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Preface to the Series 

The RIKXN BNL Research Center (RBRC) was established in April 1997 
at Brookhaven National Laboratory. It is funded by the "Rikagaku 
Kenkyusho'' (RTKEN, The Institute of 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. 

The RBRC has both a theory and experimental component. At present 
the theoretical group has 4 Fellows and 3 Research Associates as well as 11 
RHLC PhysicsKJniversity Fellows (academic year 2003-2004). To date there are 
approximately 30 graduates from the program of which 13 have attained tenure 
positions at major institutions worldwide. The experimental group is smaller 
and has 2 Fellows and 3 RHIC PhysicsKJniversity Fellows and 3 Research 
Associates, and historically 6 individuals have attained permanent positions. 

Beginning in 2001 a new RIKEN Spin Program (RSP) category was 
implemented at RBRC. These appointments are joint positions of RBRC and 
RIKEN 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 within a short time. To date there are sixty- 
eight 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 and is still operational. A 10 teraflops QCDOC computer in under 
construction and expected to be completed this year. 

N. P. Samios, Director 
November 2004 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886. 
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Introduction and overview 

The high energy limit of Quantum Chromodynamics is one of the most fascinating areas 
in the theory of strong interactions. Over a decade ago the HEM experiment at DESY in 
Hamburg provided strong evidence for the rise of the proton structure function at small 
values of the Bjorken variable x. This behavior can be explained as an increase of the 
gluon density of the proton with energy or correspondingly with smaller values of x. This 
increase can be attributed on the other hand to the large probability of gluon splitting in 
QCD. The natural fiamework for describing the gluon dynamics at small x is the 
Balitskii-Fadin-Kuraev-Lipatov formalism developed some 30 years ago. It predicts that 
the gluon density grows very fast with increasing energy, as a power with a large 
intercept. This increase has to be tamed in order to satisfy the unitarily bound. Over two 
decades ago, Gribov, Levin and Ryskin proposed the mechanism called the parton 
saturation, which slows down the fast rise of the gluon density. This formalism accounts 
for an additional gluon recombination apart from the pure gluon splitting. It leads to the 
very interesting non-linear modification of the evolution equations for the gluon 
distributions. Since then, much progress has been made in the theoretical formulation of 
the parton saturation. Currently the most complete theory for parton satmation is the 
Color Glass Condensate (CGC) with the corresponding renormalization group functional 
evolution equation, the JIMWLK equation, which describes the nonlinear evolution of 
the gluon density at small values of x and in the regime where gluon fields are strong. 
The simpler form of the JIMWLK equation, the Balitskii-Kovchegov (BK) equation has 
been successfully used to explain the experimental data on proton structure fimction. The 
models, which include the parton saturation, have been applied to explain the 
experimental data at Tevatron and RHIC. In the latter case the Color Glass Condensate 
can be thought of as an initial stage for the subsequent formation of the Quark Gluon 
Plasma. Despite its success in describing various observables, the parton saturation 
phenomenon still needs deeper understanding and improvements; in particular, the 
existence or limitations on geometrical scaling, the edge effects in the high energy 
collisions, or impact parameter dependence. In particular it has been recently realized that 
the current evolution equations of CGC, the JWIWLK equations miss some of the 
important contributions coming fiom the resummation of the so-called Pomeron loops. 
These terms are known to provide sizeable corrections to the asymptotic high energy 
behavior. Also, the CGC formalism was constructed within the leading logarithmic 
approximation, and it is known that the corrections which go beyond this order are large. 

This aim of this workshop was to bring together experts in the field to study and discuss 
the Color Glass Condensate theory and related topics. Larry McLerran gave an 
introduction to the theory of Color Glass Condensate and reviewed the current status of 
the parton saturation. He discussed also the relation between the CGC and the Quark 
Gluon Plasma, in particular the problems related with rapid thermalization and the flow 
in ultrarelativistic heavy ion collisions. The Pomeron effective theory and the 
fluctuation-saturation duality was discussed by Kazunori Itakura. He presented the new 
evolution equations of Color Glass Condensate theory that take into account the Pomeron 
loops. The improved Hamiltonian of the new evolution equation, which aims to describe 
the weak and strong fields regime, is likely to possess the intriguing self-duality property. 
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Boris Kopeliovich discussed the phenomenological aspects, namely the application of the 
saturation models to ultrarelativistic heavy ion collisions. He carefully studied the 
kinematical conditions in which the Color Glass Condensate description is expected to be 
valid and pointed out other dynamical effects that can occw in the same regime. An 
interesting relation between the QCD at high energies and the statistical physics was 
presented by Alfred Mueller. The large gluon occupation numbers suggest that one can 
use tools of statistical physics to describe the evolution at high energies in QCD. In 
particular the role of fluctuations at the beginning of the evolution, namely in the dilute 
regime, is expected to be very large. Therefore, the reformulation of the JIMWLK 
equation in order to properly account for these effects is needed. Heribert Weigert gave a 
nice overview of the current status of the solutions to the BK and JIMWLK equations. He 
showed that the running coupling corrections play an important role and need to be 
included in the evolution. He also discussed an intriguing observation of the formal 
similarity of the evolution equation for the non-global jet observables and the BK 
equation at small x. The investigation of the Odderon evolution equation within the 
framework of the Color Glass Condensate was presented by Yoshitaka Hatta. He 
presented the derivation of the evolution equations for the amplitudes describing the 
odderon exchanges between the Color Glass Condensate and the two types of the 
projectiles: a color dipole and a system consisting of three quarks. He showed that in the 
linear regime the equations reduce to the Bartels-Kwiecinski-Praszalowicz evolution 
equation. Stephen Wong discussed recent developments that lead to the generalized 
JIMWLK evolution equation including the Pomeron loops. It has been recently realized 
that the JIMWLK equation has certain deficiencies, namely, that it only includes the non- 
linear effects due to the Pomeron mergings but misses important contributions coming 
from the Pomeron splittings. An extended version of the JIMWLK equation has been 
formulated which cures this problem and it includes the Pomeron loops. The current 
status of the reggeon field theory has been presented by Jochen Bartels. He discussed in 
detail the existing ingredients of this theory, which are the reggeized gluon and the vertex 
functions. He discussed the relation and differences with respect to the Color Glass 
Condensate theory. Alex Kovner discussed the extension of the generalization to 
JlMWLK presented by Wong by including yet higher order functional derivatives in the 
JIMWLK equation. This leads to the emergence of the self-dual theory, in which the 
projectile and the target are treated symmetrically. Francois Gelis presented the 
calculation of the quark-antiquark production cross section in the CGC formalism in the 
proton-nucleus collisions. He showed that generally the high energy factorization is 
violated by the presence of the saturation scale in the problem. Carlos Salgado presented 
numerical solutions to the Balitsky-Kovchegov equation and discussed their applications 
to the description of the deep inelastic scattering collisions of lepton-proton and lepton- 
nucleus. He showed that the saturation model with geometrical scaling leads to the very 
good description of various observables in deep inelastic and nucleus-nucleus collisions. 
Ian Balitsky developed an approach in which the high energy scattering in QCD can be 
viewed as a scattering of two shock waves. He presented the Wilson-line functional 
integral for effective action that contains all the information about the high energy 
scattering in the leading logarithmic .approximation. Jianwei Qiu discussed the transition 
from the parton model to parton saturation. He showed that in the case of the standard 
DGLAP evolution, the resummation of the dynamical power corrections leads to the shift 

