on a gluon with momentum k l  N p produces only 
a very small change in its momentum. 

Concerning the Yang-Mills equation (29), one finds then immediately from the above 
scale relations that both the derivative terms a2x and the self-coupling terms Z are of the 
same order and need to be included consistently in order to preserve the gauge symmetry 
when performing a perturbative analysis. Of course, if the field is weak, Fpv << gp2, the 
nonlinear effects contained in the function E of (29) are be subdominant, so that in leading 
order of g, the color fields would then behave like abelian fields. 

- 

- 

B. The kinetic approximation 

The realization of the two space-time scales, short-distance quantum and quasi-classical 
kinetic, allows to reformulate the quantum field theoretical problem as a relativistic many- 
body problem within kinetic theory. The key element is to establish the connection between 
the preceding quantum-theoretical description in terms of Green functions and a probabilistic 
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kinetic description in terms of of so-called Wigner functions [8]. Whereas the 2-point func- 
tions, such as the propagator or the polarization tensor, depend on two separate space-time 
points x and y, their Wigner transform utilizes a mixed space-time/momentum represen- 
tation, which is particularly convenient for implementing the assumption of well separated 
quantum and kinetic scales, i.e., that the long-wavelength field '71 is slowly varying in space- 
time on the scale of short-range quantum fluctuations. Moreover, the trace of the Wigner 
transformed propagaor is the quantum analogue of the single particle phase-space distribu- 
tion of gluons, and therefore provides the basic quantity to make the connection with kinetic 
theory of multi-particle dynamics. 

In terms of the center-of-mass coordinate, r = $(z+y), and relative coordinate s = x-y, 
of two space-time points x and y, eq. (51), one can express any 2-point function G(x,y), 
such as &, II, in terms of these coordinates, 

The Wigner transform G(r, k) is then defined as the Fourier transform with respect to the 
relative coordinate s, being the canonical conjugate to the momentum k. In general, the 
necessary preservation of local gauge symmetry leads to additional constraint, but for the 
specific choice of gauge (ll), the Wigner transform is simply 

The Wigner representation (55) will facilitate a systematic identification of the dominant 
contributions of the soft field and Lm 
in terms of the long-range variation with the kinetic scale r (gradient expansion), then one 
makes an additional expansion in powers of the soft field '71 and of the induced perturbations 
Afa - g&m. On this basis, one isolates and keep consistently terms up to order g2p2Am. 

To proceed, recall that the coordinate r p  describes the kinetic space-time dependence 
O(Ark;,), whereas s measures the quantum space-time distance O(Ar,,,). In translational 
invariant situations, e.g. in vacuum or thermal equilibrium, W ( r , s )  is independent of r p  

and sharply peaked about sp  = 0. Here the range of the variation is fixed by = l / p ,  
eq. (48), corresponding to the confinement length x 0.3 f r n  in the case of vacuum, or to 
the thermal wavelength % 1/T in equilibrium. On the other hand, in the presence of a 
slowly varying soft field '71 with a wavelength 5; = l/(gp), eq. (49), the sfl dependence is 
little affected, while the acquired r g  dependence will have a long-wavelength variation. This 
suggests therefore to neglect the derivatives of G(r, k) with respect to r p  of order gp, relative 
to those with respect to sp of order p. 

Hence one can perform an expansion of the soft field and the hard propagator and 
polarization tensor in terms of gradients, and keep only terms up to first order, i.e., 

to the hard propagator A: First one expands both 
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A , U  (.,y) = A p u  ( r ,  s )  A p u  (0, s )  + s * a, A p u  (r ,  s )  

l -L(x ,  4 = ( r )  t 5 ’ a,&u(r) 

fiw (x, Y) = a,, (v) 21 fi,v (0, s )  + s * a, f i P U  (r ,  s )  > 

- - s -  

h 

(56) 

and furthermore, in order to isolate the leading effects of the soft mean field z on the 
hard quantum propagator A, one separates the mean field contribution from the quantum 
contribution by writing 

A ( r , k )  = A[-&,k) = Apj(k) + SA[-&,k) (57) 

with a translation-invariant vacuum quantum contribution and a r-dependent mean field 
part, respectively, 

where A(,) denotes the free propagator, and the 3 the mean-field proagator, that is, the free 
propagator in the presence of the mean field, but in the absence of quantum fluctuations. 

Given the ansatz (57), with the feedback of the induced soft field to the hard propagator 
being contained in SA[;i], one can expand the latter in powers of the soft field coupling gz, 
and anticipate that it is ut most g times the vacuum piece Am, that is, 

h 

and, to the same order of approximation, aF6AIq ,u(r, k) II g(@xA)a,”8[q ,u. 

Inserting now into eqs. (29) and (39) the decomposition (57) with the approximation 
(59), and keeping consistently all terms up to order g 2 p 2 A m ,  one arrives (after quite some 
journey [5]) at a set of equations that can be compactly expressed in terms of the kinetic 
momentum K, rather than the cunonincal momentum k, (as always in the context of inter- 
actions with a gauge field). For the class of gauges gauge (13) amounts to the replacements 

h 

k, + K, = k, - g z , ( r )  , a; + D, = a; - g a ; q r , a ; .  (60) 
T 

-2 and, within the present approximation scheme, one has K 2 A  >> D,A. The result of this 
procedure is: 
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One sees that the original Dyson-Schwinger equation reduces in the kinetic approxi- 
mation to a coupled set of algebraic equations. Recall that (62) and (63) are still 2 x 2 
matrix equations mix the four different components of = (aF,A' ,a<,AF) and of 
fi = (aF, fl', fl<, fiF). For the following it is more convenient to employ instead an e- 
quivalent set of independent functions, namely, the retarded and advanced functions Aret, 
AadV, plus the correlation function A''', and analogously fi.. This latter set is more direct- 
ly connected with physical, observable quantities, and is commonly referred to as physical 
representation [2]: 

p e t  = A F  - A> &adv = &F - A< &cor - - A> + ,&< (64) 

Similarly, for the polarization tensor the retarded, advanced and correlation functions are 
defined as (note the subtle difference to (64)): 

(65) $et = flF + fi< f i a d v  = fjF + fi> ficor - - -jp ~ fi< 
Loosely speaking, the retarded and advanced functions characterize the intrinsic quantum 
nature of a 'dressed' gluon, describing its substructural state of emitted and reabsorbed 
gluons, whereas the correlation function describes the kinetic correlations among different 
such 'dressed' gluons. The great advantage [2] of this physical representation is that in 
general the dependence on the phase-space occupation of gluon states (the local density) 
is essentially carried by the correlation functions A>, &<, whereas the dependence of the 
retarded and advanced functions, Aret, Aadv, on the local density is weak. More precisely, 
the retarded and advanced propagators and the imaginary parts of the self-energies embody 
the renormalization effects and dissipative quantum dynamics that is associated with short- 
distance emission and absorption of quantum fluctuations, whereas the correlation function 
contains both the effect of interactions with the soft mean field and of statistical binary 
scatterings among the hard gluons. In going over to the physical representation, one arrives 
at the set of master equations: The Yang-Mills equation (61) reads 

and the renormalization (62) and transport equations (63), become [4] 

1 1 { K 2 ,  A'$ - A$'),, = - - { M 2 ,  2 I d n }  w - 5{l?, Re&} PV 

where II = 
denoted by 

+ fi, and the real and imaginary components of the polarization tensor are 

i ITet - nadV) (69) ( W 

1 MEv G Rea,, = 5 (aret + IIadv)Py r,, 5 ~mn,, = 
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Note also, that are the real and imaginary components of the Hard propagator are given by 
the sum and difference of the retarded and advanced contributions, respectively, 

- 1 (hTet+A adv ) 
2 PV 

Re&, - 

The physical significance of the (67) and (68) is the following: Eq. (67) determines the state 
of a dressed parton with respect to their virtual fluctuations and real emission (absorption) 
processes, corresponding to the real and imaginary parts of the retarded and advanced self- 
energies. Eq. (68), on the other hand characterizes the correlations mong different dressed 
parton states, and the self-energies appear here in two distinct ways. The first two terms 
on the right hand side account for scatterings between quasi-particle states, i.e. dressed 
partons, whereas the last two terms incorporate the renormalization effects which result 
from the fact that the dressed partons between collisions do not behave as free particles, 
but change their dynamical structure due to virtual fluctuations, as well as real emission 
and absorption of quanta. For this reason I i z v  is called radiative self-energy, and rI""' is 
termed collisional self-energy. It is well known [2], that the imaginary parts of the retarded 
and advanced Green functions and self-energies are just the spectral density p = Im& 
giving the probability for finding an intermediate multi-particle state in the dressed parton, 
respectively the decay width I?, describing the dissipation of the dressed parton. The formal 
solution of (67) and (68) for the spectral density p is 

(71) 
r 

I C ~  - ~2 + (r-1212 f P M ~  + pr , p(r ,k )  = 

describing the particle density in terms of the finite width I' and the dynamical 'mass term' 
M 2  (which in the 'free-field' case are I' = M 2  = 0, corresponding to an on-shell, classically 
stable particle). On the right hand side of (71), the second form exhibits the physical 
meaning more suggestively in terms of the 'wavefunction'-renormalization (PM2 = p p o )  
due to virtual fluctuations, and the dissipative parts (pr = pN2=0)  due to real emission 
(absorption) processes. 

V. OUTLOOK 

What remains to be done is to solve the set of equations (66)-(68) which is the hardest 
part. For the case of & = 0 = FPy, this was discussed in Ref. [4]. For the present 
general case, the coupling between hard gluons (&) and the soft field (x), complicates 
things considerably. A possible iterative scheme of solution, which is currently under study 
[5] ,  may be as follows: 

a) Specify initial condition in terms of a phase-space density of hard gluons at time t = to .  
This initial gluon distribution determines &m(t = t o ,  F, I C ) .  

b) Solve the renomalization equation (62) with Z(t0,F) = 0, i.e. just as in the case of 
vacuum [4], except that now K = k - g Z  contains the soft field. Substitute the 
resulting form of kit and into the transport equation (63) to get the solution 
for AE. 
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c )  Insert .&z into the right hand side of the Yang-Mills equation (66), and solve for 2. 

d) Repeat from a) but now include the finite contribution from the coupling between 8, 
and 2. 
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Abstract 

A new hadronic cascade code (LUCIFER) is introduced, for simulation of rel- 
ativistic heavy ion collisions at CERN energies and up to RHIC. It is based on 
a simple, experimentally and theoretically motivated picture of hh interaction- 
s. Final state hadrons are produced by decay of intermediate state clusters, or 
lumps of excited hadronic matter. These are similar to resonances, but have a 
continuous mass distribution. Clusters are the objects that re-interact in the 
cascade. Single diffractive dissociation is used to fix the cluster properties. 
The model has just two parameters: 7 ; ~ ,  the decay time of the clusters, and ~f 

the formation time of the clusters. Comparison is made with recent CERN 
data in the Pb+Pb system. The first consistent cascade simulation, of J / $  
production/suppression is presented. It appears likely that a purely hadronic 
interpretation can be given to recent CERN data on apparently anomalous 
J / $  suppresion in PbtPb. 

I. INTRODUCTION 

The hadronic cascade ARC [l] has been remarkably successful in describing nucleus- 
nucleus collisions at AGS energies, fi = 5.0-5.4 GeV/A. Such energies, of course, are very 
low in comparison to  the highest energy considered in this talk, so perhaps one cannot 
borrow directly from this previous experience. Surely, for example, it must be the eventual 
aim of any viable simulation at SPS to RHIC energies to include both quark and gluon 
degrees of freedom explicitly. Such an outcome is in fact being actively pursued here with 
Klaus Geiger. The program, LUCIFER, considered here is intended to serve as the hadronic 
component in a mixed hadronic/partonic cascade. Nevertheless, it is of considerable interest 
to elaborate the hadronic aspects and to push this approach as far as is possible on its own. 
Even if one accepts what we are being told about RHIC collisions [2], namely that as much 
as 50% of the energy flow involves semi-hard ‘minijets’ or the like, there remains half of 
the total energy in essentially soft QCD processes. The 50% labelled hard presumably also 
contributes appreciably to  low pt spectra via eventual hadronisation of partons. However 
energy flow beginning and remaining at low pt is by no means all non-interacting, since large 
multiplicities are also observed for example, in p p  events with no obvious hard scattering. 
These soft interactions must also be addressed. 

In this workshop, A1 Mueller [3] has called, as a starting point, for a simulation initialized 
by instantaneously converting all hadrons into partons. This is after all the Bjorken [4] 
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FIG. 1. Underlying cluster model for hh collisions in LUCIFER. Diagrams represent production 
of N intermediate state clusters. Leading clusters always have quantum numbers consistent with 
the incoming hadrons, e.g for a p p  collision they would be baryonic. Internal additional clusters 
are always mesonic. 

approach. It has been carried out in the past [5 ] ,  and will no doubt continue to be redone 
in the future [6]. Although, in a RHIC nucleus-nucleus event, the time over which the 
totality of baryon-baryon collisions takes place is extremely short, nevertheless there may be 
a very rich structure: multiple coherent soft interactions may take place contemporaneously 
with incoherent parton cascading. If this structure is ignored it may deny one the chance 
to produce realistic initial conditions for the ensuing parton cascade. In particular, since 
the larger RHIC detectors are concentrated heavily on mid-rapidity, one should have an 
accurate count of the mesons produced there in the absence of interesting high energy- 
density mechanisms such as plasma, before believing such effects truly are present. It is just 
at such rapidities that soft processes may produce ambiguities. Despite what has been said 
in the workshop summaries, what gets to mid-rapidity does not always start at mid-rapidity. 
This is a minimum lesson to learned from what follows here. 

The purpose of this presentation is to seek an efficient means of dealing with soft in- 
teractions, a means which, unlike strings [8,9], can mesh naturally with the parton cascade 
already implemented in VNI [lo]. There are undoubtedly formidable problems facing a 
cascade of any sort at ultra high energies, including a partonic cascade, not the least of 
which may be the relativistic covariance of its output. I will discuss the latter in light of the 
useful points raised by T. D. Lee [7] ,  and discussions held during the workshop. However a 
more fundamental difficulty, in my point of view, is to characterise the nature of the soft 
interactions, the interactions of matter which remains at low p t .  

11. PHYSICS OF THE CASCADE 

The essential features of the code LUCIFER can be summarised quickly. Basic hadron- 
hadron interactions are assumed to proceed through the production of intermediate state 
clusters or lumps of hadronic matter (see Fig 1). Clusters then produce the final state 
hadrons by a sequential decay mechanism, which is not necessarily isotropic. These clusters 
are the objects which re-interact in the cascade. Two types of cluster are posited, mesonic 
and baryonic, corresponding to (qtj / multi-g) or (qqq) valence parton content of the cluster. 
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Both are imagined to be color singlets, consistent with only a soft interaction having taken 
place between the incoming hadrons. The interaction cross-section is chosen universally, 
in the spirit of the additive quark model, to be one of: a,,, aTp, or aTT, evaluated at the 
appropriate energy. With that picture in mind we can proceed to a more extensive discussion 
of the underlying physics. 

In the low energy cascade ARC, it had already become apparent that energy-momentum 
released in the initial nucleon-nucleon collisions re-interacted through resonances and stable 
hadrons, dominantly the A, N” and p. Special properties of the particular resonant states 
involved had apparently little effect on the overall behaviour of the system. Indeed, one 
could just as well have used a single generic baryon resonance and a single generic meson 
resonance, both having average widths. The essential point was that energy flow was retained 
in the resonances, as was required by the proper treatment of relativistic time evolution. 
This played a central role in ion-ion dynamics at the AGS [l], and indeed led simultaneously 
to the enhancement of strangeness production and broadening of pt spectra which had been 
initially proposed as signals of plasma formation, For these energies the formation times 
for produced particles were often included in the resonance lifetimes, which of course for 
rapidly moving resonances considerably delay the production of pions, and hence reduce 
their rescattering. Despite dire warnings voiced by detractors, this early approach gives very 
useful hints on how to proceed at the highest energies. One can also borrow from previous 
research to justify a possible route to high energy; particularly instructive are the works of 
Berger and coworkers [ll], Quigg and coworkers [12], Beusch e t  al. [13], on the existence of 
‘clustering’ in pA data. This clustering also naturally arises in the multiperipheral models. 

Above all, Gottfried, in (1974), put forth a very simple exposition [14] of a scheme for 
pA collisions (see Fig. 2), anticipating the approach taken in LUCIFER and ARC by many 
years, which provides a phenomenological paradigm for extending the cascade to higher 
energies. Contemporaneously, Koplik and Mueller [ 151 considered the pA collisions at high 
energy, formalising some of Gottfried’s phenomenology within a multiperipheral, Regge- 
Gribov [16] framework. I present some of this development here, for the moment limited to 
the context of pA collisions. This restriction is made, because it is conceptuaily simpler to 
track one hadron through a target. 

Gottfried noted that although a hadron-nucleon collision within a nucleus cannot im- 
mediately produce the final state hadrons one would see in free space, it might still be 
possible to extrapolate this final state backwards in time and use this information to guide 
the time evolution of the ‘leading’ hadron through its subsequent collisions with other tar- 
get nucleons. He proposed that what mattered most for the reinteraction was the flux of 
energy-momentum through the nucleus. The experimental evidence [14,17] from p A  is that 
high energy, forward pions, accompanying the leading proton, are suppressed, the pion mul- 
tiplicity not being enhanced much over pp. Additionally, only a weak dependence on A 
is observed. In LUCIFER, this behaviour is accounted for at least partly by grouping the 
final particles into clusters, and introducing a formation time rf for the non-leading clusters. 
The relativistic dilation y r j  then makes it unlikely for fast produced particles to materialise 
inside the nucleus, interact, and add to the multiplicity. 

Secondary collisions in the target by the leading proton must still be dealt with, and I 
propose doing this, like Gottfried, essentially by introducing an energy-momentum tensor 
to describe the energy flux associated with the leading baryon after its first collision. In 
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FIG. 2. Gottfried’s model for pA collisions. The incoming proton is Lorentz contracted to size 
A< N l/y fm in the lab frame before its first collision. Afterwards its energy density is in an 
expanding cylinder of length AC(t). This model is essentially implemented in LUCIFER by means 
of cluster production and formation times. 

his picture, the entire energy density is initially contained in the volume occupied by the 
original incoming proton (a sphere, highly Lorentz contracted longitudinally in the lab frame, 
so essentially a disk, or cylinder). The real questions now come with ensuing collisions, for 
which Gottfried enunciated two guidelines: 

(I) After the initial proton-nucleon collision the incoming (leading) baryon exists in an 
expanding cylinder, with initial longitudinal width Azo - s-’I2 N 1 fm. This cylinder 
already contains the expected final produced particles of the p p  collision, though these 
are as ye t  unformed. The initial velocities are obtained from the final state rapidity 
distributions and the cylinder grows by  classical propagation of the final particles. 

Y 

(11) This energyflux scatters from further target nucleons in its path ‘as if it were a set 
of hadrons’ {hi( t )} .  The division into separately existing hadrons is made by  slicing 
the cylinder into pieces Azo: a first non-leading hadron (meson-like) to  be allowed, for 
example, when the cylinder reaches twice its original width. 

Gottfried [14] terms rule (11) a universality hypotheses: a hadronic state occupying the 
same volume and travelling with the same rapidity as a nucleon or pion, has collisions 
close in character to those of the corresponding ordinary hadrons. This is precisely the 
approach taken in LUCIFER and ARC for cluster or resonance cross-sections. The volume 
occupied, and the nature of constituent partons contained therein, determine the character 
of the cluster cross-sections. One can also invoke the additive quark model for support of 
such cross-sections. The detail-insensitivity of the excited hadron-hadron interactions is in 
keeping with the multi-gluon exchange nature of soft, confining QCD interactions. Those 
who believe the present approach to be laden with adjustable parameters should study this 
point very carefully. Rule (11) defines the interaction of an excited nucleon or excited hadron 
(cluster) very narrowly, making an initial ad hoc, but reasonable, hypothesis and thenceforth 
allowing no further freedom of adjustment. 
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FIG. 3. Pomeron exchange diagrams leading to various types of cluster production in 

M 

pp scat- 
tering. The cut triple pomeron diagram is prototypical and leads to single diffractive scattering. 
The forward proton is separated by a rapidity gap from the diffractive baryonic cluster. In LU- 
CIFER, the multiperipheral dynamics is simulated by the decay of the baryonic cluster. Diagrams 
are shown for double diffractive scattering with the production of a purely mesonic cluster, and for 
double diffractive dissociation. More general pomeron exchanges lead to the multi-cluster produc- 
tion model used in LUCIFER. The dominant process is taken to be pp + B1 + B2 + M .  

In Gottfried's model, the energy-momentum tensor was used to decide at what point 
the flux arising some previous collision should be divided into two parts and so forth. This 
procedure was then iterated and he was able to obtain a closed analytic treatment of the 
problem in one dimension. The cascade can do this automaticaly, producing the set hi(t) ,  
and making each constituent available for interaction at the appropriate time. Nor is it 
restricted to one dimension. Gottfried uses, as do all cascade practitioners, classical motion, 
rule (I), between collisions. He presents what he calls 'alibis' for this with which we concur, 
the main excuse being the high energy and short wave lengths involved in the longitudinal 
motion. 

Produced hadrons may begin to reinteract, for high incoming energy, well before they 
materialise into final state mesons. However, prior to expansion to 2AzO the energy momen- 
tum is retained in the original proton. Extrapolation to further collisions, or for that matter 
to AB events is straightforward. LUCIFER incorporates the above principles but adds a 
cluster model of the p p  intermediate state, introduced to include and build upon existing 
experimental and theoretical descriptions of p p  scattering. The cluster properties are taken 
from the data on single diffractive scattering. This can be considered the prototypical soft 
process. 

In constructing LUCIFER then, the following rules are added to (I) and (11): 

(111) The p p  collision proceeds to the final baryon + meson final state through a choice 
of excited states depicted in Fig(3). The existence of such new excited entities, both 
baryonic and mesonic, was suggested, from data, b y  many authors [ll-131. Beusch 
[13] cites h A  data at quite low energy (w 15-20 GeV) for 3n and even 5n clusters 
which appear to have interacted surprisingly little in the nucleus, perhaps propagating 
throughout as a compact qij pair. 

(IV) The decay of the clusters sequentially, one at a time, into low mass mesons 
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produces the final p p  state. The lifetime in the cluster rest frame, is taken as 

That is, the highly excited clusters decay rapidly, while the low mass clusters emit final 
hadrons more slowly. 

To rules (111) and (IV), must be added rules for the longitudinal and transverse phase 
space and cluster mass distributions. I emphasize that almost all of the apparent freedom 
in building the model, including of course these distributions, is to be constrained by pp, 
pp ,  and np measurements. The only model parameters, at this stage, left to be determined 
in h + A collisions concern the time structure of pp,  for example, the cluster formation time 
rf and the proportionality constant cy, which at low mass ought to produce a decay time in 
the range of low mass resonance lifetimes such as TA or rp. I note that following Gottfried’s 
prescription for the separation of the energy flux obviates to some extent the need for a 
cluster formation time rf. 

For the cluster mass distributions in LUCIFER is added a fifth rule: 

e (V) The mass distribution of the clusters in Fig 3, whether for simple single digractive 
scattering or for multiple cluster production, is taken from theoretical (pomeron ex- 
change) and experimental knowledge of single diflractive scattering. When N clusters 
are produced, the maximum energy available for internal excitation of any particular 
cluster is taken to be G I N .  

This rule will be expanded upon in the next section. 
Much grumbling was directed at the clusters during the workshop, as though very high 

mass clusters dominated the NN interaction. Nothing could be further from the truth. The 
spectrum of diffractive cluster masses falls roughly as M,T2 and high masses are improbable. 
Most of the action for clusters lies in mass ranges generally attributed to minijets. More- 
over, in actual measurements of single diffractive scattering, by definition and 
notably a low pt process, such high mass objects really are produced. At least 
momentarily then, the concomitant high energy densities must exist, and their consequences 
cannot be ignored or avoided. Possibly, however, since (IV) leads to high pt tails for decay 
of the largest Mcl, the fusion of partonic to hadronic cascades will quickly shunt the energy 
in the highest masses to the partonic side. Anticipating this eventuality, I have not retained 
the roughly constant high mass tail seen experimentally in the diffraction dissociation dis- 
tributions, which are selected below as prototypical of the cluster behaviour, but instead 
allowed the cluster mass spectrum to be cut off as 1/M,2,. 

One might also relate this modelling to the dual string approaches [8,9]. The energy- 
momentum flow created at initial proton-proton collisions within a nucleus has been alter- 
natively described as residing in colourless strings. Such a picture however is not easily 
meshed with partonic cascading and any prescription for reinteracting strings tends to be 
cumbersome. In the remainder of this article I will detail the specific choices in rapidity 
and transverse momentum distributions made for pp, guided by the existing p p  and pjj da- 
ta and theoretical analyses, and first apply this to p A  at FNAL and CERN energies, and 
then to S+S and Pb+Pb at CERN. Subsequently, some minimal predictions are presented 
for s1j2 = 200, i.e. at RHIC. It is also tempting to include essentially the first complete 
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FIG. 4. 
(a) Top: Feynman x distributions for the undisturbed proton in single diffractive scattering: 
XF is related to the diffractive cluster mass by M 2  = s(1 - XF). The distribution falls off 
rapidly, - l/M2, for large cluster masses, and peaks at the A mass. Bottom: Empirical 
diffractive cluster mass distribution for 6 = 200 GeV. (b) Multiplicity vs mass for diffrac- 
tive clusters. LUCIFER sequential decay is adjusted to agree with the charge multiplicity 
in single diffractive pp  scattering. 

hadronic cascade estimates of J / +  production at CERN energies. The work of Gavin and 
Vogt [18], based on the Glauber formalism, also relies on only hadronic processes but has no 
real internal means of calculating the important transverse energy. I also discuss the frame 
dependence of calculated results for pA and S+S at the highest, here RHIC, energies. 

111. NUCLEON-NUCLEON INTERACTION FROM DIFFRACTION 

As a first guess I have tried to construct the entire intermediate cluster structure of NN 
(and for that matter hh) from the properties of states observed experimentally in single 
diffractive scattering, which in our modeling arises from the triple pomeron diagram (Fig. 
3). This diagram with appropriate kinematic constraints, produces a final state like that 
seen in experimental hh diffractive scattering. Such a method of fixing the cluster properties 
is not mandated. Any scheme for NN, consistent with the data and not doing violent damage 
to widely held theoretical concepts, would be acceptable. The parametrisation of p p  and n p  
date constitute the input to LUCIFER, are fixed by elementary data, and then are frozen. 
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FIG. 5.  LUCIFER fits to pn data from FNAL and p p  data from UA5 obtained using the cluster 

production model. The high energy data is a prediction, using the same model parameters as the 
low energy data. 

The purpose of the cascade is to gain information about the many body system from the 
two body system. In the process of accomplishing this, data for 

PP --$ PX, PP + T X ,  TP + T X ,  (2) 

from Js = 20 + 900 GeV and for p p  to fi = 1.8TeV [19-211, are considered. 
The experimental [ 19-22] mass and multiplicity distributions for diffraction are exhibited 

in Fig 4. Using these measurements the mass distributions for clusters are fixed. The mass 
distribution may be deduced from the differential cross-section d a / d t d ( @ )  for the diffractive 
process p p  + p X ,  for which we take the form: 

(3) 
42 

1 + 4z2’ P ( 2 )  = 2 = (s/Mi)2(1 - x), M: - s(1 - IC), 

a formula essentially derived from pomeron exchange analysis of diffraction, in this instance 
involving the triple pomeron exchange [22,23,16]. The variable x is the usual Feynman 
variable XF = p ~ ~ / p , ~ ~ .  The crucial features of the spectrum are a l/@ dependence of the 
cluster mass at large masses, and a peak adjusted to be near the A mass, independent of s. 
The p mass is used for mesonic clusters. This form is roughly observed in the data, where 
real resonant states are seen for forward enough x N 1 values of the undisturbed arm. The 
excitation mass in the ‘dissociated’ arm is given by simple kinematics: 

(4) 

(5) 

2 M, - m; E (I - z)s 

If one takes the minimum, in this case longitudinal, momentum transfer to be 
411 = (1 - z>mp E mp(Mz 2 - m;/s) ,  
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FIG. 6. Sulfur + Sulfur data from NA35 compared with LUCIFER calculation (fitted) for 
negative hadron production. Strangeness production is not yet included in LUCIFER. 

then diffraction becomes increasingly evident when qi '  is less than the approximate inter- 
action radius m;l, i.e. for (1 - z) - (mT/Mp)  - 0.15. The proper quantum context, tying 
elastic and diffractive scattering (closely) together and both to the total cross-section is well 
described in many places, [16,23] but I have relied particularly on Goullianos [22]. The 
rapidity gap between the unexcited proton and the diffractive cluster M .  implies that the 
relevant pomeron graph to be cut involves a triple exchange. The quantum dynamics of 
high energy p p  (hh)  collisions is contained in the cascade within the two body processes and 
then by the Gottfried rules to the interaction of cylinders of rapidity-unseparated leading 
clusters. The high energy leading s-dependence is exploited wherever possible to simplify 
the underlying sructure of hh. 

In dealing with a multi-cluster diagram in Fig 3 the longitudinal phase space is obtained 
by assigning the mid-rapidity clusters first, and then using energy-momentum conservation 
to  specify the outer two. One parameter freedom exploited, but again I emphasise, for hh 
only, is the ratio of outer to inner cluster masses. This can be used to help ensure that 
the.leading particle behaviour matches that seen in experiment. The final ratio selected, 
which could be s-dependent, is close to unity. The maximum energy available to any cluster 
for internal excitation, is near Js/N, N being the number of clusters in an event. This 
lower energy, not the full s, is used in Eqn. 3 to fix the mass distribution for the sub- 
clusters. Once again I remind the reader @ / N  is the maximum mass available for cluster 
excitation, not a typical mass. Since large masses are much less probable, most of the 
cluster energy-momentum is kinematic at any stage of a hadron-nucleus collision. Moreover, 
the meson-like clusters or any produced clusters will, given the formation time assigned 
to  them, rarely decay or reinteract within the nuclear medium. Their energy-momentum 
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FIG. 7. LUCIFER Prediction for Pb+Pb, obtained using parameters detemined by the fits to 
p p  and S+S. 

will also only separate from the hadrons which produced them according to rule (I), which 
generally severely restricts the energy available for excitation and eventual production. To 
ensure leading particle behaviour, the rapidity of produced particles in hh is restricted to 
lie within the range defined by the final values for the two initial hadrons. 

The decay of clusters in LUCIFER is also, consistently controlled by diffractive processes 
taken as prototypical. Clusters decay sequentially, for the moment into T’S, eventually into 
strange mesons, antibaryon pairs, etc., 

The mass step 6m in these chains, 

Sm N mp, p(m) = 0.5 + Poln(rn), (7) 

is selected to reproduce the observed average multiplicity N ( m )  produced from a diffractive 
excitation of mass M, = m, as is shown in Fig. 4. In practice, the step Sm is multiplied by 
a random number, so that the multiplicity fluctuation is also approximately reproduced. 

The decay constant r d  = aM;’, essentially the only parameter left to be determined in 
either pA or light heavy ion reactions, is in fact fixed here using S+S data at f i  = 20 [25] 
as a = 0.07, only slightly lower than the value’w 0.10 which would reproduce the A, N*, or 
p lifetimes. 
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FIG. 8. LUCIFER Prediction for Au+Au at RHIC, using the same parameters for p p  and the 
decay lifetimes as described in the text. 

IV. LUCIFER RESULTS AT CERN AND RHIC 

The level of accuracy of the fits to charged pion production in nucleon-nucleon scattering 
is displayed in Fig. 5(a,b). All ‘parameters’ of the fit were fixed from the lower energy data, so 
the results in Fig 5(b) can be viewed as ‘predictions’ of the model for p p  outlined here. It can 
be seen that not much s dependence of the parameters is required to get a good description 
at both energies. For this preliminary workshop version of LUCIFER, only production of 
n-mesons was consider2d. Strangeness and other heavy quark production processes can be 
straightforwardly included in the cluster scheme for pp. 

Finally then the results in Fig. 7 and Fig. 8 represent LUCIFER predictions for T pro- 
duction in Pb+Pb [26] at CERN energies, and for Au+Au at RHIC where of course data 
doesn’t exist. The Pb+Pb [26] measurements are described quite well, having been con- 
structed from the p p  input and from experimental knowledge of the negative hadrons in 
S+S. The RHIC numbers are taken from a single simulated event and certainly must be 
viewed as highly preliminary. Since one expects appreciable strangeness production N 30%, 
the number of T ’ S  must be reduced by at least this amount. Careful implementation of 
the Gottfried rules could cut down production further, so for the moment Fig. 8 should be 
regarded as an appreciable upper limit. 

CERN f i  = 20 GeV pion production [25] data were used to determine a, and hence the 
decay rate of the LUCIFER clusters. The matching of the LUCIFER calculation to S+S 
data at f i  2 20 GeV is shown in Fig. 6. In principle, a full implementation of rules (I), 
and (11) would eliminate the need for a formation time, here taken as ~j - 1 fm, replacing it 
instead by the hadronic scale, 1 fm in the collision center of momentum frame, governing 
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Leading Particle Spectra in pA @ s”z=12 GeV 
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FIG. 9. LUCIFER leading particle spectra in p+A collisions. In general there is no great 
difficulty in fitting the results for p+Pb. Note that the pion data are extremely forward, and 
constitute only a very small fraction of the totd produced pions. 

separation of the clusters from the leading hadron. The number of pions produced in S+S 
is highly sensitive, as one might expect, to the one truly free parameter, a, but the value 
settled on - 0.07 is eminently reasonable for the typical cluster masses. 

Since much of the introductory structure for LUCIFER was laid out for PA, I include 
results for inclusive proton production for this exemplary case in Fig. 9, the data taken 
from 100 GeV/c FNAL experiments [17]. There seems in the main, to be no trouble in 
reproducing these, but rules (I), and (11) are especially important for the most forwwd, 
though very few, T’S .  

V. FRAME DEPENDENCE OF THE CASCADE. 

All cascade models attempt to construct the time evolution of a complex many particle 
system from elementary interactions (collisions) of the constituent particles. Therefore, 
some method must be found for triggering these elementary collisions, and determining 
when they occur. The method most generally used in relativistic cascades, and which is 
used in LUCIFER and ARC, is to trigger a collision when two particles approach to a 
distance less than the geometrical interaction cross-section, all distances being evaluated in 
the collision center of momentum frame. When a collision occurs, several outgoing particles 
may be produced. One must then decide where in detail they materialise, but locality of the 
underlying interactions demands that produced particles emerge near to the collision point. 
Additionally, the cascade is always imagined to proceed in some global frame. This might 
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Frame Dependence at RHIC s1'2=200 GeV 
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FIG. 10. Frame dependence of LUCIFER results in p+Ag and S+S collisions at RHIC energies. 
For pA results there is virtually no frame dependence, while S+S exhibits about a 25% effect. Even 
for the heavier Ag+Ag system, the effect increases only moderately. One expects that screening 
of the in medium cross-section, and implementation of the Gottfried approach will considerably 
reduce this dependence. 

be, for instance, the equal velocity frame of the two incoming nuclei, or the lab frame. 
Obviously, such a procedure can never be made completely frame independent. This 

is because the interaction between two incoming particles occurs at a spacelike separation. 
A signal propagates between the particles faster than the speed of light, and the collision 
'time' is frame dependent. In any frame besides the collision center of momentum frame, 
there are at least two times at which one might say the collision occured: tl ,  when one of 
the incoming particles feels the interaction, and t 2 ,  when the other particle feels it. 

If we view the cascade from the global frame it seems reasonable to demand that we see 
no apparent violation of causality in that frame during the cascade. Particles should not 
appear before the collision in which they are produced, nor should produced particles be 
allowed to collide with the original particles that produced them. Neither should particles 
be influenced by collisions that have not yet occured. This legislation against first order 
causality violations might be called an anti-grandfather clause: 

The grandfather paradox is not allowed in the cascade. The time order of collisions is 
strictly causal in any global frame. 

If we accept the anti-grandfather clause, then there is only one possibility for the collision 
time: the earlier of tl and t 2  must be taken. 

However, it is then clear that in some other global frame we may have to take the opposite 
choice. In that frame, the collision in question may occur before some other collision rather 
than after it. In general, if many particles collide, and a list is drawn up of the times of 
all the possible collisions, we find that the time-order of the list is not the same in different 
global frames. So the time evolution of the cascade is different, and the results are dependent 
on the choice of global frame. The special relativistic constraint TI < c for physical signals, 
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disallowing action at a distance, has been violated, and this is the penalty. The question 
is only: how frame dependent are the results? Any method short of a fully consistent field 
theoretical, or perhaps string-theoretical, treatment of the ion-ion collision will suffer from 
this defect to some extent. It may nevertheless .be that the frame dependence is not so 
serious, and even if so, it is not logically ruled out that it can be reduced by a clever choice 
of algorithm. 

The case of pA collisions is again illustrative. It turns out that such a cascading system 
can in practice be rendered virtually frame independent (Fig.lO), i.e. relativistically covari- 
ant, by a production scheme which places emitted particles on a hyperboloid of constant 
proper time, and eliminating some acausalities originally present in ARC cascading, which 
did not obey the anti-grandfather clause. In this figure I considered the results obtained in 
two external frames for pA collisions, the laboratory and the equal velocity frame. 

The frame dependencies in S + S collisions at RHIC energies are on the order of 25% for 
the lightest mesons, the pions, (Fig.lO), and only moderately higher for the more massive 
Ag t Ag pair. One can trace the frame dependence to a slight readjustment of the cluster 
formation time with changes in the global frame, slowly varying with the combined mass 
of the system considered. The frame dependence might thus be considerably tamed by a 
simple global tuning, based on knowledge of data in some low mass nuclear collision at the 
higher energies. 

VI. J / $  PRODUCTION 

It is tempting to turn LUCIFER to the currently, experimentally, interesting topic of 
J / $  production near fi = 20 GeV. The recent data of Gonin et al. [27] for P b t A u  has been 
widely interpreted as heralding presence of QCD plasma [28,29]. This is eminently a case 
for test use of a pure hadronic simulation, like LUCIFER. Gavin and Vogt [18] have made 
a model calculation within a Glauber-like framework which normalizes the elementary J / $  
production from pA measurements [27] and produces breakup hadronically, against nucleon- 
s and co-movers. Presumably, if the purely hadronic description, reasonably parametrised, 
describes the increased suppression measured in Pb+Au, then it is difficult to argue plas- 
ma has been created. Aside from quibbling over S+Pb vs Pb+Au the Glauber estimates 
would seem to describe the data adequately. One major problem with Glauber theory is its 
inability internally and consistently to calculate the abscissa in Fig. 11, the all important 
Et. A clear second problem is the use of the ‘co-mover’ density as a free parameter. The 
cascade can eliminate both of these problems, providing the relationship of suppression to 
Et directly, and calculating the co-moving density dynamically. The calculation presented 
here is surprisingly, I believe, the first self-consistent hadronic simulation of J / $  to be done 
with relativistic ions. H. Stoecker, at this workshop [30] has presented a simulation in which 
J/$’s were injected rather arbitrarily in medias res, at some ‘zero’ of time in an event: a 
quick and dirty first step towards a more consistent treatment. 

Borrowing the J /$  elementary production cross-sections o ~ ~ + J / + ,  and aTP+J/+ from data 
[31], and choosing the J / $  breakup cross-section ObT - 5 mb against either baryons, or 
hadronic comovers, the results in Fig 11 were obtained. These results are built on the 
same assumptions as in Ref 18. Such a breakup cross-section appears to be consistent in 
the Glauber picture with pA data on J /$ .  Another critical parameter is the J / $  formation 
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FIG. 11. The survival probability of the J / +  in a Pb+Pb collision at CERN energy plotted 
against the ‘theoretical’ Et produced in the collision. Data points have been translated from ‘b’ to 
the more physical Et scale by S. Gavin [18]. 

time 75/11 - lfm. Both of these parameters, it should be noted, are a priori unknown, 
from the point of view of a hadronic simulation. The conclusion, reinforcing Gavin and 
Vogt, is that reasonable assumptions for input and breakup cross-sections can perfectly well 
accomodate the latest NA50 data. One would have to establish unambiguously that, for 
example, the J / $  breakup cross-sections were well below the 3-5 mb range for alternative 
explanations of the suppression to be viable. There are of course also relevant data on 
dilepton and direct photon production which should be examined with LUCIFER. No single 
signal for plasma formation is likely to be probative. Summarising, one can also conclude 
the J /+ measurements are explainable by hadronic cascade only if most breakup is on final 
state mesons, light ones at that, and if the formation time is within a tight range near 1 
fm/c. Since the cascade indicates breakup is dominantly at late stages in the simulations, 
the introduction of a mass threshold for the annihilation biases against T’S and in favour of 
p’s as the important comovers. Such points merit further study, and of course could also 
argue against a conventional hadronic explanation of the data. For the moment there would 
appear to be too much theoretical freedom to draw absolute conclusions, and certainly not 
in favour of QCD plasma. 
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VII. THE IMMEDIATE FUTURE 

The first task is to expand the scope of the hadronic cascade, and establish its adherence 
to the obvious principles which determine the space-time structure of high energy collisions. 
Relativistic invariance has been demonstrated for p A  reactions (see Fig. 9); placing the 
produced hadrons on a 4-d hyperboloid of constant proper time in the cm frame of the two 
colliding hadrons reduces frame dependence virtually to nil, even at RHIC energies. S+S 
collisions at RHIC still exhibit - 25% frame variation, for extreme choices of frame. At 
high particle densities one may have to introduce classical screening [32] of the two-body 
interactions, which will cut down relativistic effects by limiting the two-body cross-section to 
be no larger than one corresponding to the interparticle separation. As a byproduct overall 
production rates may further drop, another reason Fig. 8 is probably an overestimate at 
RHIC. In any case cross-sections in general should not exceed nd2, where d is the average 
distance between interacting particles, be these hadrons or partons, if a two-body picture is 
to be retained. 

The second major task, already undertaken, is to merge LUCIFER and VNI, K. Kinder- 
Geiger’s partonic cascade. Hadron-hadron collisions leading to transverse momentum pt 
higher than some preselected cutoff will be moved from the hadronic to the partonic cas- 
cade. The obvious theoretical experiment to perform, is to compare the results of the pure 
hadronic and mixed hadronic/partonic models. Beside these, of course, will also be placed 
A1 Mueller’s desired pure partonic cascade followed by eventual hadronisation and pure 
hadronic cascading. Energy loss formulae for high energy partons appropriate to the high 
density environment [33,34] can be introduced and studied for their possible effects in the 
high density medium produced by the cascade. Differences between the three pictures should 
guide experiments where to look for unusual effects at RHIC. 
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Abstract 

In order to compare various microscopic models of nucleus-nucleus collisions 
at RHIC, one must have easy access to all physics input and assumptions in 
the model. The General Cascade Program, developed during this workshop, 
achieves this by making physics input literally as an input rather than a 
complex-t part of the code. As the very first application of this model, the 
question of Lorentz invariance in cascades is studied. 

I. INTRODUCTION 

Cascade models have been quite successful in reproducing experimental spectra of 
nucleus-nucleus collisions at all available energies. This is rather remarkable, since the 
physical processes in these models can be quite different. For most cascade based models, it 
is often difficult to identify the key physics ingredient without having to go over the entire 
source code. So we can not readily compare various models, even when good agreement 
among the models and the experiments in the observed spectra is reached. 

The General Cascade Program is developed in an attempt to overcome this difficulty. 
Section I1 briefly describes the program and its current status. Section I11 explores the 
problem of Lorentz noninvariance in cascades, and a solution to this problem is presented 
in Section IV. 

11. GENERAL CASCADE PROGRAM 

The aim of this program differs from most other similar cascade programs. Our goal is 
to develop a useful tool for studying various physical models instead of building a model. 
To achieve this goal, we do need a fast and reliable cascade. 

There are at least three components in each cascade: computer algorithms, kinematics, 
and dynamics. These three components are not necessarily distinguished or written in 
separately parts of the code. This is the main reason for the difficulty of comparing different 
models. 

Computer codes are by nature unforgiving about errors and mistakes. The only way 
to ensure its quality is to have a large number of people examine it and using it. The 
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source code and related documentations for the General Cascade Program described be- 
low are available from anonymous FTP at rhic . phys . Columbia. edu/gcp and WWW at 
‘‘http://rhic,phys.columbia.edu/gcp/’’. 

A. Basic Cascade Algorithm 

Although most event generators based on cascade algorithm are rather long and seem- 
ingly complicated, the cascade algorithm itself are usually quite simple. The following is a 
complete cascade program in C language. Translating it to any other programming language, 
such as Fortran, should be straightforward. 

main () 
< 

do-initialization () ; 
while (find-next-collision () == next-collisicn-found) 

write-output 0; 
do-next-collision (1; 

I- 

As we can see, the above cascade is done in four steps: 

1. Create a list of cascading objects and assign each object an initial coordinate and 
momentum. 

2. For each pair of objects, find the distance d and the times of their closest approach. If 
nd2 is less than the total cross-section, a possible collision is found. The next collision 
is chosen to be the earliest of all possible collisions. 

