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Preface to the Series 

The RIKEN BNL Research Center (RBRC) was established in April 1997 
at Brookhaven National Laboratory. It is funded by the "Rikagaku 
Kenkyusho" (RIKEN, The Institute abf Physical and Chemical Research) of 
Japan. The Center is dedicated to the study of strong interactions, including 
spin physics, lattice QCD, and RHIC ]physics through the nurturing of a new 
generation of young physicists. 

During the first year, the Center lhad only a Theory Group. In the second 
year, an Experimental Group was also1 established at the Center. At present, 
there are four Fellows and eight Research Associates in these two groups. 
During the third year, we started a new Tenure Track Strong Interaction 
Theory RHIC Physics Fellow Program, with six positions in the first academic 
year, 1999-2000. This program had imreased to include ten theorists and one 
experimentalist in academic year, 2001-2002. With five fellows having already 
graduated, the program presently has eleven theorists and three 
experimentalists. Of these eleven RHIC Physics Fellows, five have been 
awarded/offered tenured positions, anid this will be their final year in the 
program. 

Beginning in 2001 a new RIKEN Spin Program (RSP) category was 
implemented at RBRC. These appointments are joint positions of RBRC and 
RlKEN and include the following positions in theory and experiment: RSP 
Researchers, RSP Research Associates, and Young Researchers, who are 
mentored by senior RBRC Scientists. A number of RIKEN Jr. Research 
Associates and Visiting Scientists also contribute to the physics program at the 
Center. 

RBRC has an active workshop program on strong interaction physics 
with each workshop focused on a specific physics problem. Each workshop 
speaker is encouraged to select a few of the most important transparencies from 
his or her presentation, accompanied by a page of explanation. This material is 
collected at the end of the workshop by the organizer to form proceedings, 
which can therefore be available withiin a short time. To date there are 62 
proceeding volumes available. 

The construction of a 0.6 teraflops parallel processor, dedicated to lattice 
QCD, begun at the Center on February 19,1998, was completed on August 28, 
1998. A 10 teraflops QCDOG computer in under development and expected to 
be completed this year. 

N. P. Samios, Director 
April 1,2004 

"Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886. 
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THEORY SUMMER PROGRAM ON RHIC PHYSICS 

- INTRODUCTION AND OVERVIEW - 

We are presently in a very exciting and important phase of the RHIC era. A huge body of 
data. has been gathered in heavy-ion collisions that provides very convincing evidence for 
the formation of a quark. gluon plasma in central collisions. Recently, studies of nuclear 
modification factors in forward dAu collisions have shown tantalizing signatures that may 
be understood most naturally in terms of a, universal form of matter controlling the high 
energy limit of strong interactions, the Color Glass Condensate. Finally, important ad- - 

vances have also been made in spin physics, where first measurements of single-transverse 
and double-longitudinal spin asymmetries have been presented, marking a qualitatively 
new era in this field. 

The wealth of the new experimental data called for a workshop in which theorists took 
stock and reviewed in depth what has been achieved,* in order to give guidance as to 
what avenues should be taken from here. This was the idea behind the workshop “The- 
ory Summer Program on RHIC Physics”. We decided to invite a fairly small number 
of participants - some world leaders in their field, others only at the beginning of their 
careers, but all actively involved in RHIC physics. Each one of them stayed over an ex- 
tended period of time from two to six weeks. Such long-terms stays led to particularly 
fruitful interactions and collaborations with many members of the BNL theory groups, 
as well as with experimentalists at BNL. They also were most beneficial for achieving the 
main goal of this workshop, namely to perform detailed studies. The participants were 
(in alphabetical order): Hisato Eguchi (Niigata Univ.), Roy Glauber (Harvard Univ.), 
Boris Kopeliovich (MPI, Heidelberg), Elliot Leader (Imperial College) , Eugene Levin (Tel 
Aviv Univ.) , Cyrille Marquet (SPhT, Gif-sur-Yvette), Agnes Mocsy (Frankfurt Univ.) , 
Stephane Munier (Ecole Polytechnique, Palaiseau) , Azwinndini Muronga (Frankfurt Uni- 
versity) and Marzia Nardi (Torino Univ.). 
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The workshop has been a great success. Significant advances have been made. We are 
grateful to all participants for coming to the Center, and for their dedicated efforts relating 
to the theory relevant to RHIC. The support provided for this workshop by Prof. T.D. Lee, 
Dr. N. Samios and the RIKEN-BNL Research Center has been magnificent, and we are 
very thankful for it. We thank Dr. L. McLerran for his encouragement. We are grateful 
to Brookhaven National Laboratory and the U.S. Department of Energy for providing the 
facilities to hold it. Finally, sincere thanks go to Pamela Esposito for her invaluable help 
in organizing and running the workshop. 

BNL, September 2004 

D. Kharzeev, S. Kretzer, D. Teaney, K. Tuchin, R. Venugopalan, W. Vogelsang 



Quantum Optics - 
and Heavy Ions? 

R. J. Glauber 
Harvard University 

The field we call quantum optics these days is, of course, fundamentally 
. just quantum electrodynamics. But it’s fair to say that the need for a 

fully quantum mechanical treatment of the electromagnetic field was not 

felt strongly until the 1950’s and ‘68’s, when interest was directed toward 

a number of problems involving multi-photon states. Among these were 

the development of the laser, the study of Hanbury Brown-Twiss (HBT) 

photon corrections, and the various meanings of coherence. We shall 

begin by discussing the HBT experiments on intensity interferometry and 

photon correlations and show how these suggest the definition of a 

hierarchy of orders of coherence. The fully coherent states are shown to 

wipe out the HBT correlations. Those correlations are shown to be due to 

the random mixtures of coherent states present in ordinary light. The 

laser, on the other hand, is based on an essentially classical polarization 

current which oscillates with a stabilized amplitude. I t  radiates a mixture 

of coherent states random only in phase. The HBT correlation seen in 

heavy-ion events is due, by contrast, to the highly random nature of the 

source. We conclude by discussing a novel HBT experiment due to 

Shimizu, which detects the correlation in a beam of extremely slow 20He 

atoms falling under gravity. 
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Color Glass Condensate at the LHC: 

hadron multiplicities in pp ,  p A  and AA collisions 

Dmitri Kharzeev", Eugene Levinaib and Marzia Nardi"ic 

a) Department of Physics, 

Brookhaven National Laboratory, 

Upton, New YorL 11973-5000, USA 

b) HEP Departmeizt, School of Physics, 

Raymond and Beverly Sacl'cler Faculty of Exact Science, 

Tel Aviv University, Tel Aviv 69978, Israel 

e) Dipartimento d i  Fisica Teorica dell TJniversith d i  Torino, 

via P.Giuria I ,  10125 Torino, Italy 

We make quantitative predictions for the rapidity and centrality dependencies of 

hadron multiplicities in AA, p A  and p p  collisions at the: LHC energies basing on the 

ideas of partan saturation in the Color Glass Condensate. 