.. 
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of the parton momentum fraction by a single parameter. Elena Ferreiro described a 
phenomenological model of color strings for the sof€ dynamics in QCD. In this model the 
color strings are small areas in transverse space filled with color field created by the 
colliding partons. Michael Lublinsky presented a probabilistic approach to the description 
of the high energy QCD evolution. He showed a functional evolution equation that, 
accommodates the nonlinear dynamics. The problem of the thermalization in heavy ion 
collisions was discussed by Yuri Kovchegov. He demonstrated that at any order of the 
perturbative expansion the gluon field generated in the ultrarelativistic heavy ion 
collision leads to the energy density, which scales as an inverse proper time. This has to 
be contrasted with the hydrodynamics-driven expansion of the quark-gluon plasma which 
leads to the energy density, which scales as a higher power of the inverse proper time. 
Ismail Zahed discussed the RHIC fireball production in a theoretical fi-amework of the 
AdS/CFT correspondence. Adrian Dumitru talked about the observational constraints on 
the saturation scale from cosmic ray airshower data. The simulations at highest energies 
of cosmic rays indicate that there is a substantial sensitivity to the QCD evolution 
scenario. There are indications that the saturation scale grows at a slower rate than 
predicted by H E M  or RHIC data. 

... 
111 



Peeking through the Colored looking Glass 

Larry McLerran 
Physics Department 

Brookhaven National Laboratory 
Upton, NY 11 973 
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Peeking through the Colored Looking Glass 

A perspective on Future Directions 

Comments about the LHC: 
The CGC Machine 

Color Glass Condensate as a Media 

Whatever-ons: 
Little wiggles of the CGC 

Pomerons, Odderons, Reggeons 

Ploops: (Pomeron loops) 
How a little fluctuation becomes a big 

problem 

The CGC and the QGP: 
Is the sQGP really the CGC? 

Is rapid “thermalization” due to the CGC? 
Does flow arise largely from the CGC? 



Reggeons, Pomerons and Odderons 

Reggeons: 

Mathematical objects which which allow the 
computation of scattering of hadrons. Found in 

complex angular momentum analysis of 
scattering matrix 

Pom e ron : 

That Reggeon which controls the total cross section 
at high energy. 

Universal dependence of energy at high energy. 
Imaginary part of T matrix 

Odde ron : 

Pomerons peculiar brother 
Real part of T matrix at high energ) 
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The Pomeron: A Modern Perspective 

The total hadronic cross section: 
Describes total cross section 

Original version 
0 i ; O . f ;  - cansta*nt 

After growing cross sections: 
rn a I 

.I 
& 
1 t - Ea 103 lo6 109 1 10 

Center of Mass Energy in GeV I A lbare 

Pomeron: Vacuum quantum numbers 

Two gluon exchange 

Bare Pomeron related to growth of 
gluon densities 

Saturation <=> High density of 
pomerons 



The Growth of Gluon Density Explains Slow 
Growth of Total Cross Section 

The total hadronic cross section: 

distribution of gluons: 

Center of Mass Energy in GeV 

Transverse profile set by initial conditions 

Size is determined when probe sees a fixed number of 
particles at some transverse distance - eonstant 'cy - 2 r n m T T  e e  



The Pomeron and the CGC 

Separation between fast and 
slow degrees of freedom => 

Renormalization group 
is[~,pl --F[p] 

Z = e  - F [PI Weight for source fluctuations 

JIMWLK Equation: 

H is Hamiltonian with 
77 = 112(1/2) 

For weak fields: 

No potential, assumes strong fields 

Pomeron: Weak field excitation - p(x) + p(y> 
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Fluctuation-sat uration duality and 
Pomeron effective theory 

E(. Itakura 

Service de Physique The'orique, CEA/Saclay, F-91191 Gif-sur- Yvette, France 

Abstract 

We propose an effective theory which governs Pomeron dynamics in QCD at 
high energy, in the leading logarithmic approximation, and in the limit where N,, 
the number of colors, is large. In spite of its remarkably simple structure, this 
effective theory generates precisely the evolution equations for scattering amplitudes 
that have been recently deduced Erom a more complete microscopic analysis. It 
accounts for the BFKL evolution of the Pomerons together with their interactions: 
dissociation (one Pomeron splitting into two) and recombination (two Pomerons 
merging into one). It is constructed by exploiting a duality principle relating the 
evolutions in the target and the projectile, more precisely, splitting and merging 
processes, or fluctuations in the dilute regime and saturation effects in the dense 
regime. The simplest Pomeron loop calculated with the effective theory is free of 
both ultraviolet or infixed singularities. 

and D.Triantafyllopoulos. 
This talk is based on the paper hep-ph/0502221 by J.P.Blaizot, E,Iancu, K.Itakura, 
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More precisely, 

- deep understanding about the difference between BK and Balitsky eq. 
- analogy of gluon dynamics (multiplication vs recombination) with 

statistical physics (reaction-diffusion dynaimcs) described by FKPP eq. 
+ BK-JIMWLK hierarchy fails to correctly describe fluctuation phenomena. 

+ This becomes manifest when we consider dipole-pair scattering 
[ lancu-Triantafyllopoulos] 

................................................................................................. (Described by CDP) 

Tree dipole pair 
diagram .... ............................................... ............................................ ..... 

Not included in JIMWLK 

03/07/2005 K. Itakura CGC workshop at BNL, 
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One can use duality to construct an effective theory of interacting Pomerons 
(perturbative, bare) in the dilute regime: 

[au(+) - 
g2 

“Pomeron” = TO(X,Y) - 4N, 

The total Hamiltonian is self-dual: 

H‘ = H,t + Hf,, + 
f$ = “BFKL” from weak-field exp. of JIMWLK, 

“free” part without number changing int, $ BFKL 
-.____-._.___--__________ 

Splitting 

Merging 

A 
self-dual by itself 

[ Mueller,S hoshi, Wong] 
HZ-32 = “Splitting”: important in the dilute regime 

@i+=-+~ = “Merging”: dual of splitting 
- - - - - _ - - - - - - _ - - - - - - - _ _ _ _ _  t 

- Y m I L  - -_- -1 w - a ^ r j  

03/07/2005 K. Itakura CGC workshop at BNL 
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Minimal Pomeron loop from 2 step evolutions 

For dipole-dipole scattering (x,y) and (x,,y,) 

Splitting 

Merging 

< 

z and w integrations are IR and UV finite 
3 

03/07/2005 K. Itakura CGC workshop at BNL 
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le: Color Glass Condensate (CGC) C! small x 

towards small x a t  fixed Q2 

N 
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Example: Jets in a Medium (LHC); non-global j e t  observables 1 
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Heribert Weigert Nucl. Phys. A703, 2002, '823 
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uses of soft gluon radiation 
CGC in yA 

saturation scale 
geometric sca I i ng 

CGC in heavy ion collisions (RHIC & LHC): 

scales in initial conditions 
saturation scale & Cronin effect 
saturation scale & particle multiplicities 

je ts  in medium 63 LHC 
in progress 
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Theoretical status of perturbative odderon 

Bartels-Kwiecinski-Praszalowicz (BKP) equation (1 980) 

Mapping onto exactly solvable 1 D Heisenberg spin 
w h, Lipatov (1 993), Faddeev & Korchemsky (1 994) 

Two exact solutions 
Janik & Wosiek (1 999) Olodd < 
Bartels, Lipatov & Vacca (2000) aodd = 1 

Formulation in Mueller’s dipole model 
Kovchegov, Szymanowski & Wallon (2004) 

Formulation in the CGC 
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Evolution equation for the 3-quark 
odderon amplitude in the linear regime 

Closed equation for the gauge invariant amplitude < B(xL, Y,, zL> >z 

IR and UV safe 
Relation to the BKP equation ? 