3. A collision converts the incoming objects to a set of outgoing objects. The list of 
objects is then updated by deleting the incoming objects and adding the outgoing 
objects. Steps 2 and 3 are repeated until there are no more collisions. 

4. Writing the result to an output file. 

For this writeup, we will limit our discussions to include only binary collisions and decays. 
The General Cascade Program are constructed with more general interactions in mind. The 
step 2 above is the most critical part in the cascade algorithm. When the number of objects 
becomes large, if a cascade code is not well optimized, almost all CPU time is spent on 
deciding which pair shall collide next. There is another more serious problem in step 2, that 
is the collisions are decided by the distance of closest approach; as we shall see, this leads 
to the violation of Lorentz invariance. 

Let us consider two objects 0 1  and 0 2 ,  and they are created at 

x1 = (-ll,&) and x2 = (-l2,&), 

where the coordinates are given in some global frame. Their four momenta in the same 
frame are 
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The distance of closest approach can be calculated from the following Lorentz invariant 
formula (valid even when the times tl and t 2  are not equal) 

where 

is the four vector difference between 5 2  and z l ,  and the sign convention is p2  = m2. 
In the center of mass of these two objects, there is a well defined time when the objects 

reach. the distance of closest approach. The time is also well defined in a reference frame 
where one of the object is at rest. However, because the particles are distance d apart, in 
an arbitrary global frame the event in general has two different times. The general formula 
is 

where t 1 2  is the time of closest approach for O1 with 0 2  in the global frame, similarly the 
time of closest approach for 0 2  with 0 1  is 

If t 1 2  < t l ,  0 2  is moving away from 0 1  at the time t l .  
The distance of closest approach is defined in the center of mass of the incoming objects, 

so we can have a manifestly invariant formula for 8. If 0 1  and 0 2  are the only two objects 
in our system, we would have a Lorentz invariant collision rate. In general, each object will 
have a set of possible collision times. For 0 1 ,  one might have t 1 2 ,  t 1 4 ,  t 1 7 ,  - - -, and for 0 2 ,  

t 2 1 , t 2 3 , t 2 5 , - - - .  When t 1 2  and t 2 1  are not the two earliest times, e.g. t 1 2  < t 2 3  < t 2 1  < --- ,  
one has to introduce another criterior in order to select the next collision. The common 
recipe is to define the average of the two times, ( t l 2  + t 2 1 ) / 2 ,  as the “real” collision time for 
0 1  and 0 2 .  On the other hand, one could very well choose either the earliest or the latest 
of the two times. The final result does depend on these choices. 

B. Basic Data Structure 

In cascades, each object travels on a straight line trajectory. To get a complete history 
of an object, one only need to specify the object’s initial and final locations. Alternatively, 
if one can provide an initial location zi = (ti, Zi), a four momentump = (E,$,  and a final 
time tf. From the programming point of view, cascade is a procedure for updating a list of 
objects. The structure for each entry on the list is 
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s truc t  l i s t  

object -ptr  object  ; 
double xC5l; 
double p [el; 

I-; 
One can regard objec t  as an object id. Five double precision numbers for 5 are ti, Zi and 
tf. The total size of the above structure is 76 bytes, so 1MB of memory could hold well 
over ten thousand such entries. This list is in fact the largest data structure in a cascade. 
From computer memory consideration alone, one could do rather large cascade simulations 
on practically any computer. 

The properties of each types of objects and their interactions are input to the cascade. 
In the General Cascade Program, this information is explicitly treated as external input. 
The cascade algorithm and the physics input are separate entities. The physics are read in 
at the beginning of each run. Several utilities are constructed for converting readable text 
tables into the internal table in the code. 

The minimal amount of input to define an object is a symbol and a mass. For example, 
one could define a nucleon, in the General Cascade Program, by 

spec ie  
< 

symbol N 
mass 0.938 

3 

To define an interaction, we need to provide a formula for evaluating the total cross- 
section, a formula for the partial cross-sections, and a description of the outgoing momentum 
distribution. The format for these tables are still evolving, but the basic ideas will remain 
the same, i.e. the physics input and assumptions should be specified outside of the source 
code. This way one achieves the separation of algorithms and physics, a necessary first step 
for any serious comparisons of various physical models. 

Since the program itself does not have specific information on the objects or details of 
the interactions, the program is not only more versatile and potentially more robust, but 
also gives user access to all physics input and assumptions without having to go through 
any part of the source code. 

C. Efficient Cascade Algorithms 

As mentioned in section IIA, if the code is not properly optimized, most of the CPU 
times are used in search of the next collision. It is easy to see why this is the case, since 
the amount of computation for finding all binary collision is proportional to the square 
of the number of objects in the system. The most straightforward approach requires n2 
computations for each collision. The result would be an extremely slow cascade for any 
system of interest. 
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A better way is to do the n2 search once and save the result. After each collision, we only 
need to search the collisions between newly produced particles and the existing particles. 
This operation is proportional to mn, where m is the number of outgoing particles in a 
binary collision. This is the method employed in ARC [l]. If the number of objects is very 
large, one could end up with a very long list of potential collisions, which not only occupies 
more memory space, its maintenance would also slows thing down. We can improve this 
method by noting that it is sufficient to save the first few potential collisions for each object. 
Tests show that in most cases the optimal number is between 2 and 3. 

The improved algorithm would still require m n  computations for each collision. Just as 
there is no need to keep all possible collisions, it is not necessary to check all particles. In a 
relativistic cascade, all particles travel at the speed of light or slower. If we intend to save 
only 2 to 3 potential collisions, there is no need to check particles beyond 2 to 3 mean free 
path away. The parallel cascade algorithm [4] does this by dividing the space into regions. 
The linear size of each region is chosen to be several time the average mean free path. The 
boundary of these regions does not have to be fixed in space. For example, in the later 
stages of a nucleus-nucleus collision, natural boundaries along the beam axis would be those 
traveling at constant rapidities. In the parallel cascade, the amount of computation for each 
collision is proportional to mn', where n' is the average number of objects in each box. Thus 
the amount of computation per collision no longer depends on the total number of objects. 

111. LORENTZ NONINVARIANCE IN CASCADE 

A. A Simple Model 

In building a cascade model for nucleus-nucleus collisions, it is often convenient and in- 
structive to build up the physics step by step. For example in ARC [l], the first physical 
ingredients are simply uncharged nucleons and pions, next we put charge in, and then the 
strangeness is included. There is a vast amount of experimental data on cross-sections, 
branching ratios and momentum spectra for these particles. We were able to demonstrate 
with confidence that the model based solely on these ingredients can not describe the ex- 
periment a1 data. 

In the same spirit, let me introduce the following model. 

1. Objects: Nucleons ( N )  and pions (x). 

2. Interact ions : 

N + N + N + N + n n  
x + N --$ n+  N + nx 
x + x  + x+n+ n2x 

where 

n = 0.80 + 0.471n(&) t 0.1121n2(6). 
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FIG. 1. Pion rapidity distribution in the simple model for S+S at 200 GeV/c. The simulations 

are carried out in two different global frames, center of mass (solid line) and target frame (dashed 
line). The spectra is very sensitive to the choice of the global frame. 

3. Momentum distribution: uniform in phase space 

with the additional weights 

wt = ,-P:/P2 

Wl = e--a(lfPt/Prnaz) 

The parameter 
is chosen to ensure the leading particles loose only 50% of its incoming energy. 

is adjusted to get the correct average transverse momentum, and a 

B. Tests of Lorenta Noninvariance 

We can now do a nucleus-nucleus collision. Figure 1 shows the final pion rapidity spectra 
from S + S collisions at 200 GeV/c per nucleon laboratory momentum. The solid line is a 
simulation done in the center of mass frame, and the dashed line in lab frame. The difference 
in spectra from two different frames is certainly significant in this model. 

To understand such large differences let us examine the collisions in detail. As mentioned 
in the previous section, in the global frame, each collision has two times. In the simulations, 
the collisions are ordered using the average of these two times. In a different frame the 
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FIG. 2. Number of collisions as a function of time for simulations carried out in the 
mass frame. Solid line are noncausal collisions and the dashed lines are causal collisions. 

center of 

average time will give us a different collision ordering. Suppose we have three particles 01, 

02 and 03, and their collisions satisfy the following inequality 

these three inequalities are frame independent. So no matter in what frame, one has to 
impose other conditions to decide which of the three collisions should happen first. This 
additional condition will introduce a Lorentz noninvariance. On the other hand, if the 
collisions times satisfy 

then clearly 01 and 02 should collide first. Since the inequalities are frame independent, the 
ordering for these three collisions would be the same in all frames. We call the first kind of 
collision, (l), non-causal collision and the second kind, (2), causal collision. Figure 2 shows 
these two types of collisions as a function of time. The ratio non-causal to  causal collisions 
is comparable to the frame dependence observed in the pion rapidity spectra. 

When a cascade violates Lorentz invariance, the result is certainly frame dependent. 
This does not mean that certain frames are better than others. The solution is not simply 
the one of choosing a “good” frame, because the amount of violation, as defined in (l), is 
actually frame independent. 
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non-causal to causal collisions for three values of the X parameter : X = l ,  

The problem of Lorentz noninvariance in cascade does depend strongly on the details 
of the model. The problem is quite severe in this particular model. We suggest that the 
following test on Lorentz invariance or noninvariance should be done for all event generators 
for RHIC: 

1. Test the dependence of physical observable on the choice global frame . 
2. Test different recipes for collision time ordering: average time, earliest time and the 

latest time. 

3. Find out the amount of causal and noncausal collisions. 

IV. RESTORATION OF LORENTZ INVARIANCE IN CASCADE 

Under certain limit, cascade is the solution of the following relativistic Boltzmann equa- 
tion [2] 

n m 
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pion rapidity spectra from simulations in two different frames at X = 64. The 

frame dependences are much reduced. 

where Wa($,t,jj') is the probability of finding an on-shell particle a, with momentum 6, 
at position xb = (Z, t ) ,  and bl, b2, - - e ,  bn and c1, cg, - , cm are the incoming and outgoing 
particles of a local interaction 

Although the relativistic Boltzmann equation is local and therefore is Lorentz invariant, 
the cascade breaks this invariance by allowing particles to collide at a distance d = @ 
apart. This invariance can be restored. Let us observe that the Boltzmann equation is 
invariant under a scale transformation 

For two-body collisions, the above transformation scales the cross-section by 1/X, but keeps 
the mean free path constant. In the limit X + 00, the ratio between the d and the mean 
free path goes to zero. This removes the ambiguity in collision ordering and thus restores 
the Lorentz invariance in the cascade. Figure 3 and 4 shows such scaling and the reduction 
in frame dependence when X is increased from the usual value of 1 to 64. When the code 
is further optimized for speed, by implementing the parallel cascade algorithm, we will be 
able to choose a sufficiently large X to have a frame independent result. 

While 
Boltzmann equations give us single particle distributions, cascades potentially could con- 
tain additional fluctuations and correlations [5]. The above procedure for the restoration of 

There is a major difference between cascades and the Boltzmann equations. 
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the Lorentz invariance would lose these fluctuations. However, if the effect due to Lorentz 
noninvariance in a cascade is large, whether that cascade can give us any meaningful fluctu- 
ations is still an open question, and noncausal collisions in the cascade could also introduce 
artificial correlations. 
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Abstract 

We develop a consistent formalism to treat soft and semihard processes to 
describe ultrarelativistic nuclear scatterings. At low energies (CERN-SPS), 
the approach is just the string model, whereas at extremely high energies, 
we recover the purely perturbative domain (elementary parton interactions 
and parton cascading). At intermediate energies, represented by the future 
colliders RHIC and LHC, both aspects contribute. 

I. INTRODUCTION 

In the energy range 10 GeV < Js < 50 GeV, hadronic interactions are well described in 
the framework of Gribov-Regge theory (GRT). Here, the elementary “exchange object” is 
the so-called Pomeron, and the theory is formulated entirely in terms of Pomeron exchanges. 

At high energies, say f i  > 50 GeV, the soft Pomeron is not sufficient, the theory has 
to be generalized. It is well known that perturbative QCD (PQCD) comes into play, in 
particular, in case of large momentum transfer t ,  one may write inclusive cross sections as 

with’ fi, f 2  representing the momentum distributions of partons in nucleons, and where 
daij ldt  represents parton-parton scattering according to an elementary QCD diagram. 

Any formalism aiming at describing hadronic interactions in an energy range from 10 
GeV up to several TeV should therefore have the following objectives: 

0 provide GRT for small energies ; 

0 reproduce PQCD results at high energies. 

We are going to present such a formalism in this paper. 
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11. THE SOFT POMERON 

In the following, we sketch the basic features of Gribov-Regge theory based on the soft 

The elastic amplitude Ahlh2(s,t) for the scattering of hadron hl and hadron h2 is given 
Pomeron. 

as 

Ahlh2 (s, t )  = (s, t )  , (2) 
n 

where 
in-1 1-ncn-1 n 1 fi d2ki S(k - ki) n Ghlh2(s, kj) 

7r 
A2h2(s,t) = 

n! i=l j=1 
(3) 

represents n Pomeron exchanges. As usual, the Mandelstam variables s and t are used. 
Actually, s is meant to be in units of some scale so = 1 GeV and is therefore a dimensionless 
quantity. The function G is the Pomeron propagator, representing the exchange of a soft 
Pomeron, graphically expressed by a zigzag line: 

x 
The Pomeron propagator is given as 

-(R$+Ri2)k2 A-a‘k2 Ghlh2(s7 k2) = i Thlhz e s . 7  (4) 

with 

A = a(0) - 1, ( 5 )  

with the so-called “intercept” c r ( O ) ,  the “slope” a’, and the “Regge radii” B;. Using the 
above parametrization for the Pomeron propagator, we obtain 

J d2b exp(G)  { 1 - exp [ - C x2:k (s, b)] } , i A(s,t)  = - 
4nC 

with the so-called “soft eikonal” xt$(s, b)  being the Fourier transform of the Pomeron 
propagator, 

1 
ar 

x$$(s, b) = - / d2k G(s, k 2 )  exp(-iig), 

which leads to 

(7)  

204 



X is defined as 

symbol 

a’(0) 
y h i  h2 

Ri 
c h i  h2 

A A  

The total cross section is then 

in [l] meaning 

a’(0) slope of Regge trajectory 
overcriticality 

NO vertex constant 
R2 Regge radius 
C shower enhancement coeff. 

We use essentially the same symbols as used in ref. [l], apart of using y instead of No. 
We also consider here different hadron types and correspondingly different parameters for 
different hadron classes (this concerns y, R2, and C), see table 11. 

111. THE SEMIHARD POMERON 

We are now going to generalize the formalism discussed in the preceeding section to high 
energies. The basic idea [2] is to replace the soft Pomeron 

x 
by a so-called “semihard Pomeron”, which is defined to be an ordinary soft Pomeron with 
the middle piece replaced by a ccQCD parton ladder”. In other words, we have a parton 
ladder sandwiched between two soft Pomerons: 

Here, we use the symbol for the ladder diagram and zigzag symbol for the soft Pomeron. It 
is assumed that the ladder and the soft Pomeron may only be connected via gluons, i.e. the 
external legs of the ladder are necessarily gluons. Therefore the semihard Pomeron is said to 
be of gg-type (for gloun-gluon). Ladders with external quark lines can only couple directly 
to the hadron, on the projectile side, on the target side, or on both sides. Correspondingly 
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we introduce qg-type, gq-type, and qq-type Pomerons (quark-gluon, gluon-quark, quark- 
quark) : 

Here, the lines connecting ladder and soft Pomeron, are, as before, gluons, whereas the 
other external lines of the ladder are quarks. Associated with the four types of semihard 
Pomerons, we have four contributions to the semihard eikonal, which are discussed in the 
following, one after the other. In all cases, the eikonals are written as 

xph2(s, b) = J dz+ dz-j$h2(s, b, z', z-), (13) 

where t refers to the type (gg or qg or gq or qq). The integrand of the semihard gg-type 
eikonal is defined to be 

dz+ dz- 1 
2 z+ z- 

r (z+)  r ( z - )  f p ! ( S ,  b, z+, z-) = -f$ (s+) f,h2(z-) J -- 
p f t  (-, 1 b j  CTg(z+z-z+Z-S) O(z+z-z+z-s - 4 4  

z+ z- 

with f,"l(z) representing the momentum fraction distribution of the partons in the hadron 
representing the soft Pomeron end, parametrized as 

provides a large z+ ( z - )  cutoff. The integrand of the semihard qg-type eikonal is 

1 dz- 
2 z 

$;h2(s, b, I+, z-) = -fqhl (z+) fF(z-) J y r ( z - )  

y o f t  (;, b)  CTg(z-s+Z-s) O(z-z+z-s - 4q3, 

and the integrand of the semihard gq-type eikonal correspondingly as 

1 dz- 
2 Z+ 

j p ( S ,  b, z+, 2-) = - f,"l (z+) f,h2 (z-) J ---r(z+) 

y o f t  ($ b j  CTg(z+Z+Z-s) O(z+z+z-s - 4q3,  

with f> (z) representing the momentum fraction distribution of quarks in the hadron, 
parametrized as 
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fq(z) = cq 2** (1 - .)% 

Finally, the integrand of the semihard qq-type eikonal may be written as 

(20) 
1 
2 

g;ih2(s, b, z’, z-) = -fF (z’) fph2(z-) 

IV. THE POMERON CONFIGURATION 

Now we are going to discuss, how to determine the “Pomeron configuration”, i.e. the 
precise specification of the type of interaction for all possible pairs of projectile and target 
nucleons. These specifications are based on the eikonals, determined earlier. We define the 
total eikonal to be 

with the soft eikonal xsoft given in eq. (8), and with the semihard eikonal x s e d  being the 
sum of the semihard eikonals of types gg, qg, gq, qq, 

xFi!(s ,  b) = x;ih2(s, 6 )  + x ~ ~ ~ ( s ,  b ) ,  (22)  

with 

In case of nucleus-nucleus, nucleon-nucleus, or nucleon-nucleon scattering, we have obvi- 
ously hi = p or n. However, the following considerations also apply to hadron-nucleus 
and hadron-hadron scattering in general, for arbitrary hadrons. We nevertheless refer to 
“nucleons of the projectile nucleus” or “nucleons of the target nucleus”, which have to be 
understood as “projectile hadron” and/or “target hadron’’ in case. 

The strategy to determine the configuration is as follows: for given projectile and tar- 
get nucleus, incident energy, and impact parameter, the distance between some projectile 
nucleon i and some target nucleon j is 

with b; and bj being the transverse coordinates of the two nucleons. In the following, we use 
the abbreviations 

and corresponding abbreviations for x g g ,  xqg,  xgq, xqq, and for x q .  
The probability for an inelastic interaction (at least one cut Pomeron) is given as 
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In case of an inelastic interaction, we have at least one cut Pomeron, and we have to 
determine the number of cut Pomerons and their types. We expand 

as 

with 

where &,:! represents the probability of m cut Pomerons. In the Monte Garlo procedure, 
we generate m according to the distribution ok!. A particular cut Pomeron is soft or hard 
with probabilites 

Xsoft 

Xtot 
- 

and 

-=I--, Xsemi  Xsoft 

Xtot Xtot 
(33) 

In case of a semihard Pomeron, a particular type t (gg, qg, gq, qq) occurs with probability 

Xt 

Xsemi 
(34) 

As a summary of this section, we list in the following the algorithm to determine the 
Pomeron configuration. 

0 determine impact parameter b 

0 loop over all projectile-target pairs i , j  

0 determine the distance bij = b + bi - bj between the nucleons 

0 calculate the eikonals 

and 



0 calculate the cross sections (probabilities) 

0 realize an interaction with probability 

0 in case of an interaction, consider it to be diffractive or nondiffractive with probabilities 

and 

0 in case of a nondiffractive interaction, determine number m of cut Pomerons according 
to the distribution oLz1) see eq. (31) 

0 loop over cut Pomerons m 

0 determine the nature of the Pomeron. Take it to be soft with probability 

- (49) 
Xsof t  

X t o t  

and to be semihard with probability 

Xsemi 

X t o t  

0 In case of a semihard Pomeron, determine its type t (gg, qg, gq, qq) according to the 
probabilities 

X t  

Xsemi 
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V. OUTLOOK 

Having determined the configuration, one calculates the energy sharing among the 
Pomerons, for the semihard Pomerons also the energy sharing among the soft and the hard 
pieces. In case of semihard Pomerons, the parton ladders have to be generated explicite- 
ly. Finally, partons and remnants constitute kinky strings. The details of these different 
procedures will be explained in a future publication. 
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Abstract 

The behavior of hadronic matter at high baryon densities is studied within U1- 
trarelativistic Quantum Molecular Dynamics (URQMD). Baryonic stopping 
is observed for Au+Au collisions from SIS up to SPS energies. The excita- 
tion function of flow shows strong sensitivities to the underlying equation of 
state (EOS), allowing for systematic studies of the EQS. Dilepton spectra are 
calculated with and without shifting the p pole. Except for S+Au collisions 
our calculations reproduce the CERES data. 

I. INTRODUCTION 

The only possibility to probe excited nuclear matter in the laboratory are nucleus-nucleus 
reactions [l]. In particular when two heavy ions like Au or Pb collide most centrally, the 
combined system forms a zone of high (energy) density and high excitation of the involved 
constituents. The transient pressure at high density has specific dynamic implications, such 
as collective sideward flow. Hence, fundamental properties like the repulsion of the nuclear 
equation of state (EOS) are studied via event shape analysis of nucleons and clusters [2-41. 
The EOS at fixed temperature yields a density dependent potentia1 and a modified nucleon 
mass. At low densities these effects are proposed by chiral lagrangians [5]. [7]. Since the 
chiral condensate (44) relates closely to hadron masses, the decay of short lived vector 
mesons, observed through the dilepton channel, is suggested as a promising experiment a1 
signal to investigate the gradual restoration of chiral symmetry. 

*Supported by BMBF, DFG and GSI, bE-mail: ernstOth.physik.uni-frankfurt.de, "Invited speaker 
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Table 1: List of implemented baryons, mesons and 
their resonances. In addition all charge conjugate 
and iso-spin projected states (and photons) are tak- 
en in and treated on the same footing. 
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FIG. 1. a2 partial decay rates in- 
to specific channels. The average life- 
time is given by the inverse of the sum. 
Hence, in URQMD particles below reso- 
nance mass live longer, due to shrinking 
phase space. 

11. ULTRARELATIVISTIC QUANTUM MOLECULAR DYNAMICS 

Since many important aspects of nuclear matter are not observable, numerical transport 
models are suited to test which assumptions are compatible to nature. The present model 
(URQMD) [8,9] includes explicitely 50 different baryon species (nucleon, delta, hyperon 
and their resonances up to masses of 2.11 GeV) and 25 different meson species (including 
strange meson resonances), which are supplemented by all isospin-projected states (see Table 
1). Symmetries regarding time inversion, iso-spin, charge conjugation, et c. are implemented 
in a general manner, e.g. all corresponding antiparticles are included and treated on the very 
same (charge-conjugate) footing. For excitations of higher masses a newly developed string 
model is invoked. It consistently allows for the population of all included hadrons from a 
decaying string. At low energies the dominant part of MM and MB interactions is modeled 
via s-channel reactions (formation and decays of resonances), whereas BB interactions are 
designed as exchange of charge, strangeness and four momentum in the t-channel. For all 
resonances we use mass-dependent decay widths as illustrated in Fig.1 for the a2 meson. 
The lifetime of resonances is calculated as their inverse width. There exist, however, recent 
theoretical ansatzes which yield a different mass dependence for the life-times of resonances 
[lo]. The real part of the baryon optical potential is modeled according to the simple Skyrme 
ansatz, including Yukawa and Coulomb forces. 

111. CREATION OF DENSE NUCLEAR MATTER: STOPPING 

Baryonic stopping is a necessary condition for the creation of hot and dense nuclear 
matter. The key observable is the rapidity distribution of baryons. It is displayed in Fig.2 
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Fig.2. Rapidity distributions for Au+Au Fig.3. Rapidity distribution 
collisions at SIS (1 AGeV), AGS for S(200 AGeV)S for various treatments 
(10.6 AGeV) and Pb+Pb at CERN/SPS of the constituent (di-)quark cross section 
energies (160 AGeV). (see text). 

and 4 for heavy systems such as Au+Au and Pb+Pb at energies referring to three presently 
used heavy ion accelerators. In all cases gaussian rapidity distributions with peak around 
midrapidity are found. However, the physical processes associated show characteristic dif- 
ferences: The average longitudinal momentum loss in the SIS energy regime is mainly due 
to the creation of transverse momentum, whereas at AGS/SPS energies abundant particle 
production consumes a considerable amount of the incident beam energy. 

At CERN/SPS energies baryon stopping is influenced also by the formation time of 
strings which are excited in hard collisions. In URQMD baryons originating from a leading 
constituent (di-)quark at the string edges interact with (2/3)1/3 and mesons with 1/2 of their 
full cross sections during their formation time T. The sensitivity on this reduction is shown 
in Fig.3 for the system S+S at 200 AGeV. The default calculation (including formation 
time) reproduces the data [ll] fairly well whereas the calculation with zero formation time 
(dotted line) exhibits strongest stopping. A calculation with zero cross section within the 
formation time gives transparency. 

In order to study the influence of this this effect more closely the fi distributions for 
Au+Au collisions at AGS and S+S collisions at SPS energies are analyzed. Fig.5 (right) 
shows the respective distribution for Au+Au. The collision spectrum is dominated by BE 
collisons with full cross sections and exhibits a maximum at low energies. Approximately 
20% of the collisions involve a diquark, i.e. a baryon originating from a string decay whose 
cross section is reduced to 2/3 of its full cross section. 

In Fig.5 (left) the same analysis is performed for S+S at 200 AGeV. In contrast to the 
heavy system at AGS the collision spectrum exhibits two pronounced peaks dominated by 
full BE collisions, one in the beam energy range and one in the low (thermal) energy range. 
Now approximately 50% of the collisions, most of them at intermediate @ values, involve 
baryons stemming from string excitations whose cross sections are reduced by factors of 
2/3 (referred to  as diquarks) or 1/3 (referred to as quarks). The peak at high f i  values 
stems from the initial hard collisions whereas the peak at low energies is related to the late, 
thermal stages of the reaction. 
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IV. PROBING THE REPULSION OF THE EOS: FLOW 

The creation of transverse flow is strongly correlated to the underlying EOS [l]. In 
particular it is believed that secondary minima as well as the quark-hadron phase transition 
lead to a weakening of the collective sideward flow. The occurrence of a phase transition 
should therefore be observable through abnormal behaviour (e.g. jumps) of the strength of 
collective motion of the matter [13]. Note that URQMD in its present form does not include 
any phase transition explicitly. In Fig.6 the averaged in plane transverse momentum is 
displayed for Au+Au from 0.1 to 4 AGeV incident kinetic energy. Calculations employing a 
hard EOS (full squares) are compared to cascade simulations (full circles). In the latter case 
only a slight energy dependence is observed. In contrast, the calculation with a hard EOS 
shows strong sensitivity. Here, the integrated directed transverse momentum per nucleon is 
more than twice as high as for the cascade calculation. This indicates the importance of a 
non-trivial equation of state of hadronic matter. 

The amount of directed transverse momentum scales in the same way as the total trans- 
verse momentum produced in the course of the reaction. Hence, the directivity depends 
only on the reaction geometry but not on the incident energy. This is demonstrateted in 
Fig.7, where the mean p x  as a function of the rapidity divided by the average transverse 
momentum of all particles is plotted. 

V. TEMPERATURE DEPENDENCE OF THE EOS: PHOTONS 

Semiclassical cascade models in terms of scattering hadrons have proven to be rather 
accurate in explaining experimental data. Therefore it is of fundamental interest to extract 
the equation of state from such a microscopic model, i.e. to investigate the equilibrium 
limits and bulk properties, which are not an explicit input to the non-equilibrium transport 
approach with its complicated collision term (unlike e.g. in hydrodynamics [13,14]). In Fig.8 
the thermodynamic properties of infinite nuclear matter are studied within URQMD. 

Infinite hadronic matter is simulated in URQMD by constructing a box of 250 fm3 
volume with periodic boundary conditions. According to the saturation density, nucleons 
are initialized randomly in phase space, such that a given energy density is reproduced. After 
the system has equilibrated according to the simulation with URQMD the temperature is 
extracted by fitting the particles’ momentum spectra. Alternatively, the temperature can 
be extracted from the relative abundances of different hadrons, e.g. the A/N ratio. 

In Fig.8 the result of this procedure is compared to various analytic forms of the EOS. 
While the EOS of a Hagedorn gas and a QGP yields energy densities E N 1GeV/fm3 at 
T = 150 MeV the temperature dependence is much smaller in URQMD. It yields about 4-5 
times less energy density, being in fair agreement with a gas composed of nonrelativistic 
nucleons and ultrarelativistic pions. It remains to be seen whether a reparametrization of 
the resonance continuum in the Hagedorn model as suggested in Ref. 1171 would resolve the 
deviation as compared to URQMD. On the other hand, beyond T - 200 MeV the energy 
density rises much faster than T4 approaching even the QGP value of E - 10 GeV/fm3 
around T = 300 MeV. This indicates an increase in the number of degrees of freedom. 
It may be interpreted as a consequence of the numerous high mass resonances and string 
excitations, which seem to release constituent quark degrees of freedom (but, of course, no 
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Fig.9. Transverse momentum spectrum 
of directly produced photons in Pb+Pb 
collisions at 160 AGeV calculated with 
URQMD. The resulting spectrum is com- 
pared with hydrodynamica1 calculations. 
In all models the processes sv i+ sy, 
sp I+ sy and s~ I+ py are considered as 
photon sources. 

free current quarks as in an ideal QGP). Investigations of equilibration times and relative 
particle and cluster abundances are in progress. Moreover, the admittedly poor statistics 
have to be improved, in order to study the high temperature behavior. 

Experimentally, the EOS can be accessed by measuring electromagnetic radiation p5]. 
In Fig.9 the direct photon production from meson+meson collisions in Pb+Pb collisions at 
160 AGeV is shown. Here, only mesons stemming from string decays are included. Elastic 
meson-meson scattering with a,[ = 15mb (independent of &) was allowed. The result is 
compared to calculations within the 3-fluid model [14], scaling and Landau expansion with 
Ti = 300 MeV. 

VI. IN MEDIUM MASSES: DILEPTONS 

In Fig.10 and 11 calculations of dilepton spectra with URQMD are shown for p+Be 
and S+Au. Dilepton sources considered here are Dalitz decays ( T O ,  7 and w) and vector 
meson decays ( p ,  w and 4). Dalitz decays of heavier meson and baryon resonances are 
included explicitely via their emission of p mesons (assuming vector meson dominance). In 
order to avoid double counting, the p mesons from ~ ’ s ,  and w’s are excluded from the p 
contribution. Pion annihilation is included dynamically into the contribution of decaying p 
mesons (s+s- I+ p H e+e-). 

While the result for p+Be agrees well with the published data from CERES/SPS [18], 
two points around M N 400 MeV are missed by about two standard deviations for S+Au. 
Speculations about the origin of this deviation include electromagnetic bremsstrahlung, an- 
nihilations of pions and a modification of the p meson propagator due to a gradual restoration 
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Fig.10. Dilepton mass spectrum for p+Be Fig.11. Dilepton mass spectrum for S+Au 
at 450 GeV. The calculation includes at  200 AGeV (see also legend for p+Be). 
Dalitz decays and conversion of vector Here no in-medium modifications of the p 
mesons (see also legend for S+Au). The propagator is considered. Around M N 

sum of all contributions (solid curve) is 400 MeV two points are missed by < 20. 
folded with the CERES mass resolution. 

of the chiral symmetry. 
In URQMD the contribution of pion annihilation to the p-peak (?r+?rr- I+ p )  is only 

40% for S+Au. Major additional sources are decays of heavy baryons (A*/N* M N p )  as 
proposed in Ref. [19] and meson resonances (see also Fig.1): 

7, w,  7 7 ' 7  9 

w (1420), p( 1450) 
w(1600), p(1700) 

In Ref. [5,7] a linear dependence of the po/w pole position as a function of the nuclear 
density p has been suggested: n Z p o ( e / e o )  = rnpo(0)(l - Xe/eo). Here po denotes the ground 
state density of nuclear matter, and X = 0.18, in agreement with various other calculations. 
Since the restriction to low densities may not be suitable for heavy ion collisions, the following 
extrapolation towards higher densities is taken: 

In Fig.12 an application of Eq.(2) is made to calculate a dielectron mass spectrum for a 
density dependent vector meson pole. This result yields only a small enhancement around 
M - 500 MeV as compared to the calculation without pole shift (bottom curve). On 
the other hand, the data can nicely be reproduced, if the strong (unphysical) assumption 
is made, that the pole at the decay point ( p  H e+e-) is shifted according to the creation 
density (upper curve). This would be a neglection of the finite decay length. The discrepancy 
of a calculation without decay length (Adec = 0 fm) as compared to the result including the 
decay length is driven by two reasons: i) The increase of the p lifetime (N  7 fm/c) below its 
resonance mass in the region M - 0.3-0.5 GeV (where a dilepton excess in S+Au is reported 
[IS]) lowers the decay density down to (e) - 0 . 2 ~ ~  for S+Au (or 0 . 3 ~ ~  for Pb+Au). ii) An 
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Fig.13. Dependency of p-interactions on 
the density expectation values. The curves 
show the values for the creation, absorp- 
tion and decay of p mesons. Note that 
( e b )  < 0 . 5 ~ 0  around M II 0.4 GeV. 

enhancement of the decay length leads to an increase of reabsorption. Hence, the radiation 
path for p H ese- is substantially truncated. This fact is further investigated in Fig.13, 
where the effect of the mass dependent p-width is depicted by the course of the density 
dependence for p mesons with invariant masses M .  The decreasing width (i.e. increasing 
lifetime) of low-mass-resonances leads to higher mean decay times where the baryon density 
is already dilute. Thus in-medium-corrections can only yield small enhancements when 
treated this way. However, the interpretation of the experimental data gives the following 
impression: The data for light systems such as p+Be and p+Au (see also Ref. [21,22]) as 
well as the data for the heavy PbtAu system both for inclusive and central reactions are 
reproducible without mass shifts. In contrast, the central data for S+Au exceed the URQMD 
calculation around M - 0.4 GeV by about two standard deviations. 

In URQMD the p meson pole position is shifted according to the density at which the 
p meson decays, i.e. eventually converts into e+e-. Note that this procedure is equivalent 
to a ”shining” description, where the p constantly emits efe- pairs according to the rate 
dNee/dt = r ( p  H e+e-). In Fig.14 the shining description is compared to the treatment in 
URQMD for a p source a t  rest including a time dependent reabsorbation probability. Both 
methods yield - whithin the statistical limits - the same average emission times. Furthermore 
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s for inclusive reactions with (mod.) and 
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Fig.16. Dilepton mass spectra for Pb+Au 
at 160 AGeV. The curves label calculations 
for central reactions with (mod.) and with- 
out a pole shift (free). The symbols refer 
to preliminary data for high multiplicity 
events from CERES. 

a simple time dependent density profile is used to calculate the mean efe- emission density. 
Again, both methods yield the same values. 

The results for Pb+Au are shown in Figs.15 and 16. Both calculations for inclusive 
reactions are in fair agreement with the preliminary observation from CERES [20]. The 
result for central events is given in Fig.16. Note that the calculations without modifications 
are well compatible for p+Be and Pb+Au for both centralities. Only in S+Au reactions two 
datapoints are missed by the default calculation by about two standard deviations. 

VII. SUMMARY 

Studies of the equation of state and consequences of gradual restoration of the chiral 
symmetry are presented using a novel microscopic phase space model, URQMD, including 
75 hadron species and strings. The directed tranverse momentum shows strong sensitivities 
to the underlying EOS: It is small in the cascade calculation, whereas it scales linearly 
with the average transverse momentum for a hard equation of state. Hence, measureing 
the excitation function of the transverse directed flow allows for a systematic study of the 
EOS. The calculation of dilepton yields without modifications of the p mass pole is well 
compatible with the CERES-data for p+Be and Pb+Au. Only in S+Au reactions two 
datapoints at 0.3 - 0.5 GeV are missed by the default URQMD-calculation by about two 
standard deviations. 
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Charm Production at RHIC 
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Abstract 

A study of CZ production at next-to-leading order in p p  collisions is presented 
for RHIC energies. The dependence of the rates on the renormalization and 
factorization scales is discussed. We also discuss the charm contribution to 
the dilepton continuum above 2 GeV/c2. 

Charm production in the initial nucleon-nucleon collisions will be copious in heavy- 
ion colliders. Semileptonic charm decays represent a significant background to dilepton 
production [l]. A quantitative knowledge of the production cross section in p p  collisions 
is a prerequisite for understanding the nuclear dependence and detecting the quark-gluon 
plasma. 

Previous measurements of the CZ production cross section suggested that the lowest order 
(LO), 8(a:), results underpredicted the data by a factor of two to three [2,3], called the K 
factor as in Drell-Yan production. More generally, 

(1) 
a d a t a ( A B  --f a) 

Kexp = 
atheory(AB cz) * 

The projectile and target, A and B,  can be either hadrons or nuclei. From the next-to- 
leading order (NLO) corrections, O(a;), [4,5], a theoretical K factor can be defined, 

where ONLO is the sum of the LO and NLO corrections. Particularly for the charm quark, 
the NLO cross section is strongly dependent on the renormalization and factorization scales 
which determine both Kexp and Kth. 

We summarize results from several recent papers and only discuss charm production at 
RHIC. The same arguments apply to other heavy flavors. For full details, see [1,6,7]. 

The double differential cz pair production cross section is 

*Supported by the U. S. Department of Energy under Contract No. DE-AC03-76SF00515. 
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where i and j are the interacting partons and F,” are the parton densities in the hadron 
with momentum fraction x and mass factorization scale p ~ .  The partonic cross section, Gij ,  

is a perturbation series in a s ( p ~ )  where p(l~ is the renormalization scale. Both scales are of 
order m,. At LO, p~ = p~ = p while at higher orders the scales can be independent. 

At LO, cE production proceeds by two basic processes, qq + cE and gg --+ cZ. The 
invariant cross section for a pair of hadrons is 

where fi, the parton-parton center of mass energy, is related to &, the hadron-hadron 
center of mass energy, by i = ( ~ 1 x 2 s  where 51,2 = (Ec/&)(e*yc +e*@) and G, = d m .  
The sum of the LO subprocess cross sections convoluted with the parton number densities 
is contained in C ( q ,  22) [6,8], 

Only light flavors with m < m, are included in the sum. The p~ dependence has been 
suppressed. 

The fragmentation functions, D ~ / , ( z ) ,  describe the hadronization of the charm quarks 
where z is the fraction of the charm momentum in the hadron. Fragmentation affects the 
charmed hadron distributions, not the total CE production cross section. The D meson X F  

distribution is harder than the predicted charmed quark distribution in hadron-hadron in- 
teractions because at low p~ the charmed quark can coalesce with comoving light quarks. 
Fragmentation functions tuned to D production in e+e- annihilation soften the D distribu- 
tion through light qq pair production [9 ] .  

At NLO, in addition to virtual corrections to the LO diagrams, real production by 
qa + cZg, gg --+ cZg, and q(q)g + cZ(q)q must also be included. Quark-gluon scattering 
has been interpreted at LO as flavor excitation [4], small near threshold. The partonic cross 
section &j is 

where p = 4m:/Z. At LO, f:’ = 0. Our calculations of the total and differential hadronic 
cross section are done using a Monte Carlo program developed in Refs. [4,5]. Note that in 
cz pair production, the cancellation of soft and collinear divergences is performed within the 
numerical integration. The price paid for this is often a negative cross section near the phase 
space boundaries, particularly when p~ --+ 0 and r$ + T since these distributions are trivial 
at LO. A positive differential cross section for p~ + 0 can only be obtained by resumming 
the leading logarithms, not yet done for heavy quark production [5]. 
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FIG. 1. The variation in aigt(s) and Kth(S) with parton density, m, and p. In (a) the three 
solid curves are calculated with MRS D-' densities and m, = 1.2 GeV, p~ = m,/2 (upper); 
m, = 1.2 GeV, p~ = 2m, (middle); and m, = 1.8 GeV, p~ = 2771, (lower). The other calculations 
are with the GRV HO densities. The dashed curve, with GRV HO, has m, = 1.3 GeV, p = m,. 
Kth is shown in (b) for the central MRS D-' and the GRV HO calculations. 

The physical cross section should be independent of the scale. If further higher-order 
corrections are small, at some scale a(O(ay+')) < a(O(a;)). When the scale dependence is 
strong, as is true for charm, convergence of the expansion is slow [8]. Although the scales 
are, in principle, independent, we take p~ = p~ = p unless otherwise noted because this 
assumption is inherent in global analyses of parton densities. 

In fig. l(a), we show the scale dependence of the NLO calculations with the p p  and pA 
data on at:t [2,3,10] assuming a linear nuclear dependence [ll]. The data has been corrected 
to include D, and Ti, contributions as in [lo]. We have included a recent upper limit on 

from single electron measurements in pjj collisions at f i  = 630 GeV [12]. At such high 
energies, charm production in p p  and pjj collisions should be nearly identical. 

To extrapolate to RHIC energies and beyond [6], the NLO calculations were compared 
to the data to fix m, and p when IT,"," N 1. We have used two sets of recent parton 
distribution functions (see [13] for all available parton densities) GRV HO [14] and MRS 
D-' [15]. Both are compatible with deep-inelastic scattering data from HERA [16]. Since 
m, < &O,MRS, we take p~ = 2m, and m,/2 < p~ < 2m, with 1.2 < m, < 1.8 GeV to show 
the full theoretical uncertainty [4,10]. The Kth for m, = 1.2 GeV and p = 2m, is given in 
fig. l(b). Although only one example is shown, the results are nearly identical. Agreement 
was found for m, = 1.2 GeV, p = 2m, for MRS D-' and m, = 1.3 GeV, p = m, for GRV 
H0' which we use in further calculations. The results are shown in the middle curves in fig. 
l(a) and in fig. l(b). For these parameters, is quite stable. However, at lower scales, 

'We use p = m, here because of the low QO,GRV. 
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FIG. 2. Predictions for c and CE production with MRS D-'. The c quark p~ distributions at 
NLO are shown in (a) and the rapidity distributions at LO and NLO are shown in (b). The CE 
pair distributions are shown in (c)-(f). The LO distributions are shown only for mass and rapidity. 
Corresponding HIJING distributions are also given. 

Kth for the GRV HO set increase with energy [7]. 
with KFF N 1.1 - 2. In the range of the 

parameter space defined by m,, p~ and p ~ ,  K F .  can be reduced to unity. However, it 
is questionable if the mass and scale values needed for K,!!!' N 1 are consistent with a 
perturbative treatment. Since Kth x 2.5, further higher-order corrections may be large. A 
resummation of the soft and virtual gluon corrections to near threshold, applicable for 
Js 5 25 GeV, shows that the perturbative expansion is more convergent for m, = 1.5 GeV 
and the GRV HO parton densities [17]. A low z resummation [18] is more appropriate for 
RHIC. 

We show the predicted heavy quark distributions for RHIC gold beam energies using the 
MRS D-' densities at LO (where appropriate) and NLO in fig. 2. We take p = nE, for 
the charm quark and p = ndm, + (p& +p&)/2 for the CZ pair distributions [4,5] to avoid 
the appearance of large logarithms at high p~ which can be introduced using a constant 
scale, as in Ref. [19]. When using MRS distributions, n = 2, otherwise, n = 1. There is a 
rapidity plateau in both the single and pair distributions although the plateau is broader 
for the single quarks. The average single quark and pair p~ increases with energy, the (p$ )  
of the pair is larger than for a single quark. The GRV HO results are similar although the 
rapidity distributions are somewhat narrower. 

While the NLO calculations are needed for the p~ dependence of CZ pair production, it 
would be convenient if other relevant distributions could be modeled by the LO distributions 
to within a constant K factor. In fig. 3 we show Kth for the nontrivial LO distributions [7]. 
We see that Kth is indeed nearly constant for these quantities although Kth(p$) increases 
50%, perhaps indicating the appearance of large logarithms in the p~ distributions. Some 
variations occur near the phase space boundaries, see fig. 3(c). Note that &h is nearly 
independent of the parton densities. In general, event generators can scale all nontrivial LO 

The calculations tend to underestimate 
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FIG. 3. The differentid Kth. Single charm XF, rapidity, and p$ results are shown in (a), (c), 
and (e) respectively. The ci? pair XF, y, and mass ratios are shown in (b), (d), and (f). The GRV 
HO results are given by the circles, MRS D-', the diamonds. 

results by Kth. 
We finally compare thermal dilepton and thermal charm production from a simple, opti- 

mistic thermal model with the hard 'background' from cz and bz pair decays and Drell-Yan 
production at RHIC [l]. The invariant mass distributions of the calculated contributions 
to the dilepton continuum in central nucleus-nucleus collisions are given in fig. 4. Initial CE 

production and decay dominates the continuum below the T mass. In particular, the charm 
signal is more than an order of magnitude above the optimistic thermal rates for .M > 2 
GeV. Therefore dilepton measurements can be used to extract the low 5 gluon density in the 
nucleus (see also [20] for a discussion of pA measurements of gluon shadowing). However, 
the isolation of thermal signals will not be straightforward. 

