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QCD at high energies — high energy factorization
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New helicity based methods for ME

Kotko, K.K, van Hameren, '12



Hard coefficient functions in kt factorization:

One consider embedding off-shell amplitude ﬁﬁtkg’ ;<K, van HHameren 22%11%
in on-shell and introduces eikonal lines , oalwa, van Hameren

-

R Tk R e S

ST . e BT
T PAY PA =" PA! Pa *-%‘ PaA’ PA !—Q PA’
- - - 4o
k> ceop.PB/
ff‘
P8 DB, Py P .2 Pw pe__.-<0000 @
.. . T g h-.._h P 4




Hard coefficient functions in HEF:

Kotko, KK, van Hameren 2013,
KK, Salwa, van Hameren 2013
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Evolution- iIn HEF, CGC so far we can

USE higher order corrections to BFKL/BK/JIMWLK
but:
What about evolution of quarks? Can one get in some limit complete DGLAP at least an LO?

Use CCFM includes “1/z” and “1/(1-z)” terms of splitting function, depends on hard scale
but:

does not allow to account for finite terms like “z(1-z)”. Jumps from low z to large z.
Framework limited only to gluons. Limited description of data.

Framework by Balitsky and Tarasov: large “z”, small “z”, moderate “z”, Sudakov, nonlinearity,
spin dependence. The same kinematics in the kernel as in our approach.

but:

limited so far to gluons only. Not clear how to deal with it numerically

Kimber,Martin, Ryskin, Watt or “Parton Branching” Jung at. al 1804.11152 provides full
set of TMD pdfs.

but:

so far DGLAP bases splitting functions. kt generated via exact kinematics

Ciafaloni,Colferai,Stasto,Salam 07 - anzatz for system of equations unifying
DGLAP and BFKL.

but

quark splitting functions are kt independent.



HEF with Monte Carlo tools

Matrix elements part
KaTie (A. van Hameren) 1611.00680

scomplete Monte Carlo program for tree-level calculations

eany process within the Standard Model

eany initial-state partons on-shell or off-shell

employs numerical Dyson-Schwinger recursion to calculate helicity amplitudes
sautomatic phase space optimization

Shower part

CASCADE 3 (H. Jung)

Kkt factorization based Monte Carlo, program doing ISR and FSR.
*Can generate events using CCFM or PB pdfs. Uses PYTHIA for
hadronization and FSR.

«Shower for quarks and gluons
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Example: Z+jet

I/U‘dﬂ‘/dp%, p";t >10 GeV

; profZ

van Hameren, Deak, Jung, Kusina, Kutak, M. Serino ‘18

—e— Data
——— IFPS had central
————— IFPS had scale var
—— POWHEG Z+2j
PSP

- |

gl_ | | 1 | | I | 1 | | 1 | | 1 | |

0 20 40 60 80 100

Simulation in
KaTie+ CASCADE

Parton Branching
pdfs used
unintegrated
DGLAP based

Together with
off-shell ME
as obtained
from

KaTie
ME generator



1/cdo/dp% [1/GeV]

MC/Data

Example: Z+jet: pt of Z

van Hameren, Deak, Jung, Kusina, Kutak, M. Serino ‘18
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Example: Drell-Yan using PB nTMD
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The goal: advancing evolution

* go beyond DGLAP and BFKL by generalized splitting kernel
» coverage of all “z” regions

» extend evolution towards large x

* reproduce collinear limit (DGLARP)

* reproduce BFKL in low “z” limit

» kr-dependent splitting functions

* inlonger term goal: to describe large class of exclusive processes

We aim at will achieving this goals by using Curci-Furmanski-Petronzio (CFP) and
Catani-Hautmann (CH) formalisms.

Curci, Furmanski, Petronzio Nucl. Phys. B175 (1980) 27

Catani, Hautmann NPB427 (1994) 475524



Curci-Furmanski-Petronzio method

Factorization based on generalized ladder expansion (in terms of Two Patrticle Irreducible
(2PI) kernels)
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Co hard scattering coefficient function

Ko 2PI kernels connected only by convolution in x this is achieved by introducing
appropriate projector operators

How does it work....