Equivalence to the BKP equation 

I 
L 

Iv 

JIMWLK equation BKP equation 

They satisfy the same equation provided one uses 
the dipole JIMWLK equation for dabc < > 



S.M.H. Wong 

with A.H. Mueller and A. Shoshi 

Columbia University, New Yo& 

Abstract 

The Balitsky-JIMWLK equations are shown to be incomplete as 

equations that describe the small-x evolution towards the unitarity 

limit in high energy collisions. Two equivalent approaches to correct 

this problem are discussed. The JIMWLK equation is extended by 

a new fourth order functional derivative term and at any given level 

of the Balitsky hierarchy of equations, each level is now coupled 

both to the level above and the one below whereas in the original 

hierarchy, this coupling has always been towards the upward 

direction only. 

Including some parallel work by: 

E. Iancu & D. Triantafyllspoulos 
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0 

0 

0 

0 

0 

Rare configuration can be more important than 
mean/typical configuration from BE(! 

BK allows unitarity violation in intermediate 
evolutions + something 's missing! 

The JIMWLK equation was thought to describe 
small-z evolution completely but then numerical 
simulations showed that there was little difference 
between BK and JIMWLK! 

[Rum'mukainen & Weigert, NPA 739 ~1831 

With gauge invariant operator 0 

6 6 
X 6aa (x) W ( y )  w )  Y 

S/Ga acts on a Wilson line = a gluon exchange with 
the Wilson line! 

JIMWLK and BK have pomeron merging but no 
splitting! There are no pomeron loops in either! 
Each 62/6aadaa = one porneron exchange! 
Need more &/Sa! 

Balitsky hierarchy coupled (T(n))'s in only one way 
- upward! 

38 



r 
Finally the extended JIMWLK equation is 

vi  v; aC(x) aC(y) wy [a] . ) 6 6 6 s 
X 

Saa(u1) daa(v1) bab(u2) iiab(v2) 

0; v; a"(x)  aC(y) 
6 6 6 6 

X 
Saa(u1) Gaa(v1) Sab(u2) Sab(v2) 

where 

This extension is necessary: 

in the 

2 2  V(X,Y) g (2 + ' *  

Q Weak field limit (dilute medium): a N g 

but not in the 

8 Strong field limit (dense medium): a N l /g  



o The JIMWLK equation is a diffusion equation. 

o Brownian motion z Langevin description. 
[Blaizot, Iancu & Weigert, NPA 713, ~4411 

o Langevin description + Computer simulation. 

o The extended JIMWLK has fourth order derivative 
terms and is no longer a diffusion equation. 

o Langevin description ??? Computer simulation ??? 

Try to recover from these! 

The basic form of the extended equation is captured in 

P ( x , t )  is a probability density distribution of some 
particles whose motions are Markov processes. 
Already know that the first two terms can be derived 
from a drift, a(x ) ,  and a Gaussian noise term, v( t ) ,  in 

x = a(x)  + (a!  b(x))1/2v( t )  + (4! ~ ( 2 ) )  114 [( ) 

where [( t )  is a non-Gaussian noise called a fourth order 
noise in the literature is required for a stochastic 
interpret at ion of the new equation. 



d a4 
ax4 dtP(z7t) = --c(x> P ( x , t )  , 

x = (4!c(x))"4 [( t )  . 
Because of the Markov nature of our model: 

Independent of all past history! 

What is going to happen next depends only on now! 

0 Bayes' Theorem of conditional probability: 

P ( x ,  t )  = J dx'P(x, tlx', t ' )P(z ' ,  t'). 

For a small time increment At = (t - t') + 0 ,  

'Ax ( t )  = x - X' = v4! c(x') [(t)At , 
P 

to s ~~~~~~~~ (stochastic calculus) says: 
r r r i  

P(x,tlx' ,t ')  111 {6(x - x') - 6 ( x  - x')c(x'))At + 0 

and 
d 
at P(x' ,  t') = P(x',  t )  - -P(x', t )  + . . . . 



To generate the 4th order diffusion term from a stochastic 
description, it is nec.essary to introduce what we called a 
Non-Diagonal Noise, S (z, y ) 

The pairing of the coordinates is "wrong"! 
Can't simply take the quartic root of the coefficient 
function of the d4/6a4 terms! 

The stochastic equation for a" is 

s, E U b + ( U ,  % ) V y Z )  
a 

d Y  
-aU(u) = O " ( U ) +  





In a dilute gluon medium, there are d4/6a4 terms 
that are important for small-x evolution of CWy [a]! 

Same term is responsible for the modified Balitsky 
hierarchy of equations. (T(")) is now linked to both 
(T("+l)) and (T("-')) in one equation. 

0 New terms reproduce the correct (p~meron)~-vertex! 

0 Problems: 
o Yet to show that S(z,y) approaches unitarity at 

o Yet to show unitarity can be restored in 
the correct rate! x 

the intermediate evolutions! x 
With 64/6a4, a pomeron from the CGC can now 
split into two! Pomeron loops by iteration! 4 

0 New problems: 
o 4th order diffusion spoiled the Langevin ' 

o But able to preserve the stochastic description, 
description! x 

introduced 4th order noise! 4 
o Non-diagonal noise, computer simulation ?? 

Extended equation is a sum of very different parts: 
CGC +color dipole Can we do better? 



J. Bart els, Hamburg University: 
Reggeon Field Theory in QCD 

Abstract: 
In the first part I review the concept of reggeon field theory in QCD. Reggeon 
field theory provides a solution, to t-channel reggeon unitarity equations. In 
QCD, the reggeized gluon plays the role of the fundamental field, and there 
exist momentum dependent vertex functions which describe the interactions 
between reggeized gluons. Known examples include the BFKL kernel, the 
2 + 4 and the 2 -+ 6 gluon transition vertex functions. At present the BFKL 
kernel is known in NLO accuracy, the other vertex functions have been com- 
puted in leading order only. With these vertex functions it is possible to 
compute composite states of two or three reggeized gluons, Pomerons or 
Odderons, resp. Another example of interest is the Pomeron loop correction 
to the Pomeron self energy. Contact to the Color Glass Condensate is made 
by transforming reggeon field theory from momentum space to configuration 
space: as a first example, it can be shown that the Fourier transform of the 
2 + 4 gluon transition vertex - with certain approximations - coincides with 
the kernel of the Balitsky-Kovchegov equation. Reggeon field theory also 
allows to compute higher order corrections, both in l/Nc and in a,. 

In the second part of the talk I address a few special topics which can 
be derived from QCD reggeon field theory: this includes the description of 
diffraction in deep inelastic scattering, and the validity of the AGE( cutting 
rules in pQCD. 
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3. Bartels 
11. Inst. f. Theor. Physik, Univ. Hamburg 

CGC Workshop, BNL, March 2005 

Content: 

0 I n t rod uct io n : motivation 

0 Foundation: 

0 Results: reggeon vertices 

0 Reggeization, bootstrap 

0 Diffractive vertex 

0 AGK cutting rules 

0 Conclusions 

reggeon unitarity equations in momentum space 
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m ti 

Aim: how t o  formulate and derive a field theory of  interacting 
Pomerons in QCD? 