The value of o:gt is quite important since it determines the charm background to the 
thermal signal. If the average number of DD pairs, 

produced in central collisions is small, N D ~  << 1, the lepton pairs will be correlated with 
N C O n  11 = NDBB2(D/D + Z*X). However, if N D ~  > 1, opposite sign lepton pairs from 
uncorrelated DD pair decays need to be taken into account. When NDB >> 1, on average, 
N"" I1 = NDn(NDa - 1)B2(DD -+ Z*X). If NDn M 1, a distribution in NDn must be 
considered to calculate the uncorrelated pairs. 

The CE production cross sections are large enough for lepton pair production from uncor- 
related OD decays to be substantial in nuclear collisions. Given = 350pb and assuming 
that all CE pairs produce final-state D D  pairs, we find 8.7 correlated pairs and 67 uncor- 
related pairs, certainly large numbers. Ideally the uncorrelated pairs can be removed by a 
like-sign subtraction while acceptance cuts can substantially reduce the charm contribution 
relative to the other sources, especially the uncorrelated pairs. However, this reduction is 
not enough for the thermal production to shine through [l]. 
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FIG. 4. The lepton pair mass distributions are given for central Au+Au collisions at RHIC. 

The contributions are: Drell-Yan (dashed) and thermal dilepton (dot-dashed-dashed) produc- 
tion and thermal DD decays (dotted), as well as initial correlated (dot-dashed) D z  and BB 
(dot-dot-dashed) production and decay. Note that lepton pairs from uncorrelated initial DD de- 
cays are not shown but are a very large contribution to the continuum. 

Charm production is the dominant source of dileptons in heavy-ion collisions, even with 
acceptance cuts, for M < 6 - 8 GeV. Uncertainties in QCD calculations may change the 
rates by a factor of two at RHIC, not enough to affect this conclusion. Charm is both signal 
and background because the multiple cz pair production results in substantial uncorrelated 
OD contributions to the background. We have only included heavy quark production by 
first collisions. One uncertainty in these results involves the nuclear dependence of hard 
processes. We checked two different parameterizations of the nuclear parton densities [21,22] 
and find that the charm and Drell-Yan yields may be reduced 40-50%. The results depend 
on the z region probed and, in the case of the second parameterization, the scale Q2. 
Additionally, multiple hard scattering in AB collisions can increase the charm yield before 
equilibration and cascading of the c and Z quarks in the medium can lead to energy loss, 
perhaps sufficient for the quarks to be equilibrated with the flowing plasma [23,24]. Since 
it is highly unlikely that all of the cz pairs can annihilate, cascading will not change the 
number of pairs appreciably. However, it is clear that systematic studies in p p ,  pA and AB 
interactions are needed to fully understand charm production. 
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Abstract 

It is shown that the critical threshold for percolation of the overlapping strings 
exchanged in heavy ion collisions can naturdy explain the sharp strong sup- 
presion of J/$ shown by the experimental data on central Pb-Pb collisions, 
which does not occur in central 0-U and S-U collisions. 

The NA50 collaboration ( [l]) has reported a strong suppression of J / $  production 
in central Pb-Pb collisions at 158 AGeV/c. The suppression is much stronger than the 
expected one due to J / $  absorption corresponding to a cross section of 6.3 mb, by which 
the NA38 data for central 0-U and S-U collisions ( [2,3]) and the hadron-nucleus data 
can be explained. The NA50 data show a clear deviation from the previous situation ( 
[4]). The J / ~  suppression in peripheral Pb-Pb collisions is similar to the one corresponding 
to central S-U collisions, but a sharp enhancement occurs as the centrality of the Pb-Pb 
collisions increases. 

In this paper we draw attention to the fact that the continuum percolation of colour 
strings can naturally describe the sharp difference in the J / $  suppression at present energies 
between 0 4 ,  S-U and peripheral Pb-Pb collisions on the one side and central Pb-Pb 
collisions on the other side. Predictions for RHIC and LHC energies are given. . 

The continuum percolation of colour strings takes place when the density of strings rises 
above a threshold, which can be calculated on geometrical grounds. In this picture, the region 
where several strings fuse can be considered a droplet of a non-thermalized Quark Gluon 
Plasma, in which the J / $  is suppressed as predicted by Matsui and Satz ( [5]). Percolation 
means that these droplets overlap and the Quark Gluon Plasma domain becomes comparable 
to the nuclear size. 

In many models of hadronic collisions ( [6]- [ll]), colour strings are exchanged between 
projectile and target. The number of strings grows with the energy and with the number of 
nucleons of the participant nuclei. When the density of strings becomes high the string colour 
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fields begin to overlap and eventually individual strings may fuse ( [12]- [16]), forming a new 
string which has a higher colour charge at its ends, corresponding to the summation of the 
colour charges located at the ends of the original strings. The new strings break into hadrons 
according to their higher colour. As a result, heavy-flavour is produced more efficiently and 
there is a reduction of the total multiplicity ( [13]). Also, as the energy-momenta of the 
original strings are summed to obtain the energy-momentum of the resulting string, the 
fragmentation of the latter can produce some particles outside the kinematical limits of 
nucleon-nucleon collisions if the original strings come from different nucleons ( 1117,181). 
Fusion of strings has been incorporated in several Monte Carlo codes. In particular, in the 
Quark Gluon String Model (QGSM) it is assumed that strings fuse when their transverse 
positions come within a certain interaction area a ( [13]). The value of a is determined to 
reproduce K rapidity distributions in central S-S and S-Ag collisions at Plab= 200 GeV/c 
per nucleon. 

From the value of a, the radius r of the transverse dimension of the string can be obtained, 
a = 2ar2 ( [19]). In our code only fusion of two strings is considered, so the obtained r-value, 
r=0.36 fm, is an effective one, somewhat larger than the real transverse radius of the string. 
Denoting by Nj the number of strings which fuse into j-fold strings and Ni and re.. the 
number of all fused strings and the effective transverse size of the string, respectively, we 
will have 

2N;xrfff  = Njjxr', 
j=2  

N; = CN~. 
j=2  

The upper limit of the sum in (1) is determined by the constraint (2). The values of Ni 
and rgfj were fixed in our calculation by comparing the results of the string fusion model 
with the experimental data on production in central S-S collisions at & =19.4 AGeV. 
Computing Nj in our Monte Carlo code we obtain from (1) the value r=0.2 fm both for 
Pb-Pb and S-Ag collisions. 

In nucleus-nucleus collisions many strings are exchanged. In impact parameter space 
these strings are seen as circles inside the total collision area. As the number of strings 
increases, more strings overlap. Several fused strings can be considered as a domain of a 
non-thermalized Quark Gluon Plasma. Following the arguments of Matsui and Satz ( [ 5 ] )  
the J / $  can not be formed inside this domain. Also the J/TJ will be destroyed by interaction 
with these fused strings. Above a critical density of strings percolation occurs, so that paths 
of overlapping circles are formed through the whole collision area. Along these paths the 
medium behaves like a colour conductor. Percolation gives rise to the formation of Quark 
Gluon Plasma on a nuclear scale. The phenomenon of continuum percolation is well known ( 
[20]). It explains hopping conduction in doped semiconductors and other important physical 
processes ( [21]). The percolation threshold qc is related to the critical density of circles n, 
by the expression 

(3) 
2 7, = xr nc. 
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vc has been computed using Monte Carlo simulation, direct-connectedness expansion and 
other different methods. All the results are in the range qC = 1.12 - 1.175 ( [22]- [26]). 
Taking the above mentioned value of T ,  these values imply 

n, = 8.9 - 9.3 strings/fm2. (4) 

One may introduce a hard core to model a repulsive interaction between the circles, or to 
substitute circles by squares. The percolation threshold T~ is only slightly reduced in these 
cases. This enhances the confidence in its value and the application to our case where we 
do not know the dynamics of the interaction among strings. 

In Table 1 the number of strings exchanged for central p-p, S-S, S-U and Pb-Pb collisions 
is shown together with their densities. It is seen that at SPS energies only the density reached 
in central Pb-Pb collisions is above the critical density. In minimun bias Pb-Pb collisions 
the average number of strings at SPS energies is 227, very similar to the value for central 
S-U collisions, so the density is lower than the critical one. 

Table 1. Number of strings (upper numbers) and their densities (fm-2) (lower numbers) 
in central p-p, S-S, S-U and Pb-Pb collisions at SPS, RHIC and LHC energies. 

4 (AGeV) Collision 
p-p S-S S-U Pb-Pb 

19.4 4.2 123 268 1145 
1.3 3.5 7.6 9.5 

200 7.2 215 382 1703 
1.6 6.1 10.9 14.4 

5500 13.1 380 645 3071 
2.0 10.9 18.3 25.6 

The J / $  suppression experimentally observed follows the same pattern. The strong 
suppression is only observed in central Pb-Pb collisions. According to Table 1, a strong 
J / $  suppression is also expected in S-U collisions at RHIC energies and in S-S and S-U 
collisions at LHC energies. 

Recently ( [27]) it has been assumed that the produced J /$  is completely destroyed when- 
ever the energy density exceeds a certain value and this energy density is taken proportional 
to the density of participants. The critical value is chosen to lie between the density of par- 
ticipants of central s-U collisions and Pb-Pb collisions. With this choice a good description 
of the experimental data is obtained. In our model the density of strings is proportional 
to the number of collisions, and we obtain similar quantitative results. However, in our 
approach the critical value is naturally explained on geometrical grounds. 

Also it is possible that the percolation process takes place among the produced resonances 
and particles instead of strings ( [28]). The two cases can be distinguished by studying the 
behaviour of long range correlations and measuring forward-backward correlations ( [29]). 

The percolation of strings can be considered as a smooth way to Quark Gluon Plasma. 
Around the percolation threshold, strong fluctuations in the number of strings with a given 
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colour should appear. This will produce large fluctuations in a number of different observ- 
ables, like strangeness, in an event by event analysis. Also a large number of R- (confirmed 
by the experimental data ( [30])) and a copious production of hadronic particles with 1 ~ ~ 1  
much larger than 1, outside the kinematical nucleon-nucleon limits, may serve as clear sig- 
natures. The latter would also distinguish our picture from the percolation of resonances 
and particles. 

In conclusion we thank A. Capella, S. Gavin, M. Gyulassy and R. Pisarski for useful 
comments and discussions and the Comisi6n Interministerial de Ciencia y Tecnologia (CI- 
CYT) of Spain for financial support under contract AEN96-1673. Also M. A. Braun thanks 
IBERDROLA and E. G. Ferreiro the Xunta de Galicia for financial support. Finally we 
thank S. H Kahana and T. W. Ludlam for organizing such a nice meeting. 
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Abstract 

Measurements of $ and $’ production from experiment NA50 at the CERN 
SPS are compared to calculations based on a hadronic model of charmonium 
suppression’ developed previously. Data on centrality dependence and total 
cross sections are in good accord with these predictions. Uncertainties in 
theoretical quantities such as NA50’s L parameter are discussed. 

I. INTRODUCTION 

Has the quark gluon plasma been discovered at the CERN SPS? Experiment NA50 has 
reported an abrupt decrease in $ production in Pb+Pb collisions at 158 GeV per nucleon [l]. 
Specifically, the collaboration presented a striking ‘threshold effect’ in the $-to-continuum 
ratio by plotting it as a function of a calculated quantity, the mean path length of the $ 
through the nuclear medium, L,  as shown in fig. la. This apparent threshold has sparked 
considerable excitement as it may signal deconfinement in the heavy Pb+Pb system [2]. 

In this talk I report on work with Ramona Vogt in ref. [3] comparing P b  results to 
predictions [4,5] using a hadronic model of charmonium suppression. We first demonstrate 
that the behavior in the NA50 plot, fig. la, is not a threshold effect but, rather, reflects the 
approach to the geometrical limit of L as the collisions become increasingly central. When 
plotted as a function of the measured neutral transverse energy ET as in fig. lb, the data 
varies smoothly as in S+U measurements in fig. 3b below [1,6-91. The difference between 
S+U and Pb+Pb data lies strictly in the relative magnitude. To assess this magnitude, we 
compare $ and $‘ data to expectations based on the hadronic comover model [4,5]. The 
curves in fig. 1 represent our calculations using parameters fixed earlier in Ref. [5]. Our 
result is essentially the same as the Pb+Pb prediction in [4]. 

Our primary intention is to demonstrate that there is no evidence for a strong discon- 
tinuity between pA, S+U and Pb+Pb data. However, to quote Maurice Goldhaber, “. . . 
absence of evidence is not evidence of absence.” Our secondary goal is to show that our 

*This work was supported in part by US-DOE contracts DE-FG02-93ER40764 and DE-AC02- 
76CH00016. 
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FIG. 1. (a) The NA50 [l] comparison of 11 production in Pb+Pb and S+U collisions as a 
function of the average path length L, see eq. (3). B is the 11 --f pfp- branching ratio. (b) 
Transverse energy dependence of PbtPb data. Curves in (a) and (b) are computed using eqs. 
(4-6). 

model predictions agree with the new Pb+Pb data. The consistency of these predictions is 
evident from the agreement of our old p A  and S+U calculations with more recent NA38 and 
NA51 data. Nevertheless, the significance of this result must be weighted by the fact that 
all pA and AB data are preliminary and at different beam energies. 

In this work, we do not attempt to show that our comover interpretation of the data is 
unambiguous - this is certainly impossible at present. 

11. NUCLEONS AND COMOVERS 

The hadronic contribution to charmonium suppression arises from scattering of the 
nascent II, with produced particles - the comovers - and nucleons [4,5]. To determine the 
suppression from nucleon absorption of the $, we calculate the probability that a CZ pair 
produced at a point (b,z)  in a nucleus survives scattering with nucleons to form a $. The 
standard [5,10] result is 

where PA is the nuclear density, b the impact parameter and 0 4 ~  the absorption cross section 
for +nucleon interactions. One can estimate SA - exp{-a$NpoLA}, where LA is the path 
length traversed by the cz pair. 

Suppression can also be caused by scattering with mesons that happen to travel along 
with the cE pair (see refs. in [4]). The density of such comovers scales roughly as ET. The 
corresponding survival probability is 

s c ,  = exp{ - Jdrn ~coVrel}, (2) 

where n is the comover density and T is the time in the $ rest frame. We write 
S,, - exp{-PET}, where ,8 depends on the scattering frequency, the formation time of 
the comovers and the transverse size of the central region, RT, cf. eq. (8). 

236 



To understand the saturation of the Pb data with L in fig. la,  we apply the schematic 
approximation of Ref. [lo] for the moment to write 

where the brackets imply an average over the collision geometry for fixed ET and  ET) E 
d a / d E T .  The path length L G (LA + LB) and transverse size RT depend on the collision 
geometry. The path length grows with ET, asymptotically approaching the geometric limit 
RA + RB. Explicit calculations show that nucleon absorption begins to saturate  for b < RA, 
where RA is the smaller of the two nuclei, see fig. 4 below. On the other hand, ET continues 
to grow for b < RA due, e.g., to fluctuations in the number of N N  collisions. Equation (2) 
falls exponentially in this regime because p, like L,  saturates. 

In fig. lb, we compare the Pb data to calculations of the $-to-continuum ratio that 
incorporate nucleon and comover scattering. The contribution due to nucleon absorption 
indeed levels off for small values of b, as expected from eq. (3). Comover scattering accounts 
for the remaining suppression. 

These results are predict ions obtained using the computer code of Ref. [4] with parameters 
determined in Ref. [5]. However, to confront the present NA50 analysis [l], we account for 
changes in the experimental coverege as follows: 

0 Calculate the continuum dimuon yield in the new mass range 2.9 < M < 4.5 GeV. 

0 Adjust the ET scale to the pseudorapidity acceptance of the NA50 calorimeter, 1.1 < 
7 < 2.3. 

The agreement in fig. 1 depends on these updates. 

111. J / $  SUPPRESSION 

We now review the details of our calculations, highlighting the adjustments as we go. 
For collisions at a fixed b, the $-production cross section is 

o$”(b) = o r N J d 2 s d z d z ’ p A ( s ,  z ) p B ( b  - s, z‘) S, (4) 

where S 
and comover matter. The continuum cross section is 

SASBS,, is the product of the survival probabilities in the projectile A, target B 

The magnitude of (4,5) and their ratio are fixed by the elementary cross sections uTN and 
o$:-. We calculate oZN using the phenomenologically-successful color evaporation model 
[ll]. The continuum in the mass range used by NA50, 2.9 < M < 4.5 GeV, is described 
by the Drell-Yan process. To confront NA50 and NA38 data in the appropriate kinematic 
regime, we compute these cross sections at leading order following [11,12] using GRV LO 
parton distributions with a charm K-factor K, = 2.7 and a color evaporation coefficient 
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FIG. 2. Transverse energy distributions from eq. (7). The S-Pb comparison (a) employs the 
same parameters. 

F,J = 2.54% and a Drell-Yan K-factor KDY = 2.4. Observe that these choices were fixed 
by fitting pp data at all available energies [ll]. Computing 0;;- for 2.9 < M < 4.5 GeV 
corresponds to the first update. 

To obtain ET dependent cross sections from eqs. (4) and (5)) we write 

The probability P(ET, b) that a collision at impact parameter b produces transverse energy 
ET is related to the minimum-bias distribution by 

- 
We parametrize P(E*,b) = Cexp{-(ET - E T ) ~ / ~ A ) ,  where z~(b) = d ( b ) ,  A(b) = 
 WE:&(^), C(b) = (27rA(b))-l and N(b) is the number of participants (see, e.g., Ref. [4]). We 
take E. and w to be phenomenological calorimeter-dependent constants. 

We compare the minimum bias distributions for total hadronic ET calculated using eq. 
(7) for e = 1.3 GeV and w = 2.0 to NA35 S+S and NA49 PbfPb data 1131. The agreement 
in fig. 2a builds our confidence that eq. (7) applies to the heavy Pb+Pb system. Figure 
2b shows the distribution of neutral transverse energy calculated using eqs. (5) and (6) to 
simulate the NA50 dimuon trigger. We take e = 0.35 GeV, w = 3.2, and ON+!- NN 37.2 pb 
as appropriate for the dimuon-mass range 2.9 < M < 4.5 GeV. The ET distribution for 
S+U -+ ,u+,u-+X from NA38 was described [5] using E: = 0.64 GeV and w = 3.2 -the change 
in e corresponds roughly to the shift in particle production when the pseudorapidity coverage 
is changed from 1.7 < 7 < 4.1 (NA38) to 1.1 < 7 < 2.3 (NA50). Taking E. = 0.35 GeV 
for the NA50 acceptance is the second update listed earlier. We now apply eqs. (1,2,4) and 
(5) to charmonium suppression in Pb+Pb collisions. To determine nucleon absorption, we 
used pA data to fix U,JN = 4.8 mb in Ref. [5]. This choice is in accord with the latest NA38 
and NA51 pA data, see fig. 3a. To specify comover scattering [5] ,  we assumed that the 
dominant contribution to 1c, dissociation comes from exothermic hadronic reactions such as 

p .  p 
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FIG. 3. (a) pA cross sections [l] in the NA50 acceptance and (b) S+U ratios from '91 [7] and '92 
[I] runs. The '92 data are scaled to the '91 continuum. The dashed line indicates the suppression 
from nucleons alone. The p p  cross section in (a) is constrained by the global fit to p p  data in 
ref. [Ill. 

p + 1c, + D + D. We further took the comovers to evolve from a formation time TO N 2 fm 
to a freezeout time TF N RT/Yel following Bjorken scaling, where Ure1 N 0.6 is roughly the 
average 1c, - p relative velocity. The survival probability, eq. (2), is then 

where a,, = 2cr+,~/3, RT x RA and no is the initial density of sufficiently massive p, w and 
7 mesons. To account for the variation of density with ET, we take no = B'oET/ET(O) [4]. 
A value i i o  = 0.8 fm-3 was chosen to fit the central S+U datum. Since we fix the density 
in central collisions, this simple ansatz for Sco may be inaccurate for peripheral collisions. 
[Densities N 1 fm-3 typically arise in hadronic models of ion collisions, e.g., refs. [15]. The 
internal consistency of hadronic models at such densities demands further study.] 

We expect the comover contribution to the suppression to increase in Pb+Pb relative 
to S+U for central collisions because both the initial density and lifetime of the system can 
increase. To be conservative, we assumed that Pb and S beams achieve the same mean 
initial density. Even so, the lifetime of the system essentially doubles in Pb+Pb because 
RT N increases to 6.6 fm from 3.6 fm in S+U. The increase in the comover contribution 
evident in comparing figs. l b  and 3b is described by the seemingly innocuous logarithm in 
eq. (8), which increases by x 60% in the larger Pb system. 

In Ref. [5], we pointed out that comovers were necessary to explain S+U data from 
the NA38 1991 run [6]. Data just released [l] from their 1992 run support this conclusion. 
The '91 1c, data were presented as a ratio to the dimuon continuum in the low mass range 
1.7 < M < 2.7 GeV, where charm decays are an important source of dileptons. On the 
other hand, the '92 1c, data [1,9] are given as ratios to the Drell-Yan cross section in the 
range 1.5 < M < 5.0 GeV. That cross section is extracted from the continuum by fixing 
the K-factor in the high mass region [14]. To compare our result from Ref. [5] to these 
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data, we scale the '92 data by an empirical factor. This factor is x 10% larger than our 
calculated factor &;(92)/a:2,(91) M 0.4; these values agree within the NA38 systematic 
errors. [NA50 similarly scaled the '92 data to the high-mass continuum to produce fig. la.] 
Because our fit is driven by the highest ET datum, we see from fig. 3b that a fit to  the '92 
data would not appreciably change our result. Note that a uniform decrease of the ratio 
would increase the comover contribution needed to explain S+U collisions. 

NA50 and NA38 have also measured the total $-production cross section in Pb+Pb [l] 
and S+U reactions [7]. To compare to that data, we integrate eqs. (4, 6) to obtain the total 
(u/AB)4 = 0.95 nb in S+U at 200 GeV and 0.54 nb for Pb+Pb at 158 GeV in the NA50 
spectrometer acceptance, 0.4 > XF > 0 and -0.5 < cos 8 < 0.5 (to correct to the full angular 
range and 1 > XF > 0, multiply these cross sections by x 2.07). The experimental results 
in this range are 1.03 f 0.04 f 0.10 nb for S+U collisions [6] and 0.44 f 0.005 f 0.032 nb 
for Pb+Pb reactions [l]. Interestingly, in the Pb system we find a Drell-Yan cross section 
(cr/AB),, = 37.2 pb while NA50 finds (a/AB),, = 32.8 f 0.9 f 2.3 pb. Both the $ 
and Drell-Yan cross sections in Pb+Pb collisions are somewhat above the data, suggesting 
that the calculated rates at the N N  level may be N 20 - 30% too large at 158 GeV. This 
discrepancy is within ambiguities in current p p  data near that low energy [ll]. Moreover, 
nuclear effects on the parton densities omitted in eqs. (4,5) can affect the total S and Pb  
cross sections at this level. 

We remark that if one were to neglect comovers and take a + ~  = 6.2 mb, one would find 
(a/AB)d = 1.03 nb in S+U at 200 GeV and 0.62 nb for Pb+Pb at 158 GeV. The agreement 
with S+U data is possible because comovers only contribute to the total cross section at the 
N 18% level in the light system. This is expected, since the impact-parameter integrated 
cross section is dominated by large b and the distinction between central and peripheral 
interactions is more striking for the asymmetric S+U system. As in Ref. [5], the need for 
comovers is evident for the ET-dependent ratios, where central collisions are singled out. 

IV. SATURATION AND THE DEFINITION OF L 

To see why saturation occurs in Pb+Pb collisions but not in S+U, we compare the NA50 
L(ET) [I-] to the average impact parameter  ET) in fig. 4. To best understand fig. l a ,  we 
show the values of L(ET) computed by NA50 for this figure. We use our model to compute 
(b )  = (~TAB)/(TAB), where ( f ( b ) )  E Jd2b P(ET,  b ) f ( b )  and TAB = J~~s~z~z'~A(s, z ) p ~ ( b  - 
s,z'). [Note that NA50 reports similar values of  ET) [l].] In the ET range covered 
by the S experiments, we see that ( b )  is near N Rs = 3.6 fm or larger. In this range, 
increasing b dramatically reduces the collision volume and, consequently, L. In contrast, in 
Pb+Pb collisions ( b )  << &-, = 6.6 fm for all but the lowest ET bin, so that L does not vary 
appreciably. 

To understand the sensitivity of fig. la to the definition of the path length, we now 
estimate L(ET) [16]. We identify (3) with the exact expression formed from the ratio of (4) 
and (5). Expanding in 0 4 ~  and neglecting comovers, we find: 
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FIG. 6 .  NA50 data replotted with a realistic L(ET) from (9). 

where TA(s) = P A ( S ,  z)dz. In fig. 5 we compare the NA50 L(ET) to the path length cal- 
culated using two assumptions for the nuclear density profile: our realistic three-parameter 
Fermi distribution and the sharp-surface approximation p = P O @ ( R A  - r ) .  NA38 [17] 
obtained L for S+U using the empirical prescription of ref. [lo], while NA50 calculated L 
assuming the sharp-surface approximation [18]. Indeed, we see that the NA50 Pb+Pb values 
agree with our sharp-surface result, while the NA38 S+U values are nearer to the realistic 
distribution. 

To see how the value of the path length can affect the appearance of fig. la, we replot 
in fig. 6 the NA50 data using L(ET) from (9) with the realistic density. We learn that the 
appearance of fig. la  is very sensitive to the definition of L. Furthermore, with a realistic L, 
one no longer gets the impression given by the NA50 figure [l] of Pb+Pb data “departing 
from a universal curve.” Nevertheless, the saturation phenomena evident in fig. l a  does not 
vanish. Saturation is a real effect of geometry. 

V. T,V SUPPRESSION 

To apply eqs. (4-6) to calculate the $’-to-+ ratio as a function of ET, we must specify 
a*t N N ,  a + t ~ ,  and a+tc0. Following Ref. [ll], we use pp data to fix B c T $ ~ / B c T ~ ~  = 0.02 (this 
determines &). The value of O ~ I N  depends on whether the nascent $’ is a color singlet 
hadron or color octet CZ as it traverses the nucleus. In the singlet case, one expects the 
absorption cross sections to scale with the square of the charmonium radius. Taking this 
ansatz and assuming that the $’ forms directly while radiative x decays account for 40% 
of $ production, one expects a41 N 2.104 for interactions with either nucleons or comovers 
[5]. For the octet case, we take a , p ~  M O+N and fix a+tc0 12 mb to fit the S+U data. In 
fig. 7a, we show that the singlet and octet extrapolations describe pA data equally well. 

Our predictions for Pb+Pb collisions are shown in fig. 8. In the octet model, the entire 
suppression of the $‘-to-$ ratio is due to comover interactions. In view of the schematic 
nature of our approximation to Sco in eq. (8), we regard the agreement with data of singlet 
and octet extrapolations as equivalent. 
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VI. SUMMARY 

In summary, the Pb data [l] cannot be described by nucleon absorption alone. This is 
seen in the NA50 plot, fig. la, and confirmed by our results. The saturation with L but 
not ET suggests an additional density-dependent suppression mechanism. Earlier studies 
pointed out that additional suppression was already needed to describe the S+U results [5]; 
recent data [l] support that conclusion (see, however, [2]). Comover scattering explains the 
additional suppression. Nevertheless, it is unlikely that this explanation is unique. SPS 
inverse-kinematics experiments ( B  < A )  and AGS pA studies near the 1c, threshold can help 
pin down model uncertainties. 

After the completion of [3], several cascade calculations [15] have essentially confirmed 
our conclusions. This confirmation is important, because such calculations do not employ 
the simplifications (e.g. no c( ET) needed to derive (8). In particular, these models calculate 
ET and the comover density consistently. Some of these authors took C T ~ N  - 6 mb (instead 
of - 5 mb) to fit the NA51 data in fig. 3a somewhat better. 

I am grateful to Ramona Vogt for her collaboration in this work. I also thank C. Gerschel 
and M. Gonin for discussions of the NA50 data, and M. Gyulassy, R. Pisarski &nd M. Tytgat 
for insightful comments. 

REFERENCES 
[l] M. Gonin et al. (NA50), Proc. Quark Matter '96, Heidelberg, Germany, P. Braun- 

[2] J.-P. Blaizot and J.-Y. Ollitrault, Phys. Rev. Lett. 77 (1996) 1703; D. Kharzeev, hep- 

[3] S. Gavin and R. Vogt, LBL-37980 (1996), hep-ph/9606460. 
[4] S. Gavin and R. Vogt, Nucl. Phys. B345 (1990) 104. 
[5] S. Gavin, H. Satz, R. L. Thews, and R. Vogt, 2. Phys. C61 (1994) 351; S.'Gavin, Nucl. 

[6] 0. Drapier et al. (NA38) Nucl. Phys. A544 (1992) 209c. 
[7] C. Baglin et  al. (NA38) Phys. Lett. B270 (1991) 105. 
[8] C. Baglin et al. (NA38) Phys. Lett. B345 (1995) 617; S. Ramos e t  al. Nucl. Phys. A590 

[9] C. Lourenco (NA38/NA50), Europhysics Conf. on High Energy Physics - EPS-HEP, 

Munzinger et al., eds. (1996). 

ph/9609260 (1996). 

Phys. A566 (1994) 383c. 

(1995) 117c. 

Brussels (1995). 
[lo] C. Gerschel and J. Hiifner, 2. Phys. C56 (1992) 171. 
[11] R. Gavai et al., Int. J. Mod. Phys. A10 (1995) 3043. 
[12] S. Gavin et  al., Int. J. Mod. Phys. A10 (1995) 2961. 
[13] S. Margetis et al. (NA49), Phys. Rev. Lett. 75 (1995) 3814. 
[14] M. C. Abreu et al., Nucl. Phys. A566 (1994) 77c. 
[15] W. Cassing and C. M. KO, nucl-th/9609025 (1996); D. Kahana, S. H. Kahana and 

[16] S. Gavin and R. Vogt, in progress. 
[17] A. Borhani, NA38, Ph. D. Thesis, 1'Ecole Polytechnique (1996). 
[18] C. Gerschel, NA50, private communications. 

Y. Pang, in progress; L. Gerland et al., in progress. 

244 



IV. 
Chiral 

Symmetry 



Formation of DCCs with the Linear Sigma Model 

Jprrgen Randrup 
Nuclear Science Division, Lawrence Berkeley Laboratory, Berkeley, California 94 720 

Abstract 

A simple approximate treatment of statistical equilibrium is developed with- 
in the linear u sigma model by means of the Hartree factorization technique, 
providing a simple means for sampling initial configurations of the chiral field. 
These are then subjected to pseudo-expansions and their non-equilibrium re- 
laxation towards the normal vacuum is studied. 

I. INTRODUCTION 

The possibility of forming disoriented chiral condensates in high-energy hadron and 
heavy-ion collisions, such as those anticipated at RHIC, has generated considerable interest 
in the past few years. The underlying assumption is that the collision produces an ex- 
tended hot region within which approximate chiral symmetry is temporarily restored. The 
rapid disassembly of the system then induces a non-equilibrium relaxation of the chiral field 
which may lead to the formation of large coherent sources of correspondingly soft pions 
[l-51. Since these disoriented chiral ‘domains’ have well-defined orientations in isospace the 
associated pion multiplicity distributions display anomalous features. The occurrence of the 
phenomenon may thus provide an observational opportunity for testing our understanding 
of chiral symmetry. Recent reviews of the topic may be found in refs. [6-81. 

In order to elucidate the conditions for the occurrence of DCC phenomena and the 
prospects for their experimental detection, it is necessary to carry out dynamical simula- 
tions of the non-equilibrium evolution experienced by the chiral field as it relaxes from an 
initially very excited state, in which chiral symmetry is approximately restored, towards 
the normal vacuum in which the symmetry is significantly broken. The most popular tool 
for such dynamical studies has been the linear u model [9] in which the chiral degrees of 
freedom are described by an O(4) real classical field with a simple non-linear self-interaction 
[lo-201. Even though this description is relatively simple, ignoring all other degrees of free- 
dom (such as those represented by other mesonic species or individual partons), it still 
presents a significant computational challenge. It is therefore of practical interest to develop 
useful approximate methods for solving the equation of motion for the chiral fields and for 
underst anding their complicated non-linear dynamics. 

We first describe how it is possible to make a simple approximate treatment of statistical 
equilibrium by employing the Hartree factorization technique. We here largely follow the 
developments made in ref. [21]. Subsequently, following ref. [22], we employ that frame- 
work for understanding the non-equilibrium relaxation of chiral matter subjected to pseudo- 
expansions, with particular emphasis on the conditions for achieving an amplification of the 
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low-energy pion modes. A more comprehensive study of DCC observables, and the utility 
of the mean-field approximation for their calculation, is being reported elsewhere [23]. 

11. HARTREE APPROXIMATION IN EQUILIBRIUM 

Most dynamical studies of disoriented chiral condensates have been based on the linear a 
model in which the chiral degrees of freedom are described by the real O(4) field 4 = (a, ?r) 

having the equation of motion 

[O+X(q52 -.'),I 4 = H& , 4(.,t) = (a(U),+,tN * (1) 

The three parameters in the model can be fixed by specifying the pion decay constant, 
f, = 92 MeV, and the meson masses, mT = 138 MeV and m, = 600 MeV, leading to the 

H = m; f T  = (120.55 MeV)3, with tZ, c=l [21]. 
As is apparent from eq. (l), the vacuum configuration is aligned with the 0 direction, 

4vac = (fT7 o) ,  and at low temperature the fluctuations represent nearly free 0 and T mesons. 
In the other extreme, at temperatures well above w, the field fluctuations are centered near 
zero and approximate O(4) symmetry prevails. 

In the present discussion, we limit the considerations to macroscopically uniform config- 
urations (chiral matter) and therefore enclose the system in a box with periodic boundary 
conditions. It is then possible to uniquely decompose the chiral field, 

values X = (m: - rn;)/2f,2 = 20.14, v = [(m: - 3m;)/(m: - m,)] 2 112 f, = 86.71 MeV, and 

The first term, 4, is the spatial average of the chiral field and may be identified with the order 
parameter, while the fluctuations, &#( r ), represent elementary quasi-particle excitations 
relative to the constant field. 

By taking the spatial average of the full equation of motion (l), it is possible to derive 
an equation of motion for the order parameter [24]. If we subsequently subtract that from 
(1) and apply a Hartree-type factorization [16,21], we obtain a corresponding equation for 
the field fluctuations. The resulting equations of motion are of mean-field form, 

Here 6411 = 64 o 4 is the fluctuation along the order parameter and &bL is the fluctuation 
perpendicular to& Furthermore, the spatial averages < > have been replaced by the 
corresponding thermal average 4 - k7 evaluated at the given temperature T .  We note that 
the effective masses increase with the magnitude of the order parameter 40 as well as with the 
field fluctuations. They are degenerate for 40=0 and vanish at the temperature T, = f i v .  
Moreover, we always have pi 5 p i  5 p?. Since the quasi-particles are thus governed by a 
Klein-Gordon equation, it is simple to o b tain the thermal averages self-consistently, 
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The volume of the box is given by s1 and k denotes the wave vector of the individual modes 
in the cavity. The corresponding dispersion relations are indicated as well and the resulting 
effective masses are shown in Fig. 1. 

Eq. (3) was first derived in ref. [24] and the Hartree treatment is in accordance with 
ref. [16]. Furthermore, we note that the terms < Sq52 > in eqs. (3-5) are sums of the 
field fluctuations in each of the N=4 chiral directions and thus constitute the leading-order 
fluctuation contribution in a 1/N expansion. These are the 'direct' terms that have been 
included in a number of previous DCC treatments or discussions in terms of effective masses 
[lo-11,16-19,25-271. The additional fluctuation terms are the 'exchange' terms and each 
is twice the fluctuation along the particular chiral direction considered (either parallel or 
perpendicular to the order parameter). Although these terms are only of next-to-leading 
order in 1/N, they increase the fluctuation contributions by 2/N = 50% and their effect 
may thus be significant. Recent analyses suggest that the mean-field treatment with all the 
fluctuation terms included is in fact a quite good approximation for both the equilibrium 
properties [21] and for the calculation of DCC observables [23]. 

The statistical properties of chiral matter are most naturally derived on the basis of the 
partition function, 

where KO = $:/2 is the kinetic energy density of the order parameter 4. The statistical 
weight WT gives the relative probability for finding the system with a specified value of the 
order parameter q5 and its time derivative '$. Its simple approximate form contains the 
effective potentialenergy density VT, which shown in Fig. 2, and the entropy density ST 
associated with the quasi-particle degrees of freedom for a given value of 40. 

The corresponding free energy density FT = VT - TST governs the distribution of the 
order parameter q5. It depends only on the magnitude $0 and the disorientation angle 
xo (the angle between 4 and the 0 direction) and it is easy to calculate in the mean- 
field approximation. Figure 3 shows its appearance along the 0 axis where its minima are 
situated. For high temperatures, the free energy has its minimumnear the origin, a reflection 
of the approximate O(4) symmetry restoration, and as T is decreased, the minimum moves 
smoothly outwards and finally settles at the vacuum value fT. 

The location of the minimum in FT gives the most probable value of the order parameter. 
For the relatively small volumes of relevance in collision experiments, there are significant 
statistical fluctuations around the preferred value and the corresponding thermal distribution 
is determined by the statistical weight WT in (8). 

The resulting behavior of the magnitude of the order parameter is shown in Fig. 4. As T 
is increased from zero, the fluctuations grow steadily and the equilibrium value of $0 begins 
to decrease from fT. The most rapid change occurs at T M 220 MeV, above which $0 
keeps decreasing at an ever slower rate. Correspondingly, increases monotonically with 
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FIG. 4. Temperature dependence of the order parameter. 

T from its free value rn, towards x 1.6T for T >> T,, while pi1 first decreases, then displays 
a minimum at T M 240 MeV, and finally becomes degenerate with pL [21]. 

111. SAMPLING OF THERMAL FIELD CONFIGURATIONS 

The simple description resulting from the Hartree factorization makes it possible to 
develop a convenient approximate manner for sampling chiral field configurations describing 
macroscopically uniform matter in thermal equilibrium [21]. Since this method is generally 
applicable, it may be of broad interest and we therefore briefly summarize it here. 

The first task is to sample the order parameter ($, - -  4)  on the basis of the statistical weight 
WT($JO, bo, xo) given in eq. (8). This quantity factorizes, due to the additive form of the 
exponent. The time derivative $0 is then governed by a four-dimensional normal distribution, 
P$(k )  - exp(-O+i/2T). Furthermore, since the distribution of the magnitude #o can be 
pretabulated (ignoring at first the H term), the associated sampling task is computationally 
simple. Once #o has been picked, the disorientation angle xo is easy to sample from its 
conditional distribution, Px(xo) N exp(-H#o cosxo), and the 0 ( 3 )  direction (60, Po) of E 
is uniform on 47r. 

Once the magnitude of the order parameter is known, the thermal quasiparticle distri- 
butions are fully determined and the number of quanta in each elementary mode is readily 
sampled, using P(nk) N exp(-nkck/T) for each of the four principal chiral directions. Since 
the quasi-particle mass tensor is aligned with the O(4) direction of the order parameter, 
(xo, 60, yo), a subsequent O(4) rotation of +(P) and $ ( T )  must then be performed in order 
to express the sampled field configuration in the usual (a, T )  reference system. 
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IV. EXPANSION DYNAMICS 

We have shown above how thermal equilibrium can be treated approximately in the 
mean-field approximation. However, it is expected that the early collision dynamics causes 
the chiral field to be formed in a state of rapid expansion. The subsequent evolution may 
then lead to a supercooled configuration situated inside the unstable region, thus effectively 
producing a “quench”. Several quenched scenarios have been considered [lo-12,15-181 but 
they were largely imposed by fiat, thereby reducing the predictive power of the dynamical 
calculations - essentially any degree of magnification can be achieved by suitable adjustment 
of the initial conditions. The degree of arbitrariness can be reduced by examining under 
which conditions a quench-like early scenario may develop dynamically from various possible 
types of initial sceanrios. 

Simple Bjorken-like pictures can be invoked to emulate expansion in D dimensions, 
either longitudinal (D=l) [12,17-181, transverse (0=2) ,  or isotropic (0=3) [13,27]. We have 
studied such scenarios in an approximate manner by augmenting the equation of motion (1) 
with a Rayleigh dissipation term [22], 

The cooling term causes the field fluctuations to decay in the course of time and the asso- 
ciated decrease of the energy density is given by E = - (D/ t )  < $2 >. At sufficiently large 
times, the quasiparticle number density decreases as - t-D as t 4 m, as is characteristic 
of an expansion in D dimensions. The time variable should now be reinterpreted as the 
elapsed proper time in a comoving frame (starting at t o  = 1 fm/c, usually). The corre- 
sponding Lorentz transformation of the (scaled) spatial coordinates is less essential for our 
present discussion and has therefore been ignored. 

Figures 5a-b depict dynamical trajectories for a variety of instructive scenarios. In or- 
der to make a display that does not rely on any assumption with regard to the degree of 
equilibrium, we adopt the field dispersion as a measure of the degree of agitation; it can be 
visualized as a model-independent replacement of the temperature variable. In Fig. 5a is 
shown the dynamical trajectory of the central part of a Ni-sized spherical source prepared 
at T0=400 MeV without any initial expansion. The system keeps away from the unstable 
regime, exhibiting an approximately adiabatic evolution. This behavior is rather robust, as 
it occurs for a wide range of initial temperatures and for rod or slab geometries as well. It 
thus appears that initially static field configurations in local equilibrium do not develop any 
instabilities during their subsequent expansion. 

The other trajectories in Fig. 5a illustrate the effect of endowing the system with an initial 
expansion. The effect increases with D, since the dimensionality of the pseudo-expansion 
effectively acts as the strength of the damping term. The isotropic expansion leads to a 
significant incursion into the unstable region, while the longitudinal one is too slow for that 
and appears to be closer to the self-generated near-adiabatic expansion. 

The approximate equations (3-5) provide a convenient framework for developing an un- 
derstanding of the dynamics generated by the pseudo-expansion (9). Imagine that the sys- 
tem is initially created in thermal equilibrium at a temperature To well above T,. The field 
fluctuations are then sufficiently large to ensure p2>0 in all three eqs. (3-5). The system is 
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The combined dynamical evolution of the order parameter $0 M < Q > and the fluctuations 
< 64' The dashed curve connects the equilibria from T=O to above 500 MeV and the unstable 
region where p i  < 0 is shown by the shaded region; its border intersects the Q axis at fn and extends 
up to Tc/& at q+O. Each system has been prepared in thermal equilibrium at TO = 400 MeV, 
using a periodic box (20 fm side length). The irregular solid trajectory (labelled D=O) was obtained 
by solving the standard eq. (1) after applying a spherical Saxon-Woods modulation factor ( 5  fm 
radius and 0.5 fm width) to the hot matter, thereby producing a hot Ni-sizes sphere embedded 
in vacuum; the field was sampled only in the interior ( T  <2.5). The other three trajectories have 
been obtained by solving the pseudo-expansion equation of motion (9) without applying a spatial 
modulation, thus emulating uniform expansions in D = 1,2,3 dimensions. The marks along the 
trajectories are positioned at time intervals of At = 0.2 fm/c. 

FIG. 5 .  Dynamical trajectories. 

expected to  experience a cooling resulting from expansion and radiation, so the fluctuations 
decrease in the course of time. This reduces p 2  which allows the order parameter to grow 
larger, thus counteracting the decrease of the effective masses. The resulting behavior of 
p' is then a delicate balance: for slow cooling the induced growth of 40 is approximately 
adiabatic and the system relaxes towards the vacuum through metastable configurations; 
however, if the fluctuations diminish rapidly a compensating growth of the order parameter 
can no longer occur quickly enough and one or more of the effective masses may turn imag- 
inary, p'<O, indicating that the system has entered an unstable regime where some modes 
grow exponent ialll y. 