Curcl-Furmanski-Petronzio

- factorization
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Curci-Furmanski-Petronzio
- splitting function

* iIncoming propagators amputated

* contains propagator of outgoing parton
+ incoming on-shell

The CFP method applied to construct splitting functions
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The method can be used to prove factorization and to derive evolution equations




Generalization to HEF kinematics

+q
n
2rpn

" = xp" + ¢ A

K — yp*u -+ k’i ordering in “-” components

Catani, Hautmann NPB427 (1994) 475524

F. Hautmann, M. Hentschinski, H. Jung
Nucl.Phys. B865 (2012) 54-66

We will define and constrain splitting farctions by requiring:
e gauge Iinvariance/current conservation of vertices

» appropriate projector operators (can be obtained form Lipatov effective action or
equivalently by spin helicity method)

e HEF limit, collinear limit



Generalization to HEF kinematics

O. Gituliar, M. Hentschinski, K.K; JHEP 1601 (2016) 181
Hentschinski, Kusina, KK, Serino ‘17

Kernel obtained by Catani and Hautmann
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We will define and constrain splitting functions by requiring:

e gauge Iinvariance/current conservation of vertices

» appropriate projector operators (can be obtained form Lipatov effective action or
equivalently by spin helicity method)

» HEF limit, collinear limit



Vertices — example derivation

auxiliary quarks M. Hentschinski, A. Kusina, K.K, M. Serino; Eur.Phys.J. C78 (2018) no.3, 174
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Full set of projectors

Constrained by Ward identities and appropriate limits the splitting functions should
have correct DGLAP and BFKL limits we have the following projectors
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Full set of vertices

M. Hentschinski, A. Kusina, K.K, M. Serino; Eur.Phys.J. C78 (2018) no.3, 174
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Van Hameren, Kotko, Kutak, JHEP 1301 (2013) 078

remark: can be obtained
from Lipatov effective action



Results

M. Hentschinski, A. Kusina, K.K, M. Serino; Eur.Phys.J. C78 (2018) no.3, 174

For sake of presentation: only angular averaged kernels

50 ¢’ e : K
P = T 1 — 4z°(1 —
a9 R ((jz-l—z(l—z)kz) [Z + 2)° 4 42°( 2)* q2]
N I
dF (-] (@ 41— k)
~2
PO = C ?
1 g2+ z(1 — 2)k?
g + (1 —z2*)k? N 2*q° — 2(1 — 2)(1 — 3z + 2%)k?
(1—2)lg* — (1 - 2)*k? (1—2)(q° +2(1 — 2)k?)
0 = C q’ (2 —2)@* + (2° — 42% + 32)k?
Fog = A @+ 21— 2)k2| z(1—2)|g2— (1 — 2)2k2

(22% —42% 4+ 62 — 3)q° + 2(42* — 1223 + 922 + 2 — 2)k?
(1—2)(g?+ 2(1 — 2)k2)



Kinematic limits Pgg- DGLAP BFKL

with this variable one can disentangle singularities
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Kinematic limits Pgq -
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The goal: generalizing HEF for
very forward processes

e account for saturation

e correct for correct gauge structure of the theory

» be consistent with Color Glass Condensate in appropriate limit



Definition of TMD

The used factorization formula for HEF is strictly valid for large transversal momentum and
was obtained In a specific gauge. Ultimately we want to go beyond this

Naive definition

F(x, ky) =2 / (d;ﬁ)d ET eieP ¢ —ikrér Iy {FH (0) B+ (g+ - o,g—,g})} P)




Definition of TMD — gauge links

+ similar diagrams with 2,3,....gluon exchanges.
Bomhof, Mulders, Pijlman 06

All this need to be resummed
This is achieved via gauge link which

renders the gluon density gauge invariant

d§¢—d + . ..
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Hard part defines the path of the gauge link



Improved TMD for dijets — forward direction
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Generalization but no

possibility to calculate

decorelations since no

kt in ME

Dominguez, Marquet, Xiao, Yuan '11

We found a method to include kt in ME and express the factorization
formula in terms of gauge invariant sub amplitudes — more direct
relation to two fundamental gluon densities: dipole gluon density and
Weizacker-Williams gluon density

Kotko, K.K, Marquet, Petreska, Sapeta, van Hameren '15
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do/dAg [nb]

Glimpse on the first results

Kotko, Kutak, Marquet, Petreska, Sapeta, van Hameren '16
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There will be soon a paper on comparison with data...



ITMD — more formal

KK, Bury, Kotko’ 18
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Set of basic TMD'’s — for any final state
je tS KK, Bury, Kotko’ 18
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ITMD for 3 jets — basic TMDS

KK, Bury, Kotko’ 18
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Conclusions and outlook

We have applied CFP and CH technique to calculate real emissions splitting functions
We formulated ITMD factorization applicable for forward jets. The factorization can be
extended beyond dijets

The ITMD has been applied to di-jets

Virtual contributions to Pgg and Pqq should be computed using
the same formalism

The full set of evolution equations
Relation to operator definition of TMD, address nonlinearities
Solution

Monte Carlo implementation



Backup - Definition of TMD
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