Now very polular:J 

0 in configuration space 
e s-channel picture (color glass condensate) 

0 'semiclassical framework' for Pomeron interactions (BK 
equation); recently: Pomeron loops 

0 (large Nc limit) 

Complementary: r n fie ry i 

0 derived in momentum space 
0 t-channel approach 
0 reggeon unitarity equations, reggeon field theory as solution 

to  these unitarity equations 

0 allows t o  compute corrections in as (and in l/N?). 

This talk: second approach, con 
talks a t  this meeting. 
Connection with cross sections, co 

Current s tat  us. 
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plementary t o  most of  the 

linear hard scattering. 



What has been accomplished: 
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What needs to be done: 

e How to find solutions? 

Before that: lots to compute in momentum space, e.g. 
inclusive cross section formulae in heavy ion collisions 

e understand connection between reggeon field theory and 
conformal field theory 
(Vi rasoro algebra, halomorphic separability, conforma I 
bootstrap, AdSICFT correspondence,. . .) 
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Quark production in pA collisions: 
rescatterings and kt-factorization breaking 

Quark production in pA collisions: 
rescatterings and kt-factorization breaking 

F’ranqois Gelis 

We model proton-nucleus collisions in the Color Glass Condensate framework 
by assuming that the proton can be described by a weak color source that we 
treat at leading order, while the nucleus is described by a strong color source 
that needs to treated to all orders. At this level of approximation, the classical 
Yang-Mills equations can be solved in closed form. 

One can then calculate the propagator of a quark in this background field 
in order to obtain the amplitude for quark-antiquark pair production in proton- 
nucleus collisions. By squaring this amplitude, one finds that the quark pro- 
duction cross-section involves correlators of 2 and 3 Wilson lines. The fact that 
the cross-section contains this 3-point correlators implies that one cannot write 
it in kl-factorized form: one recovers kl-factorization only in certain limits for 
which the final state contains some scale which is much larger than the satura- 
tion momentum in the nucleus. Numerically, we find the following patterns for 
the breaking of kl-factorization: 

0 The magnitude of the breaking of kl-factorization decreases as the quark 
mass increases. Indeed, since the terms that break kl-factorization cor- 
respond to extra rescatterings, it is natural that massive quarks are less 
sensitive to these effects than light quarks. 

0 The magnitude of the breaking of kl-factorization is maximal for a trans- 
verse momentum q l  ,-., Qs of the quark, where Q6 is the saturation scale 
in the nucleus. One recovers kl-factorization when the quark transverse 
momentum becomes much larger than all the other scales. 

0 .If Qs remains smaller or comparable to the quark mass and transverse mo- 
mentum, the corrections due to the breaking of kl-factorization enhance 
the cross-section. This is interpreted as a threshold effect: having more 
rescatterings tend to push a few more QB pairs just above the kinematical 
production threshold. 

0 If Qs is large compared to the mass of the quark, then the corrections 
due to the breaking of kl-factorization tend to reduce the cross-section at 
small transverse momentum. Since the typical momentum transfer in a 
scattering is of the order of Qs, it is indeed more difEcult to produce light 
quarks with a small momentum if they scatter more. 
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0 Pair production amplitude 

0 Breaking of Kt factorization 
0 Breaking of Kt factorization 
0 Breaking of Kt factorization 

... ._ . 

I 

Single quark cross-secti 

Single quark production cross-section: 

1 

+ + q 7 q  is the analogue of 4gAg for the fundamental representation 

+ kl-factorization still broken for the nucleus 

+ contains only 2-point and 3-point correlators 

A 



0 Pair production amplitude 
0 Single quark cross-section 

0 Breaking of Kt factorization 
0 Breaking of Kt factorization 

Breaking of Kt- factorization 

Single b-quark cross-section (large N )  : 

exact / kl-factorized, m = 4.5 GeV 
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Breaking of Kt factorization 

0 Pair production amplitude 
0 Single quark cross-section 
0 Breaking of Kt factorization 

0 Breaking of Kt factorization 

Single e-quark cross-section (large N )  : 

1.3 
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0 Pair production amplitude 
0 Single quark cross-section 
0 Breaking of Kt factorization 
0 Breaking of Kt factorization 

Breaking of Kt factorization 

General trends for the breaking of kl-factorization : 

+ The magnitude of the breaking increases as m, decreases 
+ The magnitude of the breaking increases with Qs  
+ The effect is maximum for 41 N Q s  
+ kl-factorized is recovered at large 41 
+ If Qs 5 m, 41, the kI-factorization breaking terms enhance the 

cross-section: having more scatterings pushes a few more pairs 
above the kinematical threshold 

+ If Qs >> m, 41, the effect is a reduction of the cross-section: with 
a large Qs it becomes less likely to produce a quark with a small 
transverse mass 

D These corrections tend to enhance the Cronin peak that one 
would obtain by using the kl-factorized formula for quark 
production 
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Geometric scaling, behavior of the saturation scale 
and experiment a1 data 

Carlos A. Salgado 

CERN Physics Department, Theory Division, CH-1211 Geneva 

We solve numerically the Balitsky-Kovchegov equations for the cases of running and 
fixed strong coupling constant. In agreement with previous numerical and analytical 
results, we find that an asymptotic scaling solution appears for both cases. The small-r 
behavior of these solutions is, however, different: an anomalous dimension of y N 0.65, 
in agreement with analytical estimations is found for fixed coupling; in contrast, y N 

0.85 for the running coupling case. The rapidity and nuclear size dependence of the 
saturation scale are a.lso computed and found to be in good agreement with analytical 
estimations. 

Lepton-proton experimental data are known to  present geometric scaling. We gen- 
eralize this scaling to the nuclear case and found, in this way, that the A-dependence of 
the saturation scale is faster than All3. This geometric scaling is then used to describe 
the multiplicities measured in nucleus-nucleus and proton-proton collisions at central 
rapidities for which a very simple formula is derived. The suppression of particles with 
high-pt at the forward rapidity region of RHIC are also described by the same geomet- 
ric scaling. The possible relations of these findings with the numerical solutions of the 
BK equations are commented. 