Figure 5b shows trajectories for 0 = 3  starting from various temperatures. If the initial 
temperature is lower than 200 MeV or so, the initial value of 40 is already fairly large (over 60 
MeV) and the dynamical trajectories will miss the unstable region. A wide range of higher 
temperatures lead into the unstable region, provided the supercooling occurs sufficiently 
fast. Ultimately, at very high temperatures (above those shown) the system will again stay 
stable throughout, because it takes so long to reduce the fluctuations down to critical size 
that the order parameter has meanwhile had time to start its growth. 
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0 1 2 3 4 5 6 
Elapsed time f-h (fdc) 

TO (MeV) D = 1 D = 2  D = 3  
200 0.00 11.4 0.02 11.8 0.11 12.0 
220 0.00 11.3 0.50 11.9 0.55 12.5 
240 0.01 11.3 1.20 12.0 1.19 12.7 
300 0.00 10.9 1.84 11.7 2.06 12.7 
400 0.00 10.6 1.67 11.3 2.49 12.1 
500 0.00 10.5 1.31 11.1 2.61 11.6 

The time evolution of p i  for pseudo- 
expansions (9) with various values of 
the dimensionality D, starting from ther- 
mal equilibrium at T0=400 MeV (heavy 
curves), and the corresponding evolution 
of pg (thin curves). The evolution is s- 
tarted at t o  = 1 fm/c, as is commonly 
done, and all curves approach the free 
pion mass m, (dotted line) for t + m. 
Whenever p t  < 0 those transverse modes 
having k2 < - p i  are amplified and the 
resulting maximum degree of amplifica- 
tion is illustrated in Table 1 for a range 
of initial temperatures. 

The maximum enhancement factor, G;Z=,, in 
macroscopically uniform chiral matter and 
the resulting FWHM of the pion correlation 
function CT(r12) = < S?r(rl) + S?r(rZ)  > 
for pions emerging after pseudo-expansions 
(9) starting from thermal equilibrium at the 
temperature TO and using D = 1,2,3. 

FIG. 6. Time evolution of the pion mass. 

In order to quantify the analysis, it is useful to consider the time evolution of the effective 
masses. Since pi > we concentrate on the latter which is illustrated in Fig. 6. It is 
noteworthy that po M p~ throughout the evolution, implying that the amplification of the 
lowest pionic modes is practically identical to that of the order parameter itself. This simple 
feature makes it an easier task to analyze more complicated scenarios. It is convenient to  
express the resulting enhancement of a mode in terms of its amplification coefficient [28], 

Gi = Jw:<o d t  JW, U: = k2 + p ~ ( t ) ~  , (10) 

which expresses approximately the factor by which the amplitude of a pionic mode has been 
magnified due to incursion(s) into the unstable regime. An upper bound on the magnification 
is provided by the coefficient for k=O, shown in Table I. The purely longitudinal expansions 
largely miss the unstable region, while significant magnification occurs for the transverse 
and isotropic expansions, amounting to over a factor of ten in the most favorable cases. 

Figure 7 gives an impression of the net effect on the power spectrum of the emerging 
free pions. As expected, the transient instabilities present for 0 2 2  lead to significant en- 
hancements of the power carried off by soft pions. The effect amounts t o  about an order 
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The relative power spectrum of the pions, 
N W;K& where rrk is the Fourier ampli- 
tude of the pion field, plotted as a func- 
tion of the pion kinetic energy uk-m,. 

The extraction is made at large times 
when the asymptotic scenario of free evo- 
lution has been reached. The plots are 
based on samples of 20 field configura- 
tions prepared at To=400 MeV and sub- 
jected to idealized expansions with either 
0 = 1  (open dots), 0 = 2  (crosses), or 0 = 3  
(solid dots). The irregularities are pri- 
marily due to the shell structure in the 
level density of the cube. 

13 T0=400 MeV 
40 

5 30 
20 

0 n 
c 
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0 400 800 1200 1600 2000 

Pion kinetic energy (MeV) 

FIG. 7. Pion power spectrum. 

of magnitude for 0 = 3  (relative to the smooth spectrum obtained for D=1), in accordance 
with the amplification coefficients given in Table I. Although these results were calculated 
for idealized expansion scenarios, they do support the suggestion that such enhancements 
may provide an observable signal of DCC formation [7]. 

V. CONCLUDING REMARKS 

We have discussed some of the key features associated with the formation of disoriented 
chiral condensates in high-energy collisions, such as those planned at RHIC. By application 
of the Hartree factorization technique, it is possible to develop a simple mean-field treat- 
ment which in turn leads to an efficient method for sampling thermal field configurations. 
Moreover, the mean-field approximation provides a useful conceptual framework for under- 
standing the non-equilibrium dynamics of the chiral field as it relaxes from its initial very 
excited state towards the normal vacuum. By augmenting the full equation of motion with 
a cooling term it is possible to emulate chiral matter in uniform Bjorken-like expansion. 

With this method, we have studied the conditions for amplification of the soft pionic 
modes, an important element in the observation of DCCs. Our analysis shows that the oc- 
currence of instabilities, and the associated amplification of pionic modes, depends sensitively 
on the cooling rate, which in turn is intimately related to the character of the expansion. 
Our idealized scenario for 0=3 corresponds closely to the isotropic expansion considered 
in refs. [13,27] and our results corroborate the conclusion in [13] that such a scenario leads 
to amplification. Furthermore, our analysis suggest that a longitudinal expansion alone is 
insufficient to cause a quench, if the initial fluctuations are of thermal magnitude. This is 
consistent with what was found in refs. [12,18] for effectively one-dimensional expansions. 

This qualitative sensitivity to the collision dynamics highlights the importance of employ- 
ing realistic initial conditions for the dynamical simulations of DCC formation. Ultimately, 
the appropriate initial field configurations must be calculated on the basis of the early par- 
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tonic evolution, a task which is thus crucial for our ability to assess the prospects of forming 
disoriented chiral condensates in high-energy collisions. 

This work was supported in part by the Director, Office of Energy Research, Office of High 
Energy and Nuclear Physics, Nuclear Physics Division of the U.S. Department of Energy 
under Contract No. DE-AC03-76SF00098. 
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“Baked Alaska” in Relativistic Heavy Ion Collisions: 
Formation of Disoriented Chiral Condensate 

Masayuki Asakawa 
Department of Physics, School of Science, 
Nagoya University, Nagoya 464-01, Japan 

Abstract 

We demonstrate that the chiral phase transition is automatically incorporated 
in the numerical simulations of the classical equations of motion in the linear 
a-model. We find that domains of disoriented c h i d  condensate (DCC) with 
4-5 fm in size can form through a quench while an annealing leads to domains 
of smaller sizes. We also demonstrate that quenching cannot be achieved by 
relaxing a chirally symmetric system through expansion in ultrarelativistic 
heavy ion collisions. At the end, we discuss the possibility to create DCC in 
laboratories. 

Since Rajagopal and Wilczek [l] proposed a nonequilibrium phase transition through 
quenching as a possible scenario for the production of large DCC domains, which is one 
of the explanations for the Centaur0 events in high energy cosmic ray experiments [2], a 
lot of investigation has been carried out on the possible size of DCC domains created in 
ultrarelativistic heavy ion collisions [3-51. 

To model a quench, Rajagopal and Wilczek argued that one can evolve the classical 
fields according to the zero temperature equations of motion from a chirally symmetric 
initial condition with short correlation lengths. As we shall show, however, fluctuations 
introduced in the initial configuration actually render the effective potential a non-zero 
temperature one. The interaction between the mean fields and the fluctuations as well as 
their evolution can be automatically included in the numerical simulations of the equations 
of motion. Thus, by choosing different initial conditions, we can study the evolution of the 
system in both quenching [l] and annealing [6,7] scenarios with the chiral phase transition 
taken into account. 

First let us see how the fluctuations affect chiral symmetry. In the standard linear 
a-model, the equations of motion are given by, 

D$ = X(v2 - $2)$ + Hn,, (1) 

where $ 3 ( a , ~ )  is a vector in internal space, n, = ( l , O ) ,  and H n ,  is an explicit chiral 
symmetry breaking term. In the following, we shall use A = 19.97, v = 87.4 MeV, and 
H = (119 MeV)3, with which m, = 135 MeV and rn, = 600 MeV at T = 0. We examine 
the Hartree approximation of Eq. (1). Separating $ into the mean fields (4) and the 
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fluctuations 64 around (4), i.e., 4 = (4) + 64, and taking average of Eq. (l), we have 

o(4) = - (d2 - 3(S4i) - (W2,))(4) + Hnu, 
= - x ( d ) + H n u ,  

where (q5)2 = (4i)(q&), Sq$l is the component of the fluctuation parallel to ( b ) ,  and 641 is the 
orthogonal component. Eq. (2) describes the mean fields moving in an effective potential, 

(3) 
x 

V((d)> = ,(W2 + 3(64$ t (kc.) - v2I2 - H(4,  

which in the presence of the fluctuations clearly differs from the zero temperature one. Ac- 
cording to the level of fluctuations, chiral symmetry can be either restored or spontaneously 
broken. The above effective potential is very generic since no assumption has been made for 
the fluctuations except that they are only of a classical nature. If the fluctuation terms in E- 
q. (3) are replaced by their counterparts in a finite temperature field theory, the well-known 
one loop effective potential at finite temperature [8] is recovered. Therefore, the classical 
equations of motion already includes the effect of fluctuations present in the effective poten- 
tial. This can be easily understood in a thermal equilibrium case. In a finite temperature 
field theory, the temperature dependence of the effective potential arises from the on-shell 
part of the propagator. Since no contribution from virtual particles is involved, all thermal 
corrections at one loop level are purely classical. As a result, the time evolution of the field 
configuration obtained from Eq. (1) already includes the effect of the time dependence of 
the effective potential. The use of the equations of motion does not ensure that the eflective 
potential takes its zero temperature form or that chiral symmetry is spontaneously broken. 

(3(S4@ + (S4:))/6 is large enough, chiral symmetry is restored. If the explicit 
chiral symmetry breaking term is neglected, the phase transition takes place at the critical 
fluctuation, 62 ZE v2/6. For S2 < 62, the effective potential takes its minimum value at 
(4) = (oe, 0) .  When the mean fields are displaced from this equilibrium point to the central 
lump of the “Mexican hat” ((4i) N 0) and x defined in Eq. (2) becomes negative, modes 
below the critical momentum, 

When S2 

become unstable and thus DCC domains can form. Thus, x characterizes the instability of 
the system. We note that since smaller momentum modes are amplified more, l /kc  does 
not directly give the typical size of DCC domains. It also depends on the time scale during 
which these modes are unstable. 

Let us now consider three different scenarios. (i) In a quenching scenario, the initial 
fluctuation is below the critical value, S2 5 Sz, and (bi) N 0 in the central region. As the 
mean fields roll down from the central lump of the potential, pion modes below kc will be 
amplified. In the meantime, as the system cools down and the fluctuation decreases, the 
effective potential will also change and the equilibrium point of the potential moves towards 
the zero temperature value . (ii) On the other hand, if we initially choose (4) to be very 
close to the equilibrium point of the effective potential, we refer to the scenario as a cold 
annealing. (iii) What we shall call a hot annealing scenario is similar to the cold annealing 
except that the initial fluctuation is much larger than the critical value, S2 >> Sz, so that 
chiral symmetry is almost restored. For the three scenarios we consider here, we take for 
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0 1 2 3 4 5 6 7 8  

FIG. 1. Correlation functions for the quenching, hot and cold annealing scenarios at 7 = 7 fm. 

quenching and cold annealing cases, 6; = 6: = v2/6, with which the system is about to go 
through a phase transition, and for a hot annealing case, 6: = v2/4. 

We carried out numerical simulations of Eq. (1) including both the longitudinal and 
transverse expansions [5]. We assume boost invariance in the longitudinal direction so that 
the longitudinal expansion is automatically included. To consider the transverse expansion, 
we use a cylindrical boundary condition. The initial 4 fields are randomly distributed 
according to a Gaussian form. Inside a disk, whose radius is &, initially fluctuations exist 
and the mean fields are different from their vacuum expectation values. Outside this region, 
the vacuum configuration with no fluctuation is imposed. In the following calculations, we 
take the initial time TO = 1 fm and transverse radius & = 5 fm to simulate ultrarelativistic 
heavy ion collisions. 

We define a correlation function C(T, 7) as 

where the sum is taken over those grid points i and j such that the distance between i and 
j is T .  In Fig. 1, we compare the results of the quenching, hot and cold annealing scenarios 
at T = 7 fm. We observe that quenching gives the largest correlation among the three cases. 
The situation does not improve much even if a second order phase transition is assumed 
( H  = 0), because the expansion time scale is too short for any long range correlation to 
develop. 

In Fig, 2, we show the time evolution of x/rn$(T = 0). We have generated 100 events 
and averaged over the central region T 5 3 fm. In Fig. 2, we have taken very small initial 
fluctuation, 6; = v2/16 to simulate a very strong quenching case for the solid line. For the 
dashed line, 6; = 3v2/8, which is much larger than 6:) has been taken to simulate a very 
hot annealing case. We clearly see that in the quenching case x stays negative longer than 
the annealing case and that x becomes negative again even after it once became positive. 
Therefore the DCC formation time in the quenching case is not characterized by l /mo. This 
explains the large correlation length in the quenching case as observed in Fig. 1. We note 
that in a smaller region in a single event the duration when x is negative can be even longer 
due to fluctuation. On the other hand, in the annealing case, x stays almost always positive. 
In other words, the mean fields evolve almost synchronously with the effective potential. 
Thus, the low momentum modes are less amplified. As a result, domains cannot grow out 
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FIG. 2. Time evolution of x/m:(T = 0). The solid and dashed lines are quenching and hot 
annealing cases, respectively. 
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FIG. 3. Time evolution of (a ) ,  ( 6 0 ~ ) l / ~ ,  and (6n?)'i2 in a very hot annealing case. 

of noise, and they are less visible and smaller than in the quenching case. This shows that a 
quenching condition can never be realized through a hot annealing in ultrarelativistic heavy 
ion collisions. 

In Fig. 3, we show the time evolution of the average a field, (a ) ,  and the average 

For this figure, we also generated 100 events and averaged over the central region. We have 
taken the second parameter set of Fig. 2, i.e., a very hot annealing case. We see that 
(Sa2) and (Sn:) decrease on the average with time due to the longitudinal and transverse 
expansion. On the other hand, (a) increases, following the equilibrium position of the 
evolving effective potential. In principle, (a)  approaches to its vacuum value, fT, as S2 goes 
to zero. However, the most important point here is that (Sa2) and (ST;) decouple from each 
other at about 6 = 35 MeV, which is about the value of the critical fluctuation 6,. This 
decoupling is due to nothing but the mass splitting during the chiral phase transition: the 
pion mass becomes smaller and the sigma mass becomes larger. This clearly demonstrates 
that the equations of motion already include the effect of the chiral phase transition in the 
presence of fluctuation. 

An important question here is whether there is a way to create DCC experimentally. 
First, we summarize the requirements for DCC formation. 

i) Spontaneous chiral symmetry breaking, i.e., Mexican hat effective potential. 
ii) Discordance between the minimum of the effective potential and the mean position 

fluctuations, (Sa2)'l2 and ( 6 7 ~ , 2 ) ~ / ~ ,  respectively.   ST^)'/^ and M ST^)^/^ are similar to (Sn,) 2 1 / 2  . 
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of the field configuration. 
These ensure the emergence of unstable modes with long wave lengths. In the quenching 
scenario, these conditions are implemented from the beginning, so DCC formation is ob- 
served. On the other hand, we have found that the annealing initial condition does not lead 
to states where these two are realized in the course of the time evolution, if the 2 + 1 + 1 
dimensional boost invariant states with the radius of the initial hot region 5 fm are assumed. 
In order to realize these two conditions, it is necessary to cool the system promptly (this is 
noting but the literal meaning of quenching!) after chiral symmetry is restored. The motion 
of the mean of the field configuration is essentially determined by the internal dynamics 
determined by theory, in the present case the linear sigma model, and cannot be accelerated 
arbitrarily. On the other hand, the shape of the effective potential is determined by the 
fluctuation of the field as we have shown, and the fluctuation is related, roughly speaking, 
to the energy density or the entropy density. As a result, the rate of its decrease can be 
changed by taking different scenarios for the expansion of the system. This is the reason 
why it is expected that prompt cooling could lead to DCC formation. At least there are two 
possible cases where cooling could be fast enough to create the quenching field configuration. 
One of them is a system with small initial radius and approximate boost invariance such as 
high energy p p ,  or p p ,  or pA collisions [9]. In this case, fast cooling is expected because of 
faster transverse expansion due to less causal constraint. The other is expansion with higher 
dimensionality such as three dimensional fireball-like expansion [lo]. Numerical calculations 
show that indeed these two can lead to the formation DCC domains. However, the latter 
scenario is not that realistic in laboratories, since the three dimensional fire balls are not 
expected to be formed in such high energy heavy ion collisions to restore chiral symmetry 
initially. 

In summary, it is necessary for the system to go through fast cooling after initially chiral 
symmetry is restored in order to create DCC domains. In this sense, the comparison of DCC 
formation to “Baked Alaska” is not quite appropriate. Ice cream is cold by nature and it 
is quite straightforward to create Baked Alaska. On the contrary, states created in heavy 
ion collisions or hadron collisions are essentially hot and are extremely hard to be cooled to 
create Baked Alaska-like states. 
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Light Vector Mesons at Finite Baryon Density 

T. Hatsuda 
Institute of Physics, University of Tsulcuba, Tsulcuba, Ibaralci 305, Japan 

Abstract 

We summarize the current theoretical and experimental status of the spectral 
changes of vector mesons (p ,  o, 4) at finite baryon density. Various approaches 
including QCD sum rules, effective theory of hadrons and bag models show 
decreasing of the vector meson masses in nuclear matter. Possibility to detect 
the mass shift through lepton pairs in y - A,  p - A and A - A reactions are 
also discussed. 

I. INTRODUCTION 

At high temperature ( T )  and density (p),  hadronic matter is expected to undergo a phase 
transition to the quark-gluon plasma. The order parameter characterizing the transition is 
the chiral quark condensate ( i jq), the absolute value of which decreases as (T,p) increas- 
es. Numerical simulations of quantum chromodynamics (QCD) on the lattice are actively 
pursued to determine the precise nature of the transition at finite T [l] and various model 
calculations have been done to look for the observable signature of the phase transition. 

In this talk, I will concentrate on one of the interesting critical phenomena associated 
with the QCD phase transition, namely the spectral change of hadrons, in particular the 
mass shift of light vector-mesons ( p ,  w and 6) in nuclear matter at zero T .  The vector mesons 
are unique in the sense that they decay into lepton pairs (e+e- and psp-) which can be 
detected experimentally without much disturbance by complicated hadronic interactions. 

In section 2, I will review the current knowledge of the quark condensate in medium. 
In section 3, various approaches to calculate the vector meson masses in nuclear matter 
are summarized. Experimental possibilities to detect the spectral change are discussed in 
section 4. Concluding remarks are given in section 5 .  

11. QUARK CONDENSATES IN NUCLEAR MATTER 

The medium modification of the quark condensate has been calculated since then by 
various methods (lattice QCD, chiral perturbation theory, Nambu-Jona-Lasinio model etc). 
See an overview [2]. By these studies, it turned out that there is one noticeable difference 
between the behavior of ( i jq) at finite T (with p = 0) and that at finite p (with T = 0): In 
the former case, the significant change of the condensate can be seen only near the critical 
point T N T, [3]. On the other hand, in the latter case, 0(30%) change of ( i jq) could be seen 
even in normal nuclear-matter density. This observation is based on the following formula 
in the fermi-gas approximation (independent particle approximation) [4] 
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FIG. 1. The light quark condensates in N=Z nuclear matter in the linear density approximation. 
Theoretical uncertainty of the 7rrN sigma term is taken into account. We take y = 0.12 for the OZI 
breaking parameter, where y = 2 ( 3 S ) N / ( i i U  -t d d ) ~  with ( - ) N  being the nucleon matrix element. 

Here mN(mT) is the nucleon (pion) mass, f T  is the pion decay constant, C,N = (45klO)MeV 
is the nN sigma term, and E ( p )  G d m .  (-) and (.)o denote the expectation value 
in nuclear matter and that in the vacuum respectively. The integration for the nucleon 
momentump should be taken from 0 to the fermi momentum p, .  At normal nuclear matter 
density ( p  = po = 0.17/fm3), the above formula gives (34&8)% reduction of the chiral con- 
densate from the vacuum value. In Fig.1, (Eu)/(izu)o as well as the strangeness condensate 
(Ss)/(Ss)o are shown in the linear density approximation [5], where the uncertainty of C T ~  
is considered. Estimates taking into account the fermi motion and the nuclear correlatons 
show that these corrections at p = po are less than the above uncertainty [6]. 

Unfortunately, the condensate itself is not a direct observable and one has to look for 
physical quantities which are measurable and simultaneously sensitive to the change of the 
condensate. The masses of light vector-mesons are the leading candidates of such quantities. 

111. VECTOR MESONS IN NUCLEAR MATTER 

Let’s consider p, w and q5 mesons propagating inside the nuclear matter. Adopting the 
same fermi-gas approximation with (1) and taking the vector meson at rest (q = 0), one 
can generally write the mass-squared shift as 

264 



where f v ~ ( p )  denotes the vector-meson (V) - nucleon (N) forward scattering amplitude 
in the relativistic normalization, and rn;(rnv) denotes the vector meson mass in nuclear 
matter (vacuum). Here, we took spin-isospin average for the nucleon states in f V N .  If one 
can calculate f ~ ~ ( p )  reasonably well in the range 0 < p < p F  = 270 MeV (or 1709 MeV < 
@ < 1726 MeV in terms of the V - N invariant mass), one can predict the mass shift. 
Unfortunately, this is a difficult task: f v ~ ( p )  is not a constant in the above range since 
there are at least two s-channel resonances N(1710), N(1720) in the above interval and two 
nearby resonances N(1700) and A(1700). They all couple to the p - N system [7] and give 
variation of f v ~ ( p )  as a function of p in principle. From this reason, one should develop 
other methods to estimate 6m$ without refering to the detailed form of f v ~ ( p ) .  We will 
briefly review two of such approaches in the following subsections, namely the QCD sum 
rules and effective theories of hadron. 

A. QCD sum rules 

The QCD sum'rules (QSR) for vector mesons in nuclear matter were first developed by 
Hatsuda and Lee [8]. In their approach, one starts with the retarded current correlation 
function in nuclear matter, 

IIPv(w, q) = i 1 d4xeiqz(RJP(x) Jv(0)) , (3) 

where q P  (w, q) and RJP(x)  Jy(0)  f O(xo)[Jp(x), Jy(0)] with the source currents JP defined 

are two independent invariants in medium (transverse and longitudinal polarization), they 
coincide in the limit q + 0 and reduce to l-IPP/(-3w2) E IT. IT satisfies the following 
dispersion relation, 

as J P P  = L 2(iiyPu d;i,d) (-(+) is for the pO(w)-meson) and J t  = 37,s. Although there P 

ReII(w2) = -P 7T 1 m d u 2 : F ( u )  - w2 + (subtraction). (4) 

In QSR, the spectral density I d  is modeled with several phenomenological parameters, 
while ReII is calculated using the operator product expansion (OPE). The phenomenolog- 
ical parameters are then extracted by matching the left and right hand side of (4) in the 
asymptotic region w2 + -m. The density dependence in the OPE side is solely determined 
by the density dependent condensates which are evaluated from low energy theorems or from 
the parton distribution of the nucleon [8]. 

In the medium, we have three kinds of structure in the spectral density: the resonance 
poles, the continuum and the Landau damping contribution. For q +. 0, the last contribution 
is calculable esactZy and behaves like a pole at w2 = 0 [8,9]. In total, the hadronic spectral 
function looks as 

8 n I d ( u  > 0-) = 6(u2)psc + F*S(u2 - mp)  + (1 + 5 ) 6 ( u 2  x - 5':) phad.(u2), ( 5 )  

with pSc = 2 n 2 p / , / m  N 2 ~ ~ p / . M p , ~ .  mF, F* and 5': are the three phenomenological 
parameters in nuclear matter to be determined by the sum rules. 
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FIG. 2. Borel curve for the p(w) meson mass. Solid, dashed and dash-dotted lines correspond to 
p/po = 0,l.O and 2.0 respectively. S,*(p) determined by the Borel stability method at each density 
is also shown in GeV2 unit. The Borel window is chosen to be 0.41GeV2 < M2 < 1.30GeV2. 

Matching the OPE side and the phenomenological side via the dispersion relation in 
the asymptotic region w2 + -00, we can relate the resonance parameters to  the density 
dependent condensates. There are two major procedures for this matching, namely the Borel 
sum rules (BSR) [lo] and the finite energy sum rules (FESR) [ll], which can be summarized 
as 

W ( S )  = sn O(S0 - S) (FESR), e-s/M2 (BSR). 

Here the spectral function phad.(s) stands for eq.(5). pOPE(s) is a hypothetical imaginary 
part of IT obtained from OPE. 

To make quantitative analyses of spectral parameters, the stability analysis based on 
the Borel transform is more suitable than FESR. Since the Borel mass M is a fictitious 
parameter introduced in the sum rule, the physical quantities should be insensitive to the 
change of M within a Borel interval M- < M < Idmax; namely the principle of minimum 
sensitivity (PMS) is used. One can accomplish this insensitivity by choosing S: suitably 
at given density. In Fig. 2, the Borel curves for the p(w) meson for three different values 
of baryon density are shown with So* chosen to make the Borel curve as flat as possible in 
the interval 0.41GeV2 < M2 < 1.30GeV2. The upper (lower) bound of the Borel interval 
is determined so that the power (continuum) correction after the Borel tranform does not 
exceed 30 '% of the lowest order term in OPE. 

By making a linear fit of the result, one obtains [8] 
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FIG. 3. Masses of p, w and 4 mesons in nuclear matter predicted in the QCD sum rules. The 
hatched region shows theoretical uncertainty. 

m ; , w  P - = 1 - (0.16 rt 0.06)-, 
mPW Po 

P 
Po 

= 1 - (0.15 f 0.05)-, 

F" P 
F Po 
- = 1 - (0.24 k 0.07)-, 

and 

m; P - = 1 - (0.15 f 0.05) y -, 
m4 Po 

where y is the OZI breaking parameter in QCD defined as y = 2(Ss)~/(Uu + &)N with ( * ) N  
being the nucleon matrix element. y takes the value 0.1 -0.2 [8]. The decrease in eqs. (8,ll) 
is dictated by the density dependent condensates ( i jq), ( ( i jq)2)  and (ijypDvq). The errors 
in the above formulas are originating from the uncertainties of the density dependence of 
the these condensates. The contribution of the quark-gluon mixed operator with twist 4, [8] 
which may possibly weaken the mass shift, is neglected in the above. Shown in Fig.3 is the 
mass shift given in eqs. (8,l l)  with possible theoretical uncertainties. 

Some sophistications of the QSR analyses by Hatsuda and Lee have been done later by 
several authors. 
(i) Asakawa and KO have introduced a more realistic spectral function than (5) by taking 
into account the width of the p-meson and the effect of the collisional broadening due to 
the T - N - A - p dynamics [12]. By doing the similar QSR analysis as above, they 
found that the negative mass shift persists even in this realistic case. The width of the rho 
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meson in their calculation decreases as density increases, which implies that the phase space 
suppression from the p + 27r process overcomes the collisional broadening at finite density. 
Further examination of this interplay between the mass shift and the collisional broadening 
is important in relation to the future experiments. Also, finite temperature generalization 
of the Asakawa-KO’s calculation should be done. 
(ii) Monte Calro based error analysis was applied to the Borel sum rule by Jin and Leinweber 
[13] instead of the Borel stability or PMS analysis employed in [8]. They found mz,w/mp,w = 
1 - (0.22 f O.O8)(p/po) and rn$/rn, = 1 - (0.01 f O.Ol)(p/po), which are consistent with eqs. 
(8,ll) within the error bars. 
(iii) Koike analysed an egective scattering amplitude f& defined as Srn; G J’VN - p using 
the QSR in the vacuum [14]. Although his original calculation predicting f v ~  > 0 is in 
error as was pointed out in ref. [8,13], revised calculation gives a consistent result with eqs. 
(8,ll) within the error bars [15]. Note here that f v ~  does not have direct relation to the 
scattering length at zero momentum f ~ ~ ( 0 ) .  

B . Effective theories 

There have been many attempts so far to c lculate the spectral ch nge of the vector 
mesons using effective theories of QCD. The first attempt by Chin [16] using the quantum 
hadrodynamics (QHD) shows increasing w-meson mass in medium due to a process analogous 
to the Compton scattering; 

For the p-meson, similar but more sophisticated calculations taking into account A-resonance 
and in-medium pion show a slight increase of the p-meson mass [17]. In these calculations, 
only the polarization of the Fermi sea (the particle-hole excitations) was considered. Also 
their predictions are different from the general assertion by Brown and Rho claiming that 
all the hadron masses except for pion should decrease [18]. 

On the other hand, Saito, Maruyama and Soutome, and Kurasawa and Suzuki [19] have 
realized that the mass of the w-meson is affected substantially by the vacuum polarization 
of the nucleon in medium 

where N* is the nucleon in nuclear matter which has smaller effective mass than that in the 
vacuum. They show that the vacuum polarization dominates over the Fermi-sea polarization 
in QHD and leads decreasing vector meson mass. This conclusion was later confirmed by 
several groups [20] and was generalized for the p and 4 mesons [21]. Jaminon and Ripka has 
also reached a similar conclusion by using a model of vector mesons coupled to constituent 
quarks [22]. 

Saito and Thomas have examined a rather different but comprehensive model (bag model 
combined with QHD) and found decreasing vector-meson masses [23]; rnz,w/mp,w - 1 - 
O.OS(p/po).  The spectral shift of the quarks inside the bag induced by the existence of 
nuclear medium plays a key role in this approach. 
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Basic idea common in the approaches predicting the decreasing mass may be summarized 
as follows. In nuclear matter, scalar (a) and vector (w) mean-fields are induced by the 
nucleon sources. These mean-fields give back-reactions to the nucleon propagation in nuclear 
matter and modify its self-energy. This is an origin of the effective nucleon mass Mj; < MN 
in the relativistic models for nuclear matter. The same mean-fields should also affect the 
propagation of vector mesons in nuclear medium. In QSR, the quark condensates act on the 
quark propagator as density dependent mean-fields. In QHD, the coupling of the mean-field 
with the vector mesons are taken into account through the short distant nucleon loop with 
the effective mass M?. In the bag-rnodel, the mean fields outside the bag acts on quarks 
confined in the bag and change their energy spectrum. 

Let us show here that one can understand the negative mass shift of the vector mesons in 
a simple and intuitive way in the context of QHD. More quantitative discussion will be given 
in the later section. After renormalizing infinities in the vacuum loop, the density-dependent 
part of the Dirac-sea polarization to the vector-meson propagator is approximately written 
as 

where 2 being the finite wave-function renormalization constant in medium. The pole 
position is thus obtained as m; = d m v .  Because of the current conservation, only the 
wave function part of the propagator is modified in medium. Since the effective mass of the 
nucleon decreases in medium (M&/MN < l), physical vector mesons have more probability 
to be in virtual baryon- anti-baryon pairs compared to that in the vacuum. This means 
2 < 1, which leads to m;/mv 2 < 1 [20,21]. 

IV. EXPERIMENTS 

How one can detect the spectral change of vector mesons in experiments? One of the 
promising ideas is to use heavy nuclei and produce vector mesons in y- A or p -  A reactions. 
Suppose one could create a vector meson at the center of a heavy nucleous. (It does not 
matter whether it is created at the nuclear surface or at the center as far as the produced 
vector mesons run through the nucleous before the hadronic decay). It is easy to see that the 
number of lepton pairs decaying inside the nucleous Nin(l+l-) and that outside the nucleous 
Nout(Z+Z-) are related as 

where rtot denotes the total width of vector mesons ((1.3fm)-I, (23fm)’I and (45fm)-’ for 
p, w and 4, respectively) and R being the nuclear radius. Eq.(16) shows that even the q5 
meson has considerable fraction of Nin/NOut if the target nucleous is big enough. 

There exist already some proposals to look for the mass shift of vector mesons in nuclear 
medium [24]. One is by Shimizu et al. who propose an experiment to create p and w in 
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heavy nuclei using coherent photon - nucleus reaction and subsequently detect the lepton 
pairs from p and w. Enyo et al. propose to create # meson in heavy nuclei using the proton- 
nucleus reaction and to measure kaon pairs as well as the lepton pairs. By doing this, one 
can study not only the mass shift but also the change of the leptonic vs hadronic branching 
ratio r = I?($ + e+e-)/r($ + K+K-). Since m4 is very close to 2 m ~  in the vacuum, any 
modification of the #-mass or the K-mass changes the ratio 9- substantially as a function of 
mass number of the target nucleous. Similar kinds of experiments are also planned at GSI. 

There are also on-going heavy ion experiments at SPS (CERN) and AGS (BNL) where 
high density matter is likely to be formed. In particular, CERES/NA45 and HELIOS-3 at 
CERN reported enhancement of the lepton pairs below the p resonance [25,26], which may 
not be explained by the conventional sources of lepton pairs. If this phenomena is real, low 
mass enhancement of the lepton pair spectrum expected by the mass shift of the vector 
mesons could be a possible explanation [27]. In nuclear collisions at higher energies (RHIC 
and LHC), hot hadronic matter or possibly the quark-gluon-plasma with low baryon density 
are expected to be formed. In such cases, double #-peak structure proposed by Asakawa 
and KO [28] as well as the spectral change of p, w and scalar mesons [29] will be a distinct 
signal of the chiral restoration in QCD. 

V. CONCLUDING REMARKS 

The spectral change of the elementary excitations in medium is an exciting new possibility 
in QCD. By studying such phenomenon, one can learn the structure of the hadrons and the 
QCD ground state at finite (T,  p )  simultaneously. Theoretical approaches such as the QCD 
sum rules and the hadronic effective theories predict that the light vector mesons ( p ,  w and 
4) are sensitive to the partial restoration of chiral symmetry in hot/dense medium. These 
mesons are good probes experimentally, since they decay into lepton pairs which penetrate 
the hadronic medium without loosing much information. Thus, the lepton pair spectroscopy 
in QCD will tell us a lot about the detailed structure of the hot/dense matter, which is quite 
similar to the soft-mode spectroscopy by the photon and neutron scattering experiments in 
solid state physics. 
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On the Physics of a Cool Pion Gas 1 

Robert D. Pisarski and Michel Tytgat* 
Physics Department, Brookhaven National Laboratory, 

PO Box 5000, Upton, NY 11973-5000, USA 

Abstract 

At finite temperature, the Nambu-Goldstone bosons of a spontaneously bro- 
ken chiral symmetry travel at a velocity v < 1. This effect first appears at 
order N T4 in an expansion about low temperature, and can be related to 
the appearence of two distinct pion decay constants in a thermal bath. We 
discuss some consequences on the thermodynamics of a gas of massless pions. 

I. INTRODUCTION 

In these proceedings, we extend some previous work of ours [l]. The starting point is very 
simple. In the vacuum one invokes Lorentz invariance to define the pion decay constant, 
f T  - 93 MeV, by 

( O ~ A E / T ~ ( P ) )  = i fTSubPp , 
where A: is the axial-vector current, and the pion has euclidean momentum P = (PO,$. At 
finite temperature, Lorentz invariance is lost and they are a priori two distinct pion “decay 
constants”: the temporal component has one, 

and, assuming O(3)  invariance, the spatial part of the current has another, 

(3) (O(Aia17rb(P))T = i f T S  s ab p i . 

This is familiar from nonrelativistic systems, such as discussed by Leutwyler [2]; in a similar 
context, this has been recognized by Kirchbach and Riska [3]. 

As in the vacuum, the pion mass shell is defined using current conservation, 

P(OlApa(ab) = O  _i f: w2 = f i p  2 . (4) 

?Talk given by M. Tytgat at the “RHIC Summer Studies ’96”, Brookhaven National Laboratory, 
New York, USA 

*mtytgat @wind.phy.bnl.gov 
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Then, quite trivially, f: zf fi implies the velocity v 
v 2  = Re(fz/f:) < 1 . (5) 

This, again, is familiar from other contexts, like the propagation of light in a medium - 
v < 1 corresponds to an index of refraction n > 1. But dealing with Nambu-Goldstone 
bosons has some non-trivial consequences. For instance, the fT's develop an imaginary part 
at finite temperature. From (4) one can conclude that the damping rate of massless pions 
vanishes at zero momentum [l], an expression of the Goldstone t h e ~ r e m . ~  

It is easy to extend these considerations to include explicit symmetry breaking [l]. For 
soft pions, p << fT ,  at low temperature, T << fT - christened cool pions in [l] - the dispersion 
relation is of the form 

(6) w 2 -  - v p  2 2  +m2 

If v # 1, there is both a dynamic (position of the pole in the complex w plane, at p = 0) and 
a static mass (position of the pole in the complex p plane, at w = 0), the two being related 
by 

m d y n  = ' m s t a t  5 m s t a t  

Incidentally, one can define two Gell-Mann - Oakes - Renner relations: 

or 

A pion I 

(9) 
ispersion relation like (6) has been particularly ac;rocated by ShuryaAb [9] (see 

also Gale and Kapusta [lo]), following a different line of thought. Note that v < 1 implies 
a flattening of the dispersion relation at finite temperature. Experimentally such an effect 
might produce an enhancement of dileptons from TT annihilations [lo]. 

11. QUANTITATIVE RESULTS 

To leading order in a low temperature expansion N T2/f: ,  and in the chiral limit mT = 0, 

f n ( q  = fT(1- T2/12fn2) (10) 
This result was first obtained, in a different context, by Binetruy and Gaillard [4] and 
subsequently derived by Gasser and Leutwyler [5] using chiral perturbation theory (xPT). 
Here, (10) implies that f: = f: to leading order. This is actually a consequence of chiral 
symmetry5, as made particularly clear by the derivation of Dey, Eletsky and Ioffe [6]. Using 

3That w 5 1 is required by causality. It is possible that in some background w > 1, but this is not 
what our work is about. 

*In a nonlinear t.7 model, y N pT4/f,4. 

5This has been checked recently by Bochkarev and Kapusta [7] by comparing the predictions of 
the O ( N )  linear and non-linear (using different parametrizations) Q models. 
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Current Algebra and PCAC, they showed that 

From pion pole dominance, one then extracts (10) from (11). Besides the mixing with the 
vector-vector correlator, what is remarkable is that Lorentz invariance is manifest - hence 
that v = 1 - to order T2/f$. 

Thus, the effect discussed here can only appear at next-to-leading order - T4. In xPT 
this implies computing to two-loop order. For the sake of the argument, in [l] we instead 
made use of a weakly coupled linear r s  model, i .e. with a light cr particle: rn: = 2Xa2 and 
f .  cr, so that 0(T4//f,2mz) corrections dominate over the O(T4/f$) ones. Expanding in 
powers of T/m,, a one-loop calculation then suffices to verify (5). The result for the f T f s  is 

with 

n2T4 m' exp( -m:/4wT) 
32n fZw2 ti = T2/12f,2 7 t 2  = 45f,2m; 7 t3 = 

so that 

which agrees with the direct calculation of the dispersion relation, as first carried out by 
Itoyama and Mueller [SI. 

There is no calculation of f. to next-to-leading order in xPT, but that v < 1 in the 
chiral limit is implicit in [ll] where Gerber and Leutwyler computed, among other things, 
the three-loop corrections to the energy density u of a massless pion gas: 

u = -x2T4 1 [1+ 10sf,4 T4 ( 7 1 n ~  A, - 1) + 0(T6)]  
10 

Apart from the pion decay constant, the energy density depends on another scale in the chiral 
limit, A, - 275 MeV [ll]. The first term in (16)  is the energy density of a non-interacting 
massless pion gas, 

1 
10 uo = 3 1  & w ( p ) n ~ ( p )  = -n2T4 

with ~ ( p ) ~  = p 2 .  Substituting in (17) a modified pion 

2 2  u 2 = v  p ,  

dispersion relation, 

can mimic the effect of the pion interactions. The energy density of a gas of free quasi-pions, 

UO u = -  
v3' 
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I 
reproduces (16), provided the following estimate of the quasi-pion mean velocity holds: 

v P - J l - - -  T4 (71n$-1) 
3 losf; 

In agreement with our previous argument, v = 1 to O(T2). It is equivalent6 to  recognize 
that there is no T6 correction to the energy density (16). Also, v < 1 for T < N 250 MeV, 
so that u > u g .  

What about massive pions ? The most extensive work on the propagation of thermal 
pions is due to Schenk [12,13]. Apparently, he found no evidence of (6). However, in fig. 5 
of ref. [12] and fig. 7 of ref. [13], Schenk plots R(p), the ratio of the quasiparticle energy, to 
the pion energy in free space, as a function of momentum. To two loop order, as p increases 
from zero there is a dip in R(p): it first decreases, and then increases, approaching one 
from below. This is only possible if the quasiparticle energy ~ ( p ) ~  = v2(p)p2 + rnz(T), with 
v(0) < 1. A. Schenk, private communication, estimates that v(0) P-J .87 at T N 150 MeV. 

111. OUTLOOK 

We conclude with two remarks. The first concerns spin waves in ferromagnets (magnons) 
and was brought to our attention by R. Brout. The other is on the behavior of f. near the 
critical temperature. 

In two landmark papers, Dyson [14], improving on earliers ideas of Bloch [15], developed a 
formalism to describe the motion of magnons, and computed the low temperature corrections 
to the magnetization. Taking magnon interactions into account, he found 

M(T)/M(O) P-J 1 - aoT312 - alT512 - a2T712 - a3T4 + O(T912) (21) 

Given the magnon dispersion relation 

cp2 + q P 4 ) ,  (22) 

the T3/2 term is the famous prediction of the simple Bloch theory, in which magnons are 
treated as non-interacting bosonic particles. The a1 and a2 terms are lattice effects (the 
O(p4) terms in (22)), and do not concern us. Only the a3 term N T4 is due to  magnon 
interactions. What is striking is that there is no T3 term in (21); this is reminiscent of the 
absence of T‘ term in (16). In the quasi-particle picture, this means that the parameter c 
in (22), is not renormalized to leading order (T312 in the present case) but only to next-to- 
leading order, or N T512. Also, in both cases - magnons and massless pions - the correction 
to the “velocity” is proportional to the energy density. 

These are precisely the kind of similarities that an effective Lagrangian approach, like 
xPT, to the dynamical properties of spin waves, both in ferromagnets and antiferromagnets, 
could shed light on [2,16]. 

‘This is the argument that lead Shuryak to (6). [9] 
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Now about fT near T, ? In a recent paper, Jeon and Kapusta [17], computed fT to 
O(T2),  both at low T and near the critical temperature T,, in an O(N) non-linear a model, 
to next-to-leading order in a large N expansion. Here, we give a sketch of a linear a model 
derivation of their results7. 

The relevant diagrams are shown below. At low T << m,, a mode propagation is Boltz- 

mann suppressed in diagrams (a) and (b). The latter shrinks to a tadpole and both diagrams 
contribute to order - T2. The result, taking into account wave function renormalization, is 

fT(T) = a(1 - T2/1202), (23) 

to be compared with the low T dependance of the order parameter 

Near T,, the 0 particle is light, rn, << T ,  and, in the high T expansion, (b) does not 
contribute nor is there wave function renormalization to O(T2):  hence, only the tadpole (a) 
contributes and, manifestly, 

fT(T)  = a(T)  = a(1- T2/402) (25) 

for T near and below T,. This agrees with Jeon and Kapusta [17]. That fT and a vanish at 
the same temperature is hardly surprising. An interesting question is whether the critical 
exponents of fT and a are the same also in the critical regime, Le.  beyond the mean-field 
result (25). 
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New Mesons in the Chirally Symmetric Plasma 

H. Arthur Weldon 
Department of Physics, West Virginia University, Morgantown, W V  26506-631 5 

Abstract 

A nonperturbative proof is given that the chirally-invariant quark propagator 
contains both particle and hole singularities with different dispersion relations. 
Mesons made of a quark and a hole will produce dileptoa pdrs at masses 
characteristic of the plasma and with a distinct energy dependence. 

I. INTRODUCTION 

The central purpose of the experimental program at RHIC is to produce a quark-gluon 
plasma. Despite a great deal of theoretical effort there is no clear experimental signature of 
the quark-gluon plasma that will distinguish it from the very complicated hadron phase. The 
Theory Workshop on Relativistic Heavy Ion Collisions is intended both to refine previous 
ideas and to initiate discussion of new possibilities. It is in the latter spirit that this paper 
proposes investigation of a new experiment a1 signal not previously considered. The present 
analysis of this signal still leaves unanswered questions that require further investigation by 
other theorists using other techniques. 

In the QGP at temperature T ,  a typical state I@} will have almost all the quark and anti- 
quark modes with momentum less than T occupied and considerably fewer modes occupied 
that have momentum larger than T.  If a quark or antiquark is added to this background the 
result is btl@) or dtl@).  The new possibility is that removal of a quark gives a state bl@) and 
the norm of this quark vacancy state is not small if the momentumis less than T .  Similarly 
an antiquark vacancy is dl@}. Chiral symmetry plays an essential role in this argument 
because the hole states are only important if bl@) has an energy higher than I@) and this is 
only possible when the constituent quark mass is smaller than T .  Thus approximate chiral 
symmetry is essential. This has two consequences: (1) Only u and d quarks are candidates 
and (2) When chiral symmetry is badly broken, i.e. the hadron phase, there are no hole 
st at es . 

