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 LHC – as a scanner  of gluon

central-central i.e.
not so dense-not so dense

forward-central i.e.
dilute – not so dense

forward-forward i.e.
dilute -dense
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dilute

medium

dense

DGLAP hard processes, formally large x → PYTHIA

HERWIG

REPGAP

BFKL small x → HEJ MC

BK saturation, small x recently solved using Mc method (Bozek, KK, PLaczek) 

CCFM hard rocesses, small and large x → ARIADNE MC
→ CASCADE 

JIMWLK multi gluon, saturation, small x,   DIPSY framework

The motivation – to understand gluon at low x
with the help of exclusive processes

x

KGBJS (new equation, no MC solution so far)



  4

QCD at high energies – high energy factorization

Gribov, Levin, Ryskin '81
Ciafaloni, Catani, Hautman '93

Originally derived for quarks in  final state.
Lipatov provided general framework.

Recently new approach consistent with  Lipatov's
action allowed for formulation and numerical 
calculation of any tree level amplitude with 
off-shell gluons in initial state
Van Hameren, Kotko, KK '12 Van Hameren, Kotko, KK '12 

Generalized to p-A 
Dominguez, Huan, Marquet,Xiao '10Dominguez, Huan, Marquet,Xiao '10

Decreasing longitudianl
momentum fractions
of off-shell partons

Decreasing longitudianl
momentum fractions
of off-shell partons

Parton densities
“do not talk” to one
another
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●Known also for SM YM

●Studied also in context of AdS/CFT

●Known up to NLO

●No saturation

●No applicable to final states: “evolution without 
observer”

The BFKL evolution

reggeized gluon

Balitsky, Fadin, Kuraev, Lipatov '77
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High energy factorization and saturation
Saturation – state where number of gluons  
stops growing due to high occupation
 number.  way to fulfill unitarity  requirements in 
high energy limit of QCD. 
More generally saturation is an example of
 percolation which has chance to happen 
since partons have size 1/kt and hadron 
has finite size. Cross sections (e.g. F2)change
 their behavior from power like to
 logarithmic like. 

On microscopic level it means that gluon apart splitting
recombine

splitting
recombination

Nonlinear evolution
 equations
 BK, JIMWLK
CGC framework
DIPSY

Linear evolution
equation

“Half” of triple pomeron
vertex Bartels,Wusthoff  '95

Bartels ,KK, 06

Chirilli,Szymanowski,
Wallon '10

ln x

ln k
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The BFKL an BK evolutions - solutions



  8

BFKL applied to DIS - some recent results

In the dipole formalism

Sapeta, KK '12Sapeta, KK '12

Mueller, Patel '95

Large Nc

Forward 
scttering 
amplitude

BK equation with corrections of higher order
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Deak, Jung, Hautmann KutakDeak, Jung, Hautmann Kutak
JHEP 0909:121,2009 JHEP 0909:121,2009 
 

High energy factorization and forward jets

 Resummation of logs of x and 
  logs of hard scale

 Knowing well parton densities at largr x 
 one can get information about low x  

physics
 Framework goes recently under name
“hybride framework”  

High energy prescription and forward-central di-jets 
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Glue in p vs. glue in Pb

Nonlinear equation for unintegrated gluon density.
Related to BK via Fourier transform 
Includes rrections of higher order Kwiecincki, KK 2002
Fitted to latest HERA data Sapeta, KK 2011



  11

Di-jets pt spectra 
S.Sapeta. KK ,12S.Sapeta. KK ,12

Reasonable agreement. 
No usage of partonshower
BK + higher order corrections

At RHIC



  12

Prediction for signatures of saturation in p-p and p-Pb

Reflects~ k2 

Observable suggested to 
study BFKL effects
Sabio-Vera, Schwensen '06

S.Sapeta. KK '12

Studied also context of RHIC
Albacete, Marquet '10

behavior of gluon at small k

but possible corrections from 

generalized high energy factorization     
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HEF applied to three jets
Van Hameren, Kotko, KK ,13

forwardcentral

Incoming
Reggon 
i.e. off-shell
gluon
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Many symmetric events

Central-central-forward configuration
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Central-central-forward configuration

No noticeable saturation effects
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1 
totally assymetric

Forward-forward-forward configuration
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Forward-forward-forward configuration

Saturation effects show up



  18p=1 p=10

Saturation scale in KGBJS

BK

KGBJS

Relative differences between 
linear and nonlinear

K.K, A. Stasto Eur.Phys.J.C41:343-351,2005 

Toton, KK '13
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Conclusions and outlook

●LHC gives  opportunity to test parton densities both when the parton
density is probed at low x and at low, medium and large kt.

●The results for jets give some theoretical hints for saturation 

●More jet studies on the way i.e. forward forward configuration of di-jets

●New evolution equations combining saturation and coherence to be used in the future
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Back up
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Saturation and production of forward dijets in d Au

Features: studies allow for direct studies of
saturation  effects of the correlation function.
d-Au no smearing due to collecive flow as in A A  

KLN approach. Model for gluon 
density. Gluon does not vanish at small kt.
   

Genarlizes kt factorization

●Marquet, Albacete

●Tuchin
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 The KGBJS equation – nonlinear ext. of CCFM

Toton, KK '13



  

MPI and unitarity 
Typical x at LHC x=10  → theoretically relevant for onset of low x effects

Estimations and MC calculations show that the MPI effects are enhanced at 
low x.

n quarks 

single quark 
 

 

Diehl, Ostermeier, Schafer '12

Various apporaches show that supression of gluon density at low pt is relevant for 
jet observables and for unitarization Grebenyuk, Hautmann, Jung '12. 
This rizes a question of interplay of MPI and saturation.



  

CGC vs. hydrodynamics 

Collectivity in hydro.
Generation of saturation scale
In CGC 

Bozek, Bzdak, Skokov '13,
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