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Talk Outline

q High energy QCD as a “many body” theory

q Ab initio approach to heavy ion collisions

q Long Range Rapidity Correlations

q The problem of Thermalization



Gluon saturation in QCD

Large x - bremsstrahlung
linear evolution (DGLAP/BFKL)

Small x -gluon recombination
non-linear evolution

Gribov,Levin,Ryskin
Mueller,Qiu

p, A

non-linear evolution
(BK/JIMWLK)

Saturation scale QS(x)  - dynamical scale below which 
non-linear (“higher twist”) QCD dynamics is dominant

In IMF, occupation # f = 1/ααααS => hadron is a dense, 
many body system



High energy
QCD as a 
many body 
system



Effective Field Theory on Light Front

Poincare group on LF Galilean sub-group 
of 2D Quantum Mechanicsisomorphism

Susskind 
Bardacki-Halpern

Eg., LF dispersion relation

Energy

Momentum

Mass

Large x (P+) modes: static LF (color) sources ρρρρa

Small x (k+ <<P+) modes: dynamical fields

non-pert. gauge invariant “density matrix” 
defined at initial scale ΛΛΛΛ0

+

CGC: Coarse grained many body EFT on LF
McLerran, RV

RG equations describe evolution of W with x 
JIMWLK, BK



Classical field of a large nucleus

For a large nucleus, A >>1, “Pomeron” excitations “Odderon” excitations

McLerran,RV
Kovchegov
Jeon, RV

Acl from

2R / γγγγ1/ΛΛΛΛQCD

Wee parton
dist. : determined from RG



What does a heavy ion collision look like ?

v Traditional view of heavy ion collisions

Soft Hard
Y

Bulk of hadronic 
cross-section

P_t



What does a heavy ion collision look like ?

q How do the wee partons interact and produce q How do the wee partons interact and produce 
glue 

q Can it be understood ab initio in QCD ?

Bj, DESY lectures (1975)



First estimate in 
saturation framework
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Forming a Glasma in the little Bang
Glasma (\Glahs-maa\): Noun: non-equilibrium matter between Color 
Glass Condensate (CGC)& Quark Gluon Plasma (QGP) 

Lappi,McLerran (2006)

v Problem: Compute particle production in QCD with 
strong   time dependent sources

Gelis, Lappi, RV;  arXiv : 0804.2630;  0807.1306;  0810.4829

v Solution:  for early times (t ≤≤≤≤ 1/QS) -- n-gluon production computed  
in A+A to all orders in pert. theory to leading log accuracy



The Glasma at LO:Yang-Mills eqns. for two nuclei

Glasma initial conditions from
matching classical CGC
wave-fns on light cone

(=O(1/g2) and all orders in (gρρρρ)n )

wave-fns on light cone

Kovner,McLerran,Weigert

Sources become time dependent
after collision: 
field theory formalism--
particle production in strong external fields
(e.g., Schwinger mechanism of e+e- production in strong QED fields).



Numerical Simulations of classical Glasma fields

LO Glasma fields are boost invariant

Krasnitz, Nara, RV
LappiAll such diagrams 

of order O(1/g)

for

from extrapolating DIS data to RHIC energies

with “gluon liberation coefficient” 
(A.H. Mueller, hep-ph/9906322; Krasnitz, RV, hep-ph/0007108)

cN ~ 1.1 Lappi, arXiv:0711.3039



Multiplicity to NLO (=O(1) in g and all orders in (gρρρρ)n )

+

Gelis, RV (2006)

Schwinger-Keldysh formalism

+

Gluon pair production One loop contribution
to classical field 

Initial value problem with retarded boundary conditions
- can be solved on a lattice in real time

(a la Gelis,Kajantie,Lappi for Fermion pair 
production)



RG evolution for 2 nuclei

Log divergent contributions
crossing nucleus 1 or 2:

Gelis,Lappi,RV (2008)
(talk by F. Gelis)

Contributions across both 
nuclei are finite-no log 
divergences

=> factorization



High energy factorization for inclusive multi-gluon 
production in A+A collisions Gelis,Lappi,RV

arXiv:0804.2630 [hep-ph];
arXiv:0807.1306 [hep-ph]
arXiv:0810.4829 [hep-ph]

Initial configuration of 
sources for nucleus 1

JIMWLK evolution for nucleus 1

Multiplicity distribution

Identical evol. 
for nucleus 2

Basis of Glasma flux tube picture
Dumitru, Gelis ,McLerran, RV, arXiv:0804.3858[hep-ph]

(McLerran talk)



Long range A+A rapidity correlations

ττττ < 1 fm for ∆∆∆∆y > 4
Au+Au 200 GeV, 0 - 30%
PHOBOS preliminary

ηηηη∆∆∆∆φφφφ∆∆∆∆ dd
Nd

N
1 ch

2

trig

0-5%

Master formula encodes information
about multi-particle correlations 
at all rapidities Blaizot,Iancu,Weigert



Two particle inclusive distribution

Gelis,Lappi,RV

Evolution
for nucl. 2



Two particle inclusive distribution:JIMWLK-> BK

Y=ln(x0/x)≡≡≡≡0,1,3,
9

unintegrated
gluon dist.
from NLL BK
RG evolution

Dusling,Gelis,Lappi,RV

RG evolution

Albacete,Kovchegov

Dusling et al.



A+A collisions are simpler for n>1 correlations

dN2/d3p d3q

Gelis,Lappi,RV

AA: pA:

More diagrams even at LO in pA relative to AA
At NLO: AA has only “pomeron merging” contributions

pA has both merging + splitting contributions

pLoops: Jalilian-Marian, Kovchegov; Iancu, Triantafyllopolous; 
Mueller, Shoshi,Wong; Kovner,Lublinsky,…



Time line after a heavy ion collision…

Classical field
Classical field
/ Particle Particle

f < 1
Mueller,Son
Gelis,Jeon,RV

Ludlam,McLerran
Physics Today (2003)



The “bottom up” scenario

Baier, Mueller, Schiff, Son

Scale for scattering of produced 
gluons (for t > 1/Q_s) set by 

Multiple collisions:



Occupation #

Radiation of soft gluons importantRadiation of soft gluons important

for

Thermalization 
for: and 



Weibel instabilities…
Mrowczynski
Arnold,Lenaghan,Moore,Yaffe;
Rebhan, Romatschke, Strickland; …

Anisotropic momentum 
distributions of hard 
modes causemodes cause

-exponential growth of soft 
field modes

Changes sign for anisotropic distributions



Effective potential interpretation:

-ve eigenvalue => potential unbounded
from belowfrom below

Large magnetic fields can 
cause O(1) change in hard 
particle trajectories on short 
time scales -

- possible mechanism for isotropization of hard modes



From Glasma to Plasma
v NLO factorization formula:

“Holy Grail” spectrum of small fluctuations.

v With spectrum, can compute Tµνµνµνµν - and match to 
hydro/kinetic theory--many subtle issues here…

increasing 
seed size

2500

Romatschke,RV
Fukushima,Gelis,McLerran
Gelis,Lappi,RV

Quant. Fluct.
grow exponentially
after collision



Happy Birthday Al !
I wish you many more summers in Paris…
and equally many years of rich and 
exciting physics insights!


