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An Introduction to High Energy Nuclear Collisions 

Lecture III: Applications 
DIS, particle production in pp,pA,AA, Instability, Thermalization?



The Regge-Gribov limit

 Physics of strong fields in QCD
   Multi-particle production

   Novel universal properties of QCD  



number of gluons grows fast n ∼ eαs ln1/x



(large x)

(small x)

Ren.Group in x (energy)

Gluon density saturates at f = 1 /αS

- strongest E&M fields in nature…

Resolving the hadron/nucleus at high energy
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The saturation scale Qs(x,A,bt)



QCD in high gluon density regime 

Need a new organizing principle to 
explore this novel regime of high 

energy QCD

multiple scattering: classical fields 
+ 

energy (x) dependence:  ln (1/x)



In full generality

Quark propagator in background gauge field A of hadron/nucleus

Can compute Wμν (and F2, FL) systematically in 
expansion about classical field (no OPE!)

DIS cross section

Hadronic tensor



DIS cross section

γ! p(A)→ q q̄ X



DIS cross section



DIS cross section
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DIS cross section
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• virtual photon splits into a quark anti-quark pair

• the quark anti-quark pair (dipole) scatters on the target

in coordinate space (target rest frame):

eikonal propagation of the dipole through nucleus 

the dipole scattering probability satisfies the JIMWLK (BK) 
equation 



DIS cross section



DIS cross section

rt ! 1/Qs T ∼ (rt Qs)γs

rt # 1/Qs T ∼ ln2(rt Qs)









“geometric scaling”



“Higher twists”

“Leading 
twist” shadowing

Road map of strong interactions

A

                     

      

Q0 = 1 GeV; λ = 0.3; x0 = 3* 10-4 A1/3



T ∼ r2
t xG(x,

1
rt

)

the 2-point function T (xt,yt) = 1/Nc Tr [1 - U+ (xt) U (yt)]
 (probability for scattering of a quark-anti-quark dipole on a target)

             

Solving the BK equation

non-linearities unitarize the scattering probability 

define Qs = 1/rt
when T (rt) = 1/2
it grows with energy

pQCD: 
color transparency





pQCD (DGLAP) 
work very nicely



CGC at HERA (ep: √S = 310 GeV)
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Geometrical Scaling

scaling seen for all data with x < 0.01
also seen for less inclusive quantities



Dipole models & DIS data



DGLAP ??



shattering the Color Glass condensate 
in high energy nuclear collisions
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Orders of magnitude evolution in x

Cosmic rays: y ~ 8 --> x2~10-8



Proton-Nucleus collisions in CGC formalism



Solving classical Yang-Mills equations

with two light cone sources

Proton source Nuclear source
obtain kT factorization formula:



Unintegrated distribution:

with the path ordered exponentials in the adjoint
representation

=

Compute in CGC EFT

Encodes both multiple scattering and shadowing effects



CGC at y=0

As y grows

proton-nucleus collisions at RHIC
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RHIC DATA ON THE CRONIN EFFECT in D-Au Collisions

R. Debbe, Quark Matter 2004

Large x in 
nucleus

Small x
In nucleus



proton-nucleus collisions at RHIC

predictions to be verified/falsified at LHC



★ Multiplicities (dominated by pt < Qs): 
         energy, rapidity, centrality dependence

★ Single particle production: hadrons, photons, dileptons
         rapidity, pt, centrality dependence 

i) Fixed pt: vary rapidity (evolution in x)

ii) Fixed rapidity: vary pt (transition from dense to dilute)

★Two particle production:
         back to back correlations

Signatures of CGC at a collider



Conclusions

★ The CGC offers a systematic way to think about a 
wide range of problems in high energy QCD.

★ Its been very successful phenomenologically,in a 
wide range of e+p, e+A DIS, p/D+A and A+A 
processes.

★ Understanding the plasma created from melting 
CGC in A+A collisions offers the prospect of a first 
principles understanding of thermalization…
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★ Understanding the plasma created from melting 
CGC in A+A collisions offers the prospect of a first 
principles understanding of thermalization…

challenge: can one unify large x with small x ?