INTRODUCTION 

At high energies QCD is expected to enter the new phase : the Color Glass Condensate 

(CGC) which is characterized by strong coherent gluon fields leading to parton saturation 

\I, 2, 3, 4, 51. Previously, we have applied this approach [11, 12, 13, 14, 151 to describe 

the wealth of experimental data [6, 7, 9, 101 from RHIC. The LHC will allow to extend 

further the investigations of QCD in the regime of high parton density. This is because 

the new scale of the problem, the saturation momentum Q s ,  will become so large (99 M 

5 - 10 GeV2) that a separation of CGC physics from non-perturbative effects should become 

easiei-. The main objective of this paper is to give predictions for the global characteristics of 

the inelastic events in nucleus-nucleus, proton-nucleus and proton-proton collisions at LHC 
energies basing on the ideas of parton saturation in the Color Glass Condensate (CGC). 
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To understand better the differences implied by a higher energy of the LHC, let us start 

with the main assumptions of the approach we used to describe the data from RHIC: 

1. At Bjorken x 5 the inclusive production of partons (gluons and quarks) is 

driven by parton saturation in strong gluon fields as given by McLerran-Venugopalan 

model [3]. 

2. The region of x M (accessible at forward rapidities at RHIC) is considered 

as the low II: region in which as ln(l/z) M 1 so the quantum evolution becomes 

important; we assume that as << 1 to keep the calculation simple and transparent; 

3. We assume that the interaction in the final state does not change significantly the 

multiplicities of partons resulting from the early stages of the process; this may be 

a consequence of local parton hadron duality, or of the entropy conservation. There- 

fore multiplicity measurements are extremely important for uncovering the reaction 

dynamics. However, we would like to state clearly that we do not claim that the 

interactions in the final state are unimportant. Rather, we consider the CGC as the 

initial condition for the subsequent evolution of the system, which can be described 

for example by means of hydrodynamics (such an approach has been followed in Refs. 

~6,171) .  

Even a superficial glance at these three assumptions reveals that the conditions for the 

applicability of our approach at the LHC improve. Indeed, at LHC energies the value of 2 will 

be two orders of magnitude lower than at RIlIC. This makes the use of the well-developed 

methods of low x physics [4, 5 ,  12, 18, 19, 20, 221 better justified. At  LHC energies we have 

a theoretical tool to deal with the high parton density QCD in the mean field approach ( 

so called Balitsky-Kovchegov non-linear equation [4]), or on a general basis of the JIMWLK 

equation [5]; even more general approaches may be possible (see for example the Iancu- 

hiueller factorization [20, 211). However, despite a number of well developed approaches 

which could be applied at low II: we would like to warn that even the LHC energy is not 

high enough to apply any of the methods mentioned above without discussing possible "pre- 

asymptotic" corrections to t'hem. 

Consider for example the determination of the value of the saturation momentum - the 

key scale in the CGC phase of QCD. As was noticed first in Ref. 1241 the value of the 
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saturation scale is affected by the next-to-leading order corrections to  the BFKL kernel 

which were neglected in all of the discussed above approaches. Their numerical significance 

is so large that they cannot be neglected: if the next-to-leading order BFKL kernel is used, 

because of a large energy extrapolation interval to the LHC the value of QZ turns out to be 

5 - 10 times smaller than if one uses the leading order kernel ( see detailed discussion in Ref. 

[25]). However the good news is that the NLQ corrections appear under theoretical control 

and we can take them into account. 

The paper is organized as follows. In the second section we discuss the geometry of 

nucleus-nucleus and hadron-nucleus collisions and introduce the Glauber formalism we use. 

In the third section, we review the general formalism which we use to  evaluate the mul- 

tiplicities; we also discuss the influence of higher order corrections and the effects of the 

running coupling constant on the results. In the fourth section we list the parameters of 

our approach and justify the values we use; we then give a complete set of predictions for 

hadron multiplicities at the LHC energies in Pb - Pb, p - Pb, and p p  collisions, including 

the dependences on rapidity and centrality. We then summarize our results. 

THE GEOMETRY OF NUCLEUS-NUCLEUS AND HADRON-NUCLEUS 

COLLISIONS AND THE GLAUBER APPROACH 

At high energies the paths of the colliding nucleons can be approximated by straight 

lines, since in a typical interaction t / s  (< 1, and the typical scattering angle is small. This is 

the most important approximation underlying the Glauber approach to nuclear interactions. 

Other approximations which simplify calculations but are in principle unnecessary are the 

smallness of the nucleon-nucleon interaction radius compared to the typical nuclear size, and 

the neglect of the real part of the Nilr scattering amplitude. Many quantities characterizing 

the geometry of the collision can be readily computed’in this approach; a complete set of 

the relevant formulae can be found e.g. in [27] and we will not reproduce all of them here. 

It is customary and convenient to parameterize the centrality of the collision in terms 

of the ”number of participants” Npart - the number of nucleons which underwent at least 

one inelastic collision. This number can be directly measured experimentally (at least in 

principle) by detecting in the forward rapidity region the number of ”spectator” nucleons 

Nspecl which did not take part in any inelastic collisions; obviously, for a nucleus with mass 
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number A,  &art = A - Nspect: 
The number of participating nucleons in B nucleus-A-nucleus-B interaction depends on 

the impact parameter b. In the eikonal approximation it can be evaluated as (see [26]): 

Npurt( A B  b ) - - /d2sn$Zt(b,s) = A /dZsT'(~){l - [l - niFinT~(b - s ) ] ~ }  

-kB /@sTB(b - S ) { l  - [I-  C ~ ~ T A ( S ) ] ~ }  , (1) 

with the usual definition for the nuclear thickness function TA(s) = J-", ~ z ~ A ( x ,  s), normal- . 

ized as J d2s TA(s) = 1; ai, is the proton-proton inelastic cross-section without difiactive 

component. For the LHC energies we assumed nin = 70 mb ([28]). 

From Eq. (1) the definition of the local density of participants ntz,(b, s) is evident; we 

will define its average over the transverse plane as 

. In the following we will need to  use t.he average number of participants computed separately 

for nucleus-A and nucleus-B; it is given by 

Obviously, one has for their sum 

where 

the r.h.s of Eq. (I) respectively. 

and ( ~ ~ : z ~ , ~ ) ( b )  are the integrands of the first term and second term in 

In table I we give the number of participants and their density (respectively Eqs. (1) and 

(2)) for Pb-Pb collisions at LHC. 

The corresponding formulae for the proton-nucleus pA interaction call be deduced by 

setting B = 1 and using a delta-function for the proton thickness function (in the point-like 

approximation for the size of the proton). We get from Eq. (1): 

N;$(b) = Aai,T~(b)  + (1 - [l - o ; ~ T A ( ~ ) ] ~ }  = A O ; , T A ( ~ )  + (1 - PIA(b)} .  (4) 
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b 

(fm> 

8.00 

9.00 

10.00 

11.00 

12.00 

13.00 

14.00 

15.00 

NPA% 

166.8 

127.5 

91.9 

61.1 

36.2 

18.3 

.7.5 

2.5 

406.9 

402.4 

387.8 

363.2 

330.3 

291.9 

250.6 

208.3 

. nAB part 

(fm-2) 

2.21 

1.97 

2.98 

.2.97 

2.93 

' 2.88 

2.80 

2.70 

2.57 

2.41 

1.69 

1.35 

0.98 

0.59 

0.27 

0.09 

TABLE I: Mean number of participants and their average density in Pb-Pb collisions at LHC as a 

function of b 

. *In the previous formula the function P,PA(b) is the probability of no interaction in a p-A 

collision at impact parameter b; the integration of [I - PIA(b)] over b gives the inelastic 

proton-nucleus cross section g p ~ .  