Based on: 

Albacete, Armesto, Kovner, Salgado, Wiedemann PRL92 (2004) 082001 

Albacete, Armesto, Milha.no, Salgado, Wiedemann PRD71 (2005) 014003 
Armesto, Salgado, Wiedemann PRL94 (2005) 022002 
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r - - -  - - a  

- K1,$=0.4 
_ _ _  K1,Z0=0.2 

i _ _  

[Albacete, Armesto, Milhano, Salgado, Wiedemann 20041 

K3 
a0=0.4 I - 

- - - Running, K1 

0.4 

7 e rQsat (Y)  * N ( 7 )  

We define Qsat(Y) SO that N(r  = l/Q,,(Y),Y) = K ;  K = 112 

Scaling also for the running coupling case 



Fixed coupling E0=0.2 

ONMV 

0.9 - NGBW 

1 Q *p(c=1.17) 
A rfS(c=0.84) 

0.8- 

Running coupling E0=0.4 

* *  
0.71 * * 

0.51 A ~ A A A A  

0 10 20 30 40 50 60 70 
Y Y 

Fits to N = U T ~ Y  (log7 + 6 )  in the region < 7 < 10-1 

* Fixed coupling value y N 0.65 agrees with analytical y N 0.63 

* Running coupling value y N 0.85 different from fixed 



e C  (€665) E 
X eCa (€665) 
b aPb(E665) 

z+ Scaling when 
n L 

-* We define 

RA = 1.12A1/3 - 0.86A-1/3 

Rp, 6 free parameters 

0 NMC-A 

1 . I  
1 

n o  
I ' I  I 16 = 0.79 rt 0.02 lRp = 0.70 rt 0.08fm i:; 1 - -  

r) 

u. / 

1 o-' 1 10 1 OL 
+ QZat N A4/' [X2/dof = 0.951 0.6 ';':-i ' ' """ ' " 1 1 " 1  ' ' ' " " ' 1  ' 

6 = 1 [Q:at N A 1/3 ] --i x2/dof = 2.35 

[Armesto, Salgado; Wiedemann (2005)] 



:+ The multiplicit 
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AA 1 dN 
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OJ 10 
\ E 
\ 

(lepton-proton data) 
Z" 

es 

5500 
- 

6 (GeV/A) 4.5 
\ 4 L  

1 '  
I 

4 I , , , , , I  I I , , , , I  1 o2 I 
1 10 Data: PHOBOS PRC65, 061901 (2002); nuci- 

ed0405027 NPmt 

[Armesto, Salgado, Wiedemann (2005)l 
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0 

-3 Solution of BK found numerically for running and fixed coupling 

* Asymptotic scaling curve 
* Small-r behavior agrees with analytical results - however, different 

y for running and fixed coupling 
* DLL found but no clear scaling window could be identified 

* &E&; A) agrees with analytical estimates for fixed and running as 
The geometric scaling found in Ip data has been extended to the 
nuclear case 

* grows faster than All3.  

Nice description of multiplicities in AA at y = 0 and suppression of 
particle production at forward rapidities. 

Numerical coincidence, saturation?? -+. use evolution eqs. 

DGLAP nuclear gluons are constrained for z 2 0.02 by DIS data 
* Check universality of nPDF with RHlC data 



Ian Balitsky 
Scattering of shock waves in QCD. 

Viewed from the center of mass frame, a typical high-energy hadron- 
hadron scattering looks like a collision of two shock waves. Indeed, due 
to the Lorentz contraction the two hadrons shrink into thin “pancakes” 
which collide producing the final state particles. The mail question is the 
field/particles produced by the collision of these two waves. On the the- 
oretical side, this is related to the problem of high-energy effective action 
and to the the ultimate question of the small-2 physics - unitarization of 
the BFKL pomeron and the Froissart bound in QCD[?]. On more practical 
terms, the immediate result of the scattering of the two shock waves gives 
the initial conditions for the formation of a quark-gluon plasma observed in 
the heavy-ion collisions at RHIC. 

Due to parton saturation at high energies, the collision of QCD shock 
waves can be studied using semiclassical methods. 

At present, the corresponding Yang-Mills equations has not been solved 
analytically. In my talk I formulate the problem of scattering of shock waves, 
find the boundary conditions for the double functional integral for the cross 
section, develop the expansion in the commutators of two shock waves equiv- 
alent to the series in strength of one of the waves, and calculate the second- 
order term of this expansion. 
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. . . . . - -. . . - . ._ . . ____. . , . . . -- . 

Key observation: 
In the frame of the spectator 

slow 

fast “Wilson linetq - infinite gauge link ~ 

Similarly, in the lab frame 
fast 

11111151811 

slow 
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Two factorization formulas (for rapidlties 

\ 
\ 

\ \ 
\ \ 

+ the effective action: 
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--___ . . . . .. _--- . . .. ,.. . ._... . . .- - 

In the LLAznl,n2 N - light-like vectors + 

- functional integral with two shock-wave-type 
sources, Lfi and 

1 

Semiclassica.1 calculation of Seff: scattering1 of 
two shock waves 
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. .. . _ _  . - _.. .. _- . ... .. ... __.- --- .. . . .- .. .. . 

Approximate solution: A = A@) + + ... 

L = [Ui, K], Lik = C U ~ , V ~ ]  - tipatov's vertex. 

Effective action: 

+ gluon reggeimtion 

f- BFKL kernel 

5 -  f- 
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C.onclusio,ns' ' . . .  

?, Factorization formula + rigorous 
definition of Sev fur a given AQ 

Semic1assic;aI approach tolt Seff ++ 
scattering of two 

a- wilsun-line funciional integral for seff ef- 
fectively summarizes all the LLA informa- 
tion about high-energy scattering. 

ck waves in QCD 
3 

Outlook. 

o Heavy-ion collisions in McLerran's mod& 

Numerical calculation of the Wilson-line func- 
t iona I 'i n teg ra 1. 

Seff in the NLO BFKL. 
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Transition from naive parton model to parton 
saturation 

Jianwei Qiu 

Department of Physics and Astronomp, Iowa State University 
Ames, Iowa 50022, U.S.A. 

At leading power of large momentum exchange, perturbative QCD has been very success- 
ful in interpreting and predicting high-energy scattering processes. Much of the predictive 
power of perturbative QCD is contained in factorization theorems [l], which provide ways 
to separate long- from short-distance effects in hadronic amplitude. They express nonper- 
turbative long-distance effects in terms of universal matrix elements, which allow them to 
be measured experimentally or by numerical calculations. They supply systematic ways 
to calculate the short-distance effects perturbatively. Predictions follow when processes 
with different short-distance scatterings but the same nonperturbative matrix elements 
are compared. 

On the other hand, it has been argued that for physical processes where the effective x 
is very small and the typical momentum exchange of the collision Q is not large the number 
of soft partons in a nucleus may saturate [2,3] Qualitatively, the unknown boundary of this 
novel regime in (z, Q) is where the conventional perturbative QCD factorization approach 
should fail [4]. 

To quantitatively identify the boundary, we try to approach it from the perturbative 
side by improving perturbative QCD calculations with resummed dynamical power cor- 
rections. We calculate and resum, in terms of perturbative QCD factorization approach, 
nuclear size enhanced power corrections to the structure functions measured in lepton- 
nucleus deeply inelastic scattering [SI, to the centrality and rapidity dependence of single 
and double inclusive hadron production in proton-nucleus collisions, and to the evolution 
of nuclear parton distribution functions. We show that power corrections to all these 
quantities are expressed in terms of one universal matrix element (Fs"Fas). Our results 
for the Bjorken z-, Q2- and A-dependence of nuclear shadowing in structure functions are 
consistent with all existing data [5]. We are in a position to predict the leading nuclear 
modification to nuclear parton distribution functions. 

References 

[l] J. C. Collins, D. E. Soper and G. Sterman, Adv. Ser. Direct. High Energy Phys. 5 ,  1 
(1988) [arXiv:hep-ph/0409313]. 
[2] A. H. Mueller, Nucl. Phys. B 558, 285 (1999) [arXiv:hep-ph/9904404]. 
[3] E. Iancu, A. Leonidov and L. McLerran, arXiv:hep-ph/0202270, and references therein. 
[4] J. W. Qiu, Nucl. Phys. A 715, 309 (2003), and references therein. 
[5] J. W. Qiu and I. Vitev, Phys. Rev. Lett. 93, 262301 (2004). [arXiv:hep-ph/0309094]. 
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Classical and Quantum Aspects of the Color Glass Condensate 
RlKENlBNL Research Center, March 7-11,2005 

I a long lived parton state 

Jianwei Qiu 
Iowa State University 

based work done with X. Guo, M. Luo, Z. Kang, G. Stermen, I. Vitev, X. Zhang, et al. 

