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The di-jet in DIS

Dijet/dihadron at EIC
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This process allows 
to probe the  Weizsacker-Williams TMD 



The di-jet in DIS and ITMD

ITMD = small x Improved Transverse Momentum Dependent factorization
● accounts for saturation  
● correct gauge structure i.e. uses gauge links to define TMD’s
● takes into account kinematical effects – the whole phase space is available at LO
● is implemented in MC event generator KaTie by van Hameren , LxJet by Kotko
● valid in region pT > Qs, kT can by any.  pT is hard final state momentum, kT is 

inbalance P. Kotko  K. Kutak , C. Marquet , E. Petreska , S. Sapeta,  A. van Hameren, 
JHEP 1509 (2015) 106
A. van Hameren, P. Kotko, K. Kutak, C. Marquet, E. Petreska 
JHEP 12 (2016) 034

The same gauge link structure and as in TMD ’s
F. Dominguez, B. Xiao, F. Yuan
Phys.Rev.Lett. 106 (2011) 022301

F. Dominguez, C. Marquet, B. Xiao, F. Yuan
Phys.Rev. D83 (2011) 105005 

Derivation within CGC 
T. Altinoluk, R. Boussarie, P. Kotko JHEP 1905 (2019) 156
T. Altinoluk, R. Boussarie, JHEP10(2019)208  
 

Role of transverse gauge links Boussarie, Mehtar- Tani Phys. Rev. D 103, 094012 (2021)
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 similar diagrams with 2,3,….gluon exchanges.
All this need to be resummed

Formula for TMD gluons and gauge links 

C.J. Bomhof, P.J. Mulders, F. Pijlman
Eur.Phys.J. C47 (2006) 147-162 

Hard part defines the path of the gauge link

From S. SapetaValid for large transversal  momentum 
and was obtained  in a specific gauge



High energy factorization and forward jets
 ITMD -  hard factors

P1

P2

gauge invariant amplitudes with kt and TMDs

example for g* g → g g

The same gauge link and as in TMD ’s
Fabio Dominguez, Bo-Wen Xiao, Feng Yuan
Phys.Rev.Lett. 106 (2011) 022301

F. Dominguez, C. Marquet, Bo-Wen Xiao, F. Yuan
Phys.Rev. D83 (2011) 105005 

from
F. Dominguez, C. Marquet, 
Bo-Wen Xiao, F. Yuan
Phys.Rev. D83 (2011) 105005 



  

Set of basic TMD’s for 2, 3 and 4 jets (unpolarized) 
Bury, Kotko, Kutak ’18



  

Set of basic TMD’s for 2, 3 and 4 jets
 Bury, Kotko, Kutak ’18

dipole gluon

WW gluon

same direction pointing Wilson lines



  

Set of basic TMD’s for 2, 3 and 4 jets
dipole gluon

WW gluon
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Set of basic TMD’s for 2, 3 and 4 jets
dipole gluon

WW gluon

F. Dominguez, C. Marquet, B. Xiao, F. Yuan
Phys.Rev. D83 (2011) 105005 



Gluons at high energies

Saturation – state where number of gluons  
stops growing due to high occupation
number.  Way to fulfill unitarity  
requirements in high energy limit of QCD.

L.V. Gribov, E.M. Levin, M.G. Ryskin 
Phys.Rept. 100 (1983) 1-150 

Larry D. McLerran, Raju Venugopalan
Phys.Rev. D49 (1994) 3352-3355

Phenomenological model:
Golec-Biernat, Wusthoff '99 On microscopic level it means that

 gluon apart splitting recombine

Linear evolution
Equation 
BFKL -

Dilute system

Saturation

evolution in hard scale

ev
ol

ut
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n 
in
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ap

id
ity

splitting splitting recombination

Nonlinear evolution
equations
BK, JIMWLK
Balitcky-Kovchegov, 

Jailian-Marian,Iancu
McLerran,Weigert,Leonidov,Kovner

Bartels, Wusthoff’93
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The saturation problem: supressing gluons at 
small kt 

hadron's radius

Originally formulated in 
coordinate space
Balitsky '96, Kovchegov '99

Now at NLO accuracy
Balitsky, Chirilli '07

More general approach 
Jalian-MarianI, Iancum  McLerran 
Weigert Leonidov, Kovner '01