The average number of participants in a p-A collision can be obtained as: 

the fist  term in the r.h.s. gives the mean number of participants (N;,$A) in t,he nucleus. As 

in the, case of nucleus-nucleus collision, we will need to compute the density of participants 

in nucleus A, defined as: 

In practice, the information about the impact parameter dependence is extracted by 

analyzing the data in various centrality bins. The physical observable most frequently used 

to estimate the centrality of the collision is the multiplicity of charged particles Nch. M'e 

will assume that the average value of Nch produced in a collision at impact parameter b is 

determined by the number of participating nucleons Npart( b).  The actual multiplicity will 

fluctuate around its mean value according to: 

41 



where the factor C ( N )  EE 2/[1+ erf(J*l)] is introduced to  ensure that the fluctuation 

function P(Nch, N )  satisfies dNchP(Nch, N )  = 1. The numerical value of C ( N )  is 1 

with . .  very good accuracy for almost all cases of practical interest (it can exceed 1 for very 

peripheral collisions, where the number of participants and consequestly N c h  is small: in 

such a case it is important to include the factor C ( N )  to  have a correct normalization). 

The parameter a gives the width of the fluctuations: its value is dependent on the ex- 

'perimental apparatus, therefore it is not possible for us to predict its value for the LHC 
experiments. For the experiments at SPS and RHIC the value of a varies from 0.5 to 1.5-2. 

We will assume a = 0.5 in the following; uncertainty in this parameter can affect the cen- 

trality dependence of our results. In the case of PbPb collisions, we estimate the resulting 

uncertainty in the density of participants (and thus in the saturation scale, see below) to be 

about 5%; in the case of pPb collisions, this uncertainty can reach 10 + 15% for peripheral 

collisions. 

We will also assume the proportionality between Nch and Npart when computing the dif- 

ferential inelastic cross section; this proportionality is not exact, but the shape of minimum 

bias distribution of events which is normally used to fix the parameter a (and the propor- 

tionality constant between Nch and Npart) has been found insensitive to  this assumption (see 

WI ) - 
The minimum bias differential cross section can be obtained as (N(b)  E qNpa,.t(b), where 

q is a constant): 

(8) 

here is the probability of no interaction at the impact parameter b: for a nucleus- 

'nucleus collision ~ o ( b )  = [I - uiplTAB(b)lAB where TAB is the overlap function :  TAB(^) = 

J d 2 s T ~ ( s ) T ~ ( b  - s); in the case of B=l,  Po@) reduces to defined above. In the 

following, all of $he formulae will refer to A-B collisions; with obvious modifications they 

are valid also in the p-A case. 

domb - = 1 d2bP(NCh, N(b ) )  [I - Po(b)] ; 
dNch 

The total nucleus-nucleus cross section is then obtained by integrating Eq. (8) over dNch:  

' 

The mean value of any physical observable 0 (given in terms of the impact parameter b)  
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0-100 % 

0-6 % 

0-10 % 

0-25 % 

25-50 % 

50-75 % 

75-100 % 

0-50 % 

50-100 % 

TABLE 11: Mean number of participants and their density in Pb-Pb collisions at LHC for different 

centrality bins 

103.2 1.33 

369.0 2.89 

346.6 2.83 

274.2 2.62 

103.7 1.75 

27.0 0.76 

3.9 0.14 

186.7 2.17 

15.7 0.45 

can be computed as: 

To obtain the corresponding average for a given centrality cut we have to limit the 

integrations in the previous formula in the appropriate way, for instance the expression: 
. - __ 

gives the average value of the observa.ble 0 in the fraction of the total cross section defined 

by the limit NO. In this work the previous formula has been used to compute the mean 

density of participating nucleons.(Eq. (2)) in different centrality bins, as shown in table 11. 

Table 111 gives the results of Eq. (5) for the case of p-Pb collisions at LHC energy. The 
. corresponding densities are obtained according to  Eq. (6). 
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centr. cut 

0-100 % 

0-20 % 

0-50 % 

20-50 % 

50-100 % - 

7.41 

13.07 

11.31 

10.29 

3.58 

TABLE 111: Mean number of participants in p-Pb collisions at LHC for different centrality bins 

THE GENERAL FORMULAE 

Let us discuss the main features of the approach we use to  describe the production 

dynamics. As in our previous papers 112, 13, 13, 141 we use the following formula for the 

inclusive production [l, 231 : 

where q , 2  = (p t /&)  exp(Fy) and ~ A ~ , A ~ ( I C ,  IC:) is the unintegrated gluon distribution of a 

nucleus ( for the case of the proton one of ‘pA, should be replace by yP . )  This distribution is 

related to the gluon density by 

We can compute the multiplicity distribution by integrating Eq. (12) over p t ,  namely, 

d N  1 do  
- = - 1 d2ptE&; 
dY s 

S is either the inelastic cross section for the minimum.bias multiplicity, or a fraction of it 

corresponding to a specific centrality cut. 

Saturation scale 

Let us define two saturation scales: one for the nucleus AI and another for the nucleus 

Az. We will see below that even in the case of A 1  = A2 the introduction of two saturation 

scales will be useful. It is convenient to introduce two auxiliary variables, namely 
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To understand the physical meaning of these two scales we start with the explicit formula 

for Qs which was suggested in Ref. [29] €or the description of HERA data on deep inelastic 

scattering and was successfully used to describe the data from RHIC [ll, 12, 13, 141: 

(16) 

with the central value of X = 0.288 [29]; the value of X has an uncertainty of 5 - 10%. 

Substituting x1 = (Qs /W)  e-y and x2 = (Q,/W) e y ,  where W is the energy of interaction, 

one can see that the energy and rapidity dependence of the saturation scale can be reduced 

to a simple formula 

In what it follows we will use the notation X for 

will not lead to misunderstanding. 

= X / ( 1  + $A) = 0.252 hoping that it 

Using Eq. (17) one can see that for a production of the gluon mini-jet at rapidities y # 0 

there are two different saturation momenta: &:(A; y, W )  and @ ( A ;  -y, W ) ,  even for the 

collision of identical nuclei (see Fig. 1). Fig. 1 shows that the density is quite different in 

two nuclei since at y # 0 (say y > 0) one of the nuclei probed at relatively large x = 2 1  > x2 
is a rather dilute parton system while the second nucleus has much higher parton density 

than at y = 0. Therefore, for an A + A collision at y > 0 Qs,min = Q,(A; -y, W )  while 

&s,maz = &*(A; y, W ) .  In the case of a collision of two different nuclei we need to take into 

account the A-dependent values of Qo(A; W )  in Eq. (17). 