March I O .  2005 1 Jimwei Qiu, ISU 

I Phase diaqiam of parton dei$ties , I 
0 Experiments measure 

cross sections, not PDFs 
0 PDFs are extracted 

based on 
> factorization 
> truncation of perturbative 

expansion 

boundary between 
different regions? 

0 How to probe the 

Jianwei Qiu, ISU March I O ,  2005 

Hard probe - Impulse approximation -Parton model 

Use DIS as an example 

I frozen I 
(r, (e) g Jhf,,, ( x )  &(.,e) 

Convolution of two probability functions 
March IO. 2005 5 Jimwei Qiu. ISU 

I- Outline of the Talk L _  - 

P Naive parton model 

P QCD improved parton model 

0 Small x and coherent multiparton interactions 

P Resummed power corrections to cross sections 

P Resummed power corrections to DGLAP equation 

P Summary and outlook 

March 10, 2005 2 Jianwei Qiu, ISU 

Feynman diagrams - Pinch singularities - Factorization 

I Use DIS as an example I 

Convolution of two probability functions 
Quantum interference between two are power suppressed 

6 Jimwei Qiu. ISU March IO. 2005 
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I QCD improved parton model 1 
Collinear approximation - Universal PDF's - Evolution 

3 ( k ' , O , O )  

Pinched poles in high order diagrams -evolution 

0 Size of a hard probe is very localized and much smaller than 

l/Q << 2 R - f m  
a typical hadron at rest 

0 But, it might be larger than a Lorentz contracted hadron: 

ve ' 2R ( 4 P )  
0 low x: uncertainty in locating the parton is much larger than 

the size of the boosted hadron (a nucleon) 

ni > 2 R -  3 x<<x,=.10.1 
1 1  
Q XP P 2mR 

a hard probe could cover several nucleons 

March 10,2005 Jimwei Qiu. ISU 

With collinear approximation: 

In general, matrix elements with different cuts are not equal: 

March 10,2005 11 Jianwci Qiu, ISU 

0 resummatktn of leading lwarithmic cantrlbutians: 

I Coherent multiparton interactions 1 
-.___---- 

At small x, the hard probe covers several nucleons, coherent 
multiple scattering could be equally important at relatively low Q 

To take care of the coherence, we need to sum over all cuts 
for a given forward scattering amplitude 

cuts zw 
Summing over all cuts is also necessary for IR cancellation 

March IO, 2005 10 Jimwei Qiu. ISU 

b a d i n g  .- contribution in medium lengtd 
Parton momentum convolution: 

I All coordinate space integrals are localized if x is large I 
Leading pole approximation for dx, integrals : 

0 dx, integrals are fixed by the poles (no pinched poles) 
0 x,=O removes the exponentials 
0 dy integrals can be extended to the size of nuclear matter 

Leading pole leads to highest powers in medium length, 
a much small number of diagrams to worry about 

Jianwei Qiu. ISU 12 March IO, 2005 
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~ Dynamical power corrections. - . 1 
0 Coherent multiple scattering leads to dynamikl power corrections: 

0 Characteristic scale for the power corrections: (F'",: ) 
0 For a hard probe: e 1 

0 To extract the universal matrix element, 

a 
Q ~ R ~  

we need new observables more sensitive to (F+"F:) 

March IO ,  2005 1 3  Jianwei Qiu, ISU 

1 Contributions -- to DIS -- .-___I-__ structure function4 .- 

0 Transverse structure function: Qiu and Vitev. PRL (in press) 

Single parameter for the power 
correction, and is proportional 
to the same characteristic scale 

Similar expression of F, 

March 10, 2005 15  Jianwci Qiu. ISU 

1 Upper - limit of (F'"F,') from - - _  DIS data 
0 Drell-Yan Q,-broadening data: 

E G + ( F + ~ F . ~ ) ~ ~  -3-4 e 4' =0.05-0.06 GeVz 

0 Upper limit from the shadowing data: 

c$& = 0.09 - 0.12 GeV" 

0 "Saturation" scale of cold nuclear matter: 

(FfuF,+)DIs < 6 

Q: - 42A1'3 50.3 GeV2 seen by quarks 
10.6 GeV2 seen by gluons 

1 
0 Physical meaning of these numbers: 

(p"C) =L jk (NI d 
e (xG(x 4 O,Q,')) I 8 in cold nuclear matter(?) 

(O)F,' (X)l  N)@(Y;)  "5 l& xW,Q2) 

March 10.2005 17 lianuer QDJ. ISU 
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- ' Resummation of multiple scattering 1 
0 LO contribution to DIS cross section: .I) S(t - x g )  

0 NLO contribution: M'M 

1 d"' 

March 10, 2005 Jianwei Qiu. ISU 

6' - 0.09 - 0.12 GeV2 
I '  

T I 
& 
u- 

0.9 

3 0 ,  

0 
0 ,  

O I  

$ 0 ,  
0 

JI 

March 10, 2005 
R (i 

Jianwei Qiu. ISU 16 

1 Negative gluon distribution at low Q I - 
ZEUS 

I 0 NLO global fitting ' 8  o.-,.z*v. I LI.T&1 . . .. 
I >I_ based on leading twist 

leads to negative 
gluon distribution 

.( 1 - I T r L * L n L ~ w o ~  1 -x::G.t, ~ ~ , , -  
DGLAP evolution . -  . I S  L7z&.. .T>2>? 

0 MRST PDF's 

e, have the same 
features 

Does it mean that we 
have no gluon for 
x e l o 3  at I GeV? 

March 10. 2005 



Leading twist shadwing 
0 Power corrections complement: to the leading twist shadowing: 

0 Leading twist shadowing changes the x- and Q-dependence 
of the parton distributions 

+:* Power corrections to the DIS structure functions (or cross 
sections) are effectively equivalent to a shift in x 

0 Power corrections vanish quickly as hard scale Q increases 
while the leading twist shadowing goes away much slower 

~ 

0 If leading twist shadowing is 
so strong that x-dependence of 
parton distributions saturates 

for xc x,, 
additional power corrections, 
the shift in x, should have 
no effect to the cross section! xc X 

March 10. 2005 19 Jivlwei Qiu. ISU 

I Coherent power to PDFs I 
Hard probe sees only one effective parton: 

Pinched poles in the ladder diagrams - corrections to evolution 

March 10,2005 21 Jiamvci Qiu. ISU 

Modifications to - - - _  DGLAP __ equation - 

I Z. Kana and J. Qiu in ureuaration I 

DGLAP equation: 

What were done: 

0 resum all powers of leading pole coherent power corrections 

0 derive a set of generalized ladder diagrams 
0 derive a modified DGLAP equation with the power corrections 

to all particles entering final-state 

Modifications: 

0 shift the parton momentum fraction in PDFs in the integral part 
0 shift the l / x  pole by l/(x+Ax) 
0 naturally generates the shadowing at low Q2, if we evolve from 

high Q2. 