The proof of hole states in Sec I1 is entirely non-perturbative. The end of Sec I1 contains 
references to perturbative results. Sec I11 focusses on experimental consequences of the hole 
states, the most important of which is the annihilation of a quark and hole into a virtual 
photon that subsequently converts to a lepton pair. If this quark and hole are bound into a 
meson, there will be a resonance in the dilepton invariant mass spectrum with new features. 
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11. QUARK HOLES IN THE EXACT THERMAL PROPAGATOR 

A. Singularities of the exact propagator 

It is remarkable that certain simple properties of the exact thermal quark propagator 
guarantee that the existence of low momentum hole states ( k  < 2') in the chirally symmetric 
plasma. The inverse of the exact time-ordered thermal propagator must be of the form 

[S (w ,  i)]-' = yoA(w, k )  - * b ( w ,  k )  (2.1) 
because of chiral invariance. The propagator itself is 

-# l y o - r ' - i  l y o + r ' * i  
2 A - B  $ 2  A + B  * 

S ( w , k )  = - 

At k = 0 the propagator cannot depend on the direction of k .  Therefore B ( w ,  0) = 0 and 
consequently S(w,O) = yo/A(w,O). Now comes the one dynamical input, namely that at 
k = 0 there is a pole in the propagator at the thermal mass of the quark. Lattice calculations 
of temporal quark propagators have measured this thermal mass [l]. The thermal mass must 
have a negative imaginary part because of damping. By dimensional analysis, both the real 
and imaginary parts are proportional to temperature. Denote this complex mass by m T .  
Then at k = 0, A ( w ,  0 )  = ( w - m ~ ) a ( w )  where a(w)  does not have a pole at w = mT. At non- 
zero momentumA has the structure A ( w ,  k) = (w-mT)a(w)+Al(w, k )  where A1 is defined to 
vanish at k = 0. The first denominator in (2.2) is A-B = (w-mT)a(w)+Al(w,  k ) - B ( w ,  k). 
Since A1 and B both vanish at k = 0, they are both small when k is chosen sufficiently small. 
Therefore A - B will vanish at u = Ep, where Ep is equal to mT plus a small, k-dependent 
correct ion: 

Ep x mT + [ -Ai (m~,  k )  + B ( ~ T ,  k ) ] / a ( m ~ )  + * * ( k  small) (2.3) 
For small k the other denominator A + B vanishes at w = Eh where Eh is equal to mT plus 
a different small k correction because B occurs with opposite sign: 

Eh x mT + [ -A i (m~ ,  k )  - B ( ~ T ,  k ) ] / a ( m ~ )  + * (k small) (2.4) 
The first energy will be called the particle energy and the second the hole energy. The 
justification for these names will come in the next section. It is easy to see that the inclusion 
of a bare quark mass in the propagator spoils these arguments. 

Knowing that A - B vanishes at w = Ep and A + B vanishes at w = Eh, one can show 
that PCT invariance requires A - B to also vanish at w = -Eh and A + B to also vanish at 
w = -Ep. The exact propagator therefore has four singularities and may be written 

(2.5) 
where Im Ep < 0 and Im Eh < 0. It is difficult to  deduce much about the numerator 
functions Zp and Zh. They are very complicated functions of w and contain all the branch 
cuts and any other singularities of the exact propagator. The f w  in the arguments of 
these functions are determined by PCT. From the previous argument we know that at zero 
momentum the residues of the two kinds of poles are equal: Zp(mT, 0) = Z h ( m ~ ,  0). 
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B. Operator meaning of the hole singularities 

The existence of a pole at a mT in the zero-momentum propagator led to the distinct 
poles at &Ep and f E h  in (2.2). The next task is to figure out what these poles mean in 
terms of quark creation and destruction operators. At time t=O the exact field operator for 
massless quarks in a finite volume V can be expanded as 

The field operator 
at any other time can be expressed as $ ( t , Z )  = exp(iHt)$(O,Z)exp(-iHt). The exact 
time-ordered thermal propagator may be written in terms of two resolvents: 

where PCT was used to express antiquark resolvents in terms of quark resolvents. For 
compactness I have used the thermo field dynamics notation H = H - H and the brackets 
denote the expectation value in the TFD ground state 121. Both resolvents (2.8) are analytic 
for Im w > 0 and have branch cuts along the real w axis. 

The pole in (2.5) at w = Ep is in the lower half w plane and has a characteristic spinor 
structure. Comparison with (2.7) shows that it must come from Rp(w, k) since Rh(-w) is 
analytic for Im w < 0. To understand what this means, recall that each state state I @ )  in 
the thermal average is an energy eigenstate. The existence of the pole at Ep means roughly 
that the state btla) has an energy that is higher by Ep. (More precisely, btl@) is not an 
energy eigenstate but it has a non-zero overlap with an energy eigenstate that is higher by 

The new feature in (2.5) is the pole at w = Eh in the lower-half w plane with the spinor 
structure yo + 7 .  k .  Comparison with (2.7) shows that it can only come from &(w, I C )  since 
Rp(-w)  is analytic for Im w < 0. Therefore the state bl@) with one fewer particle than @ 
nevertheless has an energy that is higher by Eh. This state is called a quark hole or quark 
vacancy. 

The residue of the poles requires evaluating the numerator functions Z ( w , k )  in (2.5) 
at the energy of the pole. At I% = 0 the holes have the same residue as the particles: 
Z h ( m ~ ,  0) = Z p ( m ~ ,  0). However at k > T the residue of the hole Zh(Eh, I C )  becomes very 
small. This means that high momentum hole states decouple from the field operator $(z). 
It does not mean that high momentum hole states disappear, only that b(@) becomes a 
poor description. Since gluons couple to color currents $Aayp$ and photons couple to the 
electromagnetic current $ ~ f i $ ,  hole states with high momentum propagate have very small 
coupling to gluons and photons. 

E d  
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C. Perturbative results on holes 

Nothing in the argument presented above is perturbative. However the observation that 
the thermal quark propagator contains two kinds of poles, one for quarks and one for holes, 
did arise in one-loop perturbative calculations [3-51. The quark and hole states have been 
constructed to one-loop order in [6]. The dependence of the spectrum upon chiral symmetry 
has been studied in one-loop order [7,8]. The quark and hole states have been used in 
calculations of dilepton production [9] and of Higgs damping rates [lo]. 

111. NEW MESONS USING HOLE STATES 

A. Binding of quarks and holes 

It is easy to envision how new mesons can arise in the chirally symmetric phase though 
it is difficult to prove their existence. If I @ )  is a color singlet state in the thermal ensemble 
then b i l @ )  is a color triplet with an energy higher by Ep(IC) after all the interactions between 
the bt and the plasma are included. Similarly bk I I@) is a color antitriplet with an energy 
higher by Eh(k') when all its interactions are included. A color singlet state b i b k  I I@) should 
have an energy of approximately Ep ( I C )  + Eh( IC') minus the color binding energy. 

In the chirally symmetric phase the color force is not confining but it is still attractive in 
color singlet channels. There are two different contributions to this binding: gluon exchange 
and instantons. The first may be thought of in terms of a Bethe-Salpeter equation with a 
kernel for the exchanged gluons. Although the numerators of the quark propagator (2.5) have 
no mass term, it is the denominators that control the kinematics. This leads to differential 
operators that are approximately Klein-Gordon d2 + m;, with mT M 150 MeV, acting on 
the coordinates of the Bethe-Salpeter wave function. This is analogous to the positronium 
problem and even non-relativistic analysis may be useful. 

A second source of color binding comes from non-trivial topologies, specifically the ran- 
dom instanton liquid advocated by Shuryak [ll]. Here because of chiral symmetry the field 
operator satifies the equation yPDfi$ = 0 with no chiral-symmetry breaking mass term. 
When AP is an instanton configuration the classical solutions of this produce a strong at- 
traction in mesonic channels in which the fermions have the opposite chirality, e.g. attractive 
in the scalar channel but not in the vector channel. The lattice calculations of the Shuryak 
group confirm this picture. Note that although the thermal mass of the quarks is present, 
it is irrelevant for the instanton attraction. 

B. Quantum numbers of &&h mesons 

To determine the possible quantum numbers of the new mesons it is useful to examine 
the bilinear operators $(z) = $;(z&I'$j(z), where r is one of the sixteen Dirac matrices 
and tu are one of the four 2 x 2 matrices for isospin 0 or 1. The choice of I' determines 
the value of J for the operator and its behavior under parity and charge conjugation. To 
determine the quark operator content of each JF, we again use the expansion (2.6) of the 
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exact field operator. Integrating J,"(O, Z) over three dimensional space then gives an operator 
describing a meson at rest. 

For example, if r = i75 then the result is an operator for pseudoscalar 7ra and o mesons: 

( 3 4  

This operator has the expected structure: btdt for the creation of a quark-antiquark pair 
plus its PCT conjugate db. The pair has no orbital angular momentum, L=O, and no spin, 
S=O. Since the total angular momentumis J=O, it correctly describes the T and 7 mesons 
as 'So state of quark and antiquark. 

As an example of a meson operator that gives a quark paired with a hole, let r = 70. 
Then 

(3.2) 

If this operator acts on a typical state I@) containing maoy quarks and antiquarks it can 
create a new kind of meson at rest, b t ( i ) b ( i ) I @ )  (or the PCT conjugate) with an energy 
approximately Ep + Eh minus the binding energy. 

The chart below tabulates the quantum numbers of the possible mesons for all 16 Dirac 
matrices. The choice of determines the value of Jpc  for that operator. For the last 
four operators in the chart, J; contains both ordinary meson combinations btdt and new 
combinations btb. 

r 
i 7 5  

1 

JPC 

0-+ 

0++ 

O+- 

0-+ 

1-- 

1++ 

1+- 

1-- 

QG MESONS 

'So : 7r and 7 

3P0 : a0 and o 
J 

-- 

3S1 : p and w 

3P1 : a1 and f1 
I 

'PI  : bl and hl 
J 1  

3D1 : p' and w' 

QQh MESONS 

'So: I = l ,  0 

3Po: I = l ,  0 
I 

1P1:1=1,0  

3D1 : I = I, o 
I 

3S1: I=i ,  o 

3 ~ 1 : I = i ,  0 
J 

(3.3) 

The lightest QQ mesons are at the top of the chart; the heaviest at the bottom. Isotriplets 
are listed before isosinglets. The arrows in the chart indicate the opposite parity states that 
are degenerate in mass because of su(2)A symmetry. The su(2)A multiplets have various 
dimensions: T + o is four dimensional; p + a1 is six dimensional; w is a chiral singlet. The 
QQ mesons automatically have P = (-l)L+l and C = (-l)L+s. The QQh mesons in the 
second column have P = but C is not determined by the values of L and S. 
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C. Decays and experimental signals of &&h mesons 

In the chirally invariant phase not all the QQ and QQh mesons will be bound. The 
combinations that are bound into isosinglets have a Zweig suppressed decay into two or 
more gluons depending upon Jpc.  Their decay into photons might be detectable. The 
isotriplets cannot decay into gluons but they could break up by collisions with free quarks 
in the plasma. Most importantly, the holes can only exist in the chirally invariant phase. 
Thus in a RHIC collision they can exist for a maximum of 5 or 10 fm/c, corresponding to a 
minimum width of 20 MeV to 40 MeV. 

In the random instanton liquid model [ll] the combinations that bind are those whose 
constituents have opposite chirality, viz I' = l,iyS,y5yoq,y,-,;J. The last two of these would 
give QQh vector mesons with Jpc  = 1+- and 1--. The latter would produce a characteristic 
dilepton pair signal at its mass. It seems quite unlikely that this thermal meson mass would 
coincide with that of any known sources of dileptons. 

The calculation of meson binding and of decay depends crucially on the residue function 
Zh(Eh, I C ) .  As mentioned earlier it is the same as the quark residue IC = 0 but at IC > T it 
is negligible. This complication helps distinguish the QQh dilepton signal from background. 
All dilepton rates fall exponentially like exp( -E/T)  where E is the energy of the lepton pair. 
For normal sources such as p and w,  the prefactor of this exponential is almost independent 
of E. For dileptons produced by QQh mesons the prefactor will fall rapidly with the dilepton 
energy E and be negligible at E N T .  Thus in a plot of dilepton invariant mass that includes 
only low energy pairs such as E < 50 MeV or E < 100 MeV, the QQh signal is most likely 
to stand out. 
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Abstract 

We argue that if UA( 1) symmetry is partidy restored at high temperatures, 
q and q’ masses will decrease, leading to enhanced thermal production of q 
and q/ mesons. Such enhancement can survive thermal interaction only if 
the chemical equilibrium processes for an 7-n system stop before the thermal 
freeze-out. We calculate the chemical and thermal freeze-out times in an q-n 
gas, using t’ Hooft model, which incorporate explicitly the UA(1) anomaly. 
Assuming an exponential suppression of the UA( 1) anomaly, we also take into 
account the partial restoration of UA( 1) symmetry at high temperatures. We 
find that the chemical equilibrium between q and ?r breaks up considerably 
earlier than the thermal equilibrium. 

I. INTRODUCTION 

In the chiral limit with vanishing quark masses, QCD lagrangian has UL(Nj) x UR(Nj)  
symmetries, under which all left-handed and right-handed quark fields can be rotated inde- 
pendently. The chiral symmetry S U L ( N ~ )  x S U R ( N ~ )  is spontaneously broken giving rise 
to massless Goldstone bosons. While another remaining symmetry Uv (1) conserves baryon 
number, the u A ( 1 )  symmetry is violated by the axial anomaly present at the quantum level 
and thus cannot give rise to another Goldstone boson. The U4(1) particle, known as ~‘(958) 
in the N f  = 3 case, acquires an additional mass through interactions with topologically 
nontrivial vacuum, e.g., instantons [I], 

thus breaking up the mass degeneracy with pions, 
@pv is the dual gluon field strength tensor, ( v 2 )  is 

kaons and 7 in the chiral limit, where 
the topological susceptibility and (. - .) 

*talk presented by X.-N. Wang 
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stands for the vacuum expectation value at zero temperature or the thermal average at finite 
temperature. 

It is believed that at high temperatures the instanton effects are suppressed due to the 
Debye-type screening [2]. Then one expects a practical restoration of u A ( 1 )  at high temper- 
atures. If the restoration occurs at a temperature lower than the chiral phase transition tem- 
perature Tx, there may be some interesting phenomenological implications in high-energy 
heavy-ion collisions, as suggested first by Pisarski and Wilczek [3] and more recently by 
Shuryak [4]. One of the consequences of u A ( 1 )  restoration is the enhancement of q particle 
production at small and intermediate transverse momenta due to the softening of its mass 
at high temperatures [5]. However, the final yield of the 7 particles and their pt distributions 
both depend crucially on the chemical and thermal equilibrating processes involving the 7 

In this talk, we shall examine the rates of various processes relevant for the thermal q 
particle production, in particular, whether or not the q can decouple early enough from the 
thermal system expected to be produced in relativistic heavy ion collisions. We shall present 
a model calculation of the thermal cross sections for the processes qq t) qq, ~q t) ~q and 
qq t) TT,  essential to the thermal and chemical equilibration. Our calculations are based 
on models which explicitly incorporate the u A ( 1 )  anomaly. We also assume an exponential 
suppression of the u A ( 1 )  anomaly due to the Debye-type screening of the instanton effect 
[2], which leads to the temperature dependence of the 7 and q' masses. Our results suggest 
that the chemical equilibrium breaks up for q particles long before the thermal freeze-out. 
Therefore a modest enhancement of thermal q production could signal the relic of partial 
UA(1)  restoration. 

161 - 

11. TEMPERATURE DEPENDENCE OF 7 AND 7' MASSES 

The standard Di Vecchia-Veneziano model [7,8], which in'corporates the explicit UA( 1) 
anomaly, reads after integrating out the gluon field 

,& = -Tr(dpUdpUt) f," + -Tr(MU f," + M U t )  + f,"-f-(log detU - log detu+)', . (2) 
4 4 4 4Nc 

where U = exp(i@/fT), fT = 93 MeV, M = diag(mi, mi, 2mk - mi) and 

To  4- 7 8 1 4  + &Ill4 &r+ &iK+ 
a =  ( -To + 78/& + f i q 1 1 4  &iKO 

f i K -  m - 2 % / f i  + &q1/& 
The last term in Eq. (2) is the anomaly term which breaks u A ( 1 )  explicitly. It is easy to 
check that Eq. (2) satisfies the anomalous Ward identity which is crucial for determining 
the form of U A ( ~ )  breaking [9]. In Eq. (2), a is related to the topological susceptibility in 
pure Yang-Mills theory 

The quadratic terms for the octet 778 and the sirJet q1 from the Lagrangian reads 
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We consider the difference between the strange and non-strange quark masses. Therefore, 
there is a mixing between the octet 78 and the singlet 71. The physical ~ ( 5 4 7 )  and f ( 9 5 8 )  
are defined by 

I 

to diagonalize the quadratic terms with the mixing angle 

4m& - m: - 3m: 
tan8 = 

2 4 m ;  - ma) ' 
and the physical masses are 

1 
2 

mg = (m$ + a /2 )  - -d(2m& - 2m3 - C L / ~ ) ~  + 8a2/9 , 
1 
2 

mil = (m$ + a/2) + -4(2m; - 2m: - ~ / 3 ) ~  + 8a2/9 . 

(7)  

The mixing angle 8 as well as mt and m:l depend on the instanton-induced quantity 
a which is a function of temperature. It is known that mixing angle 8, rn; and m$ at 
T = 0 cannot be simultaneously fit to their experimental values by a single parameter 
a(0). The best fit is to use the measured value of m; + m$ as an input to  determine 
a(0) = (mi + m:l) - 2mk and use this a(0) to predict 8, m: and m:l using Eqs. (7)  and (8) .  
The predicted values are 8 = 18.3', m, = 500 MeV and m,t = 984 MeV, compared to the 
measured values dew N 20' from 7 , ~ '  -+ yy, mGQ = 547 MeV and rn;? = 958 MeV. 

We now assume that the temperature dependence of m, and m,t is completely deter- 
mined through the temperature dependence of a(T) or the topological susceptibility. The 
precise form of a(T) at a temperature lower than the chiral phase transition temperature 
(T,) is not known. It has been shown by Shuryak and Velkovsky [lo], using soft pion approx- 
imation, that at a very low T < fT, the instanton density shows a rather weak dependence 
on T .  It is also argued by Pisarski and Wilczek [3] and by Shuryak [4] that at T, the 
instanton effect should be suppressed at least by a order of magnitude if the instanton is 
responsible for the spontaneous chiral symmetry breaking. This indicates a rather strong 
temperature dependence of the instanton effect as T approaches T, from below. Recent 
lattice QCD calculation [ll] indeed demonstrated such behavior of the topological suscepti- 
bility of the pure Yang-Mills fields as shown in Fig. 1. To model such a dependence, we use 
a phenomenological parametrization in an exponential form [ 12-14] 

where To N 100 - 200 MeV, while keeping the masses of the pion and kaon approximately 
temperature independent, since they change very slowly with the temperature. Throughout 
this paper, we take To = 150 MeV in Eq. (10) as shown by the solid line in Fig. 1. 

We plot schematically the temperature dependence of 77 and 7' masses in Fig. 2. Clearly, 
the 7 becomes soft at high T and eventually is degenerate with the pions. The mass of q' 
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0-0 Lattice (Chu & Schramm) 
- Our Parametrization 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
lo" 

T/T, 
6 

FIG. 1. The temperature dependence of the topological susceptibility of pure Yang-Mills fields 
from Ref. [ll]. The solid line is a exponential fit in Eq. (10) with TO = 150 MeV. 

n 

Y z 
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300 

50 loa 150 200 

T e m p e r a t u r e  T (MeV) 
FIG. 2. The temperature dependence of mq, mBt, mg. The parameter in the exponential 

suppression of the instanton effect is taken to be TO = 150 MeV. 
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FIG. 3. The temperature dependence of the strangeness contents in 7 'and 7' 

also decreases. However, it does not become degenerate with the pion because of the large 
strange-quark mass, as is seen from Eq. (9). From Fig. 2 we see that the 7' mass at high 
temperatures is still higher than the q mass at zero temperature. In Fig. 2 we also plot the 
temperature dependence of the S resonance mass which we will discuss late. At temperatures 
higher than T, when chiral symmetry is restored, the masses of these excitation modes will 
all rise again. 

The temperature dependence of the topological susceptibility can also cause the mixing 
among q and q' to change. To demonstrate such effects, we plot in Fig. 3 the strangeness 
contents in q and q' as functions of temperature. We see that as u~(1)  is practically restored, 
q becomes completely non-strange while q' becomes a SS state. 

111. CHEMICAL AND THERMAL EQUILIBRIUM TIMES 

As we have postulated earlier, when the q mass decreases at high temperature as u~(1) 
is partially restored, its thermal production must be enhanced. However, if chemical equi- 
librium is maintained when interactions change the q mass all the way until freeze-out, there 
should not be any enhancement of final q production. In order for the enhancement of ther- 
mal q production to survive the interactions that can change 7 number, such interactions 
must effectively stop long before the thermal freeze-out. In other words, chemical freeze-out 
must happen long before the thermal freeze-out. 

In order to estimate the chemical and thermal freeze-out time at finite temperature, 
one should also include resonances. The linear a-model based on the chiral symmetry is 
known to satisfy the low-energy theorems, and at the same time to be able to incorporate 
the resonances. To further reduce the input parameters, we consider the c and S(980) [now 
called ao(980)] resonances, which, together with T and the qm to be defined below, form 
a complete representation of U(2)  x U(2). We shall concentrate on the q particle, since 
there is no dramatic change of the q' mass with temperature, as shown in Fig. 2. We study 
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the most relevant processes for the 7 production: 77 t) xx, xq c) xq, and 77 ts 77. In 
this case, U(3)  x U(3) reduces to U(2) x U ( 2 )  except for the mixing effects which we have 
already calculated. The reactions 77 -+ 77 and 7r7 i q determine the collision time scale 
responsible for maintaining the thermal equilibrium while 77 4 xx is responsible for the 
chemical equilibrium between 7r’s and 7’s. 

Let us introduce the nonstrange mode 7- = (ua+dJ)/fiand take m, to be heavy. Then 
yns is approximately a mass eigenstate, 7- = 7 sin x + 7‘ cos x, whose mass is determined 
from Eq. (5) to be m& N- 2a/3 + mz. At zero temperature, mns N- 709 MeV. We then define 
the (2,2) representation multiplet of U(2) x U(2) as 

1 1 
2 @ = -(Q + iqns) f ~ ( 6  + iT) - 7 .  

The most general U ( 2 )  x U(2) invariant potential is 

and the mass term is 

where XI,  A2 are dimensionless constants. The UA(l)-breaking term, consistent with the 
Ward identity, is introduced by t’ Hooft [15] as 

(14) 
a 

3 
V, = -(detBt + det@) , 

and the coe6cient in V, is chosen such that it gives the correct mass for vnS. The mass 
spectrum can be derived from Eqs. (12), (13) and (14) by making a shift Q -+ f, + 0: 

(15) 
m:=Xlf:+m, * , ms=X2f:+mns. 2 2 

The decay widths are 

At zero temperature, ru N 1 GeV (if mu N 700 MeV) and rs N 200 MeV. In principle, 
we should also take into account the temperature dependence of f, and mu below Tx. 
Here, we assume the chiral phase transition is very rapid after which f T  and mu have 
very slow temperature dependences. Furthermore, due to the large width of the 0, the 
slow temperature dependence of mu will not change our results significantly. Under such an 
assumption, the linear a-model predicts also some softening of the S resonance as T increases, 
because S is the chiral partner of x and acquires some mass from the U A ( ~ )  anomaly. The 
temperature dependence of m6 is plotted in Fig. 2. 

The interaction terms are 
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The coupling constants A1 and A2 can be obtained from the mass relations of Eq. (15). It 
is worth pointing out that the above model should not be used to estimate the pion-pion 
scattering amplitude, because it does not include the important vector resonances such as 
p and AI. However, since 77 and 7r7 scatterings cannot go through J = 1 channel, they 
do not directly affect the interaction rates for 7. Similarly, we have also neglected the 7-p 
interact ion. 

To calculate the scattering amplitudes at the lowest order, we have to remove a pole 
singularity encountered when a resonance appears in the s-channel. A naive introduction 
of Breit-Wigner resonance width will spoil the delicate cancellation between the contact 
interaction and the pole exchange at low energy, leading to the violation of the low-energy 
theorems. We adopt a minimal prescription to save the low-energy limit developed by 
Chanowitz and Gaillard [16], making the following replacement 

where n, and n, are the number densities for 7r and 7, and the summation over different pion 
states is understood. In Fig. 4, Tther and T&em are plotted as functions of the temperature. 
In the calculation, we have explicitly taken into account the temperature dependence of 
m,(T), ms(T), m,(T) and rs(T).  For a typical value R = 6 fm for the transverse freeze- 
out radius of the system, we define the thermal and chemical freeze-out temperatures Tth 

and Td respectively as Tther(Tth) = R and ~ d ~ ~ ( T d )  = R. One finds from Fig. 4 

Tth N 139 MeV and Td N 168 MeV, (21) 

which are the temperatures at which the thermal and chemical equilibria start to break 
up, respectively. Therefore, the chemical freeze-out happens considerably earlier than the 
thermal freeze-out. 

IV. CONCLUSIONS 

After chemical freeze-out, T < Td,  the T-7 conversion process becomes slow and effec- 
tively is turned off the system can no longer maintain the chemical equilibrium. There is 
an approximate conservation of the total number of 7's since neither 77 -+ 77 nor 7r7 + q 
can change the total 7-number though thermal equilibrium is still maintained when T > Tth. 

During the expansion and cooling afterwards, the 7 mass continue to increase to its vacuum 
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FIG. 4. The characteristic time scales of the thermal and chemical equilibration for the 7 

particle. 

value, a finite chemical potential develops from which one can calculate the enhancement 
of 77 production. The enhancement depends very sensitively on how the system cools down 
and break-up. 

After the thermal freeze-out, It is clear that there must exist some mechanism for the 77 
to relax from the ‘temporary’ entity whose mass is smaller than its vacuum value to its true 
identity at zero temperature with mo = 540 MeV. A possible picture might be that the 7 
particles still feel a negative potential in the fireball. The height of the potential barrier is 
determined by the mass difference Am M m, -m,(T,). The 77 particles with pt smaller than 
Am will be trapped in the potential well until the rarefaction wave reaches the center of the 
interaction volume. Such a picture has been suggested by Shuryak [4]. At this stage, we do 
not attempt to address this nonequilibrium issue, but just to remark that our calculation 
here indicate some enhancement effect at small p&Am N 100 - 200 MeV. 
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V. 
Experimental 
Developments 



Interesting Aspects of the STAR Detector 
and Physics Program* 

Timothy J. Hallman 
For the STAR Collaboration 

Brookhaven National Laboratory, Upton, New Yo&, 11973, USA 

The Solenoidal Tracker At RHIC (STAR) is a large acceptance collider detector scheduled 
to begin operation at the Relativistic Heavy Ion Collider (RHIC) in the fall of 1999. Simply 
stated, the physics goals of STAR are, 

0 to study the behavior of strongly interacting matter at high energy density 

0 to search for signatures of a deconfined partonic phase of matter, and 

0 to study the importance of spin as a fundamental property of QCD interactions and 
measure the spin-dependent parton distributions (gluon, valence quark, sea quark) of 
the proton. 

With regard to the search for a deconfined phase of matter, STAR [l] is designed to 
search for signatures of QGP formation through the measurement and correlation of global 
observables on an event-by-event basis and the use of hard scattering of partons to probe 
the properties of high density matter. 

The baseline STAR detector (Fig. 1) utilizes a time projection chamber (TPC) in a 
solenoidal magnetic field of 0.5T covering approximately 4 units of the central rapidity. An 
additional element of the detector is a silicon vertex tracker (SVT) to locate the position 
of the primary vertex to high accuracy, and to locate secondary vertices to an accuracy of 
20 pm. A Pb-scintillator sampling electromagnetic calorimeter will be used to trigger on 
transverse energy and measure jets, direct photons and leading T O  production. A portion 
of the acceptance will be instrumented with a highly segmented TOF array, extending the 
maximum momentum for n / K  separation from 0.6 to 1.5 GeV/c and the corresponding 
limit for K/p  separation from 1-2.4 GeV/c. Forward TPCs (FTPC) located in the region 
2 < 1771 5 4.5 will be used to study the transfer of energy from projectile rapidity to 
midrapidity by following the fate of the incident baryons rescattered in the collision. 

An important measure of recent progress in the construction of STAR is the initiation 
of the first phase of the STAR “system test”. In this effort, all of the key elements of 
STAR data taking chain (TPC, front end electronics, DAQ, trigger, and slow controls) 

the 
are 

*This research was supported by the U.S. Department of Energy under Contract Nos. DE-AC02- 
76CH00016. 
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FIG. 1. Schematic layout of the STAR detector. 

physically interfaced and made to work together for the first time. Progress in this area is 
evident in Fig. 2, in which the first cosmic ray data detected in a STAR TPC pad plane 
are shown. Further work using both cosmic rays and lasers will test the channel to channel 
uniformity, the position resolution for a single track, and the two-track resolution. 

'Cosmic event '4 

FIG. 2. The first cosmic ray data recorded in a STAR TPC pad plane as part of the STAR 
system test. 

One important aspect of the STAR program will be to search for special events in which 
the measurement and correlation of event-by-event observables (e.g. dn,/dy, T,, K /n ,  pt, ,  
dnldy) indicates the transition to a deconfined phase may have occurred. An event in this 
category might be characterized, for example, by an unusually high inverse slope parameter 
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FIG. 3. Simulated invariant mass distribution for the ,Z- using the STAR SVT. 

for the pion spectrum or large non-statistical fluctuations in the dn/dy spectra. A second 
goal will be to measure the thermodynamic observables (T, pg, p9) for an ensemble of events 
to establish whether a state of thermal and chemical equilibrium has been reached. This 
state of matter is predicted to occur in the evolution of the system from deconfinement 
to hadronization, and its observation would be strong evidence that a phase transition to 
a QGP had taken place. The design of the detector allows for the precise measurement, 
for example, of particle ratios ( p / j j ,  A/A, K / n )  to determine the strange chemical and 
baryo-chemical potentials, inverse slope parameters and pt to determine the energy density 
(temperature), and dn/dy distributions to investigate entropy production. These observables 
will be measured and correlated to determine if a state in which chemical and thermal 
equilibrium has been reached can be identified. 

Determination of the strangeness density and strangeness “saturation” in relativistic 
heavy ion collisions have long been recognized [2] as important probes of plasma production 
primarily because a rapid increase in SS production through gluon-gluon interactions in a 
QGP would allow saturation of the strangeness degrees of freedom much more quickly than 
could be achieved in multiple hadronic interactions. The measurement of strange baryons at 
RHIC however is complicated due to the short lifetime and low mean pt which characterize 
the production. As a consequence, combinatorics pose a significant background, and an 
inner tracking system capable of accurate determination of secondary vertices is essential. 

In STAR, this is accomplished with a new type of detector developed at Brookhaven 
National Laboratory (BNL) through RHIC R&D - the silicon drift detector (SDD). With 
careful shaping of the electrostatic potentials, the ionization deposited by a charged particle 
traversing a fully depleted silicon wafer can be made to drift at a constant velocity the 
entire length of the wafer. Knowing the time of the drift and determining the position in the 
anode direction by charge sharing, the position of the charged particle can be determined 
with great precision. Extensive bench tests at BNL and elsewhere have shown that space 
point resolutions on the order of a few tens of microns are achievable. The STAR silicon 
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FIG. 4. Results from HIJING calculations on the dependence of the inclusive c,arged hadron 
spectra in central AuAu and pAu collisions on mini-jet production (dash-dotted), gluon shadowing 
(dashed) and jet quenching (solid) assuming that gluon shadowing is identical to that of quarks. 
RAB(pt) is the ratio of th inclusive pt spectrum of charged hadrons in A + B collisions to that of 
PP 131. 

vertex tracker (SVT) is constructed of ladders of SDDs arranged in three concentric cylinders 
at mean radii of 6.5, 10.5, and 14.5 cm. 

The utility of the STAR SVT is demonstrated in Fig. 3. Using the characteristic reso- 
lutions demonstrated through R&D for this device, the S- yield and signal to noise ratio 
for approximately 2-3 days of AuAu running are shown to be quite good. This detector is 
nearing the beginning of its construction phase, and completion is projected for the end of 
calendar year 1999. 

Two specific aspects of the STAR program which merit a somewhat more detailed dis- 
cussion are measurement of the gluon distribution in the nucleus, and the detection and 
interpretation of multiple non-statistical correlations possibly indicative of new physics. 

An important element in the ion studies at RHIC and LHC will be the determination of 
the initial conditions - the parton distributions in the nucleus. RHIC will be the first heavy 
ion accelerator in which a large part (50%) of the energy transferred into particle production 
comes directly from partonic processes which are calculable in pQCD. Theoretical guidance 
as to the evolution of the early stages of the collision is therefore possible if the initial 
distribution of partons in the nucleus is known. Presently it is expected that gluon-gluon 
scattering will dominate at early times with chemical equilibration of the quark degrees of 
freedom proceeding much more slowly. Determination of the gluon distribution in the nucleus 
in pA interactions, which is not provided by deep inelastic scattering studies, is therefore 
of particular interest. One would like to know the distribution down to the smallest values 
of ZBJ of relevance for particle production in the ion studies. At RHIC this value is zBJ N 

.01. At LHC it is an order of magnitude lower, and this study may be problematic due to 
the two-in-one magnet design of the accelerator. 

The fact that the quark (valence plus sea) structure function of a nucleon in a nucleus is 
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FIG. 5. The measured gluon density at an average Q2 of 30 GeV2 as a function of the fractional 
gluon momentum compared with indirect determinations by I31 and ZEUS at Q 2  = 20 GeV2 as 
well as with a determination from J / Q  production by NMC evolved to Q2 = 30 GeV2 [4]. 

modified with respect to that for a free nucleon is well known from deep inelastic scattering. 
It has also been pointed out for some time [3] that one also expects a similar modification of 
the gluon structure function. Inspecting the middle panel of Fig. 4, for example, the ratio of 
single particle inclusive production in AA to that in p p  varies by a factor of approximately 
two depending on whether or not such a modification-“gluon shadowing” -is assumed. To 
reduce this uncertainty in the interpretation of the measured spectra, it would be of great 
value to have independent knowledge of the gluon structure function in the nucleus. 

Experimental effort thus far has focused on measurement of the gluon distribution in 
the proton with the consequence that significant data on zg(z) are now available at low 
xBJ  from H1 and Zeus, with complementary data closer to the valence region available from 
NMC and BCDMS. The data at low Z B J  come both from direct measurement of photon- 
gluon fusion, and from examining the scaling violation of the F2 structure function at low 
x B J ,  the latter presumably resulting from the production of sea quark pairs in gluon-gluon 
interactions. A compilation of the available data on zg(z) normalized at a Q2 of 30 GeV2 
is shown in Fig. 5 [4]. 

It is interesting to note that even at the lowest X B J  measured, the value of sg(z) is 
considerably less than the value one would naively expect if gluons completely filled the 
transverse size of the proton. In principle, saturation of the gluon density in the proton at 
low X B J  could yield important information about the modification of the gluon distribution at 
higher XB J in the nucleus, since both effects result from the same basic gluon recombination 
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FIG. 6. The range of z g ~  for which the gluon distribution in the nucleus will be investigated 
in STAR using direct photon + jet coincidences. The statistical accuracy expected for 1 month 
of running for pAu interactions at the design luminosity is indicated. The top curve shows a 
theoretical estimate of gluon shadowing in the nucleus[5]. The quark shadowing in the nucleus 
expected for pAu interactions is shown for reference (bottom curve). 

processes. What is not obvious thus far in the data of Fig. 5 is the extent to which saturation 
of the parton distribution may already be present in the data, or indeed how to extract this 
information. A further technical difficulty is that it is precisely at the point where saturation 
of the parton density occurs that the assumption of factorization may break down. 

In STAR, the intent is to measure the gluon distribution in the nucleus directly in order 
to determine the initial conditions before the collision. This will be probed using the QCD 
Compton diagram, detecting the final state jet and direct photon coincidence in the STAR 
TPC and electromagnetic calorimeter. The contribution to this channel from qij annihilation 
should be small (of order 10%) at these energies. The region of the STAR acceptance (in 
zgJ) for this measurement as well as the projected sensitivity for a pAu run of 1 month 
at the design luminosity are indicated in Fig. 6. Work is ongoing within STAR both to 
refine the design of the EMC to address the measurement of jets and direct photons in AA 
interactions (in pp and pAu this capability has already been demonstrated) as well as to 
perform realistic simulations focused on identifying and understanding potential sources of 
systematic error in this measurement. 

A second effort that has recently become the focus of increased effort and interest is to 
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develop techniques from information theory on how, beyond simple two dimensional correla- 
tion techniques (e.g. scatterplots), to detect and measure non-statistical multi-dimensional 
correlations [6]. 

The basic idea underlying this analysis is that there is a unique physical scale associ- 
ated with correlations of a particular type. This is to some extent familiar from common 
experience. If viewed from many miles away, the correlation information contained within 
a city skyline might be hard to distinguish from the surrounding horizon by the naked eye. 
From several miles away, however, the skyline of the city would be unmistakable and one 
would be able to make a fairly precise estimation, for example, of the size and outline of the 
city. If standing then between two tall skyscrapers within the city which subtended most of 
the field of view, it would be again hard to determine much about the overall dimensions 
or outline of the city, although it might be much easier to detect a different correlation,-for 
example, an unusually high probability of finding a delicatessen in the neighborhood. The 
essence of this technique then is to determine the correlation information content within 
a given central AuAu interaction by examining the “topological” or “Renyi entropy”-the 
amount of information available-at a number of different physical scales which relate to the 
physical size of various elements of the STAR detector system. The goal is to select events 
based on the level of their information content, rather than on the extent to which they 
resemble or differ from criteria developed from event generators of unknown reality. 

Practically, to make this determination, each event is first examined to determine the 
“Renyi entropy” at a given scale. In practice this can be as simple, as counting the number 
of particles or the transverse energy (normalized for convenience) entering a set of bins 
(scintillator counters, calorimeter towers, etc.) of a given size and determining the logarithm 
of the moments of the distribution. This procedure is then repeated with a slightly different 
binning at the same scale, to insure the results are independent of the choice of binning. The 
results of several trials determine the average “scaled entropy” for that event. The scaled 
entropy for a given event may then be compared to the scaled entropy for an ensemble of 
reference events generated either from an event generator, or some a priori notion concerning 
the nature of the fluctuations for a given type of distribution. 

The difference between the average scaled entropy for an event of interest and the ref- 
erence ensemble is termed the “scaled information” for that event. Having determined the 
scaled information at a given scale, the process is repeated to determine the scaled infor- 
mation for each event of interest for a range of different physical scales (usually 50-100). 
Finally the “dimension lowering” -the derivative of the scaled information with respect to 
scale size-is determined, for example, at 3 different scales, and the result plotted in a Carte- 
sian space to determine if events belonging to distinctly different populations in this space 
can be identified. 

In principle one can generalize this technique to examine events in an n-dimensional 
space to search for unique non-statistical n-dimensional correlations. Further, this analysis 
technique may be used either at the trigger level, or in off-line analysis. The power of this 
technique is illustrated in Figs. 7 and 8, in which several event types which differ in the 
nature of the energy deposition in the interaction region have been used. What is noted is 
that essentially all event types exhibit very similar multiplicity distributions (Fig. 7) which 
do not distinguish one type of event from another. When the dimension lowering for each 
event at 3 different scales is plotted in a Cartersian space however (Fig. 8), the event types 
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FIG. 7. The relative deviation, as a function of pseudorapidity (bin number) of the 
charged-particle multiplicity for several hypothetical event samples from the event ensemble aver- 
age of a standard RHIC event class (except for the POISSON events, which are shown relative to 
a uniform distribution). 

are quite distinct and the events contained in one particular population can be separated 
out for further analysis with appropriate cuts. 

This technique appears to be quite promising, and it would be of significant interest to 
perform such an analysis, for example, for events with and without mini-jets, the presence 
of which is in general difficult to isolate. One obvious consequence of this type of analysis 
technique is the somewhat urgent need for more realistic RHIC event and plasma event gen- 
erators to assess the physical significance and interpretation of fluctuations and correlation's 
which may be observed. 

In conclusion, to search for evidence of a transition to a deconfined phase the STAR 
detector will measure and correlate a number of global observables on an event-by-event 
basis. STAR will also provide important information on the initial conditions, using jet- 
direct photon coincidences to probe the gluon distribution of a nucleon in the nucleus via 
the QCD Comtpon process. Work is continuing on refining the STAR capability to use 
hard-scattered partons as a penetrating probe to provide information on the medium in the 
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FIG. 8. The distribution in a polar coordinate space, for the same event samples plotted in 
Fig. 7, of the dimension lowering at three different physical scales. (Each axis locates for a given 
event the dimension lowering at one physical scale). Close inspection (made easier by the use of 
color plots not shown here) indicates that, plotted in this manner, the event samples shown in 
Fig. 7 populate different regions in this space corresponding to differing assumptions regarding the 
deposition of energy and subsequent hadronization in the interaction. 

early stages of relativistic AuAu interactions. 

REFERENCES 

[l] Further details of the STAR experimental program may be found in the STAR Conceptual 

[2] J. Rafelski, Phys. Lett. B262 (1991) 333; see also E. Andersen et al., Phys. Lett. B327 

[3] X.N. Wang and M. Gyulassy, Phys. Rev. Lett., 68 (1992) 1480. 

Design Report, LBL PUB-5347, June 1992. 

(1994) 433, and references therein. 

307 



[4] H1 Collaboration, DESY preprint 95-086, (ISSN 0418-7833). 
[5] K.J. Eskola, Jianwei Qiu, and Xin-Nian Wang, Phys. Rev. Lett. 72 (1994) 36. 
[6] T.A. Trainor and J.G. Reid, STAR Level-2 Trigger Algorithms Simulations and Perfor- 

mance, U. of Washington, unpublished. 

308 



Some Recent Results in Au+Au collisions at AGS 

Ziping Chen 
Dept. of Physics 

Brookhaven National Lab. 
Upton NY, 11973 

Abstract 

Many interesting results have been obtained for Au+Au reactions at AGS. 
The basic information about the reaction dynamics comes from the hadronic 
distribution, and this article reviews the recent progress of these distribution- ' 
s in details. The proton rapidity distribution shows significantly increased 
stopping compared to lighter systems, implying the formation of a state of 
high baryon density. Unlike reactions at this energy induced by lighter heavy 
ions, at low mt - mo the proton invariant spectra deviate from a single ex- 
ponential shape and become flat, while pion spectra are found to rise in this 
region, with the T- spectra rising faster than the T+ spectra. The inverse 
slope parameter increases faster for particles of larger mass as the number 
of participant in the reaction increases, an indication of increased effect of 
radial expansion in central collision. Anti-proton yields have been measured 
recently, and unfortunately a comparison among current results from different 
experiments indicates discrepancy. 

I. INTRODUCTION 

At AGS energies collisions of heavy ions provide a unique oppertunity for studying nucle- 
ar matter far from its normal density. This condition is made possible because of the large 
degree of stopping of the incident nucleons. Hadron spectra which result from collisions 
of silicon beams with targets ranging from aluminum to gold indicate that the projectile 
deposite essentially all its incident energies in target larger than copper [l]. It is anticipated 
that an interaction region of larger volume, longer lifetime, and higher maximum density 
could be achieved by the collision of two truely heavy ions such as gold. With the instal- 
lation of the Booster, the Brookhaven Tandem-AGS complex is capable of accelerating Au 
ions with energies up to 11.6 A.GeV/c. Some of the phenomena which have been considered 
to be associated with such large degree of stopping include effects of the compression and 
heating of nuclear matter, the production of a state of very high nucleonic density, and 
the achievement of thermal and chemical equilibrium. Most speculatively, it has been con- 
jectured that a sufficiently high baryonic density can be attained to  effect a phase change 
from the initial hadronic matter to a quark-gluon plasma. The basic information about the 
dynamics of these reactions comes from measurements of the transverse momentum and 
rapidity distributions of hadron spectra. In particular, the proton distributions allow the 
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FIG. 1. E866 measured invariant cross-section divided by the trigger cross section for identified 
protons in Merent rapidity intervals as a function of transverse kinetic energy - mo. The bin 
width of the rapidity interval is 0.1, and Sy is the distance of the measured rapidity of the spectra 
from the central rapidity ynn = 1.6. The spectra are scaled down by a factor of 10 successively. 

determination of the nucleonic stopping in the reactions. The article does not intend to 
cover all the topics studied by the heavy ion experiments at AGS, but rather concentrate 
on hadronic spectra of various particle species. 