 

The BK equation for dipole gluon density 

Solution of Balitsky Kovchegov equation
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Glue from BK  in p vs. glue in Pb – dipole gluon 

Maximum signalize emergence of saturation scale



  

 ITMD from Color Glass Condensate 

 

 

 

 

 

 Wandzura-Wilczek approximmation 
ITMD neglects higher genuine twist 
contributions i.e. hard gluon 
exchanges  between the target and 
the amplitude, while it resums all 
kinematic twist

T. Altinoluk, R. Boussarie, P. Kotko JHEP 1905 (2019) 156
T. Altinoluk, R. Boussarie, JHEP10(2019)208  
 

from R. Boussarie
Initial Stages 2019

Multiple soft emissions
 

 

 

 



ITMD with Sudakov for dijets in DIS  

P1

P2

The Weizsacker-Williams TMD  with  Sudakov resummation 
to account for soft emissions

This process allows 
to probe the  Weizsacker-Williams TMD 

A. Mueller, B-W. Xiao, F. Yuan, 2013

P. Kotko, KK. S. Sapeta, A. van Hameren, E. Zarow, EPJC

We do not take into account
linearly polarised gluons



●Monte Carlo program for tree-level calculations e-p, p-p, p-A, A-A

●any process within the Standard Model (High Energy Factorization)

●initial-state partons on-shell or off-shell dependent on factorization framework

●employs numerical Dyson-Schwinger recursion to calculate helicity amplitudes

●automatic phase space optimization

●It can be used together with CASCADE to account for initial and final state state showers
for example using PB TMD 

Monte Carlo tools for kT dependent initial states

KaTie (A. van Hameren) 

Ongoing work on developments at NLO accuracy

Comput.Phys.Commun. 224 (2018) 371-380



The asymmetric rapidity cuts guarantee good focusing of the cross section around smaller 
values of x required by the formalism.

Low x region 
P. Kotko, KK. S. Sapeta, A. van Hameren, E. Zarow, ‘20 EPJC

k= P x
A
 +k

T
x

Bj
=Q2/(P.q)

For clarity: 



x 
Bj
 vs. x

A
  

P. Kotko, KK. S. Sapeta, A. van Hameren, E. Zarow, ‘20 EPJC

From P. Kotko DIS 2021For asymmetric window x 
Bj
 ~ 10-4, x

A
~ 5 10-3

x
Bj
=Q2/(P.q)

For clarity: 
k= P x

A
 +k

T



Azimuthal correlations EIC kinematics  

angle between di-jet and electron

Large Sudakov effects
Large Sudakov effects.



Azimuthal correlations EIC kinematics  

              angle between di-jet and electronangle between dijets

Large Sudakov effects

Large Sudakov effects. 



Energy dependence of nuclear modification factor

Evidently the larger energy the more visible saturation effects are.
Sudakov effects in RpA cancel to large extent.
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F
2 
structure function – kt factorization

In the kt factorization

In the dipole formalism

wave function
dipole cross section

longitudinal momentum fraction of 
the photon carried by the quark

derived in the linear regime
Catani, Ciafaloni,Hautman ‘90

 

shifted quark momentum

Already known
at NLO accuracy
Beuf



Dijets in DIS – detailed kinematics 
vs approximate kinematics  Goda, Kutak, Sapeta ‘23



New solution and fit of BK in the momentum space 

Main feature features:

● Integration over k
t
 to get F

2
 extends below k

t 
=1 GeV

● the kernel accounts for anticollinear configuration in the 
DGLAP  
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