. .  

The saturation scale is the main parameter of our approach and we need to understand 

clearly the energy dependence of Q s  if we want to make predictions for the LHC energies. 

The first basic result on the behavior of this scale is the power-like energy dependence which 

follows directly from QCD for fixed QCD coupling. As was shown in a number of papers 

[l, 25,30,31,32,33,34] the energy dependence of the saturation scale does not depend on the 

details of the behavior of the parton system in the saturation domain but can be determined 
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. A +  A: 

FIG. 1: The CGC approach for nucleus - nucleus collision with the saturation .of parton density. 

just by using the perturbative QCD approach in the BFKL region [35]. Indeed, consider the 

dipole-target scattering amplitude in the double Mellin transform representation, namely, 

w In(l/m) + (7-1) ln(r2A2 Q c d  N ( w , y )  . 

The BFKL equation determines the value of w at which N ( w ,  y) has a pole: 

with a specific function x which can be found e.g. in Ref. [25]; we denote 6 s  NCcus/./r. 
To find the energy dependence of the saturation scale we first need to find a critical value 

of y = 'ycr defined by the equation [1, 33, 341 

(20) X t Y 4  = -  dX(ycr) 
1 - Tcr d r  - 

The meaning of this equation is the following: in the semi-classical approximation (see Ref. 

[32] and references therein) the scattering amplitude N(y , ln(r2R$,D)) has the following 

form: 

The boundary of the saturation region is determined by the unique (critical) trajectory for 

the non-linear evolution equation in, the (y, S) plane for which the phase q,hase = w(y, [)/(I - 
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y(y, 5)) and the group vgroip = -dw(y, S)/dy(y, e) velocities are equal. The physical meaning 

of this trajectory can b.e illustrated by an analogy in geometrical optics: the boundary which 

it .defines is similar to the.foca1 reflecting surface (therefore, one' can see that the surface of 

the Color Glass shines!). The equality of phase and group velocities thus gives the equation 

for the saturation scale: 
. .  

For fixed as Eq. (22) leads to 

with X given by Eq. (22). The numerical analysis of the value of X can be found in Ref. 

[25]. The main conclusion &om this analysis is the fact that the value of X is sensitive to 

higher order correction in as. Therefore in this paper we choose to fix the value of X from 

the phenomenological approach, see Eq.\(l?); we consider Eq. (23) as a justification for the 

use of such a parameterization, 

Another observation on the equation €or the saturation scale Eq. (22) is that the value 

of T~,. is stable with respect to higher order corrections and almost does not depend on' the 

value of the QCD coupling (see Ref. [ZS]). This fact helps us to solve Eq. (22) in the case of 

running as. The running of the coupling constant es leads to, an additional dependence on 

Qs in the r.h.s. of Eq. (22); from Eq. (22) using the explicit form of the running coupling . 

'constant we find 

as a result, the dependence on Q,(W) has become explicit. Integrating Eq. (24) we obtain 

&S(f17) = A$CD exp ( 4 2 6  In(TIT/'lWo) -t l n 2 ( & ? ( ~ o ) / A & ~ ) )  , (25) 

where Q:(TVo) is the saturation scale at the energy live which we used as an initial condition 

in integrating Eq. (24). Here as well as in the rest of the paper AicD is defined by as = 

4n/,& ln(Q2/Ai,,) and in numerical applications we took A&D = 0.04 GeV2 with Pz = 

11 - 2/3 N f  where NJ = 3 is the number of fermions (number of colors N, = 3). We fix the 

value of S through the empirical value of X as given by Eq. (23) and the value of saturation 
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- .  

scale for the Au nucleus at .fixed energy of W = 130 GeV, y = 0, corresponding to the cut 

of 0 - 6% of most central collisions, Q:o = 2 GeV2, so that S = AIn(Q:o/A&D). 
The formula Eq. (25) reproduces all generat features expected for the case of running 

QCD coupling; in particular, one can see that the saturation scale (25) does not depend 

on the mass number of the pucleus .in the Emit of high energies [36, 371 ,-- the parton wave 

functions of different nuclei in this limit become universal. It is easy to generalize Eq. (25) 

to y # 0 by replacing ln(W/Wo) by ln(W/W-,) + y; thus we have the following final formula 

for the case of running as: 

Formulae for the multiplicities 

To derive the final expressions for the multiplicity it is convenient to re-mite Eq. (14) 

using the fact that the main contribution to Eq. (14) is given by two regions of integration 

over bt: bt << pt and - 61 << pt ;  this leads to 

where we integrated by parts and used Eq. (13). In the KLMN.treatment [ll, 12, 13, 141 

we assumed a simplified form of.zG, namely, 

where the normalization coefficient K. has been determined from the RHIC data on gold-gold 

collisions. We introduce the factor (1 - t o  describe the fact that the gluon density is 

small at z 3 1. as described by the quark counting rules [3S, 391. 

We have checked that the simplified form of Eq. (28) is adequate for the calculations of 

multiplicity since it is dominated by the low momenta.region. At high pt and small 2 ,  it 
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was shown [14] that the quantum effects of the anomalous dimension could be extremely 

important. However, at moderate values of 2 the simple form of Eq. (28) was used to 

calculate the pt spectra in proton-proton and electron-proton collisions in Ref. [40] and the 

results appear very encouraging. 

Having in mind Eq. (28), let us divide the pt integration'in Eq. (14) in three different 

regions: 

1. Pt &s,min 

In this region both parton densities for A1 and A2 are in the saturation region. This 

region of integration gives 
I 

where we have used the fact that the number of participants is proportional to SQ:, 

where S is the area. corresponding to a specific centrality cut. 

For these values of pt we have saturation regime for the nucleus'A2 for all positive 

rapidities while the nucleus A1 is in the normal DGLAP evolution region. Neglect- 

ing anomalous dimension of the gluon density below Qs,masy we have p~~ (si, k:) 0: 

S Qs,min/&: which for y > yc leads to 

This region of integration will give the largest contribution. 

3- Pt > Q6,max 

In this region the parton densities in both nuclei are in the DGLAP evolution region. 

Substituting Eq. (28) into Eq.. (27) we obtain the following formula [12]: 
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One can see two qualitative properties of Eq. (31). For y > 0 and close to the frag- 

mentation region of the nucleus AI , &s,min = &(AI) and the multiplicity is proportional 

to N,,,t(Al), while in the fragmentation region of the nucleus A2(y < 0) Qs,min = Q(A2) 
and d N / d y  cc NPart(A2). We thus recover some of the features of the phenomenological 

. ‘wounded nucleon’ model [26]. 

PREDICTIONS 

Choice of the phenomenological parameters 

As discussed above our main phenomenological parameter is the saturation momentum. 