11. RESULTS AND DISCUSSION 

Figure 1 shows the measured invariant spectra of E866 for protons at different rapidity in- 
tervals. On the horizontal axis mt is the so-called transverse mass defined as mt = &-, 
where pt  is the transverse momentum and mo is the rest mass of the identified particle. On 
the vertical scale is the invariant cross-section divided by the trigger cross section where 
at,ig = 350 mb corresponds to 6% of the total interaction cross section. The solid points 
are the measurement from the Forward Spectrometer while the open ones are from the large 
aperture spectrometer. Beam rapidity for Au ions at 11.6 A.GeV/c is 3.2. Since projectile 
and target are identical, the cross-section is therefore symmetric around the mid-rapidity, 
ynn = 1.6. This symmetry is used to fold spectra of same Sy together, where Sy is the dis- 
tance of the measured rapidity y from the central rapidity Sy = Iy - ynnl. This experiment 
covers a rapidity range up to Sy = 1.05 with the projectile (or target) rapidity corresponds 
to Sy = 1.6. The curves in the figure are the fits to the spectra with a two exponential 
function. 

Proton spectra are also measured in E877, but in a different kinematic region close to 
the beam rapidity, as indicated in Figure 2 [2]. The vertical axis is slightly different from 
Figure. 1, and the spectra are once again displaced by a factor of 10 . The inverse slope of 
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FIG. 2. The preliminary results of E877 measured spectra for identified protons in different 
rapidity intervals as a function of transverse kinetic energy mt - mo. The bin width of the rapidity 
interval is 0.1. The spectra are scaled up by a factor of 10 successively. 

the spectra decreases as the rapidity increases. Around the beam rapidity, Yb = 3.2, another 
component appears in the spectra at low mt which is even steeper in slope. These are the 
nucleons which do not go through any violent collision. 

To inspect the shapes of the particle spectra in more detail, the measured particle dis- 
tributions for T+, T-, and protons are displayed in Figure 3 as a function of mt - rno for the 
central rapidity interval of 0 < Sy < 0.2, where the proton spectrum has been multiplied by 
0.5 for clarity. Clearly, the proton spectrum is much flatter compared with those for pions, 
and it tends to bend down at low mt - mo. Hence unlike the proton spectra measured in 
reactions induced by lighter projectiles at similar incident energy per nucleon, namely p+A 
[3] and Si+A [4,5], the proton spectrum here cannot be described satisfactorily by a single 
exponential fit. The spectrum for T- is also impossible to describe satisfactorily with a 
single exponential, since it shows a strong rise at low mt - mo. The rise at low mt - mo for 
n+ is much less. The rise of both pion spectra at the low mt - rno can be explained, in part, 
by the decay of resonances such as A’s which tend to produce relatively low momentum 
pions [6] .  Spectra for 7r- increase faster than those for wf in this region, and there are 
several reasons for this. The weak decay of the lambda produces relatively low momentum 
R-, and some of these T- survive the target position cut and show up in the low mt region. 
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sured invariant cross-section divided by the trigger cross section fc identifi a 
pions and protons in the rapidity interval 0 < Sy < 0.2 as a function of transverse kinetic energy 
mt - mo. The spectra for protons, plotted as solid round points, is scaled down by a factor of 2. 
The open circles in the figure are the spectra for T-, and the solid squares are that for n+. The 
insert shows the ratio of T- /T+ as a function of mt - mo in a larger rapidity interval, 0 < Sy < 0.4. 

Also the production of low momentum pions through A's prefers T-  171 because there are 
more neutrons than protons in the projectile/target. However, a major contributorn to  the 
difference between the 7r- and 7r+ spectra may well be their Coulomb interaction with the 
rest of the co-moving media [8-101 which in average is positively charged. In the insert, the 
ratio (n-/n+) is plotted with a larger rapidity bin, 0 < Sy < 0.4, and the normalization is 
absolute. At high mt - mo, the ratio approaches one. 

Figure 4 shows the same ratio, T-/T+, at the same rapidity in reactions of different 
centralities. The spectra are scaled up by a factor of 2 successively, and the horizontal lines 
are the corresponding positions for the ratio 1. In peripheral reactions, the ratio is flat over 
the entire mt range and its value above one. This is consistent with the fact that there are 
more neutrons than protons in the colliding nuclei. For comparison, the ratio not only rises 
at low mt but also falls down to unity at high mt in central collisions. This is what would 
happen if the positive pions were pushed away and the negative pions were pulled in, for 
example by Coulomb interaction. So the centrality dependency of the n-/n+ ratio provides 
support to the picture of pions interacting with the co-moving medium of positive charge in 
average. 

The rapidity dependence of this ratio is also studied by E877, as illustrated in Figure 
5 [2]. In this figure, 7r- /7r+ is plotted for events of the 4% most central reactions as a 
function of mt - mo. The rapidity interval are indicated in each panel. For rapidity interval 
smaller than the beam rapidity similar trend of the ratio is observed as in E866, and the mt 
dependence of the ratio is weakened around the beam rapidity. Beyond beam rapidity, the 
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FIG. 4. The centrality dependence of the ratio, T-/T+,  for Au+Au reactions at 11.6 A.GeV/c. 
The ratio is scaled up successively by a factor of 2 from the peripheral to the central. The data is 
from E866. 

ratio is almost flat. Again, this is consistent with the picture discussed above, since most 
of the protons which provide the positive charge in the medium reside around the central 
rapidity as discussed later. 

By integrating the parameterization of the spectra over mt - mo in each rapidity bin, one 
can obtain the distribution of particle yield over rapidity, dn/dy. The left panel of Figure 
6 shows the dn/dy distribution for pions, kaons, and protons. The error bars shown in the 
figure are statistical only. The spectrum for protons is scaled up by a factor of 10. As 
indicated in the figure, the centrality for the different particle species is slightly different: 
7% most central events for protons and pions, and 10% most central events for kaons and 
anti-protons. The overall shapes of the rapidity distribution for all the particles are similar. 
There are more T- than T+, as is expected from the low mt rise of the 7r- .  Roughly there 
are a factor of 5 more K+ than K-.  With a limited statistics for anti-protons, its yield 
is presented within a big bin. On the right hand side of the figure, the mean transverse 
momentum is plotted for the various particles. The mean pt for protons is very high and 
peaked around the central rapidity. Anti-protons have similar, though slightly lower, value 
as protons. The mean pt for T+ is a little higher than that for T-.  Both kaons have similar 
p t ,  and their values are in between of those for protons and pions. 

Figure 7 shows the rapidity distributions for protons and pions from the p+p collisions 
to the central Au+Au reactions. The horizontal axis is the rapidity normalized to the beam 
rapidity, and the vertical axis is the yield, dn/dy. For protons, the rapidity distribution 
for p+p has two peaks around the projectile and target rapidities respectively, indicating 
that most of the protons keep traveling at almost the same rapidity before and after the 
collision, little stopping by the reaction. The situation does not change significantly for 
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FIG. 5. The ?r-/n+ ratio as a function of mt - mo in different rapidity bins. The figure is a 
preliminary result from E877. 
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FIG. 6. The rapidity distributions of the yield (left panel) and mean pt (right panel) for protons, 
pions, kaons, and anti-protons. 

peripheral collisions of Al+Si, an almost symmetric system, and in central Al+Si there 
is significant shifting in rapidity away from the projectile and the target, but a hole in the 
central rapidity still exists. Only in the central Au+Au reactions, due to the large size of the 
gold ions, protons pile up at mid-rapidity, with the hole in the middle filled up, confirming 
the expectation of a large amount of stopping and concomitant high baryon density in central 
Au nuclei collisions. 

Figure 8 shows the mt spectra for deuterons at y=1.3 for centralities ranging from the 
peripheral to the central. The spectra again are scaled up by a factor of 2 successively. It is 
clear that the spectrum in the central reactions is much flatter than that in the peripheral 
collisions. The straight lines are an attempt to fit the spectra with a single exponential. 
As discussed before, in general particle spectra deviate from a single exponential parame- 
terization in central Au+Au reactions, so the fit in the figure is intended to be qualitative 
to discern any systematic trend of the spectrum shape for different centralities and/or re- 
actions. This systematic comparison is summarized in Figure 9, where the inverse slope 
parameters for pions, protons, and deuterons are plotted for a combination of reactions at 
various centralities. The horizontal axis is the number of participants estimated from the 
centrality cut of the reactions. The solid points are from Au+Au reactions at 11.6 A-GeV/c, 
the open squares are data from p+Au reactions at 14.6 GeV/c, and the open diamond is 
from central Si+Au reaction at 14.6 A.GeV/c. For pions, there is little change of the inverse 
slope parameter from the p+Au reactions to that of the central Au+Au reactions. The 
inverse slope parameter increases for protons as the number of participants in the reactions 
increases, and the increase is most pronounced for deuterons. This is consistent with the 
picture that radial expansion exists after the high density stage is reached. In this picture, 
qualitatively speaking the larger the mass of a particle, the larger the transverse momentum 
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FIG. 7. Rapidity distribution of particle yield for protons and n+ from p+p reactions to the 
central Au+Au collisions. The rapidity on the x-axis is normalized to the beam rapidity. 

it gains from the radial expansion - hence higher inverse slope parameter in its spectrum 

In the high baryon density environment, the final yield of the anti-proton is sensitive 
to many factors, both in its production and in its annihilation. The interesting question 
is whether the high baryon density environment would modify the free-space mechanism 
of production and annihilation in the absence of the high density. Considerable effort has 
been put in to the experimental measurement of the anti-protons yield, and now results 
are available in a large kinematic coverage. E866 is the experiment which covers the central 
rapidity for anti-proton with a reasonable range in mt - mo. Figure 10 shows the anti-proton 
spectra around the central rapidity for three centrality ranges. The solid points are from 
E866 experiment, the open points from E878, and the cross from E864. The yields from 
E866 increase slowly as more central reaction is selected. As far as the shape is concerned, 
it is exponential for the peripheral reactions, and the low mt end of the spectrum starts 
to bend down, like protons, for more central reactions. In comparison with models such as 
ARC [13], a shielding has to be introduced to reduce the annihilation in order to reproduce 
the final yield [14]. Unfortunately, discrepancy exists among the experimental data, and as 
an example Figure 10 summarizes the situation. Since data from E878 were taken in 1993 
run where the beam momentum was 10.7 A.GeV/c, compared to a beam momentum of 11.6 
A-GeV/c for the other two experiments, a scale up factor of 1.4 was introduced to facilitate 
a direct comparison. The factor 1.4 comes from an interpolation of anti-proton production 
in p-p reactions. In peripheral reactions, data from E878 is consistent with that of E866, 
and it gradually becomes somewhat lower in central reactions. One possible explanation for 

[ 11,121. 
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FIG. 8. Centrality dependence of the deuteron mt spectra at rapidity y=1.3. The spectra are 
scaled up by a factor of 2 successively as more central events are selected. 
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FIG. 10. Comparison of anti-proton yields among E866, E878, and E864 for three selected 
centralities. The solid points are from E866, the open points from E878, and the cross from E864. 
In central collision, the discrepancy between E864 and E878 is obvious (see text for more details). 

this could be that the centrality device in E878 is not effectively discriminating peripheral 
collisions from its central events, lowering its anti-proton yields in central collisions as a 
result. On the other hand, data from E864 seems high compared with that of E866 in 
the central collisions, but not in contradiction. The contradiction shows up when data 
from E864 and E878 are brought together for comparison, and there is about a factor of 4 
difference between these two measurements. It was pointed out that the difference could be 
due to the anti-lambda contribution to E864, which accepts essentially all the anti-protons 
from the decay of anti-lambda while E878 takes none. Based on this assumption, one could 
estimate the yield of anti-lambd in the reactions, and the anti-lambda to anti-proton ratio 
was concluded to be x / p  = 5.9 f 2.5 [15] at midrapidity near pt = 0. This is a very large 
ratio, and it is worth to bear in mind that K-  yield from E864 is also somewhat high in 
comparison with that of E866. 

111. SUMMARY 

In summary, many new results have become available in Au+Au reactions at AGS en- 
ergies. From the proton rapidity distribution it is concluded that a state of high baryon 
density has been achieved in central Au+Au reactions. A systematic comparison of inverse 
slope parameters for different particle species points out that radial expansion exists when 
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the high density matter starts to disintegrate. More systematic effort on the anti-proton 
analysis is needed in order to  resolve the current discrepancy among results from different 
experiments. 
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Abstract 

The BRAHMS experiment is designed to measure semi-inclusive spectra of 
charged hadron over a wide range of rapidity. It will yield information on 
particle production, both at central rapidity and in the baryon rich fragmen- 
tation region. Examples of measurements for soft as well as for hard physics 
are presented. 

I. INTRODUCTION 

The main motivations for the RHIC experiments are the search for and the investigation 
of the quark-gluon plasma. It is thought that QGP can be created in high energy heavy ion 
collisions under a broad range of experimental conditions bounded in one direction by high 
baryon densities and in the other by zero baryon density and temperatures above the critical 
temperature. At RHIC with energies fi = 200GeV/c per nucleon pair, which is above the 
stopping regime presently being explored at AGS and SPS, a baryon poor region with a high 
energy density is expected to be created at mid-rapidity. The region near the initial nuclei 
will be baryon rich at relative high temperature. This gives experimental opportunities to 
study both regimes at RHIC and search for the quark-gluon plasma under several different 
conditions. 

The Broad RAnge Hadron Magnetic Spectrometers (BRAHMS) experiment has been 
designed to gather basic information in heavy ion reactions on momentum spectra and 
yields for various emitted particles as function of transverse momenta, p t ,  and rapidity, y. 
These yields as function of rapidity are important indicators of the densities reached in the 
collisions and of the produced entropy. The spectral shapes and their y-dependence reveal 
the reaction dynamics and the degree of thermalisation attained. The high pt parts of the 
spectra carry information from the early times in the reaction. The centrality measurements 
are an integral part of the experiment, and systematic studies are needed to establish the 
reaction dynamics. 

The BRAHMS spectrometers are small solid-angle devices so the measurements will 
be semi-inclusive; i.e., the average spectra for given event classes as determined by the 
centrality detectors will be measured. This contrasts to the large RHIC experiments where 
event-by-event information can be collected, but BRAHMS has a unique place in the RHIC 
experimental program with its wide coverage in rapidity and p i .  The coverage is essentially 
limited by the accelerator structures, the size of the experimental halls, and the modest 
budget for BRAHMS. 
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FIG. 1. Top view of spectrometers. The labelled detector elements are described in the text. 

11. THE SPECTROMETERS 

This section gives only a very brief description of the BRAHMS detectors. For more 
detailed information the reader is referred to [l-41. A top view of the two moveable spec- 
trometers is shown in figure 1. 

The BRAHMS experiment is designed to measure well identifiedly charged hadron- 
s (r*,K*,p*) over a wide range of rapidity and transverse momenta at all energies and 
beams available at RHIC. The very different experimental conditions, momenta, and parti- 
cle densities at mid-rapidity and forward angles has lead to the design with two moveable 
magnetic spectrometers. The Mid-Rapidity Spectrometer (MRS) covers the angular region 
30" 5 0 5 95" (-.1 5 77 5 1.3) and the forward spectrometer (FS) the region 2.3" 5 0 5 30" 
(1.3 5 7 5 4.0). FS consists of 4 dipole magnets (Dl-D4), two time projection chambers 
(Tl,T2) and three drift chamber packages (T3-T6). The particle identification is done by 
combining time-of-flight measurements in the hodoscopes H1 and H2 with measurements 
in the threshold Cherenkov counter C1 and the Ring Imaging Cherenkov Counter (RICH). 
This allows for particle identification in the momentum range 1-20 GeV/c in the forward 
spectrometer. The mid-rapidity spectrometer has two TPCs (TPC1 and TPC2), a dipole 
magnet (D5) for momentum measurements, a time-of-flight wall (TOFW), and a segmented 
gas Cherenkov detector (GASC) for particle identification in the momentum range p 5 5 
GeV/c. The momentum resolution is typically Sp/p 5 O.Olp, which is sufficient for tracking 
considerations and the spectral measurements. A set of beam-beam counters provide the 
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FIG. 2. Predicted rapidity density distributions for central Au+Au reactions using different 
models as indicated by the linetype. The rapidity range to studied by BRAHMS is indicated by 
the arrows. 

initial trigger and vertex information as well as the start time for the time-of-flight mea- 
surements. The silicon multiplicity array will be used to characterize the centrality of the 
collisions by measurements of the charged particle multiplicities in the region -2.5 5 7 5 2.5. 

111. SOFT HADRON MEASUREMENTS 

The dominant part of the particle spectra is the soft part with transverse momenta 
pt  5 lGeV/c. Particle spectra have been studied in elementary pp (pp) over a wide range 
of energies covering the RHIC energy regime. Even with this knowledge in hand it is not 
trivial to extrapolate to nucleus-nucleus collisions. It has been learned from heavy ion 
reactions at AGS and SPS, see e.g. [5 ] ,  that the heavy ion collisions cannot be considered 
a super-position of elementary nucleon-nucleon collisions, but that multiple collisions and 
collective effects are important to a proper description of the experimental data. At the 
much higher energies considered here it is likely that additional many-body effects, even for 
a pure hadronic description, have to be taken into account. Understanding of the reaction - 
mechanism will clearly come from 
reactions. 

One of the basic questions is 

systematic studies of pp to p-nucleus and nucleus-nucleus 

what is the amount of stopping, i.e. the mean rapidity 
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FIG. 3. Predicted rapidity density distributions for n+ and K+. 

shift of projectile nucleons, see e.g. [6], and how high is the net baryon density in the central 
region of Au+Au collisions. In fig. 2 is shown the prediction for the net baryon density $ 
for 4 different models successfully used to describe pp and nucleus-nucleus reactions at lower 
energies. These are Fritiof 1.7 [7], Fritiof 7.2 [SI, Venus [9], and RQMD [lo]. The predicted 
mean rapidity losses are in the range of 1.7-3.1. The coverage of BRAHMS is shown by 
the arrow. Even though the fragmentation region in the view of pp (i.e. 4-5) is outside 
the range, the measurements do cover the region y 5 3.8 sufficiently to map and study the 
stopping in nucleus-nucleus collisions at RHIC . 

The predictions for meson production are given in figure 3. The experiment will essen- 
tially cover the complete distribution for T and K, and can address details of the shape and 
particle yields. The predictions vary almost a factor of 4 at mid-rapidity, so with this in 
mind the spectrometers were designed to handle the highest expected values. 

The correlation of like-bosons as a function of the relative momenta can provide a measure 
of the space-time extent of the emission source [11,12]. Pair correlation coupled with single- 
particle measurements is thought to help in providing a good understanding of the dynamics 
which control the evolution from the initial hot dense phase to the system at freeze-out. A 
detailed description of the HBT capabilities can be found in [4], in particular regarding the 
measurements and sensitivity in the mid-rapidity spectrometer. Here is shown an example 
of the kind of measurement which can be done at the higher rapidities utilizing the Forward 
Spectrometer. The pion correlations were simulated using a simple gaussian correlation 
function C(q) = 1 + Xe-(q2R2+qiT2), where q is the magnitude of the relative 3-momentum, R 
the source radius, QO the relative energy, and r the lifetime parameter. Here r was explicitly 
set to 0. Pairs of pions were accepted through the spectrometer at 10" with an acceptance 
of 1 5 p 5 3 GeV/c. The extracted correlation function for 100,000 T+ pairs is shown 
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FIG. 4. Estimated results of two-particle correlation measurements at LO deg. 

for two representative samples with R=5 and 10 fm. The simulation illustrates that for a 
limited range of rapidity and momenta the forward spectrometer has sufficient resolution 
and two-particle separation to make modest measurements of pion-correlation functions. 

IV. HIGH PT MEASUREMENTS 

In contrast to the heavy ion experiment carried out so far at AGS and SPS, initial hard 
scattering processes are important for the reaction dynamics at RHIC. The importance is 
known from the mini-jet production at ISR energies and as evident in the inclusive hadron 
spectra measured from & = 50 - 1800 GeV in p+p reactions. A hard component is ob- 
served for pt > 1.0 GeV/c. This hard component has two aspects of consequence in heavy 
ion reactions. The initial fast parton scattering contribute significantly to the formation 
and equilibration of a hot dense system [13] and to the particle production. Nuclear effects 
such as jet quenching and gluon shadowing are expected and can be studied in inclusive 
mini-jet distributions [15]. The prediction from the HIJING model and the Parton Cascade 
model [14] of the total charged particle rapidity distributions on this is shown in fig.5. The 
various physical processes are turned on successively, The parton shadowing is determined 
mainly from the gluon structure function, and the quenching is dominated by the gluon 
brehmsstralung energy loss in the nuclear medium. It is observed that depending on the 
rapidity region the different processes contribute with different weights. Likewise, pt depen- 
dencies are present. Measurements at different rapidities, and in a pt in a range as large as 
possible, up to 5-6 GeV/c, will be a mean to experimentally determine constrains on the 
various mechanisms. Comparison between different collision systems will also be important 
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FIG. 5.  Prediction for dn/dq for charged particle distributions 

for this task. 
As an example of the feasibility of this kind of studies, a simulation was performed for 

a measurement of nS at rapidity 2 in central Au+Au collisions. A sample of pions from a 
distribution with inverse slope parameter of 170 MeV (in mt) and a $ of 200 was fed through 
the GEANT simulation of the forward spectrometer and the pt spectrum reconstructed in 
two settings of the magnetic field. The resulting pt spectrum which can be obtained in about 
1 week of running is displayed in fig.6. In about another week the measurements can be 
extended to about 6 GeV/c with similar statistics using larger bins in Apt of .5 GeV/c. This 
demonstrates that high quality spectra can be collected up to rather high values of p t .  It 
should be stressed that these measuremnsts are for identified hadrons, and thus can also be 
done for kaons, protons, and anti-protons, studying the flavor dependence. 
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FIG. 6. Predicted pt spectrum for T at y=2.0 as measured in about 1 week of running for 
Au+Au central collisions. 
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Early Results from Minimax: A Disoriented Chiral Condensate 
Search at the Tevatron 

C. C. Taylor 
Department of Physics 

Case Western Reserve University 
Cleveland, Ohio 44106-7079, USA 

Representing the MiniMax Collaboration' 
We present early results from an experimental search (T-864, MiniMax) 

for Disoriented Chiral Condensate (DCC) at the Fermilab Tevatron Collider at 
f i  = 1.8 TeV. In order to analyze the data on joint charged-particle/photon 
distributions, we have identified robust observables with many desirable prop- 
erties. These observables are insensitive to many efficiency corrections and 
the details of the modeling of the primary pion production mechanisms while 
maintaining sensitivity to the production of DCC, as opposed to the gener- 
ic, binomial-distribution, partition of pions into neutral and charged species. 
The formalism is applied to the MiniMax data. 

I. DISORIENTED CHIRAL CONDENSATES 

There has recently been renewed interest in semiclassical mechanisms of pion production 
in high-energy collisons of hadrons and of heavy ions. [2] One hypothesis in particular is that 
pieces of strong-interaction vacuum with an unconventional orientation of the chiral order 
parameter may be produced in high energy collisions. This disoriented chiral condensate 
(DCC) is then supposed to decay into a coherent Semiclassical pion field having the same 
chiral orientation. 

The primary signature of this mechanism is the presence of large, event-by-event fluctu- 
ations in the fraction, f ,  of produced pions that are neutral. Conventional mechanisms of 
particle production, including those used in standard Monte Carlo simulations, predict that 
the partition of pions into charged and neutral species is governed by a binomial distribution 
which, in the limit of large multiplicity, leads to a sharp value of f M 1/3. We refer to this 
as generic pion production. On the other hand, for the decay of a pure DCC state the 
distribution of neutral fraction is very different, p(f)df = 1/(2fi)df, in the limit of large 
multiplicity. Some other production scenarios involving the common feature of coherent 
final states lead to identical f distributions. 

Theoretical considerations, together with the interpretation of some reported cosmic ray 
phenomena [3] in terms of DCC, suggest that the one should look in the forward direction 
in high energy collisions at Tevatron energies. In addition, DCC pions are expected to be of 
comparatively low pt . 
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Figure 1: The MiniMax Detector Figure 2: Upstream Instrumentation 

11. THE MINIMAX DETECTOR 

With the above considerations in mind, the MiniMax collaboration (Fermilab T-864) has 
carried out an exploratory search for DCC at the CO collision area of the Tevatron collider. 
Proposed in April 1993, the experiment completed running in January 1996. 

Figure 1 shows the layout of the detector in the vicinity of the collision region. 
Charged particles are identified by reconstructing tracks through a telescope of 24 MW- 

PCs which have an acceptance of radius r x 0.65 in (q,4) space, centered on 7 = 4.1. 
Gamma rays are identified by reconstructing tracks originating from conversions in a 1 X ,  
lead converter which can be remotely inserted after the eighth chamber of the tracking 
telescope. In addition, an electromagnetic calorimeter is located behind the last chamber. 
The wire chambers are mounted behind a thin (0.25 in) window in the large vacuum'tank. 
Scintillator is placed on the far side of the vacuum tank, behind the lead converter, and 
immediately in front of the electromagnetic calorimeter. Coincidences between the arrays, 
in time with the beam passage, provide the trigger. Because of substantial interactions of 
forward secondaries with the beampipe beneath the detector, the floor, etc., occupancies in 
the chamber are quite high. While this poses substantial challenges in track reconstruction, 
a corollary is that the trigger is extremely efficient, recording some 35-40 mb of the inelastic 
cross section. 

MiniMax also has instrumentation in the upstream proton direction (see Figure 2). Of 
particular interest are the scintillators located about 50-60 m from the collision point. These 
counters are sensitive to final state p-bars with Feynman-a: N 0.85-0.95, and thus constitute 
a tag for diffractive events. 
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111. ANALYSIS CHALLENGES AND ROBUST OBSERVABLES 

Even from this It should be clear, even from this very brief description of the experiment, 
that we face many challenges in trying to infer either the presence or absence, within limits, of 
DCC signals from the data. The MiniMax acceptance is small, so that it is improbable that 
both y’s from a 7ro enter the detector acceptance. The conversion efficiency per y is about 
50%. Not all 7’s come from TO’S. Not all charged tracks come from T*’s. The multiplicities 
are rather low, because of the small acceptance, so that statistical fluctuations are very 
important. Detection efficiencies for charged tracks and y ’s are momentum-dependent and 
are not the same. Efficiency functions may be dependent upon the observed multiplicity 
or other parameters. The efficiency for triggering when no charged track or converted y is 
produced within our acceptance is relatively low and different from that for events in which 
at least one charged particle or converted y is detected. 

Nevertheless, we find that there do exist observables which are robust in the sense that, 
even in the presence of large (uncorrelated) efficiency corrections and convolutions from 
produced TO’S to observed y’s, the observables take very different values for pure DCC and 
for generic particle production. Each such observable is a ratio, collectively referred to as 
R, of certain bivariate normalized factorial moments, that has many desirable properties. 
The R’s do not depend upon the form of the parent pion multiplicity distribution. The R’s 
possess definite and very different values for pure generic and pure DCC pion production. 
The R’s are independent of the detection efficiencies for finding charged tracks, provided 
these efficiencies are not correlated with each other or with other variables such as total 
multiplicity or background level. The R’s are independent of the magnitude of the null 
trigger efficiency. Some of the R’s are also independent of the y efficiencies in the same 
sense as above. In the remaining cases, the R’s depend only upon one parameter, t ,  which 
reflects the relative probability of both photons from a TO being detected in the same event. 

IV. GENERATING FUNCTIONS AND ROBUST OBSERVABLES 

Generating function techniques have been extremely useful in studies of multiparticle 
production. Most practical studies, however, have considered the properties of a single 
species (usually charged particles) at a time. In the case of DCC, however, formal tools 
for the study of the joint distribution of charged particles and photons are required; the 
MiniMax collaboration has devoted substantial effort to developing such tools. [4] 

The starting point is the generating function for factorial moments of the number of 
observed charged particles and gamma rays, 

03 

nd,ny=O 

where p(nch,  n,) denotes the probability distribution for the observation of rich charged 
particles and n7 gamma rays in a multiparticle event within a given phase-space region. The 
partial derivatives of G(zch, 2,) evaluated at zch = zr = 1 generate the factorial moments: 
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TABLE I. Values of ri,j from the data and Monte Carlo; errors are statistical only 

PYTHIA pure DCC 
T i ,  j and DCC and 

GEANT GEANT 
T1, l  1.01 k .02 0.500 0.56 f .01 

T3, l  1.09 f .14 0.250 0.34 f .05 
T2,l  1.02 f .05 0.333 0.40 f .03 

I 
Data 

0.98 f .01 
0.99 f .02 
1.03 f .04 

For example, we have, f1,o = (rich), f0,1 = (n,), etc. 

be shown that 
Under assumptions implicit in properties of the robust observables outlined above, it can 

where ech is the probability of observing a charged pion, E; are the probabilities of observing 
i gamma rays from the decay of a T O ,  and p(f) = 6(f - f) if the partition of parent pions 
into charged and neutral species is binomial with neutral fraction f, and p ( f )  = 1/(2fi) 
for a DCC. 

Defining normalized bivariate factorial moments F,,j = f i , j / ( f j , o f i , l ) ,  one can show that 
the quantities ri,l = Fi,l/Fi+l,o are robust in the sense introduced above, and take the 
values r;,l(generic) = 1 for generic (binomial) distribution of neutral and charged pions, 
and r;,l(DCC) = l / ( i  + 1) for a DCC. In addition, the r;,j = F;,j/Fi+j,o,j > 1 depend on 
only the single (detector dependent) parameter 5 related to e2 .  

V. EARLY RESULTS 

Table I shows the measured values of lower-order ratios of the factorial moments. The 
results were found to be independent of the run conditions, independent of the converter 
thickness or composition, and the same in events with or without a diffractive tag. The data 
are consistent with the generic production mechanisms. Comparison between the different 
trigger samples, and between the calculated and Monte Carlo [5] corrected values suggest 
the errors due to systematic effects are in the 5% range. We believe we are sensitive to 
admixtures of DCC mechanisms to the 10 - 20% level. More work is needed, however, to 
place a limit on the quantity of DCC we may observe. These values are dependent on the 
model used to mix DCC into the generic fragmentation. 
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Spin Physics at RHIC 

M. J. Tannenbaum 
Brookhaven National Laboratory, Upton, N Y  11 973 USA 

Abstract 

Operation of RHIC with two beams of highly polarized protons (70%, either 
longitudinal or transverse) at high luminosity L = 2 cm-2 sec-l for 
two months/year will allow the STAR and PHENIX detectors to perform 
high statististics studies of polarization phenomena in the perturbative region 
of hard scattering where both QCD and ElectroWeak theory make detailed 
predictions for polarization effects. The collision c.m. energy, fi = 200 - 500 
GeV, represents a new domain for the study of spin. Direct photon production 
will be used to measure the gluon polarization in the polarized proton. A new 
twist comes from W-boson production which is expected to be 100% parity 
violating and will thus d o w  measurements of flavor separated quark and 
antiquark (u, E ,  d, 2) polarization distributions. Searches for parity violation 
in strong interaction processes such as jet and leading particle production will 
be a sensitive way to look for new physics beyond the standard model, one 
possibility being quark substructure. 

I. SPIN PHYSICS AND RHI PHYSICS ARE COMPLEMENTARY 

The structure of the nucleon, including its spin structure, are fundamental issues of the 
utmost significance. To quote from a recent article in Physical Review C [l] “The nucleon- 
nucleon ( N N )  interaction is fundamental to nuclear physics. N N  data serve as tests of the 
strong interaction and as input to microscopic models of the nucleus.” One of the principal 
objectives of the Heavy Ion program at RHIC is to study nuclear matter under extreme 
conditions of high temperature and density, the domain of non-perturbative QCD. As QCD 
is a gauge theory of the strong interactions in which helicity plays as fundamental role [2-41 
as “charge”, the complementarity of Spin Physics and RHI Physics is evident. 

11. SPIN PHYSICS AT BNL-A LONG TRADITION 

BNL has a long and distinguished history in spin physics. In fact, Sam Goudsmit, the 
co-originator of the concept of spin 1151, was one of the early BNL senior staff members and 
chairman of the Physics Department throughout most of the 1950’s [6] .  Other highlights 
include the neutrino helicity measurement [7], major contributions to the physics of the 
acceleration and storage of polarized beams [8], the AGS spin physics program [9], the 1982 
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International Spin Symposium [lo], and the theory of the systematics of W’ production at 
hadron colliders including parity violation effects [ll] . 

A. How we were able to get Polarized Protons at RHIC 

In the early 1980’s, the f i s t  Snowmass meeting [12], the transition from ISABELLE to 
the ‘CBA’ [13,14] and the AGS spin program stimulated lots of thinking about spin physics 
at hadron colliders. Work continued intermittently until January 1990 when the approval of 
RHIC caused a renaissance. This led to the Polarized Collider Workshop [15] at Penn State 
in November 1990 where the RHIC Spin Collaboration (RSC), a collaboration of accelerator 
physicists, theoretical physicists and experimental physicists with a common interest in spin, 
was formally initiated. 

A proposal (R5) was submitted to the BNL HENP Program Advisory Committee in 
September 1992, for a program of Spin Physics using the RHIC Polarized Collider [16,17], 
which included a general section-covering an overall view of the physics and a detailed con- 
ceptual design for the spin rotators, Siberian snakes, and polarimeters which would be nec- 
essary to operate RHIC with polarized protons-followed by specific proposals by PHENIX 
and STAR for experiments to survey spin phenomena using the two major heavy ion detec- 
tors [18]. After 3 additional PAC presentations (for spin only), several technical reviews and 
a major external spin physics review in June 1995, the project “came onto the mass shell” in 
September 1995 with the signing of the BNL-RIKEN Agreement on Spin Physics-RIKEN, 
The Institute of Physical and Chemical Research, a non-profit research institute supported 
by the Science and Technology Agency of Japan, will provide $20M for the accelerator com- 
ponents and a second muon arm in PHENIX to implement the BNL-RIKEN RHICISpin 
program. 

Over this long period, we were fortunate to receive many positive reviews. One my 
favorites is from the June 1993 Technical Review, “The proposal has the flavor of the ap- 
plication of an ingenious technological invention (Siberian snakes) to make possible exciting 
physics research (polarization physics) reminiscent of the application of stochastic cooling to 
obtain p p  beams for W and Z in the CERN SPS.”” 

111. WHY RHIC? 

The use of RHIC to study the interactions of highly polarized protons (2 70%), with 
a luminosity in excess of 2 - cm-2 s-’, and c.m. energy from 50 to 500 GeV, with 
dedicated operation for two months a year, will open up a totally new field in elementary 
particle physics and fill a vital gap in the world’s accelerators. Both longitudinally and 
transversely polarized protons will be provided at the interaction regions, and frequent 
polaxization sign reversal will allow the systematic errors to be minimized (see Fig. 1). 
This facility would be unique in the ability to perform parity-violating measurements with 
hadrons and polarization tests of QCD including polarized structure function measurements 

“In case you forgot, that project got the Nobel Prize. 
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of gluons and flavor-separated quarks and anti-quarks. Polarization will be exploited to 
test fundamental symmetries in strong interactions and to search for new effects beyond the 
standard model. 

Polarized Proton Col.lisions at BNL one bturh filled at a time: 

- 70 % Polarizakion 
6 - 50-5ooGcv 

Siberian Snakes 

2x10l1 Pol.Protons/Bunch 
e - 20 xmm mrad 

Siberian Snak 

AGS 
Polarimeter 

uw) MeV 
POlarimeuI 

Linac 

4 ~ 1 0 ~ ’  Pol. Protons / Bunch 
E-loxmmmrad 

35 pA, 350 p , S H z  
ao % polarivlticm 

<--- +- -+ + + -+ - 

E v q  bunch has diffmt spin 
Spin flip every hour 
Fill RHIC with diffennt patrcm evny fd 

. 
to minimize systematic errors-6gures from Tom Roser. 

FIG. 1. a) Scheme for Polarized Proton Collisions at RHIC. b) Scheme for bunch polarization 

The simplest description of spin physics at RHIC would be proton structure physics, 
the exploration of the constituents of the proton with a resolution approaching lo-’’ cm, 
corresponding to a mass scale of 2 TeV.&‘ For many experiments, it would be preferable to 
run the machine at c.m. energy 200 GeV, rather than the nominal 500 GeV, to obtain the 
large values of Bjorken 2, (z > 0.3), required to effectively transmit the polarization of the 
protons to the constituent quarks and gluons. Also, the existence of p - p collisions in the 
energy range Js = 200 - 500 GeV will permit the study of some classical reactions like the 
total cross section and elastic scattering [19] as a complement and extension of the CERN 
and Tevatron p - p measurements. 

RHIC offers an extraordinary combination of energy, luminosity and polarization. This 
facility would be unique in the ability to perform single-spin parity violating measurements 
both in p - p and p + A collisions, and two-spin parity violating measurements in p - p 
collisions. Also, the utilization of polarized nuclei is possible in principle, and, for the cases 
of polarized d or 3He, under active study. 

bThe sensitivity to mass scales beyond the c.m. energy will be explained in due course. 
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IV. HELICITY ASYMMETRY MEASUREMENTS 

Spin effects can be observed with fine precision since they involve the measurements of 
asymmetries. The effect of systematic errors in the detectors and accelerator can be mini- 
mized by frequent polarization sign reversal and careful preparation of the initial polarized 
beams to give equal luminosities in all polarization states (see Fig. lb). The goal is to 
polarize the beams for all proton runs including the possibly extensive f i  = 200 GeV com- 
parison runs for the Relativistic Heavy Ion (RHI) program. Experiments not interested in 
polarization will obtain the spin-averaged result to a high accuracy. 

A. ALL-Parity Conserving Two-Spin Longitudinal Asymmetry 

The polarization of a longitudinally polarized proton beam has two possible states, par- 
allel to the momentum ( ‘$’ helicity) or opposite to the momentum (‘-’ helicity). In 
asymmetry definitions at RHIC, care must be taken to accouot for the possibility of large 
parity violating effects. We use the notation a++ = N++/L++ for the measured cross section 
with both beams having ‘+’ helcity, where N++ is the measured number of events for an 
integrated luminosity L++, with analogous notation for the other helicity combinations. 

The two-spin parity-conserving longitudinal asymmetry, ALL is defined: 
1 a++ + 0-- - of- - 0-+ 

PIP2 a++ + a-- + a+- + 0-+ (1) ALL = - 

where PI and Pz are the polarizations of the two beams. If parity is conserved, the theo- 
retical cross sections obey the relations a++ = a-- and a+- = a+, leading to the more 
conventional definition: 

1 ,++-,+- 
PIP2 a++ + a+- 

ALL E - 

B. Parity Violating Asymmetries (PVA’s) 

Three [20] parity violating asymmetries can be measured with longitudinally polarized 
beams. In the first case, only one beam is polarized, and the cross section difference is 
measured for the two helicity states of the polarized beam. This is AL, the single spin 
Parity Violating Asymmetry: 

1 a--a+ 
PI a- + a+ Ah = - (3) 

A second case involves two polarized beams with the same helicities, which are both flipped 
e.g. from left-handed (-) to right-handed (+). This is the symmetric two-spin parity- 
violating asymmetry [ 131 (A::) 

which can be twice as big as AL for special cases [13,20]. There is also the anti-symmetric 
two-spin parity-violating asymmetry [20] where the beams have opposite helicities. 
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C. Statistical Errors on Asymmetries 

Assuming equal integrated luminosity for each spin configuration, with N total number 
of events summed over the relevant spin configurations, e.g. N = Nf+ + N--  + N+- + N-+ 
or N = N+ + N - ,  the error on the measured asymmetry A is approximately: 

For the purposes of this article, it is assumed that the statistical error in the number of 
events is the dominant error, with much smaller systematic errors. The challenge will be to 
achieve both these results in the acutal experiments. 

V. GOALS AND CAPABILITIES OF THE RHIC/SPIN PROGRAM 

The philosophy of the RHIC/Spin program is to use the existing major detectors [18], 
which are designed for Relativistic Heavy Ion Physics, to make a survey of a wide variety 
of spin effects in polarized p - p collisions for many specific channels over a large range of 
kinematic variables (m, p ~ ) .  Conventional longitudinal spin effects, single and double trans- 
verse spin asymmetries and a general parity violation search will be made in all channels. 
Although spin physics is notable for its surprises, there are several channels for which pre- 
cise and clear-cut predictions exist so that rates and sensitivities can be given. The desired 
measurements for polarized proton physics focus on the traditional hard processes, direct 
photons, jets (directly or via leading particles-n for light quarks, leptons for c or b quark- 
s), high-mass lepton pair production (Drell-Yan), high-mass vector mesons via leptonic or 
semileptonic decay including J / Q ,  T, W*, 2’. 

In general, the heavy ion detectors are designed with ultra-high granularity to cope with 
the expected charged particle multiplicity of d n / d y  N 1000 in Au+Au central collisions. Al- 
though the detectors tend to  be optimized at low values of transverse momentum where soft 
multiparticle production plays a major role in the thermalized physics of nuclear collisions, 
the high granularity and high resolution make them better in many ways for measuring 
hard scattering in their limited apertures than the ‘conventional 4n’ collider detectors. For 
instance, STAR, which emphasizes hadron physics, can reconstruct jets and di-jets over the 
full azimuth and nearly .fl unit of pseudorapidity; while PHENIX, a very highly segmented, 
high resolution detector with a smaller aperture, concentrates on measurements of leptons 
(both e* and p’) and photons at the highest luminosities, with very selective triggers. 

A. Luminosities for Rate Calculations and Sensitivity Estimates 

The expected luminosities for polarized proton at RHIC are L = 2 x C ~ I I - ~  sec-l at 
f i  = 500 GeV, - 1 event/crossing, and C = 8 x 1031 cm-2 sec-l at fi = 200 GeV. It is 
assumed that the f i  = 500 GeV run is dedicated for spin physics and, since the goal is to 
polarize the beams for all proton runs, the 200 GeV data are collected during comparison 
runs for the RHI program. The polarization of both beams is taken as PI = P2 = 70%. 
The physics sensitivity calculations at each f i  are based on runs of 4 x lo6 seconds, or 
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about 100 days with a duty factor of N SO%, which leads to the integrated luminosities 
JLdt = 8 x lo3* cm-2 at &=SO0 GeV and JLdt = 3.2 x cm-2 at &=200 GeV. 
Optimistically, these initial runs could be accomplished during the first two years of RHIC 
operation. It is worthwhile to point out that the 800 pb-l integrated luminosity is - 20 
times the total of the entire CERN collider program, N 6 times the present total of the 
Tevatron collider (Run I), and comparable to the integrated luminosity anticipated for the 
Tevatron 3-4 year ‘Run 11’ which is planned to start in 1999. 

VI. QCD AND HADRON COLLISIONS 

The cross section for hard processes in p - p collisions at c.m. energy f i  is taken to be 
a sum over the constituent reactions 

where the c.m. system for the constituent scattering is not generally the same as the p - p 
cam. system since the constituents have momentum fractions x1 and 2 2  of their respective 
protons. Thus, in the p - p  c.m. system, the constituent c.m. system has rapidity, Q = In 2, 
and invariant mass-squared, i = Z ~ Z ~ S ,  where 

If a(xl), b(x2), are the differential probabilities for constituents a and b to carry momen- 
tum fractions 51 and 2 2  of their respective protons, e.g. u(xl), then the overall p - p  reaction 
cross section in lowest order (LO) of CY, is 

where Cab(cos e*), the characteristic subprocess scattering angular distributions (see Fig. 2a), 
and a,(Q2) = 9 ln(Q2/A2), the strong coupling constant, are fundamental predictions of 
QCD [21,22]. 

By contrast, the quantities a(z1) and b(x2), the “number” distributions of the con- 
stituents, are empirical-they need to be measured. However, in a triumph of the Standard 
Model, these distributions are related (for the electrically charged quarks) to the structure 
functions measured in Deeply Inelastic lepton-hadron Scattering (DIS), e.g. 

where e, is the electric charge on a constituent. The evolution of the structure functions 
with Q2 is a higher-order QCD effect in hadron collisions, but is the leading order QCD 
effect in DIS. 

It is important to realize that for fixed 21, 2 2 ,  the hard scattering cross section is pro- 
portional to 1/s 
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FIG. 2. Characteristic QCD Subprocess angular distributions: (a) scattering; (b) spin asym- 
metry. 8* is the scattering angle in the constituent c.m. system. 

so that lower s leads to larger z for a given luminosity. Also, the structure functions fall 
precipitously with increasing x ,  which further leads to sharply falling cross-sections with 
increasing 8 for a given s. This explains why RHIC is better than higher energy colliders 
for attaining values of x - 0.3 where polarization effects are important. 