March 10, 2005 23 JianuTi Oiu. ISU 

~- ~ 

I Intuition for the power corrections1 
0 DIS with a space-like hard scale: 

W 
Resum all powers LO 

0 DY with a time-like hard scale: 

LO Resum all powers 

March I O .  2005 20 Jianwei Qiu, ISU 

Modified ladder -I-_ diagrams .. I 

Jianwei Qiu. ISU March I O .  2005 22 

0 Ratio of physical obsewables: R, 

1 / \ 
shadowed 

depend en t 

e- / DGLAP + process 
in d e D e n d e n t 1 power corrections / 

QO ,-& Q 

Jianwci Qiu. ISU March 10,2005 24 
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I 1 Factorization in p-nucleus mllisioils - 1 -- - -_ 

Small at mid-rapidity C.M. energy 200 GeV 
Even smaller at mid-rapidity C.M. energy 62 GeV 

0 A-enhanced power corrections, A1I3/Q2, are factorizable: 

“” hep-ph’0405068 

0 But, power corrections to hard parts are process-dependent, 
and they are different from DIS 

March 10,2005 25 limwci Qiu. ISU 

ktnerical results for the power corrections] -- 
0 Similar power correction 

modification to single and double 
inclusive hadron production 

> increases with rapidity 
gincreases with centrality 

>disappears at high pTin accord with 

>single and double inclusive 
the QCD factorization theorems 

shift in - <* It 

I Summary and outlook 1 
R Introduce a systematic factorization approach to coherent QCD 

multiparton interactions 

0 Leading medium size enhanced nuclear effects due to power 
corrections can be systematically calculated, and 

0 Identify a characteristic scale for the QCD rescattering: (F‘”F2) 
which corresponds to a mass scale 0.6 GeV2 (seen by gluons) 
in cold nuclear matter 

P Derive coherent power corrections to DGLAP evolution equation 

0 Should be relevant for physics approaching to saturation 

U Many applications: 
jet broadening and suppression of jet correlation in p.A 
... Piu and Vitev, PLB587 (2004) 

hepph/0405068 
Jiawci Qiu. ISU March 10,2005 29 
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Power Corrections in p+A CQtlisiam ’ .  
0 Hadronic factorization fails for power corrections of 

0 Medium site enhanced dynamical power corrections 

the order of llQ4 and beyond 

e to make predictions 
for p+A collisions - _  

I 

0 Single hadron inclusive production: 
Once we fix the incoming parton momentum from the beam 
and outgoing fragmentation parton, we uniquely fix the 
momentum exchange, q”, and the probe size 
C coherence along the direction of q p  - p” 

Ivan Vilev, ISU M3nh 10.7005 26 

0 Advantage: 

.:a factorization approach enables us to quantify the high order 

0 express non-perturbative quantities in terms of matrix 

9 better predictive power 

corrections 

elements of well-defined operators - universality 

0 Disadvantage: 

0 Rely on the factorization theorem - not easy to prove 

*:+ Hard probe might limit the region of coherence -small target 

0 Helper: 

0 Hard probe at small x could cover a large nuclear target 

Jianwa Qe. iSU March 10,2005 28 
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Colour strings vs. Hard Pomeron 
Elena G. .Ferreiro 

Departamento de Fz'sica de Particulas 
Universidade* de Santiago de  Compostela, Spain 

Contents: 
00 w 

1. Introduction 

2 a  Fusing colaur strings 

3. Perturbative QCD Pomeron 

4 a  CGC and strings 

5 a Conclusions 



FUSING COLOUR STRINGS 

e Phenomenological model for the soft region 

0 In a collision a certain number of colour strings are streched between the 
colliding partons 

e Color string = strong colour field is succesively broken by creation of qq 
pairs 

I 

0 Color strings = small areas in the transverse space filled with color 
field created by the colliding partons + Phenomenon of string fusion and 

co P percolation 

ro = 0.2 t 0.3 fm 
vC = 1.1 +- 1.5. 

o Hypothesis: clusters of overlapping strings are the sources of particle 0 Hypothesis': clusters of overlapping strings are the sources of particle 
production 



0 For a cluster of n overlapping strings covering an area Sn: 
Color charge of the cluster=Vectorial sum of the strings charges 

i=l 

= (P$)l For strings without interaction: Sn = nS1, Qn = nQl -+ pn = nPlI (p$)n 

For strings with max overlapping: Sn = SI, Qn = fiQ1 + pn = +pl, (p$), = ca VI 

f i ( P 3  1 

0 Moreover, one can obtain the analytic expression: 

so 



3
 
.f 

.- !Yv 
%

E
 

W
L

 
r

,o
 

n
 

Ln 
W

 

1
 

n
 

I.1
 

s
 

II 

II 

n
 

a
 T
 

h
( 

s 
W

 

n
 

&. s 
W

 

S
 
0
 

c., 
u S 
3
 

4
- 

.- a. 

43 
u 
m Q

 
v
, 

E 7 
c
1
 
c
 

i! 0
 
c
 

n
 

Q
 

W
 

c
\
 

n
 

CY 

5
 

W
 

c\1 
-8- 

n
 

s 
v
 

G- II 
n

 
D

I 

Q
) .," 

5
 

*
$

 
a, 

86 



We take the initial condition in accordance with the Golec-Biernat 
distribution: 

+(O, q)  = (7) 

with 

A1/320.8 mb 
a =  

7TRi 

Evolving $(y,q) up to  values y = 3 we found the inclusive cross-section a t  
center rapidity for energies corresponding to  the overall rapidity Y = F/G. 
With = 6 and a, = 0.2 this gives Y N 31. The overall cutoffs for 
integration momenta in Eq.(26) were taken according to  O.3.1OF8 GeV/c 
c Q < 0.3.10f16 GeV/c. 
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I I 1 New developments in the dipole model I 

E. Levin and 
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d N ( Y )  
ay0 

= 0 ;  

6 S 
S S  6 s  

- 2 -  [s - ss] - - - 2  [ s  - ss] - xbl = 

S2 xcc oc 
6sSs 

91 
M. Lublinsky 



- VI+l[U] + v1+2[u] 
- v,+2[u] + VZ+l[U] 

6 6  
6u 6u d p s  r ( 2  -+ 1) u--* 

6 6  
dPS r ( 2 - +  1) UU--. 

V2+2[u] = J 6u su 

M. Lublinsky 
92 
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I I 

(x, y + 1' + 2') OBA (1; 1') OBA (2; 2') 
2 N 2  

4 
u t ,  d ktter ready ex 

M. Lublinsky 
94 



High energy evolution in QCD can be successfully described by a classical 
branching process with conserved probabilities. 

The linear functional evolution for generating functional is an efficient 
tool capable to accommodate most of the nonlinear dynamics. 

The dipole merging process can be successfully introduced leading to  an 
effective theory which governs Pomeron dynamics in QCD a t  high energy, 
in the leading logarithmic approximation, and in the limit where Nc, the 
number of colors, is large. 

95 
M. Lublinsky 
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Can Hydrodynamic Description of Heavy Ion Collisions 

be Derived from Feynman Diagrams? 