An estimate of the value of the saturation momentum can be found from the following 

condition: the probability of interaction in the target (or ”the packing factor” of the partonic 

system) is equal to unity. The packing factor can be written in the following form: 

= a p  
8n2 N, as(Q2) zG(z, Q2) 

n R2 P.F. = 
(N,2 - 1) Q2 

where a is the cross section for dipole - target interaction (the size of the dipole is about 

l /Q) and p is the (two-dimensional) transverse density of partons inside the target of size 

R (see e.g. Refs. [ll, 121 for details). 

In the case of the nucleon we do not know the value of R or, in other words, we do not 

know the area which is occupied by the gluons (SN = nR2).  However, we have enough 

information to claim that this area is less than the area of the nucleon ( R is less than the 

electromagnetic radius of the proton). To substantiate this claim, let us recall for example 

the constituent quark model in which the gluons are distributed in the area determined by 

the small (relative to  the size of the nucleon) size of the constituent quark. Having all these 

uncertainties in mind we use the phenomenological Golec-Biernat and Wuesthoff model [29] 

to  fix the value of the saturation moment in the case of the nucleon target. Namely, the value 

of the saturation moment for proton is equal QS(P;  y = 0,  MT = 200 GeV) = 0.37 GeV2. In 

Ref. [41] this value of the proton saturation -momentum was used to describe the deuteron- 

gold collisions at RHIC energies. 

In the case of the nuclear target the saturation momentum can be found from the ex- 
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pression for the packing factor 

As we have discussed we do not know the last factor (SN/SA)  and therefore, Eq. (33) cannot 

help us to determine the value of the saturation momentumfor a nucleus. We fixed the mlue 

of the saturation momentum from the description of the RHIC data on the multiplicity in 

gold-gold collisions, namely, &:(Gold, y = 0, W = 130 GeV) = 2.02 GeV2 for the centrality 

cut 0 - 6% (see Refs. [ l l ,  121 for details). 

As far as energy dependence of the saturation scale is concerned, we used Eq. (16) and 

Eq. (26) with X given by the Golec-Biernat and Wuesthoff model (A = 0.252). However, we 

have to admit that the perturbative QCD esitimates described above would lead to a larger 

value of X : X M 0.37. Such an uncertainty in the value of X leads to an error of about 

12 - 15% in our prediction for the proton-nucleus and nucleus-nucleus collisions at the LHC 

energies. For the proton-proton interaction it could generate an error as big as about 50%. 

In our main formula given by Eq. (31) we have to fix the normalization factor. As 

discussed in Ref. [12] theoretical estimates lead t o  a value of Const in Eq. (31) which 

appears quite close to the value extracted by comparison with the RHIC data. In this 

paper we use the same normalization factor Const as in [E], namely Const S &:,min( Tilr = 

200GeV, y = 0) = 0.615Np,,t. We also need to note that the experimental measurement 

are done at fixed pseudo-rapidity 7,  not rapidity y; therefore, as discussed in Ref. [12] we 

have-to use the relation between 11 and y, and to multiply Eq. (31) by the Jacobian of this 

transformation h(7, Qs); see [la] for details and explicit expressions. 

Proton-proton collisions present an additional problem caused by the deficiency of the 

geometrical interpretation of p p  cross section. As mentioned above (see Eq. (14)) we calcu- 

lated the ratio of the total inclusive cross section to the geometrical area of the interaction. 

This ratio is the measured multiplicity in the case of hadron-nucleus and nucleus-nucleus col- 

lisions. In the case of hadron-hadron interaction the multiplicity is the ratio of the inclusive 

cross section divided by the inelastic cross section. As discussed above, for p p  interactions 

we do not know the relation between the interaction area and the value of the inelastic cross 

section. To evaluate multiplicities in proton-proton interactions we do the following: (i) 

fix the ratio S N / ~ ; ,  at W = 200GeV using the data for d N / d y ( y  = 0); and (11) assume 

S N / ~ ; ,  cx 1/oin as far as the energy dependence is concerned. In other words we assume 
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that the area SN does not depend on energy. The energy dependence of the inelastic cross 

section, including energies outside of the region accessible experimentally at present, was 

taken from Ref. [28]. 

Proton - proton collisions 

.Rapidity distribution 

Fig. 2 shows the calculated pseudorapidity distributions for the proton - proton (antipro- 

ton) collisions. The agreement with the experimental data is quite good despite the fact that 

p p  collisions present special difficulties for our approach since the value of the saturation 

momentum is rather small and non-perturbative corrections could be essential. We would 

like to point out however that the value of the saturation momentum for the proton reaches 

M 1 GeV at the LHC energy. Our experience with RHIC data suggests that at such value 

of the saturation momentum our approach could apply with a reasonable accuracy. We thus 

expect that the very first p p  data from the LHC can provide an important test of the CGC 
ideas. In Fig. 3 we plot the value of dN/dq at q = 0 as a function of energy (in this plot we 

included also the available data at lower energies). The agreement with the experiment is 

seen to  be quite good. 

, Total multiplicity 

Integrating Eq. (31) over q in the entire region of q = - In lilr f +In I47 we can calculate 

the total multiplicity in proton-proton ( antiproton) collisions. In Fig. 4 we present our 

calculation together with the experimental data taken from Refs. [44]; a good agreement 

with the data is seen in a wide range of energies. We would like to remind however that our 

predictions for the LHC energies could be as much as 1.5 times larger due to uncertainties 

in the energy behavior of the saturation scale discussed above. 
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FIG. 2: Rapidity dependence dN/dq of charged hadron multiplicities in proton - proton (antipro- 

ton) collisions ils a function of the 'pseudorapidity at different energies. The data are taken from 

Ref. [42]. 

Nucleus-nucleus collisions. 

Rapidity distribution d N / d y  

Our prediction for lead-lead collision at the LHC energy is plotted in Fig. 5 .  The two 

sets of curves ( solid and dotted) describe the cases of fixed and running QCD coupling 

respectively. We consider the two predictions as the natural bounds for our predictions, and 

expect the data to be in between of these two curves. However, we would like to mention 

again that our predictions have systematic errors of about 12 + 15% due to uncertainties in 
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lo2. w lo3 
i o 4  

FIG. 3: Energy dependence of charged hadron multiplicity d N / d q  at  = 0 in proton - proton 

(antiproton) collisions and of charged hadron multiplicities per participant pair (2 /NpaYt)  d N / d q  

at = 0 for central nucleus-nucleus collisions. The vertical dotted lines mark the LHC energies 

. for nucleus-nucleus collisions (UT = 5500 G e V )  and for proton-proton collisions (TV = 14000 GeV). 

collisions. The experimental data are from Ref. [42, 431. 

the energy dependence of the saturation scale. 

Centrality dependence: (2/Np,,t) (dN,h/dq)  

Fig. 6 shows our predictions for the A>art dependence of the (2/ATpart) (dN,h/dq). This 

observable provides the most sensitive test of the value of the saturation scale and its de- 
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FIG. 4: Energy dependence. of total multiplicity in proton - proton .(antiproton) collisions. The ver- 

tical dotted line marks the LHC energies for proton-proton collisions (W = 14000 GeV). collisions; 

-The experimental data are taken from Ref. [44]. 

pendence on the density of the participants. 