A. Spin QCD 

The two-spin longitudinal asymmetry for the constituent reaction (Eqs. 6 ,  8) is 
,++ - ,+- 
,++ + g+- 

+ b + c +  d)  = 

where A a ( x )  is the helicity asymmetry of the constituent structure function a ( x )  

A a ( x )  = a+(x) - a-(x)  (13) 
and the '+' and '-' refer to constituents with the same or opposite helicity as the parent 
proton. The spin asymmetry of the subprocess [3,4] 

&LL(~ + b + c + d )  (14) 
is a fundamental prediction of QCD (see Fig. 2b), which has never been verified-to 
my knowledge. 
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VII. SPIN STRUCTURE FUNCTION§ AND TESTS OF QCD 

The predicted QCD constituent polarization asymmetries of Fig. 2b are enormous at 
the constituent level. However at the observational level, the effect is greatly diluted [15] 
because the proton polarization is not appreciably transmitted to the constituents, unless 
z 2 0.3. At the outset of the RHIC/Spin program, we assume that QCD is valid and use 
Eqs. 11, 12 to determine the spin structure functions. 

A. The Spin Structure Function of the Gluon-Direct Photon Production 

ALL in direct photon production should be a clean measurement of the spin dependent 
gluon structure function since the dominant subprocess in p - p collisions is 

g + q + y + q  7 (15) 

with qq + y + g contributing on the order of 10%. This small contribution from the 
annihilation channel can be neglected in the first measurements of AG(z). Predictions [23] 
for ALL (in NLO) are surprisingly large, in the range 5% to 20%. 

This is one of the favorite QCD reactions in hadron physics [24], since there is direct and 
unbiased access to one of the interacting constituents, the photon. The only problem is the 
huge background of photons from TO and 7 decays which produce a fake direct y signal. This 
background is effectively eliminated [16,25] by no reconstruction and gamma isolation cuts. 
By applying both of these rejection methods, the purity of direct photon candidates will be 
excellent. Spin effects from any residual T,I background can be measured and corrected. 

The high segmentation of the PHENIX EM calorimeter, which is driven by the issues of 
occupancy and energy resolution in the high multiplicity, low p~ environment of Heavy Ion 
Collisions, allows the two gammas from no decay to be resolved [16] for m(7ro) 5 3OGeV/c. 
In STAR, the calorimeter is less segmented and a ‘shower-max’ detector is used for y/r0 
separation. However, the large solid angle allows the recoil jet to be detected so that the full 
constituent kinematic quantities x1 and 22 can be reconstructed. Similarly, di-jet production 
can be detected and used to  measure the gluon spin structure function in the appropriate 
kinematic region. 

To summarize, here is a subject with precise theoretical predictions and no experimental 
tests. It cries out for measurements-which can best, if not only, be done using longitudinally 
polarized proton beams. 

VIII. PARITY VIOLATION IN HADRON COLLISIONS 

The field of Parity Violation in hadron collisions has traditionally been the domain of 
“ultra high precision” physicists. The parity violating asymmetry in the total proton-proton 
cross section has been measured to be N 3 x lo-’ at 1.5 GeV/c, 2.6 x loe6 at 6 GeV/c 
laboratory momenta, and predicted to be “large” > at RHIC energies [26]. 
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A. “Large” effects at RHIC? 

However, at RHIC there are other conventional parity violating effects which are pre- 
dicted to be much larger. For instance, in inclusive jet production-the leading strong 
interaction process at RHIC-A:: due to the interference of gluon and W exchange at the 
constituent level is estimated [13,27] to be - 0.8%, at jet p~ = r n w / 2 ;  N 0.5%, at PT = 50 
GeV/c; 1%, at p ~ = 7 0  GeV/c; and 2%, pT=95 GeV/c at &=300 GeV. Of course, a more 
spectacular effect at RHIC will be the opening up of a totally new regime of hadron physics, 
a situation in which parity violating effects are dominant. This concerns the direct produc- 
tion of the Weak Bosons W* and Zo. The most spectacular channel is the leptonic decay 
W* 3 e* + X, where the X means that the measurement is via the inclusive e* chan- 
nel with no “missing energy” detection. This is a textbook example [28] of a process with 
virtually no background. The predicted PVA is really HUGE at production [ll], on the 
order of UNITY. Both PHENIX and STAR have respectable counting rates (see Table I) 
bringing towards reality something that I only dared to dream just a few years ago [29], “By 
measuring the PVA for the reaction W ---f e + X as a function of 6, the spin dependent 
structure functions of the proton can be measured at values of x - rnwlf i .”  

B. “Yesterday’s sensation is today’s calibration ...” 
An article by Bourrely and Soffer [20] has now presented the formalism for proton struc- 

ture function measurements using the parity violating asymmetry of W’ and 2’ production. 
This really brings to mind Val Telegdi’s statement, partially quoted above. In the standard 
model, the differential cross section for the reaction 

p p  -, W* + anything (16) 

is given in leading order [20] by the quark-antiquark fusion reactions ud + W+ and iid --$ 

W-. The parity violating single-spin asymmetry for W+ production is given by [20] 

and with the reasonable assumption that AuAd<< ud, the two-spin and single-spin PVA’s 
are simply related by 1201 

A%Y) = M Y )  + Ad-Y) * (18) 

The sensitivity to unknown spin structure functions is generally much larger for the W -  
than the W+, which is easy to understand by simple arguments [20]. Near y = 0, the PVA’s 
are given to a good approximation by 

AT+=-(--?) 1 Au and 1 Ad Aii , 
2 u  2 d  

and Aulu is large and well measured [30]. For large positive rapidity, x1 >> 2 2 ,  so that 
Art  N Aulu, AY- N- Adld; similarly at large negative rapidity, x1 << 2 2 ,  AY’ N -AJ/d, 
AY- N -Aii/fi. 
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The expected sensitivities for spin-structure measurements in PHENIX with the latest 
Bourrely and Soffer polarized structure functions [31] are shown in Fig. 3. Table I gives an 
overall PHENIX/STAR comparison. The structure functions assumed in Fig. 3 [20] give 
huge single-spin asymmetries, AY' , as previously advertised. An amusing feature of the 
single-spin asymmetry is that the variables 2 1  and z2 can be distinguished in the otherwise 
symmetric p - p collision. Also, single-spin asymmetries could be used in p + A collisions 
to measure the evolution of the spin-dependent sea quark structure functions 
combination of the two most famous "EMC egects." This could be the birth 
Function Physics using parity violation as a tool. 

in nuclei-a 
of Structure 

Bourrely---Soffer Predictions 

1 " " 1 " " 1 " " 1 " "  
1.0 - 

Au/u- 

- 

Ad/d 
-0.5 -. - 

-1.0 - - 
, I , !  , , I #  I , , *  1 I I '  I I I I  

0.0 0.1 0.2 0.3 0.4 0.5 

Bourrely---Soffer Predictions 

-0.5 

-1.0 

0.0 0.1 0.2 0.3 0.4 0.5 
X X 

FIG. 3. Expected sensitivities for spin-structure function measurements in PHENIX shown 
with Bourrely-Soffer distributions [31] for 800 pb-' at f i  = 500 GeV and 320 pb-' at f i  = 200 
GeV 

C. New Physics-Surprises 

In my opinion, the most exciting feature of the study of parity violation in hadron inter- 
actions is the possibility of surprises. There are essentially no measurements of, or searches 
for, parity violation in hadron reactions at high energies (& 2 10 GeV). THIS FIELD 
IS TOTALLY UNEXPLORED. In the standard model, no parity violation is expected in 
strong interactions. Of course, this is probably a consequence of the fact that nobody ever 
looked. But, to quote Maurice Goldhaber (who was quoting astronomers), "The absence 
of evidence is not the evidence of absence." Thus, there are limitless possibilities beyond 
the standard model for parity violating effects in hadronic interactions since the subject has 
hardly been studied. Perhaps the B quark production mechanism is 30% parity violating ... 
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PHENIX 
W'+E"+X e*: 15K W+, 3K W -  
Parity Violation, Aij p*: 9K Wf, 10K W- 
zo 3 l'l- efe-: 120Z0 
Transversity hl (x) , E( 3) p+p-: 700 Zo 
Direct y (AG) Highly Segmented EMCAL 

Resolve no px 5 25 GeV/c 
y+Jet (AG) Away-Jet 15% efficiency 

via leading particle. 
JETS (AG, PV) no's as Leading Particles 
Di-Jets no pairs 
Drell-Yan (A& A ~ i j )  p+p-: 30K pairs 

mass 9 to 12 GeV 
J/.ZC,+ E+ + 1- 200K efe-; 2 1M p+p- 

(AG?) 
T --f p'p- 25K events 

D. My Criteria for the Maximum Discovery Potential 

STAR 
e*: 72K W+, 21K W- 

e+e-: 4200 2' 

Shower Max Detector 
y, p~ < 20 GeV/c 
y+ Jet 
AG(x), x < 0.2 
Full Jets 171 50.5  
2 lo6 Di-jets 
e'e-: 37K pairs 
mass 9 to 12 GeV 
Sizable rates for e+e- 
trigger only at high p~ 

Parity Violation searches at RHIC satisfy all 

My Criteria for The Maximum Discovery Potential: 

0 Look where most theorists predict that nothing will be found. 

0 Look in a channel where the known rates from conventional processes are small, since 
low background implies high sensitivity for something new. 

0 Be the first to explore a new domain-something that has never been measured by 
anybody else. 

I feel that parity violation searches offer, at the present time, the same discovery potential 
as di-lepton searches in the 1970's. 

E. A timely illustration-Quark Substructure (?) 

It is difficult to predict surprises. However, as an example of something that might 
happen, a recent extension of the standard model has included a new parity violating inter- 
action due to quark substructure [32]. One possible explanation of the several generations 
of quarks and leptons is that they are composites of more fundamental constituents, with a 
scale of compositeness A, >> 100 GeV. The intriguing feature of composite models of quarks 
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and leptons is that the interactions generally violate parity, since A, >> Mw. The parity- 
violating asymmetry then provides direct and much more quantative tests for substructure 
than other methods. The sensitivity to quark substructure is, of course, model dependent. 
One model of quark substructure [32] contains an explicitly parity-violating left-left contact 
interaction between quarks, which results in a PVA in jet production [13,14], as well as a 
slight increase in the jet cross section at large p~ (See Fig. 4a)., Without the PVA han- 
dle, detectors at the Tevatron are limited to searching for substructure by deviations of jet 
production from QCD predictions at large values of p ~ .  It is difficult to  prove that a small 
deviation is really due to something new. The latest CDF measurement [33] is a case in 
point (see Fig. 4b). If the "% Difference from NLO QCD" were "% Parity Violation", the 
parity-violating signature would be a clear indication of new physics [29,34]. The limit 

-40 1 , , , , , , , , , , , , , , I , , , ,;;{I loo .,5 t , ,  , I ,  ( I  ( ,  , , , , ,  , ,  , , , , , , , , , , I , ,  , , , , ,  , ,  I , ,  , , 

IO 

0 50 100 150 200 250 .IW 0 S O l f f l E 4 ~ L 9 ~ ~ ~ M  
I;;" 

is presently [33] A, E 1.4 - 1.6 TeV. 

. 1% , 

FIG. 4. a) Prediction [13,14] from 1983 for the effect of Quark Substructure on inclusive jet 
cross section with and without Parity Violation capability. b) Latest CDF [33] Inclusive jet cross 
section and ratio to NLO QCD. 

Although this limit is well above the RHIC c.m. energy, the PVA signature provides 
such a sensitive probe that the substructure could be measured at RHIC up to values of 
A, N 2 - 3 TeV. The limit of the sensitivity is set by the standard model PVA in inclusive 
jet production due to the interference of gluon and W exchange in the constituent scattering! 

,There is a factor of 4 dilution of the substructure effect in the spin-averaged cross section [13] in 
this model. 
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(See Fig. 5.) The latest calculation [35] of the substructure PVA for jet production at RHIC 
by Taxi1 and Virey (with sensitivity estimates for A? = 1 jet acceptance, typical of STAR) 
nicely illustrates the potential for new physics discoveries at RHIC by the search for Parity 
Violating Asymmetries in strong interaction processes.d 

MJT/PSU A Z  vs 2p: 

2o m 
TeV. 4s-300 GeV 

/ 
/ i 

Taxilpirey PLB304 A E  vs PT 

- b1.4 TeV. 4s-600 GeV 

0.10 - 

0.06 - 

0.00 - 

-0.06 - 

40 eo 80 100 120 

PT GeV/c 2pi GeV2 ~. 

FIG. 5. a) Predicted [13,29] single jet AI; for quark substructure A = -1 (circles) versus 
2pT N -i. The squares are the standard model PVA from W" production (arrow) and W-gluon 
interference. b) Latest calculation for RHIC [35] versus p~ for substructure with A = f l  (circles) 
and W-gluon interference (squares). The errors on (b) indicate sensitivity estimates for RHIC. 
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Abstract 

The PHENIX detector is one of two large detectors being built for the 
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laborato- 
ry. RHIC will provide colliding beams of relativistic (100 A - GeV) heavy ions 
as well as polarized protons at f i  = 500 GeV. The physics capabilities of the 
PHENIX detector for the heavy ion portion of the RHIC program are briefly 
outlined here. 

I. INTRODUCTION 

When completed in early 1999, RHIC [l] will provide a unique facility for exploring the 
hadronic structure of bulk nuclear matter. No other machine will be capable of accelerating 
such a broad range of species (protons to  Au nuclei) to such high energies (maximum energy 
per beam of - $ 250 GeV) with such intense luminosities (- 2 x cmW2 s-’ for 
Au-Au collisions). It is thought that collisions of the heaviest ions at the highest RHIC 
energies are the precise tool necessary to  form the quark-gluon plasma (QGP) [2], while the 
range of species and energies available from RHIC provides the necessary ingredients for the 
systematic exploration of any new phenomena observed. 

With these opportunities come immense experimental challenges. Experiments must be 
designed to accomodate extremely high particle densities (g - 1000 at central rapidities), 
and from such events extract evidence for a phase transition in a highly transient environ- 
ment. PHENIX [3] is one of two large experiments at RHIC designed for this purpose. 

rI. PHILOSOPHY 

A. General 

Designing an experiment to  search for QGP formation in relativistic heavy-ion collisions 
is a daunting task. A plethora of signals have been proposed, but none of them have the 
distinguishing feature of incontrovertibility (as opposed to , say, the discovery a new particle). 
In fact, even the sign of the effect may be in dispute [4]. Furthermore, many of the proposed 
signatures have been derived on a theoretical light-cone rather than on an experimental one, 
as shown in Figure 1. For instance, the “cleanliness” of electromagnetic probes is true only if 
one considers the detection channel for the first - seconds. However, at times far later 
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than this, but far shorter than any experimental timescale, one must deal with conversions 
(internal and external) and decays. 

5 

FIG. 1. A pictorial description comparing the fundamental processes contributing to QGP 
signatures versus some of the additional backgrounds important in their experimental detection. 

The situation that confronts an experimentalist is thus one in which the vector sum 
of theoretical opinion on likely signals is consistent with zero. Even greater uncertainty 
surrounds predictions of the rate for QGP production. Nonetheless, even knowing what one 
doesn’t know can help in framing an approach to the problem: 

e Observation #l: The QCD phase transition will not be “seen” at RHIC. 

While it would be nice if the plasma were to  manifest itself in one or several unam- 
biguous events, it would be folly to  base an experimental program on such wishful 
thinking. This is especially true given that we already know that there is no (single) 
set of events that proves QCD is the is the correct theory of the strong interactions. In- 
stead it has emerged as a consistent framework for describing the observed phenomena. 
A conservative strategy to  QGP detection should accomodate this possibility. 

Implication #l: Avoid single-signal detectors. 

e Observation #2: There are no* cross-sections at RHIC. 

t Except 

This is a fundamental difference between heavy-ion physics and 2’-hunting. Estimates 
of the energy threshold for QGP formation are notoriously unreliable, and there is 
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essentially no theoretical guidance as to probability per collision of plasma formation. 
This has the obvious experimental consequence: 

Implication #2: Preserve high-rate and triggering capabilities. 

0 Assumption #3: Expect the unexpected. 

This item is perhaps more theological than the previous two. Nonetheless, it is im- 
portant to realize that RHIC opens up an entirely new energy regime for heavy ion 
collisions, where for the first time hard processes and low-J: behavior play an important 
role. Again, the implication here may be a little less clear, but one might argue: 

Implication #3: Don’t trigger till you have to .  

It is an instructive exercise to examine the extent to which each of the RHIC experiments 
follows these guideline. Space does not permit such an analysis here, but it is worth noting 
that the development of Disoriented Chiral Condensates as a potential phase transition 
signature post-dates the design of the four RHIC experiments, but each of them has some 
reasonable sensitivity to this signal. 

B. PHENIX-Specific 

The PHENIX approach t o  RHIC physics is simple to state: Search f o r  the “simultaneous” 
appearance of new phenomena in as many channels as possible, as a funct ion of some ex- 
ternal” parameter. Each of the quoted words warrants some explanation. “Simultaneous” 
does not necessarily mean in the same event. Instead, it implies that for some class of events, 
the various new phenomena appear at or near the same value of the “external” parameter. 
This parameter may be anything, but a few obvious candidates suggest themselves: 

cc 

0 The muss of the colliding ions. 

0 The 6 of the colliding ions. 

0 The energy density of the collision. 

These are not all independent quantities (for instance, it is likely that the energy density 
will grow with as and logarithmically with &), so an important second-order goal will 
be establishing the “best” such external parameter. 

Which channels [5] are likely to be of interest in such an approach? A simple enumeration 
of potential signals quickly produces the answer “ALL!”: 

1. Deconfinement (Debye Screening) 

- R(T)  - 0.13 fm < R(J/$)  - 0.29 fm < R($’) - 0.56 fm 
3 Electrons, Muons 

2. Chiral Symmetry Restoration 

- Mass, width, branching ratio of q5 + e+e-, K+K- with SM 5 5 MeV. 
3 Electrons, Muons, Charged Hadrons 
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- Baryon susceptibility; color fluctuations: Anti-baryon production 

- DCC’s: Isospin fluctuations 

+ Charged Hadrons 

+ Photons, Charged Hadrons 

3 .  Thermal Radiation of Hot Gas 

- Prompt y, Prompt y* -+ e+e-,p+p- 
+ Photons, Electrons, Muons 

4. Strangeness and Charm Production 

- Production of E(+, K-, K: mesons 

- Production of 4, J / $ ,  D mesons 

+ Hadrons 

+ Electrons, Muons 

5. Jet Quenching 

- High-pT jet via leading particle spectra 
+ Hadrons, Photons 

I 6. Space-Time Evolution 

- HBT Correlations of T*,T*, K*K* 
+ Hadrons 

The executive summary, of course, is that is highly desirable to measure in one experiment 
electrons, muons, photons, and charged hadrons. Is it possible to measure this ambititious 
list of phenomena in central A-A collisions at RHIC in one detector (at finite cost)? The 
PHENIX answer to this question is “Yes” (if one measures over finite intervals). 

111. THE PHENIX APPARATUS 

The PHENIX collaboration has chosen to  measure electrons, photons and hadrons in the 
central region IyJ < 0.35, and muons in the rapidity slice 1.2 < lyl < 2.5. This approach 
results in a four-armed design, as shown in Figure 2, consisting of two central arms, each 
covering 90” of azimuth, and two full-azimuth muon arms. 

The central magnet produces a roughly axial magnetic field in the central region for 
momentum analysis of charged particles. Each central arm contains three tracking sub- 
systems: A drift chamber (DC) with one-sided drift cells in “X” for measuring in T-4 and with 
similar cells in small-angle stereo for z measurement, three layers of pixel pad chambers (PC1, 
2 and 3 )  for determining space points on the trajectories, and a time-expansion chamber 
(TEC) to provide both tracking and particle ID via dE/drr: and transition radiation. PC1 
and PC2 are separated by a. - 140 cm gas volume for the Ring Imaging Cerenkov (RICH) 
detector, which is read out by phototubes located on the magnet pole tips. The gas volume, 
filled with atmospheric pressure ethane (7 th  - 25)) identifies electrons. The outermost 
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West arm; the right-hand muon arm is the North arm. 

detectors in the central arm are very finely segmented (A7 x A$ - 0.01 x 0.01) PbGl (West 
arm) and Pb-Scintillator (both arms) electromagnetic calorimeters for measuring photons 
and electrons. A precision (at - 80 ps) time-of-flight array covering half the azimuth of the 
West arm will be used to identify charged hadrons in this aperture. 

The two large conical structures apparent in Figure 2 are the North and South muon 
magnets, which (with the aid of a central cylindrical “pistons” produce a roughly radial 
magentic field. Muons in the angular range 10” < 8 < 35” are momentum analyzed in three 
stations of cathode strip chambers (CSC’s). Identification of the muons is based on their 
penetration through up t o  five layers of steel absorber, which is interspersed with limited 
streamer tubes (LST’s) for readout. It should be noted that an important cLcomponent’’ of 
the muon detection system is passive, namely, absorbers consisting of the central magnet 
steel and additional material, designed to absorb produced hadrons before their decays 
produce muons. 

As stated in Section IIB, the PHENIX approach to studying heavy ion collisions at 
RHIC relies on the correlation of many channels with respect to  some “external” parameter. 
One such quantity is the total charged multiplicity measured in the region 1771 < 2.5 by 
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Rapidity 

FIG. 3. The acceptance regions of the PHENIX central and muon arms. 

the Multiplicity Vertex Detector (MVD), which consists of Si strips and pads covering the 
full azimuth. The MVD also provides on-line determination of the vertex (used in higher- 
level triggering). Another important source of vertex information are the Beam-Beam (BB) 
counters, which consist of two arrays of 64 phototubes each, detecting relativistic charged 
particles via Cerenkov light in the interval 3 < 171 < 4. These counters also provide the 
essential Start time used in TOF analysis. 

As emphasized in Section 11, the lack of definitive cross-section predictions for QGP 
formation argues for building an experiment with the highest possible rate capabilities. The 
front end electronics (FEE), data acquisition (DAQ) and trigger systems of PHENIX have 
been designed to perform, for all colliding species, at luminosities an order-of-magnitude 
greater than the nominal design luminosity of RHIC. As shown in Figure 4, this is an 
extremely challenging task- while the rate at which data is produced in PHENIX is roughly 
independent of colliding species, the magnitude of this number is large (- 2 GB/s). More 
importantly, the nature of the data varies from very small events occuring at very high rate 
(pp at - 1 MHz) to very large events at small rate (Au-Au at - IkHz). Regardless of 
species, the PHENIX FEE can read out the entire detector at a sustained rate of 25 kHz. 
Collision rates which exceed the input bandwidth of the system must be reduced by the 
Level-1 trigger; rates which exceed the ouput bandwidth of the system (20 MB/s) must be 
further reduced by higher-level triggers based on the physics content of the events. 

356 



1 E7 

1 E6 

1 E5 

1 E4 

1000 

100 

10 

1 

0.1 

Rates at RHIC 
Dip from artlfidal 

~ ~~ 

-a- 

IntRate (kHz) 

Trackdl nt. 

Trackskec 

MB/sec 

"INv(uwn 

-8- 

++- 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i  

p-Si p-Au Si-Cu(MB) Si-Au(M6) Au-Au(MB) p-p(Cn) 

p-cu 0-O(MB) Si-I(MB) I-I(MB) Si-Si(Cn) I-I(Cn) 
Si-Si(M6) CU-Cu(M6) 0-O(Cn) Cu-Cu(Cn) Au-Au(Cn) 

P P V W  
P-l P O  

Nuclear System 

FIG. 4. Collision rates and PHENIX data volumes at RHIC for (roughly) 10 times design 
luminosity. 

IV. PHENIX PHYSICS 

A. Hadron Physics 

The tremendous data volumes implicit in Figure 4 are generated almost entirely by 
hadrons. This fact, together with the large apertures and sophisticated DAQ systems found 
in RHIC experiments, implies that measurements which normally require weeks in fixed- 
target programs can be made in days or even hours at RHIC. A good illustration of this is 
the rate for correlation physics, shown in Figure 5. There a three-pion correlation function 
for a source with longitudinal, outward and sideward radii RL = Ro = Rs = 6 fm is shown 
as measured in the PHENIX aperture, for a greatly restricted subset of the three-particle 
phase space, namely all QL < ~ / R L  . and all QS < R/Rs . The resulting correlation function 
is then plotted versus the "out" component between particles 1 and 2. The data are for a 
simulation of lo5 central Au-Au events; at design luminosity this corresponds to  less than 
one hour of data-taking(!). 

Recently much attention has been focused on an explicit indicator of a second-order phase 
transition that appears in the hadronic sector, the Disoriented Chiral Condensate (DCC) 
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FIG. 5 .  The three-pion correlation function for triplets from lo5 central Au-Au events as mea- 
sured in the PHENIX high-resolution hadron sector. 

[6] ,  which results in non-Poissonian fluctuations in the yield of charged and neutral pions 
(particularly at low transverse momenta). Due to its finely segmented EmCal, PHENIX has 
a unique ability to  identify DCC's through their effect on the 7-r' spectrum. For instance, 
fluctuations in the MVD's event-by-event reconstruction of the charged-particle pseudo- 
rapidity spectrum in the region 171 < 2.5 (Figure 6) can be correlated with the number of 
low-p~ clusters in the EmCal. 

B. Electron Physics 

PHENIX has made a concerted effort to  optimize the detectors in the central arms for 
electron and photon detection. Much of the interest centers on the decays of the vector 
mesons to electron pairs. Figure 7 (from the PHENIX Conceptual Design Report [7]) shows 
a dielectron mass spectrum for - 3 x lo7 central Au-Au events in the PHENIX central 
arms, with clear peaks above the combinatoric background containing several thousand 
w's, a thousand 4 ' s  and and several hundred J/Q 's. (Since these mesons are produced 
hadronically, their abundances are large; the only reason these rates are '(small" is the - branching ratio to e+e-.) In fact, the time to  acquire - 3 x lo7 pairs is 

0 - 10 weeks at $ design luminosity 

0 - 1 week at & design luminosity 

0 - 1 week at design luminosity (without a trigger) 

0 - 1 week at l ox  design luminosity (without a trigger) 
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FIG. 6. Reconstruction of the charged-particle distribution for one central Au-Au event using 
the Multiplicity Vertex Detector, versus the input distribution. 

That is, at design luminosity RHIC produces central Au-Au collisions at roughly an order-of- 
magnitude greater rate than PHENIX can accept. Clearly a trigger to select the “interesting” 
events is called for. It is absolutely inadequate to declare “interesting” as “having an e+e- 
pair”, as shown in Figure 8, which plots the rejection factor available by triggering on 
electrons in the PHENIX aperture [SI. Since there are several such electrons per central 
Au-Au event, a more sophisticated strategy will be required to preserve DAQ bandwidth 
for comparatively rare J / 9  ’s. Such “physics-based” triggers are under active study at the 
moment, and will likely be implemented at Level-2. 

C. Direct Photons 

Direct photons are thought t o  be emitted copiously by the plasma, and escape the in- 
teracting matter with essentially no interaction. As such, they are in principle superb diag- 
nostics of thermal history of the collision [lo]. In practice, their experimental detection is 
extremely challenging, since the overwhelming background from hadronic decays (dominant- 
ly TO’S and 7’s) must first be measured and eliminated [ll]. This requires a finely segmented 
electromagnetic calorimeter augmented with charged-particle tracking, as deployed in the 
PHENIX central arms. The precise details of determining T O  and 77 yields as a function of 
multiplicity and transverse momentum will not be dealt with here; the reader is referred to  
Refs. [3,7,12,13]. 

The very large combinatoric background at low transverse momentum is substantially 
reduced at higher p~ values. In fact, if there is substantial jet quenching the direct photon 
yield may even exceed the hadronic yield for p~ >- 12 GeV [9]: as shown in Figure 9. Here 
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FIG. 7. The dielectron pair mass spectrum expected in the PHENIX cental aperture from 
N 3 x io7 events. 

we have the happy situation of one plasma signature (jet quenching [14]) helping another 
(direct photons). The only problem appears to be one of rate, and is not terribly serious: At 
design luminosities, the predicted yield at p~ - 12 GeV/c of & - GeV-' gives a rate 
in the PHENIX aperture of one photon per hour (in a 1 GeV/c bin). This is a case where 
a trigger is straightforward, since the number of clusters in the EmCal with this energy per 
central Au-Au event is well below unity, so that live-time can be preserved by rejecting events 
not satisfying this condition. Correspondingly, the rate can be increased almost linearly by 
raising the luminosity above the design value. If such gains can be achieved, this opens up 
the exciting possibility of directly observing the effect of jet quenching on the fragmentation 
function by using the photon as a tag [15], and examining the particle distribution opposite 
to it. 

D. Muons 

Much of the physics discussed in Section IVB is also measured in the North and South 
muon arms. As shown in Figure 10, clear peaks for the various vector mesons emerge after a 
like-sign subtraction. Note in particular that the spectrum extends beyond lWpp = 10 GeV, 
which allows for measurement of the T. Due to its very small Bohr radius (- 0.13 fm), 
measurement of the T should be instrumental in understanding the systematics of J/lP 
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FIG. 9. The direct photon spectrum for central Au-Au collisions versus the wo background with 
and without jet quenching [9]. 

and $' suppression. The mass region between the J/Q and the T is dominated by open 
charm prodcution (see the next section). Table I demonstrates that the performance of the 
PHENIX muon systems compares very well [16] to the FNAL experiment E772, which has 
been a leader in exploring the production of heavy vector mesons in p-A collisions. 

E. Charm 

While the discussion of electron physics in Section IV B concentrated on measurement 
of the vector mesons, observed as peaks in the dilepton pair mass, there is also substantial 
interest in the dilepton continuum, since virtual photons, just as real ones, diagnose the 
thermal evolution of the plasma. The penalty in rate from the extra factor of a must be 
paid, but the enormous backgrounds from the 7ro and q that so affect the direct photon mea- 
surement are absent. This optimistic scenario led many researchers circa 1990 to  advocate 
measurement of the thermal dileptons yield as a plasma probe. 

Since then, it has become clear that dileptons do provide substantial information on the 
evolution of the interacting matter, but via the production of open charm rather than by 
thermal mechanisms [17]. That is, the thermal spectrum lies one to  two orders-of-magnitude 
below the charm signal, as shown in Figure 11. (Ironically, even the lepton pairs in thermally 
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produced charm exceeds the directly produced thermal dileptons.) This dominance of the 
charm signal has prompted several authors to suggest using it rather than thermal dileptons 
as the canonical probe of the initial densities [19-211. 

Accumulating sufficient high-mass muon and electron pairs will be a relatively straight- 
forward procedure for the PHENIX experiment, as indicated by Table I. However, extracting 
the physics components of the spectrum will be a challenging task, even after a like-sign sub- 
traction to  remove the uncorrelated background. Two different techniques will help isolate 
the charm contribution: First, as emphasized by Tannenbaum [22], the production of single 
electrons at large transverse momenta is dominated by charm decays. The work of Akiba 
[18] shown in Figure 12 demonstrates the sensitivity of the e/7r ratio for p~ >- 1.5 GeV/c to 
the charm yield, and thus to the nuclear shadowing. A second approach relies on PHENIX’s 
capability for measuring e - ,Y coincidences (some hint of the rates may be obtained by com- 
paring panels a, b and c of Figure 11). Since the first method does not have a combinatoric 
background, while the second covers a much.larger rapidity interval, taken together these 
techniques will provide us with an excellent handle on the systematics inherent in any such 
measurement. Finally, it should be noted that the all-important shadowing of the gluon 
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structure functions in nuclei may be measured directly in PHENIX using charm yields from 
p-A collisions, as recently suggested by Lin and Gyulassy [21]. 

V. CONCLUSIONS 

The broad range of probes made accessible by the PHENIX apparatus make it both an 
ideal first-generation “dis~overy’~ experiment as well as the basis for a second-generation 
“characteri~ation~~ facility. We eagerly await the surprises RHIC will provide in 1999 and 
beyond. 
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Abstract 

In the recent years we have learned that light quarks play a crucial role 
in QCD-like theories, transforming it to many different phases. We review 
what is known about them, both from lattice and non-lattice approaches. A 
particularly simple mechanism of the QCD chiral restoration phase transition 
is discussed first: it suggests that it is a transition from randomly placed 
tunneling events (instantons) at low T to  strongly localized tunneling-anti- 
tunneling pairs at high T. Many features of the transition found on the lattice 
can be explained in this simple picture. Very relevant for RHIC, this approach 
predicts a strong non-perturbative interaction between quarks above the phase 
transition. It also predicts that QGP-like phase sets in at zero temperature, 
provided few more light quark flavors are added to QCD. Finally, we also 
discuss possible experimental signatures of the QCD phase transition. One 
issue is CERN dilepton data, possibly related with “dropping” masses of p,  AI 
mesons. Another is direct manifestation of a softeness of EOS (smallness of 
pressure/energy density) in the phase transition region in flow and even the 
global lifetime of the system. 

I. INTRODUCTION 

My topic is to review our current understanding of critical phenomena in QCD (and its 
close relatives). But before that, let m e  comment on a somewhat different type of critical 
phenomena discussed in one (late) session of the workshop, the  so called “self-organized 
criticality” exemplified by the famous sand piles. Not being an expert in this field, I still dare 
t o  suggest that the RHIC summer workshop itself is a perfect example of this phenomenon. 
Indeed, only several years ago many of the participant of RHIC project (experimentalists, 
accelerator people and even most of the theorists) would not even listen t o  a talk with such 
title as mine. (This is commonly described by exponentially decaying correlations, with 
rather short correlation length.) Now, with common goals and concerns about directions 
future experiments at RHIC will follow, we are all well inside “one correlation length”. This 
is clearly a phase transition in its own right. 

Returning to QCD, let me start with the comment that  during the last few years we have 
learned about many new phases, which the,gauge theories may have. Of course, the  one 
we are going to  look for experimentally is still the chirally symmetric Quark-Gluon Plasma 
(QGP), in which the charge is screened [l] rather than confined. Recent unexpected findings 
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suggest that it may have completely new features) such as preserve some hadronic modes as 
a bound states [2]. 

However, theory predicts some other phases which has taught us many new lessons. In 
particular) it seems that QGP may exist even at zero temperature in QCD with about 5-7 
light fermions. Even more flavored QCD, with 7-16 light quarks, is expected to be in even 
stranger conformal phase, an extended relative of a condition commonly studied only at the 
second order phase transition points. Similar phases are proven to exist in supersymmetric 
extension of QCD, in which there were recently a significant advances due to Seiberg and 
Witten. 

In addition, we have learned about some unwanted phases, such as (i) the Aoki phase 
appearing in lattice studies with Wilson fermions (see Ukawa review) and (ii) the Stephanov 
phase appearing in quenched lattice simulations with the non-zero chemical potential. 

As emphasized by T.D.Lee in his opening talk, before thinking about “small)) (the par- 
ticles) one should first clearly understand “large” (the phase one actually is in): as we will 
see it is a very good advice to  these lattice calculations indeed. 

The bottom line of this talk is the crucial (but still not quite well understood) role 
of light fermions) generating all these phases of QCD. In particular, compare the phase 
transition found in “quenched” calculations ( N j  = 0) and those with I V ~  = 2 - 3 dynamical 
quarks. The former case has a “deconfinement” phase transition at high T, M 260MeV, 
while the latter show a “chiral restoration” transition at much lower T, M 150MeV Unlike 
at normal(T=O) conditions, at T M T, physical quantities are very sensitive to  such little 
details as the mass value of the strange quark. Therefore we are still not quite sure about 
the order of the transition: the latest lattice results [3] incline again toward the l-st order 
in the real world. 

But do we understand why the transitions happen? Is there a simple picture which 
can explain its microscopic mechanism? Can we build a working model, reliable enough to 
provide some guidance in delicate questions relevant to  experimental observables? 

Qualitative explanations of why the QCD phase transition takes place are often done in 
an over-simplified way, emphasizing the “overlapping” hadrons in a bag-model-type picture. 
But such pictures give all numbers and physics wrong. Pure gluodynamics is an especially 
good example: at T, zz 260MeV the density of glueballs is negligible since even the lightest 
one has a mass of about 1.7 GeV! Looking at the low-T side of this transition it is impossible 
to tell why it happens. The same is qualitatively true for the chiral restoration: on the 
hadronic side the matter is still relatively dilute. But the reason why the phase transition 
happens is very simple: just two very different phases happen to have the same free energy. 
The lesson: one cannot understand a QCD phase transition without a quantitative model 
for both phases. 

‘By changing the quark masses from light to heavy continuously, it was shown that these two 
transitions are indeed different phenomena, separated by a large gap in which there is no transition 
at all. 

2For example, the MIT bag model literally predicts QGP formation in heavy ion collisions at 
unrealistically small (BEVALAC/GSI) energies. 
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The energetics of the “deconfinement” and “chiral restoration” transitions is entirely 
different, suggesting different physics. The former has huge latent heat, few G e V / f m 3 ,  so 
that probably all of the non-perturbative vacuum energy density (proportional to the “gluon 
condensate”) is “melted” in it. This in not the case for “chiral restoration,, in QCD: large 
portion of the gluon condensate should actually survive it [4]. What is this remaining “hard 
glue” or “epoxy”, as Gerry Brown called it? Why, unlike “soft glue” does it not produce a 
quark condensate? Can it affect quark interactions and hadronic masses? 

The major “non-lattice” approaches to  the problem include: (i) models based on partic- 
ular effective Lagrangians, like the sigma model or chiral effective Lagrangians models [5,6]; 
(ii) QCD sum rules at finite temperature/density [7]; (iii) the interacting instanton liquid 
model (IILM) [2,8]. 

Egective Lagrangians are very powerful tools at low temperatures: with parameters fixed 
by data one can indeed accurately account for effects due to non-zero occupation factors. 
However, they are clearly “one-sided”, unable to deal with QGP. In principle, &CD sum 
rules are not limited to  a description of only hadronic phase: the structural changes can be 
adequately described by VEV of different operators, or “condensates)’. However, since in 
practice those are unknown, people use simplifications. The most popular one is “vacuum 
dominance”, reducing average values of any quark operators to powers of < Qq >, therefore 
missing non-perturbative effects above T,. 

Among theory issues discussed intensely during the last couple of years [9-121 is the fate 
of the U(1) chiral symmetry. In cannot be exactly restored, as suggested in [lo], but its 
violation certainly is dramatically reduced at T E T,. In practice it means that vnon--strange 

(a combination of 7,q’) and isovector scalar (we call 6) may be nearly as light as a pion. 
One very important issue (which should have been discussed more) is what happens with 

the QCD phase transition for larger number of quark flavors Nj.  Several phase transition 
lines are expected there, the lowest probably being the chiral symmetry restoration at T=O. 

11. A MECHANISM FOR THE CHIRAL PHASE TRANSITION 

The main point of this talk is that due to recent developments it becomes increas- 
ingly clear what is the microscopic mechanism underlying this phase transition. It is 
rearrangement of instantons, from relatively random liquid at low T to a gas of instan- 
ton anti-instanton “rnolecule~”~. These TI molecules are the ‘‘epoxy’’ mentioned above: at 
T > T, they indeed do not create the quark condensate but contribute to the gluon one. 
Furthermore, they generate new type of the inter-quark interaction, and may even create 
hadronic states, even above T,! 

Several events lead to  these developments: (i) Demonstration that “instanton vacuum77 
explains the QCD correlation functions and hadronic spectroscopy at T=O [13,2]; (ii) Lattice 
confirmation of instanton liquid parameters and of the dominant role in general [14>15] ; 

3Note a similarity to Kosterlitz-Thouless transition in O(2) spin model in 2 dimensions: there are 
paired topological objects (vortices) in one phase and random liquid in another. 
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FIG. 1. Typical instanton configurations for temperatures T= 76 and 158 MeV. 

(iii) As shown in [16] instantons cannot be screened4 at T < T,; (iv) Confirmation of this 
statement on the lattice [17]; (v) Discovery of polarized fI molecules at T M T, [19]; (vi) 
Numerical simulations [2] and analytic studies [8] of the phase transition in the interacting 
instanton ensemble. 

It is very easy to  explain what happens at T M T, in this approach. Recall that finite 
temperature is described in Euclidean space-time by periodic boundary conditions, with the 
Matsubara period 1/T. So a rising T means a decreasing box, and when it fits to the size 
of one fI molecule, one gets a “geometric” transition. In Fig. 1 from [2] one can see it 
clearly. (The plots show projections of a four dimensional box into the z axis-imaginary 
time plane. Instantons and anti-instanton positions are indicated by + and - symbols. 
The lines correspond to strongest fermionic “bonds”.) Notice that molecules are strongly 
“polarized” in the time direction and that they are separated by half Matsubara box in time 

In a series of recent numerical simulations [2] it was found that like QCD, the instanton 
model has second order transition for N f  = 2 massless flavors, but a weak first order one 
for QCD with physical masses. Furthermore, the thermodynamic parameters, the spectra of 
the Dirac operator, the T-dependence of the quark condensate and various susceptibilities, 
the screening masses are all consistent with available lattice data. 

AT = 1 / ( 2 ~ ) . ~  

111. PHASES O F  QCD WITH MORE QUARK FLAVORS 

In this section we discuss further the role of quarks in QCD, adding more flavors to it. 
If we add too much of them, namely iVf > 33/2 (here and below we imply 3 colors), the 

4Previously considered scenario based on the “instanton suppression” does not in fact work until 
1 rather high T, well in the QGP domain, and thus it cannot be the reason for the phase transition. 

5Thus one can even find the approximate phase transition temperature. The molecule fits onto 
the torus if 4p N l/Tc, and with known instanton size p 21 0.35 fm one gets T N 150 MeV, close 
enough to  the observed one. 
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the instanton ensemble is purely “molecular”, with the unbroken chiral symmetry. 
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asymptotic freedom is lost and we get uninteresting field theory with a charge growing at 
small distances, basically a theory as bad as QED! So our “most flavored” QCD (with 16 
flavors, and work out way down from it (see fig 3). The phase we are in there is actually 
rather simple one, known as the Banks-Zaks conformal domain [25]. It has the infrared fixed 
point at small coupling g;/167i2 = -b/b’ <C 1 (b ,  b’ are the one and two-loops coefficients 
of beta function). It happens in the perturbative domain, so the charge is small both at 
small and large distances. There are no particles in this phase, and all correlators decay as 
powers of the distance. In this phase the non-perturbative phenomena like instantons are 
exponentially suppressed, ezp(  -const/g,2). However, as one decrease the fermion number, 
the fixed point g l  moves to  larger values and eventually disappears. Lattice simulations of 
multi-flavor QCD were recently reported in [26]. These authors studied QCD with up to 240 
flavors. Studying the sign of the beta function in the weak and strong coupling domains, 
they confirmed the existence of an infrared fixed point as low as at Nj  = 7. 

It is not known which phase we find next, at N j  = 5 - 6, most probably it is the so 
called Coulomb phase (basically QGP). 

The results of the interacting instanton model are summarized by Fig.2(b-d) show how 
one singular point at N j  = 2 develops into the discontinuity line for N j  = 3. The value 
of T, goes down with increasing N f  and at Nj  = 56 one finds that the chiral symmetry is 
restored even at T=O, provided quarks are light enough. 

New lattice results have been presented at this meeting by R-Mawhinney for QCD with 
N j  = 4. Details can be found in his (and N.Christ’s) talk, and I should only say that when 
they have extrapolated the measured masses to quark masses m + 0, they have found a 
dramatic significant drop in chiral symmetry breaking effects, such as 7i - a , p  - a1,N - 
N*(1/2-) splittings, very much unlike the N j  = 0 - 3 studied before. It suggests that chiral 
restoration is nearby, very similarly to  what was found in the instanton calculations. 

Finally, we return to Figure 3, and explain its rhs, showing similar phase diagram for the 
N=l SUSY QCD based on [27]. Not going into details, let me only mention that the vacuum 
is now definitely dominated by instanton-antiinstanton molecules, and their contribution can 
be calculated without problems (in QCD subtraction of perturbation theory is a great one). 
Thre are two phases which are impossible in QCD: a case without the ground state (molecule 
force the system toward infinite Higgs VEV) and also a funny situation with chiral symmetry 
unbroken but confinement (hadrons exist but are degenerate in parity). It is amusing that 
chiral symmetry is restored at N j  = N, + 1, similar to what was found in QCD in the 
instanton model. Also note, that in this case the existence of the Coulomb phase is a proven 
fact. 

6Note that N j  = 4 case is missing. It is because I have found the condensate to be small and 
comparable to finite-size effects. In order to separate those one should do calculations in different 
boxes, which is time consuming. 
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FIG. 4. (a) Temporal correlation function for the pion (divided by the one corresponding to 
free massless quarks) versus distance (in fm). Solid triangles and squares are for T = l.,l.13Tc, 
open triangles, squares and hexagons for T.43,0.6, 0.86Tc, respectively. (b) T-dependence of the 
screening masses (given in units if xT) calculated from the IILM. Note that at chiral restoration 
the partners (a, x), (rho, u1) become identical. 