Yuri V. Kovchegov 

Department of Physics, The Ohio State University 
Columbus, OH 43210 

This talk is based on the paper [l]. 
We consider the problem of thermalization in heavy ion collisions. Thermalization in heavy ion collisions 

in the weak coupling framework can be viewed as a transition from the initial state Color Glass Conden- 
sate dynamics, characterized by the energy density scaling like E N l / r  with r the proper time, to the 
hydrodynamics-driven expansion of the quark-gluon plasma with E N l/r4I3 or higher power of 1/r for the 
boost non-invariant case. (Of course at realistic temperatures achieved in heavy ion collisions the power 
of 4/3 may become somewhat smaller: however, it is always greater than 1 for hydrodynamic expansion.) 
In this talk we argue that, at any order of the perturbative expansion in the QCD coupling constant, the 
gluon field generated in an ultrarelativistic heavy ion collision leads to energy density scaling as E N 1/r for 
late times r >> l/Qs. Therefore it is likely that thermalization and hydrodynamic description of the gluon 
system produced in heavy ion collisions can not result from perturbative QCD diagrams at these late times. 

It may be possible that corrections to the saturation/Color Glass initial conditions would contribute 
towards modifying the E N 1/r scaling to some higher power. Thus one should be interested in Feynman 
diagrams which would bring in r-dependent corrections to E N 1/r scaling of the (classical) gluon fields in 
the initial stages of the collisions (see slide 1). Unfortunately, after examining a number of diagrams, we 
noticed that while many of them introduce r-dependent corrections t o  the initial conditions, such corrections 
are subleading and small at large r and do not modify E N 1/r scaling at late times. After reaching this 
conclusion we have constructed a general argument proving that E N 1/r scaling always dominates at late 
times, which we are presenting here. 

We begin by considering the most general case of boost-invariant gluon production (see slide 2). We argue 
that E N 1/r scaling persists t o  all orders in the coupling constant as (slide 3). The argument is based on a 
simple observation that r-dependent corrections to the classical gluon field may only come in through powers 
of gluon virtuality k2 in momentum space with each power of k2 giving rise to a power of 1/r (slide 4). In 
order for the on-mass shell amplitude (at k2 = 0) to be non-singular only positive powers of k2 axe allowed: 
hence, the corrections come in only as inverse extra powers of r and are negligible at late times. We proceed 
by generalizing our results to rapidity-dependent distributions. The E N 1/r scaling does not get modified 
by rapidity-dependent corrections either. Rapidity-dependent corrections come in as, for example, powers of 
k+, which is one of light cone components of the gluon’s momentum. However, powers of k+ do not modify 
the r-dependence of energy density. We also show that E N 1/r scaling persists even when massless quarks 
are included in the problem. Therefore it appears that perturbative thermalization can not happen in heavy 
ion collisions. We try to give a physical explanation in slide 5.  We conclude by arguing that if perturbative 
thermalization is impossible, than the non-perturbative QCD effects must be responsible for the formation 
of quark-gluon plasma (QGP) at RHIC. Such non-perturbative effects could be due to the infrared modes 
with momenta of the order of A Q ~ D .  They can also be due to  the non-equilibrium analogue of the ultra-soft 
modes of finite temperature QCD: those modes have momenta of the order of g2 T with T the temperature of 
the quark-gluon plasma. The dynamics of these modes is known to be non-perturbative and may contribute 
to thermalization. 

[l] Yu. V. Kovchegov, hep-ph/0503038. 
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Can one find diagrams giving gluon fields which would lead to 
energy density scaling as 

1 

v3 
00 

Classical fields give energy density scaling as 

Can quantum corrections to classical fields modify the power 
of tau (in the leading late-times asymptotics)? Is there 
analogues of leading log resummations (e.g. In t ), anomalous 
dimensions? 
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When the dust settles we get 

leading to 

1 dlv 
z: d2kd2bdq 

E(' >>. l/Qs) e - l d 2 k  

We have established that e has a non-zero term scaling as 1/t 

But how do we know that it does not get cancelled by the rest - 

of the expression, which we neglected by putting k2=k'*=0 in 
the argument off, ? 



F0r.a wide class of amplitudes we can write 

with g(k2 = 0,k'2 = O,kT) # 0 
I-. 

2 Then, using the following integral: 
inA 

e J - A ( k T r )  

co 
A-1 dk dk - e-ik+x--ik-x+ (k2+iEko) = -  

-m s +  
we see that each positive power of k2 leads to a power of Ut, 
such that the neglected terms above scale as 

1 They are subleading at large t and 
do not cancel the leading l / t  term. A > 0 rv 

' 



Is it "free streaming"? 

I 

0 
- 
z 

A 
A general gluon production 
diagram. The gluon is produced 
and multiply rescatters at all 
proper ti mes . 

I / 

0 z 
B 

The dominant contribution 
appears to come from all 
interactions happening early. 

+, Not free streaming in general, but free streaming dominates 
at late times. 
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Observational constraints on QS from cosmic ray 
airshower data ( hep-ph/0408073,0501165) 

A. Dumitru (ITP, Frankfurt U.) 
* Cosmic Ray Airshowers are h+A collisions 

* Xmax mainly sensitive to forw. region and “small” tr. mom. 
* BUT: small target nuclei (14N), min. bias 

0 Cosmic ray airshowers are sensitive to QCD evolution 
scenario. 

Q Indications for a less rapid growth of 
Qs(x) as compared to RHIC or H E M ,  

8 High-density effects increase inelasticity (forward 
suppression) --> hadron-induced showers resemble 
those of ‘huclei” in present models (Xmax lower, 
more p, ...) 

Primary Energy up to -1011 GeV (&35OTeV) 

SUmmWy: 

* Lighter Composition predicted 



I 
I 
0 

YP 

Qs roc. 

Qs f.c. 

running coup1 BFKL : as ( Q2)=b,/log ( Q2/A2) 

10.7 17.3 26.1 

1.1 GeV 2.4 GeV 5.9 GeV 

1.4 GeV 4.5 GeV 19.2 GeV 

Q,"=ALexp (log (Q;/A") d l  + 2  c & S y )  

h=0.28; central 66p+N99; (Qo/A)*2-NvaV3 
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Shattering the proton 
Probability for quark to be scattered to qt-0 (with color exchange !> : 

--> suppression of “beam-jet remnants’’ 
(soft physics) in 

P A 

the BBL 

x 
All partons resolved at scale 0 s .  coherence of proton 
destroyed completely. 

Gerland, Strikman, AD: PRL 90 (2003) 
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Saturation, Unitarity and Fluctuations in High Energy Collisions 
A. H. Mueller 

Abstract of Talk: 

This talk covers the essential equations governing high-density QCD and its application 
to small-x processes as well as the early stages of high-energy heavy ion reactions. 

The simplest equation which imposes unitarity is the Kovchegov, a sort of mean field 
equation for high-energy scattering. However, fluctuations allow unitarity-violating 
processes to occur which are not suppressed by the Kovchegov equation. Such 
difficulties are avoided by carefully considering the evolution in the low-density region. 

Such a careful consideration leads one to realize that there is a close connection between 
rapidity evolution in small-x QCD and time-evolution in reaction-diffusion equations in 
statistical mechanics. A simple statistical model, the Brunet-Derrida model, is briefly 
described and the correspondence to the essential elements in QCD evolution near the 
unitarity limit are noted. 

Finally, it is emphasized that a simple description of QCD evolution near the unitarity 
limit is only possible if evolution is carried out in an event by event way rather than by 
dealing with average quantities. 
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