Fig. 3 shows the energy dependence of (2/Nch) (dN/dq)  at 7 = 0. One can see that we 

are able to  describe the current experimental data. Note that if we neglect the difference 

between rapidity and pseudorapidity, (2/Nch) (dN/dv)  at 7 = 0 is given by a very simple 

formula [13]: 

0.252 

= 0.87 (&) (3.93 + 0.252 ln(l/T1/130)) (34) 
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FIG. 5: Rapidity dependence of dN/dq lead-lead collisions at the LHC energy at different centrality 

cuts. The solid lines corresponds to the.prediction using Eq. (16) for the energy dependence of the 

saturation scale while the dotted lines show the predictions for Eq. (26) for running QCD coupling. 

The shadowed area shows the prediction for the minimal bias event. 

This formula is in good agreement with the existing experimental data. 

Proton - nucleus collisions 

Fig. 7 shows our prediction for the proton-nucleus collisions at W=5500 GeV. In section 2 

we described the procedure of computing the number and density of participants in this case; 

to evaluate the relevant value,of the saturation momentum, we take account of the energy 

dependence to extrapolate from RHIC to the LHC energy. For example, the density of par- 
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Centrality dependence for Pb-Pb Collision 
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FIG. 6: Npart dependence of (2/Nch) dN/dq for lead-lead collisions at the LHC energy at different 

rapidity cuts. The solid lines correspond to the prediction using Eq. (16) for the energy dependence 

of the saturation scale while the dotted lines show the predictions for Eq. (26) for running QCD 

coupling. The shadowed areas show the spread of our predictions. 

ticipants ppart M 1.84 fm-' corresponds to the saturation scale of Q: M 2 GeV2(5500/200)0.252 

M 4.6 GeV2. 

CONCLUSIONS 

In this paper we have provided a complete set of predictions for the multiplicity distribu- 

tions at the LHC basing on the CGC approach. In our approach, parton saturation results 

in a relatively weak, compared t o  most other approaches, dependence of the multiplicity on 
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FIG..7: Rapidity dependence of d N / d q  proton-lead collisions at the LHC energy at different 

centrality cuts. The dotted line corresponds to the minimal bias event. 

energy. As one can see from Fig. 8 we expect rather small number of produced hadrons in 

comparison with the alternative approaches. What is the uncertainty in our predictions? 

We would like to  recall the estimates for the uncertainty in our calculations at the LHC 

energies given above: 12 + 15% for nucleus-nucleus and hadron-nucleus collisions, and a 

large value of 40 i 50% for the proton-proton collisions. These uncertainties arise from the 

poor theoretical knowledge of the energy dependence of the saturation scale, and in the case 

of p p  collisions also from the uncertainties in the application of the geometrical picture. 

We hope that our estimates will be useful for the interpretation of the first results from 

LHC experiments. As illustrated in' Fig. 8, a measurement of multiplicity ask the LHC will. 
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FIG. 8: Comparison of our predictions for charged hadron multiplicities in central ( b  5 3 fm) 

Pb - Pb collisions with the results from other approaches, as given i n  Ref.[45] 

provide a very important test of the CGC approach. 
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CEA-Saclay 

Testing saturation with 

forward jets 

I derive single inclusive forward-gluon production in t h e  scattering of a 

dipole off an unspecified target and show how i t  is related to the 

dipole-target total cross-section. Using collinear factorization, the result 

is extented t o  an incident hadron. Considering then the  target t o  be a 

virtual photon in order t o  describe forward-jet production at HERA, the 

cross-section is expressed in terms of the  dipole-dipole scattering. Using 

a simple GBW-like parametrization for the dipole-dipole cross-section, 

we perform a fit of the H1 and Z E U S  data. Two solutions are obtained, 

showing either strong or weak saturation effects. 
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Inclusive gluon production off a dipole 

Perturbative calculation with an initial dipole 

At lowest order: computing Feynman 
diagrams 

More generally: with eikonal Wilson lines 
(work in progress) 
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Summing the contributions 

i,,i=O 

We recover the result obltained by Kovchegov 
(2001) for a target nucleus 
Generalization including quant urn evolution: 
Kovchegov and Tuchin (2002) 

Integrations over impact parameters can be 
carried out 

Average over the azimutal angle of xo-x~  can 
be performed 
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Final result 

+ A dipole-factorized form for the cross-section 

ro = 1x0 - 31 I : size of the incident dipole 

The effective distribution q!~ is normalized: 
J d z 2  +(To, x ,  I C )  = 1 

Alternative to write the forward-jet 
cross-section: 

do 
d2kdy  (To)  = 
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From an incident dipole to an incident hadron 

Using collinear factorization: 

The gluon density inside the dipole ro : 

The collinear limit rok >i>s 1 factorizes gd as 
expected: 

Switching to an incident hadron: 

0 The hard part of the cross-section is the same 

Only the gluon distribution function carries 
soft information 
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The forward-iet cross-section 

0 A7 : rapidity interval1 between the jet and the 
target 

Valid for linear BFKL evolution 

Valid beyond? work in progress 
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Forward-jets at HERA - 

T 
k 

\ 

/ 

The target is also a dipole (a virtual photon) 

0 The dipole-dipole cross-section C T ~ ~ ( T I  7-2, Aq) 
is the relevant quantity 

0 Its rapidity evolution obeys the JIMWLK 
equation 
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The GBW model 

The dipole-dipole cross-section is given by 

0 The effective radius 
r:f f (r17 7-2) = 

min (r17 r z )  1 + log 
2 2 (  

is: 

0 The saturation radius is parametrized by: 
4 
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Fitting the data' 

The cross-section is 
_. - d o  

dxdQ2dxjdl i$  
a! 

(XJ , k$ )  { (-T c i l ~  + -) dah (1 -y )  + %e} 
2xkTQ 2 2 gP dk ,  dk$ dk$ 2 

with 

X J ,  k~ : longitudinal1 and transverse momenta 
-. 

of the jet 

x, y, and Q2 : usual kinematic variables 
DIS 

0 We fit the ZEUS and HI data for d o / d x  with 
three parameters: A, Avo and a normalization 
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Results 

fit 

There are two solutions with. a good x2 : 
x Am X2(ld0f) 

e 

e 

e 

The first solution corresponds to' significant 
saturation effects 

The second solution corresponds to weak 
saturation effects 

The intercept X is in both cases higher than 
what was found for F2 
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Saturation scales 

The saturation scale: Qs 1/Ro 

0 2 4 6 8 10 12 
Y 
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Conclusion 

e 

e 

Derivation of the cross-section 
dipole+target+forward jet+X: 
A forward-jet emission can 
terms of dipoles 
The extension of the result 
quantum evolution is work 

be expressed in 

including 
in progress 

Study of the HERA forward-jet data: 
Using a GBW-like parametrization 
Data consistent with saturation 
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Heavy Quark Correlators Above 
Decomfinernent 

Agnes M6csy 
Institut fur Theoretische Physik, J.W.Goethe University, Frankfurt 

in collaboration with 
Peter Petreczky (Brookhaven National Laboratory) 

f 
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Background and Mot ivat ion ~ 

Current and past experiments at BNL and CEW are and have been col- 
liding heavy ions at relativistic velocities. One of the major goals of these 
experiments is to produce a decordined state of matter, known its quark- 
gluon plasma. In this decordined phase matter consists of different flavors of 
quarks and gluons tsat after a phase transition are not bound inside hadrons 
anymore. Unlike light quarks, however, bound states of heavy quarks, being 
smaller in size, could survive inside the plasma to higher temperatures than 
that of deconfinement. This could be possible due to the color-Coulomb at- 
traction. In the 1980’s it was predicted [l] that cE bound states would still 
disappear already at  temperatures close to  the transition temperature T,. 
The idea of Matsui and Satz, based on non-relativistic arguments, was that 
color screening in the plasma would prevent the strong binding of quarkonia. 
Thus the dissolution of heavy quark bound states, and therefore the suppres- 
sion of the J/$I peak in the dilepton spectra could signal deconfkement. 

