
The Color Glass Condensate
and

The High Energy Limit of QCD

QCD describes strong interactions.

___________________________

It is tested in jet production:

gluon or quark

hadron

hadron

gluon or quark
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Tested in deep inelastic scattering:

electron

photon

hadron

quark
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QCD also qualitatively and

semiquantitatively describes
hadron spectrum using lattice
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But we do not understand

the high energy limit of QCD

Will argue physics is controlled by
a new form of high energy density

gluonic matter:

Color Glass Condensate

Universal matter from which all
hadrons are made.
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Universal => Fundamental



What are the "simple" phenomena

of high energy QCD?
_____________________________

The total hadronic cross section:
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How are particles produced in high
energy strong interactions?
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A Mathematical Aside: 
Light Cone Variables
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Light Cone Variables Continued:

1.6
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Light Cone Variables and Collisions

___ ___> <
�
�
� �

��
�
��� ��� �

�
� � �� �

��� �
��
�
�� � ��� � �

�
�
�

��
�

� �� �

��� � ������	� �
���

� 

�
�
�

�
�

� �
��� ���	 �����
���� 	�	����

� � � � �

�� 
� ������ �	����� �� 
 ��
��

���������

� 	 �
�
��
��� ���� � � ���
������

� �


��� ���� �� �� ���� �������

������ � � � �����

1.7

�
�
� � �

�
�
�

��
�

� �� �

��� �
�
� � �� �



1.8

Picture of particle production:

large p small p large p

yy

dN
dy

proj proj−

Spray of particles

produced as hadrons

pass through one another

Lorentz time dilation implies

fast particles are produced last

fast hadrons don’t loose
much energy

most produced particles are slow in center of mass frame



What would we like to understand?
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Is there simple behavior at high energy?

A Hint:  Limiting Fragmentation

yy

dN
dy

proj proj−
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A Hint:  Limiting Fragmentation:

Fast degrees of freedom do not change as energy increases!

New degrees of freedom at low energy in c. of m. frame.

New degrees of freedom are determined by frozen high
energy degrees of freedom.

Fast degrees of freedom arise from slow as energy increases

Renormalization Group!



Deep Inelastic Scattering
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Can one relate the constituent
degrees of freedom to the

produced particles in scattering?

How to compute?

Intrinsic pT?
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x1010 1010

Q = 200 GeV

Q = 20 GeV 

xG(x,Q )

2 2 

2 2

-4 -3 -2 -1

= 5 GeV2
Q
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Low Energy

High Energy

Gluon
Density
Grows

The Gluon Density Grows at Small x

Increase at fixed Q

More rapid increase at larger Q

A hadron viewed down the beam pipe.

Density per unit area gets big.
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The Small x Problem
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The Color Glass Condensate
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What Are Nuclei Good For?

Enhancing the Gluon Density.
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What are the Initial Conditions for 
Heavy Ion Collisions?

Hadron Gas

QGP

Parton Formation

Thermalization

t

z

� �

�
�� � ��

� �
�

�
��

�
�� �

�� �

�

�� ��	� 
�
�	
� ��
���� ���	��
 ��
 ���
 ��


���� � ����
� �� �������
 ������������ �� �

���
�
��
���

� �
�

�
��

�
	 � 
�

	 � 
�

�
�

�

�
��

�
�� 
��	

�� 
��	

�
� �

1.16



10
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t (Fm/c)

10
0

10
1

(GeV/Fm 3)

ε

10
2

Energy Density of

Nuclear
Matter

Energy Density 
in Cores 

of Neutron Stars

Energy DensityEnergy Density at Formation
ε

Quark Gluon Matter

Quark Gluon Plasma

Mixed Hadron Gas and 

Quark Gluon Plasma

Bjorken

Energy Density
ε ~ 2-3 GeV/Fm 3

Melting Colored Glass

~ 20-30 Gev/Fm ~ 20-30 times
that inside a

proton

3

Initial Conditions for Heavy Ions
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Universality
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