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OUTLINE 

● QCD asymptotics
● Bjorken limit (pQCD)
● Regge limit (saturation)

●  Many-body dynamics of QCD
● CGC as an effective theory
● Dilute-dense (pA) collisions

● Low x physics at RHIC



  

increasing Q2

Bjorken limit (pQCD) fixed

DGLAP evolution of partons
number of partons increases with Q2

but parton number density decreases 
hadron becomes more dilute

Excellent tool for high Q2 inclusive observables
higher twists become important at low Q2

Not designed to treat collective phenomena:
shadowing
multiple scattering
diffraction
impact parameter dependence
.............

Extension beyond leading twist is very difficult
many-body dynamics hidden in parameters 



  

QCD in Regge-Gribov limit: gluon saturation

“attractive”  bremsstrahlung
 vs. “repulsive”  recombination

Gribov-Levin-Ryskin
Mueller-Qiu

Qs: transverse momentum scale below 
which non-linear dynamics is dominant

 many-body QCD dynamics is a weak coupling 
problem if    



  

How does this happen ?

How do correlation functions of 
these evolve ?

Is there a universal fixed point 
for the RG evolution of d.o.f 

Can this provide a first-principles 
understanding of the initial 
Conditions-thermalization in 
Heavy ion collisions?

Many-body dynamics of universal 
gluonic matter



  

QCD at low x: CGC  
(a high gluon density environment)

CGC observables: with 

gluon distribution: with 

multiple scatterings
evolution with ln (1/x)       

two main effects:

pQCD with collinear factorization:
single scattering
evolution with ln Q2   



  

probes of saturation at RHIC

dilute-dense (pA, forward pp ) collisions:
Multiplicities, pt spectra 
Two particle azimuthal correlations

dense-dense collisions:
multiplicities, initial conditions
long range rapidity correlations

spin



  

Applications: Applications: single inclusive production in pAsingle inclusive production in pA

Target description is identical: φΑ satisfies JIMWLK/BK eq. 
(need initial conditions)

recent progress toward NLO
Altinoluk, Kovner, PRD83 (2011) 105004
Chirilli, Xiao, Yuan, PRD86 (2012) 054005

Two approaches within CGC:Two approaches within CGC:

““kktt-factorization”: appropriate for mid-rapidity-factorization”: appropriate for mid-rapidity

    
Hybrid formalism: appropriate for forward rapidityHybrid formalism: appropriate for forward rapidity



  

Unintegrated Gluon Distribution

Is infrared safe
(can calculate multiplicities)

Peaks at Qs 

Suppressed at large Y

gluon distribution function: 

Eikonal multiple scattering



  

classical (no x evolution):
RpA = 1 + ....   for Pt >> Qs
RpA < 1   for Pt << Qs

quantum (with x evolution):
RpA < 1   for all Pt 

Kharzeev,Kovchegov,Tuchin 
PRD68 (2003) 094013

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

single inclusive production in pA: predictionssingle inclusive production in pA: predictions



  

Single inclusive hadrons at RHIC  

role of initial conditions in rcBK, 
many CGC-based models also fit the data,
k-factors 

cold matter energy loss? 
Kopeliovich, Frankfurt and Strikman 
Neufeld,Vitev,Zhang, PLB704 (2011) 590

how about centrality dependence?
Qs (bt) ala KLN is too rough:
Woods-Saxon, fluctuations 

J. Jalilian-Marian, A. Rezaeian 
PRD85 (2012) 0140017



  

Prompt photon production in d(p) A

J. Jalilian-Marian + A. Rezaeian, PRD86 (2012) 034016



  

The role of initial conditions

McLerran-Venugopalan (93)

how about higher order terms in ρ ?

these higher order terms make the single inclusive spectra steeper
and give leading Nc correlations (ridge)   

Dumitru-Jalilian-Marian-Petreska, PRD84 (2011) 014018
Dumitru-Petreska,, NPA879 (2012) 59

with 



  

Single inclusive spectra: RHIC upgrades  

better precision?
full rapidity coverage?

EM observables?

how about heavy quarks?  

intermediate rapidity: larger pt coverage  

constrain initial conditions for rcBK?

role of higher order corrections?

can one see the transition from pQCD to scaling to 
saturation region?  



  

Two-particle correlations in pA
(forward-forward)



  

disappearance of back to back jets

CGC fit from J. Albacete, C. Marquet, PRL (2010)
K. Tuchin, NPA846 (2010) 
A. Stasto, B-W. Xiao, F. Yuan, PLB716 (2012) 430
T. Lappi, H. Mantysaari, NPA908 (2013) 51

multiple scatterings 
de-correlate the hadrons 

Prediction by C. Marquet using CGC (2007)

shadowing+energy loss: Z. Kang, I. Vitev, H. Xing, PRD85 (2012) 054024



backtoback
collision-N-N

backtoback /
~ −−

−−

pp

dAu
dA N

NN
J

Peripheral 
d-Au  collisions

Central
 d-Au 
collisions

A. Adare, et al., PRL 107 (2011) 172301

disappearance of back to back jets



  

Di-jet production: pA   

DIS, single inclusive production in pA: dipoles

di-jet production in pA (and DIS): quadrupoles 
This would be problematic in pQCD

Jalilian-Marian-Kovchegov, PRD70 (2004) 114017, and many more recent papers



  

Geometric scaling also present in quadrupoles Growth of the saturation scale

Quadrupole evolution

Dumitru-Jalilian-Marian-Lappi-Schenke-Venugopalan:PLB706 (2011) 219  



  

quadrupole evolution in the linear regime
BJKP equation

this will de-correlate the produced partons at high pt > Qs

J. Jalilian-Marian, PRD85 (2012) 014037

4-gluon exchange



  

        di-hadron production in pA 

can one see the disappearance of the away side peak with y?

single inclusive spectra from CGC: y > 2  

how about correlations?

pt/centrality dependence of the  away side peak?

larger pt coverage at intermediate y

how about width of the peak? is it changing?
CGC: it increases with Qs (hadron fragmentation?)
can we see this?

need precision and rapidity coverage



  

(real or virtual) photon-hadron correlation

another process to test CGC formalism

less inclusive than single inclusive particle production

one less hadron fragmentation function

theoretically cleaner than 2-hadron correlation:
 dipoles only

similar disappearance of away side peak expected 



  

photon-hadron azimuthal correlations 

J. Jalilian-Marian + A. Rezaeian, PRD86 (2012) 034016



  

CGC at RHIC

Precision

EM observables

Rapidity-pt coverage
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