During the last decades this idea underwent several refinements. It was 
recognized in the 1970’s [2] that what is now known as the Cornel1 potential 
(Coulomb plus a linear part) provides a very good description of quarkonia 
spectra at zero temperature. The essence of potential model calculations 
in context of deconfinement is to use some finite temperature extension of 
the zero temperature Cornell potential for understanding the quarkonium 
spectra. There was quite a substantial effort utilizing such potential models. 
Later studies, for example, predicted a sequential dissolution pattern [3], 
which means that higher excitations dissolve earlier. According to [3] the 
J / $  peak would still disappear at around l.lTc. 

Since the validity of potential models is still dubious, a new way of looking 
at this problem has been developed. This new way is based on the evaluation 
on the lattice of the correlators and spectral functions of heavy quark states 
[4]. But why are correlators of heavy quarks of interest? As we said above, 
hadronic bound states are expected to dissolve when approaching T,. So with 
increasing temperature such resonances become broader and thus unstable, 
gradually loosing their meaning of resonance. Accordingly, at and/or above 
T, they stop being the correct degrees of freedom. Correlation functions 
of hadronic currents, on the other hand, have an unaltered meaning above 
and below the transition. These can thus be used in a rather unambiguous 
manner to extract and follow modifications of properties of quarkouia in a 
hot. medium. 
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Recently, the numerical analysis of quarkonia correlators and spectral 
functions was carried out on the lattice for quenched QCD. The produced 
results were unexpected and interesting [4], and suggest the following: The 
ground state charmonia, 1s J / $  and qc, survive well above T,., at least 
up to 1.5TC. Not only that these states do not melt at, or close to T,, 
as it was expected, but lattice found! no change in their properties either, 
when crossing the transition temperature. For example, the J/+ mass is 
m~/+(1.5T,) N rn~/+(T = 0), and the radial wave function at the origin is 
IRJ/+(O) N /RJ/+(O) I&o. Furthermore, the same lattice results indi- 
cate [4] that properties of the P states, x: and xi, are seriously modified 
above the transition temparature, and these states are dissolved already 
at LlT, . Preliminary lattice results for bottornonium states suggest that 
my(3TC) 1! mr(T = 0) and IRT(O)\& li lR~(O)l$=, . Also, the X b  survives 
unaffected up until T = 2.2Tc . 

These features are in sharp contrast with existing potential model studies 
and theh explanation presents us a puzzle. There have been though some 
recent attempts to understand these results within present theories. In [5] 
Zahed and Shuryak estimate the binding energy for the J/$J, considered as a 
strongly coupled color-coulomb bound state, that allows €or its survivor until 
2.7TC. In [6] Wong studied the binding of quarkonia utilizing a potential fitted 
for the lattice results. He found a spontaneous dissociation temperature of 
2Tc for the J/+. 

What we attempt to do here is to accommodate all of the above results 
within one consistent theory [7]. We provide a unified description for all the 
features of different charm (J /+,  qc, xc) and bottom (T, Y”, X b )  quark bound 
states. 

The Model 
In this work we investigate the quarkoiiiurn correlators and spectral functions 
in a potential model for different screened Cornel1 potentials. 

The object of our study is the Euclidean correlation function, which can 
be measured on the lattice. The correlation function is defined for a particular 
mesonic channel H as 

’ 

Here j~ = q r H q  , and r H  = I, 7p, 75, ~ ~ 3 ’ 5  corresponds to the scalar, vector, 
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pseudoscalar and axial vector channels. The spectral decomposition of this 
meson propagator is 

On the other hand, the correlator can be expressed in terms of the spectral 
function 

G(t,  2') = / dwo(w, T)K( t ,  w ,  T )  , (3) 

where K is the integration kernel [4]. Our model spectral function for T > T, ' 
is inspired by its zero temperature version [8] and given by 

In the contribution of the continuum (second term) the threshold is equal 
to  twice the pole mass, SO = Zm,. It is important here to emphasize, that 
quarks are propagating with the pole mass given by the constituent mass 
which received an extra contribution. This contribution is determined by 
the height of the plateau in the free energy, and was first identsed in [9]. 
Previously, the meaning of the height of the plateau has not been given much 
attention. Correctly now, we have 

From the two expressions of the correlation function, (2) and (3), one can 
identify 

Fi = I(0ljHli)l2 - (6) 

This matrix element is directly related to the radial wave function at  the 
origin. This has been thoroughly discussed in [lo] within the framework of 
non-relativistic QCD, effective field theory relating potentials to quarkonium 
properties. 

The temperature dependence of the quarkonium spectra we determine by 
solving the Schrodinger equation with the following screened potential [ll] 



In the screened string term and Debye screened Coulomb term the screening 
mass p ( T )  is properly adjusted to agree with the lattice. The resulting radial 
wave functions at the origin then can readily be linked to (6) [lo]. 

We repeat the above procedure for another potential, that we have ob- 
tained by properly fitting the lattice results of [7]. 

Results and Discussioni 
Here we work in pure gauge theory. We expect, however, that the analysis in 
full QCD can be carried out in a similar manner. We study the lowest states 
in four channels (scalar, pseudoscalar, vector, axial vector). The complete 
analysis is presented in [7], 
For the sake of illustration we show here our results only for the simple 
case of the 1P state in the scalar channel, the xco. In order to make a 
direct comparison with lattice results on figure we show the xco correlation 
function normalized to the reconstructed one. G,,,(t, T )  is constructed 
using spectral functions at another temperature below the critical one, here 
at T = 0: 

G,,,,(t, T )  = / dwa(~d ,  T = O)K(t, w, T )  

Studying the ratio G/G,,,,, can indicate the modifications of the spectral 
function above T,. Difference of this ratio from one is an indication of the 
medium effects. 
Figure illustrates that there exists significant system modifications of the xco 
at temperatures already as low as L1Tc . These modifications are present at 
all distances. Our hdings are in agreement with lattice data [4]. The size of 
the ratio provides us with a rough idea about the magnitude of the medium 
effects. 