IV. INTER-QUARK INTERACTION AND HADRONS NEAR AND ABOVE Tc 

It is well known that the nucleon effective mass in nuclear matter is reduced, and there are 
also indications that mp does the same [37]. Among approaches predicted “dropping masses” 
at high T the simplest (and the most radical) one is Brown-Rho scaling. According to  it all 
hadronic masses get their scale from < 44 >, and therefore vanish at T 3 T,. This idea is 
supported by the QCD sum rules, provided the “vacuum dominance” approximation is used. 
However it is not so in a vacuum made of the instanton molecules, because they generate 
non-zero average values for some fermionic operators, even when T > T, and < 44 >= 0. 
Those operators can be treated as new non-perturbative inter-quark interaction, which can 
be described by the following (Fierz symmetric, color-singlet only) Lagrangian E221 

which has Numbu- Jona-Lasinio-type form and the coupling constant is proportional to den- 
sity of molecules G = J n(p1, p2)dpldpZ 1 - ( 2 ~ p 1 ) ~ ( 2 7 i p 2 ) ~ .  8TFA Here, n(p1, p2) is the tunneling 
probability for the IA pair and TIA is the corresponding overlap matrix element, r’ is a four- 
vector with components (?, 1). The effective Lagrangian (1) was determined by averaging 
over all possible molecule orientations. Near the phase transition, molecules are polarized 
and all vector interactions are modified according to ($yPl?$’)2 + 4 ( 4 ~ J $ ) ~ .  
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Numerical simulations [23 and analytic studies [2317 have been used to  calculate both 
spatial and temporal correlation function. The former exponentially decay with the so 
called “screening masses” : their T-dependence for a number of hadronic channels is shown 
in Fig.(4)(b) [2] show overall agreement with lattice ones. Especially important is strong 
attraction in scalar-pseudoscalar channels, shifting these masses down from their high-T 
asymptotic, M/nT = 2. This attraction is also clearly seen in temporal correlation functions 
as well. For example, the pion correlators at several T are shown in Fig.(2)(a). They all have 
upward enhancement, which is absent in other channels (such as p ) .  Fit of the correlator 
suggests that pion survives the phase transition and exist at T > T, as a (non-Goldstone) 
massive bound state. Most other hadrons “melt” into constituent quarks. Those have no 
effective mass but effective energy (or “chiral mass”) above T,. Unfortunately, accuracy of 
the calculations done so far does not allow to get information about the fate of vector and 
axial mesons, the major players in the next section. 

Unfortunately, the temporal correlators are very difficult to get on the lattice: there are 
only few points in time direction. The best data we can compare with [24] definitely show 
attraction in the pion channel at T > T,, which is absent in vector ones. 

V. THE U ( ~ ) A  RESTORATION? 

The fate of the U(l), anomaly at finite temperature has received a lot of attention lately. 
A number of authors have emphasized that a (partial) U ( ~ ) A  restoration may be the case, 
with rather dramatic observable consequences [9,11,29]. Indeed, recall that at T=O the $--K 

mass difference is larger than all other meson mass splittings, and any tendency for it to 
shrink would therefore strongly affect the whole spectroscopy’. 

It is well known that this splitting and the ?I( 1)A anomaly are related with the topological 
charge, or well isolated instantons. It was argued in [9] that those should be very rare in 
the ensemble at T > T,, because all instantons are “paired” into molecules.’ The density of 
isolated instantons above T, is small O(mNf) ,  but due to zero modes the quark propagators 
contribute a factor l /m, and some results are finite in the chiral limit’. So, a significant drop 
in the strength of the U ( ~ ) A  anomaly around T, is expected, although to  non-zero value. 
It was further suggested in [9] that instead of dealing with 7‘ (which involve a complicated 

7Those are directly analogous to  the BCS theory of superconductivity, but with the instanton- 
induced interactions like (1). 

8An interesting situation arises for N j  2 3 massless flavors. In this case, the anomaly does not 
affect the 7‘ correlation function above T, [31,28,33]. If chiral symmetry is unbroken, extra zero 
modes cannot be absorbed by the condensate, and the ’t Hooft vertex only contributes to  2Nj- 
point correlators. For N j  = 3 this means that the 7’ and T are degenerate above T,, but the singlet 
and non-singlet A are split. 

’Another way to explain it is to say, that for m=O the individual instantons are absent in the 
vacuum, but can be created by the operators themselves. 
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flavor mixing pattern), it is more convenient to look at a difference between 7r and its U ( 1 ) A  
partner isovector scalar 6. 

Such measurements have been done, both on the lattice and in the instanton model. All 
of them observe that the difference of 7r - S susceptibilities indeed drops dramatically at T,, 
indicating a move toward the U (  1 ) A  restoration. 

However, the calculations disagree about what exactly is its value at T > T,. The problem 
is the rn + 0 limit, which is very difficult to  do in practice. Then the conclusion is sensitive 
to extrapolations: MILC collaboration [32] has fitted it quadratically xx - xs  = C1+ m2C2 
and gets a non-zero C1, but extensive results from the Columbia group (see their data in 
N.Christ’s talk) have shown that the linear fit is much better, and it leads to xT - xs +. 0. 

In the instanton calculations [2] the value is clearly non-zero (although it is not accurately 
determined yet). So, it seems that here we (for the first time) see a serious qualitative 
disagreement with lattice simulations at T > T,. This can be seen explicitly from the form 
of the Dirac spectrum. In the one we have calculated there are still quasi-zero modes due to 
isolated instantons, while in Columbia ensemble those seem to be completely absent. Why 
this happens remains unclear. 

The problem of qq‘ mixing at finite T was studied in more detail in [30]. The most 
important conclusions is that there is a tendency towards ideal mixing, a separation of 
strange and non-strange component. However, contrary to others, it is shown that for 
T > T, the anomaly only can operate in the non-strange sector, with iiu transition into Jd 
being proportional to m,. It is claimed that non-strange component may be rather heavy. 

In summary, a clear tendency toward diminishing of the role of U( l )  anomaly at T M T, is 
observed, but quantitative results for T > T, are still missing. If (as Columbia data suggests) 
it is vanishingly small, we would have 8 rather then 4 massless modes (for iVf = 2, rn = 0), 
and understand why it moved away from O(4) indices to the first-order ones. However, the 
instanton calculations show that it is not so small. 

VI. THE PHASE TRANSITION AT FINITE BARYON DENSITY: THE OLD AND 
THE NEW PUZZLES 

First attempts to introduce the non-zero chemical potential associated with baryon num- 
ber have been done in quenched approximation a decade ago [34]. It was found that a very 
strange thing (referred as the “old puzzle”) happens. At small p as expected, nothing de- 
pends on it, till some threshold p, is reached. But instead of finding a threshold to be around 
the constituent quark mass pc M m ~ / 3  lo, they have found it at p, M m,/2. Those are not 
too different if quark bare mass is large, but if it goes to zero the latter value vanishes. That 
means that in the chiral limit some states with non-zero baryonic number exist (and can be 
excited) at arbitrarily small p. There are no such states in the real world, so why lattice 
data have found them? 

‘‘By tradition, lattice people just put p in the Dirac operator without extra coefficients, which 
means that in their units quarks have baryonic charge 1, not 1/3. 
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For ten years it was not clear why, but the phenomenon was not a numeric artifact, 
and it has been since then seen in many other calculations. The resolution of the puzzle 
was recently made by Stephanov [35]. He has pointed out, that it is (‘quenching” the 
QCD partition function which one should blame. Interestingly enough, it turns out that 
elimination of the quarks can be done in two very different ways. In both one writes in the 
bosonic partition function the factor [de t ( iB  +iptyo +imINf coming from the integration over 
fermions, and then takes I\) + 0. This factor is real at 1.1 = 0 and complex otherwise, so it 
can be written as a modulus and a phase. Stephanov has shown that the usual quenching 
corresponds to the limit, in which one keeps modulus and ignores the phasell. 

Putting the absolute value of the determinant means that anti-quarks have a conjugate 
operator, with the opposite sign of the chemical potential p + -p: so instead of having 
the baryonic charge -1 they also have it equal to 1, like quarks. Then mesons qrq may have 
the baryon charge 2, and the massless excitations excited at small 1.1 are nothing else but 
such pions. Those exist in the Stephanov (unwanted) phase, in which the baryon number is 
spontaneously broken by the quark condensate12, which also obtains the baryon charge. 

Another talk we had on the lattice data at finite baryon density have been given by 
M.Lombardo. This time it is based on rather complicated algorithm and strong coupling 
limit, but it is unquenched and includes the determinant as is, with its phase. 

A good news is the excitation to non-zero baryonic density happens around the expected 
threshold value. But the bad news is the excitation starts about 30% lower it and is more 
smooth compared to  what one expects on the basis of the temperature value involved. So, 
we still see some unusual baryonic states being excited, like some nuclei or nuclear matter 
with unexpectedly large binding energy. I do not know any explanation of this puzzle. 

VII. “DROPPING MASSES” IN THE EXPERIMENT? 

Already at QM93, CERN dilepton experiments have provided first preliminary indi- 
cations for a signal, significantly exceeding the theoretical expectations (e.g. [38f). Later 
CERES has found dramatic excess of dileptons at Me+,- < mp. In spite of multiple at- 
tempts by theorists to explain it by “conventional sources”, it was found to  be impossible 
13. A list of “unconventional” explanations (more or less in a chronological order) include: 
(i) dropping mp [39,40]; (ii) pion occupation numbers at low momenta are very high [41]; 

“One can do this also without the limit, at finite N j :  such approach was suggested and studied 
separately by Gocksch [36]. 

121n fact Stephanov has found boundaries of this phase and many interesting details about dis- 
tributions of Dirac eigenvalues at non-zero p, both in the wrong (no phase) and right (with the 
phase) ensembles, using a particular model of chiral restoration based on random matrix approach. 
Unfortunately, we have no time to discuss it here. 

131n fact, I have never before seen that rather involved calculations by several groups agree so 
well, as far as the shape of spectra of Me+e- is concerned. 
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5 .  (a) Possible scenarios of chiral restoration in mp - ma, plane, (b) the dilepton spectra 
corresponding to them (CERES data are shown with background from hadronic decays subtracted); 
(c) the most favorable case D is shown in details, with contribution from different stages. The 
dominant one is clearly the long-dashed one, or hadronic part of the mixed phase. 

(iii) a very long-lived fireball [38]; (iv) dropping mqt [11,12]; (v) a modified pion dispersion 
curve [42]; (vi) dropping mA1 [43]. 

I will only discuss the p - A1 story, with brief remarks about others. (ii) The observed 
low-pt excess of pions (over thermal spectra) can indeed lead to  a dramatic increase in low- 
mass dilepton yield. However, it is most probably due to  resonance decays or effects of 
collective potentials. Both are late-stage phenomena, which hardly affect the early-stage 
dilepton production. (iii) Even if the long-lived fireball would appear at 200 GeV/A (which 
is hardly possible) it was found to produce about the same Me+e- spectrum as the usual 
space-time scenarios, so it does not work. (iv) Above we have indeed suggested that m,t(T) 
should drop more than any other mass: however in order to  account for CERES data one 
shouId increase yield of "escaping 7'') by too huge a factor. (In connection to  U( l )  restoration 
issue, however, it would be extremely interesting to  measure the 7' yield, though.) 

The "dropping mP" idea is very well known, and it seems to be about the only one 
which can explain the dilepton data. It was studied in details by Li,Ko and Brown [40] in 
the cascade model based on Walecka-type model with attraction mediated by a scalar field. 
With much simpler hydro-based approach we have also verified, that one can get a very good 
description of CERES data by making the rho mass T-dependent, without any changes in 
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standard thermal rate formulae or in space-time evolution. 
A point I want to  make though is that “dropping m,(T)” are not consistent with chiral 

symmetry restoration, unless modifications of its chiral partner a1 follow. Relation between 
the two were made e.g. in the contents of Weinberg-type sum rules [44]. Both states should 
become identical at T,, so mp(Tc) = mA1 (Tc). Important role of a1 for production of photons 
and dileptons was discussed in [52,38,45,46]: we have used rather general expressions recently 
derived in [47] l4 Possible scenarios of how chiral restoration may proceed are shown in the 
mp-mA1 plane in Fig.5(a). For example, path G corresponds to ref. [5] , while C corresponds 
t o  Brown-Rho scaling. The corresponding dilepton spectra are shown in Fig.5(b): the 
variant D, with m,(T,) = ~ A , ( T , )  - (1/2)mp(0), does the best job, and Fig.5(c) we show 
contribution of separate stages in this scenario. The A1 contribution is mainly at small 
Me+e-, where CERES acceptance is low and background rather high. Still, with some effort 
one may be able to  dig out the Al contribution, using other information (especially the pt  
distribution). Note finally, that  none of the scenarios mentioned above happen t o  violate 
current upper limit on the direct photons are set by lVA80 [48]. 

Equation of State 

0.00 L 
0.0 1 .o 2.0 3.0 

E (GeV/fm3) 
POA cccu) 

FIG. 6. (a) The EOS in hydro-relevant coordinates for resonance gas and QGP. The solid line is 
for zero baryon number, the dashed line is for pb = 0.54GeV. The minimum is the “softest point” 
discussed in the text. (b) Solid line (and left scale) show the lifetime in the center, the dashed line 
(and the right scale) shows the space-time volume occupied by the mixed phase (T M Tc). 

VIII. FLOW, THE “SOFTNESS” OF THE EOS, AND THE FIREBALL LIFETIME 

Our last topic deals with a more straightforward approach to  observable signal of the 
QCD phase transition: instead of hunting for “dropping masses” we look instead at the 
effect of “dropping pressure”. The ratio p / ~ ,  pressure normalized to  the energy density, is 
shown in Fig.G(a) we show how this ratio depends on E .  The existence of the “softest point”, 

I4In order to explain why a1 is important, let us go “backward in time”: it is the first hadronic 
resonance which may be excited in a collision of a photon, real or virtual, with a pion. 
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the minimum of this ratio, is clearly seen. Our second point: in those (hydro relevant) plot 
the curves with and without baryon density look similar in many models: compare the two 
curves in Fig.6. 

(a) 129 A GeV Au+Au (b) 30.9 A CeV Au+Au 

h 
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.a 

FIG. 7. 
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Space-time picture of AuAu collisions at SPS energies (a) and at the “softest point ” 
(b). Solid lines correspond to fixed energy density while the short-dash lines are contours of fixed 
longitudinal velocity. Q,M,H stands for Quark, Mixed and Hadronic phases. Note qualitative 
difference between the two figures, as well as different time scales. 

Effect of the “softness” of EOS at T N” T, on transverse radial flow was discussed for a 
long time [53,54]” . More radical (and more controversial) idea was proposed in [49], where 
it was suggested that it can affect the longitudinal expansion and thus the global lifetime 
of the excited system in some energy window. In this workshop we had a detailed talk by 
D-Rischke, where he has shown that the effect of “softness” of EOS increases the lifetime at 
RHIC energies by about factor 2. 

It was shown in [49] that, due to  softness of the EOS, there exists a window of collision 
energies in which the secondary acceleration of matter is completely impossible. Thus, if 
stopping does occur, a very long-lived fireball should be formed. 

To study this idea semi-quantitatively, a simple 1-fluid relativistic hydrodynamic model 
was used16 Our lattice-based EOS shown (in unusual form) in Fig.G(a) have smooth crossover 
in a narrow temperature interval AT - 5 MeV at T, = 160 MeV the energy density jumps 
by about an order of magnitude. 

As the collision energy is scanned down, from 200 A GeV (SPS) to 10 A GeV (AGS), we 

I5The issue was strongly oversimplified: in fact, transverse velocity is the integral over the whole 
history, and initial “softness” is only part of the story. Our hydro studies have shown, that the 
mean flow velocity is not sensitive to EOS at early stages, although there are modifications of the 
shape of its clitribution. 

“The major uncertainties are in the initial conditions: we assumed that ha1 f of the total energy 
is stopped. 
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found three radically different scenarios: (I) At SPS one starts in the QGP phase, therefore 
longitudinal explosion quickly restore ultra-relativistic longitudinal motion, even if stopping 
a la Landau takes place, and expansion resembles the Bjorken picture, (see Fig.7 (a)): (11) 
As the initial energy density passes the softest point, the QGP phase disappears and so 
does rapid longitudinal expansion. Instead we find a slow-burning fireball. For the heavy 
nuclei and initial conditions we discuss, the burning front moves mostly in the compressed 
longitudinal direction (see Fig.7 (b)). The total lifetime of the fireball appears to be nearly 
as long as predicted for RHIC, but of course it is kind of upper bound on the effect. (111) 
At still lower energies burning process becomes more spherical, and ordinary expansion is 
developed. The main result, shown in Fig.G(b), is a significant peak  in a lifetime. 

Remarkably enough, these completely different scenarios lead to not-so-different spectra! 
With little fitting of the initial conditions, they can be made consistent with available data. 
Thus, one-particle spectra alone is not enough, and details about the space-time picture has 
to  come from analysis of flow and HBT. 

How one can test these unusual predictions and try to  locate the “softest point” exper- 
imentally? First of all, it seems that it is above the AGS domain17, so one should rather 
scan downward at SPS. The following ideas are discussed in literature: (i) Look for maxi- 
mal lifetime (or minimum of the HBT parameter A) [49]; (ii) Look for the minimum of the 
“directed” flow in the collision plane [50]; (iii) Look for the nearly isotropic distribution of 
dileptons, produced in the long-lived fireball [49]. 

I 
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Hard Processes at RHIC 

A.H. Mueller 
Physics Department, Columbia University 

New Yo&, New York 10027 

Abstract 

A summary of the “Hard Processes” part of the RHIC workshop on Heavy 
Ions is given. The early stages of a high energy heavy ion collision are re- 
viewed. The questions of induced energy loss and the broadening of the p ~ -  
distribution of high energy jets in nuclear matter and in a quark-gluon plas- 
ma are discussed. Similarities with a number of theoretical issues in small-x 
physics are noted. 

I. PREFACE 

Of the topics covered at this RHIC Workshop it seems clear that “Phenomenology” is 
at present the core of heavy ion theory. The success of the RHIC experimental program 
may depend, t o  a large extent, on how much progress can be made in the phenomenology of 
relativistic heavy ion collisions during the next ten years. We have seen a vigorous discussion 
of many of these issues at this workshop. Hard (perturbative) physics enters when one probes 
a heavy ion collision and in the very early stages of the collision. It is on these questions 
that is the focus of the present talk. I shall only cover issues that are directly related to 
the quark-gluon plasma, and I note in passing that many of the issues related to the early 
stages of an ultra-relativistic heavy ion collision are quite similar to similar issues presently 
under active discussion in small-x physics at Fermilab and HERA. 

11. EARLY STAGES OF A RELATIVISTIC HEAVY ION COLLISION 

A. The geometry 

At very high energies, and in the center of mass, the small-x partons which contribute 
to the energy produced in the central unit of rapidity are located in a single layer, in the 
longitudinal direction, in each of the ions immediately before the collision. This layer of par- 
tons is of longitudinal extent AZ = l/kL, so for semi-hard partons the relevant longitudinal 
scale is AZ = 0.1 - 0.2 f m while for soft physics, probabIy not well represented by partons, 
AZ z 1/2 - 1 fm. In the transverse directions the partons are located in a disc of size R = 
6-7 fm, for a large nucleus, while the size of each parton obeys Ax, N l/kL. Thus partons 
which are hard LL 2 2GeV are rather dilute in the nucleus and so interact weakly in an ion- 
ion collision. Perturbative QCD should work well for studying how many of these partons 
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are freed during the ion-ion collision. For those partons having kl 5 1GeV the density of 
partons is sufficiently great, and the interaction sufficiently strong, that perturbation theory 
may not be reliable. 

B. The initial condition and shortly thereafter 

Calculations were described by Eskola [l] where one considers the production of kl 2 
2GeV partons, during a time t 5 0.1 - 0.2 f rn, for a small impact parameter Pb-Pb collision. 
There are about 300 such partons (gluons) freed per unit rapidity during the collision leading 
to 

dEFaTd 
zz 6OOGeV. 

The density of these partons, immediately after they are freed, is about 

which is only about a 10% occupation of the area available. Thus the initial system of 
semi-hard partons is rather dilute. There is a good chance that this energy is equilibrated 
through further parton branching and interaction. This is one of the key questions to  be 
answered by good Monte Carlo calulations of the early times after a heavy ion collision, and 
there is vigorous effort in this direction [2,3]. 

In addition to the energy freed in semi-hard parton interactions there is also the estimate 

M 200 - 300GeV 
dEyf t  
dY (3) 

extrapolated from proton-proton data. However, it is not clear that such an extrapolation 
is reliable. In an ion-ion collision the soft physics part of the interaction is taking place in 
an environment of (perhaps) large color fluctuations due to semi-hard production which is 
an environment quite different from that of a proton-proton collision. 

If one lowers the cutoff to kl = lGeV in the calculation of semi-hard partons one finds 
that about 1000 gluons are freed in a head-on Pb-Pb collision leading to  & M lTeV and 
p M 101 fm2. Now the initial state is fairly dense, though the perturbative caclulation may 
still be indicative if not a precise evaluation of the initial conditions in the collision. 

One of the key elements in heavy ion phenomenology is a good Monte Carlo for the early 
stages of the collision. Such a Monte Carlo needs to have the semi-hard interactions of the 
collision as well as soft hadron production. In addition, the Monte Carlo should be able to 
follow the evolution of the system up to  the time when equilibration sets in. It is a great 
challenge to  develop a realistic Monte Carlo which can be used at RHIC and at LHC. 

In the meantime it would be amusing to follow a simpler, and less realistic, approach 
where one simply ignores soft physics, and follows the evolution of the semi-hard gluons down 
to some moderately small mass scale where one then converts gluons to  hadrons by “Local 
Parton Hadron Duality,” LPHD. This procedure works quite well in ete- annihilation. 
Perhaps it gives reasonable results in heavy ion collisions also. It is a ‘simple” context to  

dEhard 
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study such perplexing questions as how, and if, an effective screening comes in to cut off 
infrared divergences in the pre-equilibrium distributions. [2-41 

111. INTERACTIONS OF PARTONS IN NUCLEI AND IN THE QUARK-GLUON 
PLASMA 5 9 6  

There have been some experimental studies of the interaction of high energy quarks 
and gluons in nuclei mainly through measurements of the broadening of the p L -  spectrum 
of p-pairs and J/$’s in proton nucleus collisions as a function of the atomic number A. 
There is very little data concerning energy loss of high energy quarks and gluons in nuclei. 
However, there have been wide discussions about the possibility that the loss of energy of 
quarks and gluons in matter might furnish a signal for quark-gluon plasma formation. 

A. pL-broadening 

Suppose a high energy quark jet has been produced in hot or cold QCD matter through 
a hard collision. As the jet passes through the matter it encounters essentially random 
color fields with coherence lengths of a fermi or less. These color fields add to  the initial 
transvserse momentum that the jet may have had and thus broadens the p l  spectrum of the 
jet. The same is true for the p- pair spectrum produced by a hard incoming quark which 
annihilates on an antiquark in the matter. Because of the essentially random character of 
the p l -  kicks given to  the quark locally in the matter one expects that the increase in the 
width of the p2,-ddistribution should grow linearly with the length of material that the quark 
passes through. The theory for this process is now under good theoretical control, except for 
an overall normalization which sets the scale for the “typical” transverse momentum given 
to the quark during a scattering. An estimate of the p l -  broadening is 

5GeV2(Hot Matter, QGP)  
1/2GeV2(Cobd Matter) (4) 

with L the length of the matter traversed by the quark. 

B. 3.2 Radiative energy loss induced by a medium6 

The problem of the loss of energy of a high energy electrically charged particle as it 
passes through atomic matter is a classic problem in electrodynamics and was first solved 
by Landau, Pomeranchuk and Migdal (LPM). The suppression of radiation due to  coherence 
of photon radiation from different regions of the medium has come to be known as the LPM 
effect. Recently, there has been intense study of the analogous effect in QCD with the hope 
that radiative energy loss could furnish a signal for quark gluon plasma formation. An 
estimate for the radiative energy loss of a quark in matter is 

2 SOGeV(HotMatter, QGP) 
* A E =  (L) lOfm 

2 Ge V ( ColdMatt er ) ( 5 )  
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A pecularity of this result is that the radiative energy loss grows quadratically with the 
length of matter that the quark passes through. This comes about because the energy loss 
is dominated by the energy of the highest energy gluon whose formation time is less than 
or equal to  the length of the medium. Setting 

(6 )  
2k L = Tfform = - kf ’ 

with k the momentum of the radiated gluon, and taking k t  cx L as given in (4) immediately 
gives k cx L2 as in ( 5 ) .  

The estimates in (4) and ( 5 )  are very crude and should be taken as indicative of the 
possibility that the interaction of high energy quarks and gluons is much more intense in 
hot matter as compared to cold matter. To a large extent this is likely a straightforward 
reflection of the higher density of quarks and gluons in hot matter. 

C. How to measure energy loss 

The basic partonic reaction q + g ---$ q’ + y, occurring as the hard part of a hard proton- 
nucleus or nucleus-nucleus reaction, can be used to  measure the energy loss of the final 
quark, q’, as it passes through the medium. [7] By measuring a large transverse momentum 
for the y, which is unaffected by the medium, one has a measurement of the q‘ at the 
moment it is produced in the collision. By measuring the energy of these final q’ after it 
has passed through the medium one gets a measure of the energy loss of quarks in matter. 
This reaction has another nice feature for ion-ion collisions. By measuring the y one has a 
“trigger” on an outgoing jet. Without such a trigger minimum bias fluctuations will likely 
make jet measurements impossible in an accelerator like RHIC. Estimates suggest that 10 
GeV 7‘s will be quite abundant at RHIC while 15 GeV transvese momenta may be difficult 
to achieve because of the smallness of the cross section of production. 

IV. DENSE PARTONIC SYSTEMS AT T = 0 

The most fascinating part of small-x physics is the study of partonic systems whose 
density is so high that each parton strongly interacts with neighboring partons even though 
the QCD coupling, a, is small. The traditional gluon distribution of the proton 

zG(z, Q 2 )  M 3(1 - z ) ~  (7) 
represents three gluons per unit rapidity, having transverse size AxL - l /Q,  in the proton. 
If Q2 2 a few GeV [2] this corresponds to a rather dilute system. Recently at HERA 
values of zG(z, Q 2 )  between 20 and 30 have been measured at very small values of x. These 
measurements have been performed at values of Q2 such that the gluons are still quite dilute 
in the proton. However, in the region Q2 M 1GeV2, where the idea of partons still makes 
sense, and at small x one may reach that region where there is a considerable overlap of 
partons leading to high field strengths and some sort of saturation effect. This is likely also 
for the case at RHIC energies for heavy ions as suggestesd by our discussion in Section 2. 
In small-x physics there is a strong effort underway to  understand what happens when one 
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reaches high parton densities in a proton’s wavefunction. It is likely that this understanding 
will have application t o  heavy ion physics also. 

The relationship between unitarity constraints and saturation (high field strengths) is an 
intriguing and not well understood aspect of high energy QCD. To illustrate this relationship 
compare very high energy scattering in a center of mass frame with that of a laboratory 
frame. To simplify the problem, and eliminate the usual nonperturbative QCD of bound 
states, imagine that the colliding hadrons are heavy quarkonium states with wavefunctions 
consisting of a heavy quark a heavy antiquark and some number of gluons. We shall give a 
very classical picture of the scattering which is dominated by gluons. 

In the center of mass frame 

CT = 0-0 - N 2  (8) 
where c is the onium-onium cross section, CTO the gluon-gluon cross section, and the N the 
number of gluons in the onium wavefunction. (N depends on energy asN = N ( Y / 2 )  = ecoly/2 
with Y = LnE2.) The gluons in the onium have transverse size about equal t o  R, the onium 
radius, so a0 M a2R2. Thus, the unitarity limit 0 w rR2 is reached when N - 1/a or 
d Y  = O(1) .  The typical field strength squared goes like so field strength are not very 
large and the gluons in each of the colliding onia can be considered to  be weakly interacting 
with each other. Thus unitarity is a weak coupling, perturbative, problem. 

Now look at the same problem in a frame where one of the onia is at rest. The onium 
at rest consists only of a heavy quark and a heavy antiquark. Now 

CT M a2R2N(Y) (9)  

which gives the same result as before, for equal total rapidity E’, with N ( Y )  - I/a2. But 
N ( Y )  N l /a2 means that the typical field strength Fpy is of size l/g so that in a rest 
frame unitarity looks equivalent to  the strong coupling (saturation) problem. It is one of 
the important tasks over the next few years t o  clarify the relationship between unitarity and 
saturation. For heavy ion reactions the Q2-value at which saturation sets in likely gives the 
scale of those gluons which will dominate the free energy in the central unit of rapidity. 
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Summary talk on chiral symmetry and Disoriented Chiral 
Condensates 

Robert D. Pisarski 
Department of Physics, Brookhaven National Laboratory, Upton, New York 11 973-5000, USA 

Abstract 

I summarize the talks at the RHIC ’96 Summer School on chiral symmetry 
and Disoriented Chiral Condensates. 

This summary reviews what I found interesting during the talks on chiral symmetry. 
There were a few talks on various aspects of chiral symmetry, followed by many talks on 
one particular aspect, that of Disoriented ChiraI Condensates, DCC’s. 

I. ZAHED: QUANTUM ACTION PRINCIPLE 

Zahed [l] presented an alternate approach to effective theories for chiral symmetry. His 
starting point is rather abstract, involving a quantum action principle and a master equation. 
In the end, however, he ends up with something rather concrete. 

For example, he starts with the general expression for T-T scattering, and writes it as a 
series of terms. To do so, all he needs is the interpolating formula for the pion field in terms 
of the axial current. The first three terms which he obtains are most familiar, involving a 
tree term as would arise from the lowest order in a effective (nonlinear) theory, a second 
term from the exchange of a p-meson, and a third term from the exchange of a a-meson. 
Rather interestingly, he is not putting in these mesons by hand, but finds terms which have 
a natural interpretation as the exchange of these mesons. 

There is a fourth term which remains; this involves the connected four-point function 
of currents. This last term has no natural interpretation as the exchange of any particle, 
and does not arise from an effective theory. The major assumption which he makes is that 
this last term can be neglected. It presumably represents the sum of many higher order 
processes which eventually arise, such including the exchange of two p-mesons, higher order 
terms in the derivative expansion of an effective theory, and the like. 

He then uses experimental data to fix the first three terms in his expansion. Doing so, 
he finds an excellent fit to the T-T phase shift at energies below 1GeV. Since he is using 
experimental input to  fix the terms corresponding to p-meson and a-meson exchange, this 
agrees with the results found in more explicit approaches. 

Zahed then went on to discuss various features of dilepton production at nonzero tem- 
perature, as perhaps explains the excess of dielectrons seen above 2m, and below mp in the 
CERES experiment. He observed that a shifted p mass, as suggested is relevant for these 
experiments by G. Brown, C. M. KO, and others, is only effective if the width of the of the 
p-meson decreases strongly with temperature. This is a matter of the area under the peak 
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being (approximately) constant, so that unless the width gets small, the height won’t be 
sufficiently large to explain the data. 

In this vein, the important effect is not the width at one loop order, but that at two loop 
and beyond. This is not simply because the coupling constant is strong, and so higher order 
effects are always large; after all, a one loop estimate gets the p-meson width right to about 
20% at zero temperature. Rather, it is that at nonzero temperature the effects of collisional 
broadening first enter at two loop order, and can be significant. Haglin [2] has estimated the 
effects of collisional broadening, and finds that they can be large; for example, the thermal 
lifetime of the w meson becomes not 25 f m/e, as at zero temperature, but - 4 f m/c .  

11. HATSUDA: DROPPING VECTOR MESON MASSES 

Hatsuda [3] summarized various approaches to  how the light vector meson masses - p,  
w,  and q5 - drop in nuclear matter. This included an approach based upon sum rules and 
effective theories, such as Quantum HadroDynamics. I would only add the qualification that 
at least in effective theories, such behavior is often built into assumptions about the nature 
of the relevant couplings. It is not clear to me that more general couplings, still consistent 
with chiral symmetry, cannot produce different behavior. 

What I found interesting, however, is that he estimated the effects of collisional broad- 
ening not at finite temperature, but at finite density, and find that they are small. While 
this is not the same limit as investigated by Haglin, one would expect qualitatively similar 
results, and the difference is striking. Clearly more complete calculations are required, since 
the crucial question experimentally is not so much whether or not vector meson masses 
change with temperature and/or density - they surely do - but how the widths change. 
In particular, experimentally the cleanest signature would be if the relatively narrow vector 
mesons, such as the w or the 4, became broad in the quark-gluon plasma. If the width of 
the w ,  say, is near its value at zero temperature, then most 0 ’ s  decay outside of the plasma, 
and it will be difficult t o  see signs of thermal w’s. 

111. TYTGAT: SOFT PIONS 

Tytgat [4] described work with myself on the nature of chiral symmetry breaking in a 
thermal distribution. Here I wish only to make the following point. Many authors, including 
especially Shuryak [5], have used specific models to  argue that the pion dispersion relation 
changes in a medium, becoming “flatter)). That is, not only does the effective mass of the 
pion change, but the pion acts as if it has a nonzero velocity less than one, with a dispersion 
relation of the form ueff(p) = ,/-. We showed that this type of dispersion relation 
follows not just from the properties of specific models, but is a most general feature of chiral 
symmetry breaking in a medium. This greatly supports the type of scenarios advocated by 
Shuryak [5]. 
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IV. WELDON: NEW PEAKS IN THE QUARK GLUON PLASMA 

Weldon [6] gave a speculative and most interesting talk on how new bound states could 
arise in the quark-gluon plasma. At first sight, this appears completely contradictory. After 
all, at very high temperatures our picture is of a (more or less) weakly coupled plasma, in 
which one would not expect any bound states. However, near the point of phase transition, 
we know that the IT meson and the T’S are special, since at a point of (second order) chiral 
phase transition they have zero mass, and so are, of necessity, strongly bound. So perhaps 
there are other channels in which there is also strong binding (although perhaps not as 
strong as for the critical modes!). 

It is known from perturbative calculations that there are new fermionic quasiparticles in 
hot gauge theories, sometimes dubbed “plasminos” (although there is nothing supersymmet- 
ric about them). Weldon showed that these states are not special to perturbation theory, but 
arise generally as a type of quasiparticle hole. I use the term plasmino for ease of discussion. 

Weldon then observes that besides the usual particle antiparticle bound states, it is 
also possible to  have particle plasmino bound states. Since these states arise from finite 
temperature effects, they are not generally Lorentz covariant; for example, there is one state 
in which a particle and a plasmino are sandwiched between the Dirac matrices 707; this 
state has Jpc = I--, and so can couple to virtual photons. 

What about binding? In a random instanton model, it is fqund that not only the D and T, 
but also precisely these 1-- particle plasmino states should experience strong binding, since 
all involve states with opposite chirality. This in itself is very interesting, and presumably is 
indicative of something much more general going on beyond the approximations of a random 
instanton model. 

The crucial question is that of width’s. Collisional broadening would seem to be a crucial 
matter for these type of states; for example, the fermions (and plasminos) themselves will 
acquire thermal widths. However, perhaps all is not as bleak as it sounds: if the real parts 
of the masses of these states are related to pions, perhaps so are the imaginary parts. Thus 
perhaps the width of such states is no worse than that of pions. Of course, if pions do have 
large thermal widths even about the point of phase transition, then things are pretty bleak. 
But there is no general reason for this to be. 

Indeed, I would suggest that if such states arise, and are strongly bound, then it is 
probably indicative of some extension of chiral symmetry at work, tying together the c 
meson, pions, and these new bound states together. 

V. WANG: HOT TI’S 

Wang [7] discussed the changes of the 7’ and especially the 77 mass with temperature. It is 
known that if the anomaly (or more precisely, gluonic fluctuations in the topological charge 
density squared) decreases at a given temperature, then the mixing of the pseudogoldstone 
bosons goes from being nearly an ideal SU(3)  to being nearly eigenstates of pure flavor. 
For example, if the anomaly evaporates, the 7‘ becomes pure Ss, the 77 pure Zd, and the T O  
pure Zu. Further, the mass of this thermal 7 naturally decreases as it loses its strangeness. 
Consequently, one might hope to see an enhancement in the relative abundance of 7 mesons. 
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The crucial question is whether chemical equilibrium is lost before thermal equilibrium. 
The former is determined by 77 3 m, while the latter by the this process, as well as 77 -+ 77 
and 77r 4 q7r. Consequently, one expects chemical equilibrium to be lost before thermal, the 
relevant question is how big is the difference. Using a reasonable parametrization of the linear 
cr model, Huang and Wang [7] find that - 168MeV, while Tthermal - 139MeV. 
Thus there is some window in which one might hope to  see an enhanced abundance of 7’s. 
Of course all of these temperatures are characteristic of freeze out temperatures in a hadronic 
gas, so we will have to wait for experiment to see. 

VI. DISORIENTED CHIRAL CONDENSTATES, DCC’S 

I now turn to a discussion of the work done on DCC’s. There were a large number of 
talks on this subject; since they form a coherent subject, I discuss them collectively. 

Rajagopal [8] gave an excellent pedagogical introduction, to  which I refer the reader. The 
essential point to emphasize is that many of the preconceptions which one has from other 
contexts are inappropriate for DCC’s. The basic idea of DCC’s cannot, in essence, be wrong: 
in some manner, one wants to “whack” the chiral alignment of the QCD vacuum, and see 
how it realigns to  the correct vacuum. This is manifestly a process out of equilibrium, in 
which being more out of equilibrium will help to magnify the effect. Since one is wrenching 
the alignment of the vacuum, it is a problem of soft physics, which should manifest itself in 
phenomenon at small transverse momentum (pt  ) and high multiplicity. The standard signal 
is to  look for a change in the ratio of neutral pions to the total number of pions, 

Here rich is the number of charged pions, and n, the number of photons, where on average 
each 7ro gives two photons. On average the ratio R is the isospin symmetric value of 1/3; the 
question is whether the fluctuations are entirely Poissonian, or have some other component. 
In this vein, while in hadronic physics it sounds rather radical to  look for fluctuations in 
isospin conservation, in terms of spin models it is not. Consider a magnet aligned along 
the z axis, say. If one hits the magnet with some random field, it will precess around is 
some arbitrary fashion. Thus it one hits it hard, one will see individual events in which the 
spin is pointing in the z or y directions. This is all DCC’s really are, are spins temporarily 
misaligned. What is usually referred to as DCC’s is more specific: it is a distribution which 
is flat in isospin space, so that the probability distribution is not S ( R  - 1/3), as we expect, 
but 1/(2fl). While such a definition is useful, in terms of testing models and the like, I 
stress the generality of the concept beyond this particular distribution. 

Given this, it is also worth emphasizing that how DCC’s manifest themselves in p p  (or 
p p ,  or P A )  collisions is presumably very different from that in A A  collisions. The latter 
involves many particles at the outset, and the problem is in obtaining large enough regions 
in which the chiral vacuum is misaligned. For the former, one is looking for correlations is 
relatively small regions of space-time. Thus there is no reason to  expect the dynamics of 
the two to  be related. 

There were three talks on experimental searches for DCC’s. Wyslouch [9] discussed the 
search using IVA98 from the Pb - Pb run at CERN. They have presently analyzed 1% of 
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the data, and have no candidate events at present. Taylor [lo] described the progress of 
the MiniMax detector at Fermilab’s Tevatron in Fp collisions. Lastly, Busza [ll] described 
how the PHOBOS detector for AA collisions at RHIC can be used to look for DCC’s. In all 
of these experiments, a basic experimental problem is that the means used to measure the 
number of charged pions is inevitably very different from that used to measure the number 
of neutral pions, which are measured as one half the number of photons. Thus the crucial 
problem is in ensuring that the kinematic limits imposed by the detection of one type of 
particle overlaps with that of the other. 

Taylor [lo] presented a clever idea for further observables to measure. Instead of looking 
at one particle observables, as above, he suggested looking at correlations, such as 

The advantage of this quantity is that one need not look at fluctuations: an isospin symmetric 
distribution will give R1 = 1, while a distribution of l / ( 2 6 )  gives 721 = 1/2. 

On the theoretical side, there were a variety of talks, related to the possibility of DCC’s 
emerging in AA collisions. They can be summarized by observing that driving the system 
as strongly out of equilibrium as possible tends to amplify any possible effect. For example, 
one can distinguish between a quench and annealing. In a quench, one starts with a system 
in which the wavefunction is that of a high temperature state, but one assumes that the 
potential evolves very quickly to  that at zero temperature. Thus the system suddenly finds 
itself in the wrong minimum, and long wavelength modes become unstable, until the system 
rolls down into the true (chirally asymmetric minimum). In contrast, with annealing, the 
potential evolves smoothly, and the minimum rolls down as the potential evolves. Rajagopal 
[8] talked about his work with Wilczek, in which a quench is assumed, and finds large pion 
fluctuations. Asakawa [12] explicitly compared a quench to  annealing, and found that the 
largest fluctuations occured under a quench. 

Another important effect is from expansion. In a thermal system one wants’ the system to 
expand as slowly as possible, so that the temperature changes slowly, and the system remains 
in equilibrium. For DCC’s, in contrast, expansion is beneficial, and tends to  drive the system 
even further out of equilibrium. This was first stressed by Gavin and Muller [13]. Randrup 
[14] included the effects of transverse expansion classically, and showed that the largest 
instabilities occured with fully three-dimensional, as opposed to one-dimensional expansion. 
Similar results have also been obtained in a large-N expansion by Lampert, Dawson, and 
Cooper [15]. The large-N results are interesting because, while confined to infinite N, are 
valid quantum mechanically. Lampert et a1 find that in fully three dimensional expansion, 
while the size of the DCC region is not enchanced per se, that the number of produced 
particles is. This is something which can only be seen by a fully quantum mechanical 
treatment. 

I conclude with some speculations about how DCC’s might arise in a realistic model. A 
well known problem is how to get enough pions out of a chirally misaligned vacuum. This 
is because the energy density of a phase in which the condensate is misaligned is of order 

This quantity must vanish like mi, since for a massless pion, the vacuum is truly degenerate, 
and it should cost nothing to realign it. The remaining mass dimension is then naturally 
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made up by the pion decay constant fT - 93MeV, which is the natural mass scale for chiral 
physics. The point is that this is a rather small number of pions per fm3, easily less than 
one. So how can one hope to see a large number of soft pions coming from anywhere? 

I would like to  suggest that this is because one is counting the energy density wrong. 
Consider a string model, in which pions are described as strings with quarks at the end. Then 
most of the energy density comes from the gluons in the string, with relatively little coming 
from the ends. Of course, since gluons have no flavor, the chiral dynamics is determined 
entirely by the quarks at the ends. But with this simple construct, there is no problem, at 
least naively, with getting enough energy density to  make a lot of pions. One just stuffs 
strings. 

Indeed, consider the following quandry. It is known that the order of the phase transition 
at finite temperature is crucially dependent upon the number of flavors, and so is fixed by the 
chiral symmetry. On the other hand, all simulations, whether for zero (quenched), or two, 
or three flavors, all find a large increase in the entropy in a narrow region of temperature. 
This large increase in entropy simply cannot be described by the effective model appropriate 
for the chiral phase transition, a linear cr model. The reason is obvious, since the transition 
in the CT model is only related to  a few modes becoming massless, there is no way for a large 
entropy to emerge. Perhaps this would have a natural description in terms of a chiral string 
model: the entropy would be that of deconfined strings, but the order is controlled by the 
chiral properties. Of course this is merely wishful thinking. 

Consider then a string model, as discussed by Ferreiro [16], t o  imagine what a DCC 
would be like. Before doing so, we need to imagine how to get a lot of little strings out 
of one big string. In string models, the probability of a string snapping is usually taken to 
be some constant value along the length of the string. While this is surely fine on average, 
one can imagine some small fraction of events in which the following happens. Suppose the 
string starts out as an “accordion”, with a wave function with lots of nodes in it. As the 
accordion stretches, it snaps at the nodes, to produce lots of strings with approximately 
equal length. How then to get a DCC? Assume that the accordion is surrounded by a 
“sheath” in which the chiral vacuum is misaligned. Since this is only a sheath around the 
original string, there is no problem with the energy density. The accordion stretches, but 
presumably the sheath remains misaligned, to produce a large number of strings aligned in 
the same chiral direction. 

Obviously this picture is little more than just that, a picture. However, it does show 
that it is at least possible to obtain a DCC in a string picture. Further, the distribution of 
particles is much different from that expected from other pictures, as the particles of the 
DCC would be spread out, more or less evenly, along rapidity. (MiniMax assumes that they 
will be bunched up in rapidity, as a blob of “Baked Alaska” which comes at the detector.) 
Regardless of the generation of DCC’s, such a picture should be able to  make predictions 
about the distribution of particles created in p p  or p p  collisions for a large number of particles, 
and so testable. 

In the end, what is most exciting about DCC’s is that it is leading us to  think about new 
kinds of physics in new regions of physics. And yet which are experimentally measurable. 
In physics, what could be sweeter? 
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