For some of the other mesonic correlators we have found rough qualitative 
but no quantitative agreement with lattice data. In general, the temperature- 
dependence of the correlators show much reacher structure than the one seen 
on the lattice. We further found that the results do not depend on the de- 
tailed form of the potential and are based on very general physical reasoning. 
This raises the question whether some physics is missing in the lattice corre- 
lators due to lattice artifacts, or the physics of quark gluon plasma is quite 
subtle in the temperature-region that we studied. 
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Figure 1: Ratio of con-elators of the xd for different temperatures. 
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New insights irhigh I energy QCD 
from general tools of statistical physics 

We show that high energy scattering is a statistical process similar to reaction- 
diffusion in a system made of a finite number of particles. The Balitsky-JIMWLK 
equations correspond to the time evolution law for the particle density. The 
squared strong coupling constant plays the r6le of the minimum particle density. 
Discreteness is related to the finite number of partons one may observe in a given 
event and has a sizeable effect on physical observables. Using general tools 
developed recently in statistical physics, we derive the universal terms in the 
rapidity dependence of the saturation scale and the scaling form of the amplitude. 

Brookhaven, July 16 and July 23,2004 



Goal: understand the energy dependence of hadronic cross sections 
especially near the unitarity limit 

This talk: 

00 o\ Using general results obtained recently in statistical physics, we are able 
to derive non-trivial properties of the high-energy behavior of QCD 
scattering amplitudes from first principles (parton model): 

Q rapidity dependence of the saturation scale 

Q scaling of the scattering amplitude 

that are features of the solution to the full Balitsky-JIMWLK equation 



Outline 

* Rapidity evolution of scattering amplitudes in the parton model 
picture of dipole-dipole scattering and derivation of the evolution equation 

3k Mean field approximation 1. and its features 

* Solution beyond mean field: universal terms 
solution to the Kovchegov equation (a review) 

solution to the Balitsky-JIMWLK equation 

* The physical amplitude and its scaling 
effect of fluctuations on the scattering amplitude / breaking of geometric scaling 

<< Appendix >>: example of a model from statistical physics similar to QCD 
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Summary 

Using general results obtained recently in statistical physics, we are able 
to derive non-trivial properties on the high-energy behavior of QCD 
scattering amplitudes from first principles (parton model) 

... . 'F:..: . .... . 

Eaiitsky-Kovchegov equation is in the universality class of F-KPP equation 
d , u  (x, t )=d2,  u ( x ,  t ) + u  (x, t ) - u 2 ( x ,  t )  

Balitsky-JIMWLK equation is in the universality class of sF-KPP equation 
6, Zz! (x , t =a: u (x , t )+ u (x , t )  - u 2  (x , t ) + J u o q  (x , t )  

Fluctuations are related to the finite number of partons in a given event 
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e Non-equilibrium properties o f  hot and 
dense nuclear matter 
Observables: 

Particle Spectra/multiplicities, 
HBT radii, Elliptic flow 

Hydromolecular dynamics 
e Fluctuations and transport 

coefficients 
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In the local rest frame u p  = (1,61 

a 

number density 
particle flux 
energy density 
pressure 

energy flow 
heat flow 

stress tensor 
entropy density 
entropy flux 
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c" 
0 
P 

. .  

14 unknown functions in 5 equations are: 
n(1) ,&(I) ,W1) ,qp(3) ,vI.L(3) ,7CPV(5) 
up is arbitrary. 

Eckart or particle frame: 
u p  is the particle 4-velocity and P = O  
14 unknowns are n,~,rI,qp,np~,up 

Landau-Lifshitz or energy frame: 
upis the energy flow 4-velocity and W=O 
14 unknowns are n,~,PI,vI.L,np~,up 

P -  N P  
U N  - JW 
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Energy conservation + Eckart law 
?rn 

> -  d l  - f 1 2 T  P arabolic, infinite speeds 
at 

Modified Eckart law : @ + 4 = - N T  (Maxwell-Cattaneo) 
C. Cattaneo, C.R. Akad. Sci. (Paris) 247 (1958) 431 

d2T aT * r- +- - f12T=0  (telegraph equation) 
at2 at 

For T = exp(i(kt.2 -ut)} 
k 2  = Tm2 + im (dispersion relation) 

Phase 
x I 2 

=i: In high frequency limit, (o>>Z-l> : vph 



Allow entropy 4-current t o  include terms up t o  
second order in dissipative quantities. 

H. Grad, co rn .  Pure. appl. Math. 2 (1949) 331,; I. Muller, 2. Phys. 198 (1967) 329 
W. Israel, J. M. Stewart, Ann. Phys. 118 (1979) 341 

u p  aorIqp a-nP”qv s” = S U P  + - qP - (p*r12 - plqvqv + p2n,nv-)- - + 
T 2T T T 
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J.D. Bjorken 
PRD 27 (1983) 

~ 

Longitudinal boost invariant 
Z 
t '  

V = -  t = zeoshy, 'z = zsinhy 
c 

,c=Jtz_z2, y=-In(-) 1 t + z  
2 t - z  

v - c  

. a Tpv =0, nB = O  Apply to. P 

a t T ~  +d,TtZ = 0 31 atTZt +a,Tzz = 0 

A. Murong a, PRC( 03/2004); PRC( 042004) 
A. Muronga, PRL (2002) 

2 = 0  
z = o  

t > O  
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, . . .  

Energy equation dE r + p  -+ = O  -- 
d z  z z 

EoS and transport coefficients 
1 
3 

p = - 8 = a T 4 ,  a =  

T 3 ,  
0.342 

= bT3, b = (1 + 1 . 7 N f )  

T T-3@' +- d 
d2 32 12az 

Then -T=-- 

3 
P2 =- 

4P' 

d 2nTCD 1 I d  8aT4 --a =- 
dz 9z 



1 o3 

1 o2 
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RHlC 
To = 500 MeV 
2,- 0.13 fm/c 

0-' 1 oo 
z [fndc] 

I I 
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\ 
- \  

\ 

To = 500 MeV Z, = 0.13 fdc - 

I .  I I 

0 20 40 60 

d T 0  Au+Au at E, = 200 AGeV 

io3 1 I T, = 400 MeV : 

- ~erfe~$ fluid 
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1 OD 
lo-' ' * 4 s '  

io-' 
2 Ifmlc3 
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A. Muronga and D.H. Rischke nucl-th/0407114 
Boost energy-momentum tensor by 

up = y,(cosh y,vL eos@,v, cos0,sinh y )  
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1.0 
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- Tp160 MeV, non-id - T r =  MeV, id. gas - TgXlO MeV, non-id. gas 

$ = 500 MeV. 
xi = l/3Ti 

1.5 

1 I I I I 

- = 300 MeV ' _I T+30hlcV,id. gns - 
zi = 0.5 fm - T ~ 1 6 0  MeV, non-id. gas 

- T$BO hkV, non-id. gas 
- .-- TFZIIO MeV, id. gns .- 
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0 

I n  relativistic nuclear reactions, 
* longitudinal pressure is reduced 
* less longitudinal work is done 
* longer freeze-out times- 
* stronger radial f low created 

Yebo Yes! Dissipation is as important as E o 5  
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