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amplitudes with space-like initial-state partons

some calculations

improved transverse momentum factorization

towards NLO
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e reduces to collinear factorization for s > m? > k7, but holds al so for s > m? ~ k%
e typically associated with small-x physics

e k -dependent J imagined to satisfy BFKL-eqn, CCFM-eqgn, ... ...

e allows for higher-order kinematical effects at leading order
e requires matrix elements with off-shell ki =xip1+ ki
initial-state partons with k# =k, <0 K, = xap2 + ko

e Can this be generalized to “arbitrary” processes,
with higher multiplicities in the final state?

e With well-defined gauge-invariant matrix elements?




Gauge invariance

In order to be physically relevant, any scattering amplitude following the constructive
definition given before must satisfy the following

Freedom in choice of gluon propagator:
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Ward identity:

‘musu(k) — "omuku =0

e Only holds if all external particles are on-shell.
e kr-factorization requires off-shell initial-state momenta k* = p* + k.

o Keeping off-shell kinematics using “just” the usual Feynman graphs will in general
not lead to a gauge invariant result.




A list of calculations

M. Deak, F. Schwennsen 2008: Z and W* production associated with quark-antiquark
pair in kT-factorization at the LHC. g*g* — qq + W*/Z.

e S.P. Baranov, A.V. Lipatov, N.P. Zotov 2008: Prompt photon hadroproduction at high
energies in off-shell gluon-gluon fusion. g*g* — qq + . Production of electroweak
gauge bosons in off-shell gluon-gluon fusion. g*g* — qq + W*/Z.

A.V. Lipatov, N.P. Zotov 2009: Associated production of Higgs boson and heavy
quarks at the LHC: predictions with the kt-factorization. g*g* — qq + H.

M. Deak, F. Hautmann, H. Jung, K. Kutak 2009: Forward Jet Production at the Large
Hadron Collider. g*q — gq , 9g*g —qq , g"g — gg.

L. Motyka, M. Sadzikowski, T. Stebel 2017: Lam-Tung relation breaking in Z0
hadroproduction as a probe of parton transverse momentum. g*g* — qq + Z.
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Lipatov's effective action e

Effective action in terms of quarks 1,1, gluons A", and reggeized gluons R associated
with direction n'.
Tool to calculate effective vertices, that is hard centers, in multi-regge kinematics.

L = Lqcp + Lind

- 1 1
Lqcp = pDPY + zTr(;fw D,=0,+9gA, Gy = . —[D,, D,/

Lina = —Tl"{éa+ Pexp <—%J A+(U)dy+>] - O3R(x)

1 .
+ aa, [(P exp (—% J_Oo A(U)dy>] : aéRJr(X)}

Reggeized gluons = gluons with momenta k} = En'; + kF}, ki = En" + kI

Extended to include reggeized quarks Lipatov, Vyazovsky 2000.




Effective vertices

Antonov, Lipatov, Kuraev, Cherednikov 2005
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Dijet azimuthal decorrelations at the LHC

in the parton Reggeization approach

Nefedov, Saleev, Shipilova 2013
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Dijet azimuthal decorrelations at the LHC

in the parton Reggeization approach
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Amplitude as embedding i, Wil oitio AU

Embed the process in an on-shell process with auxiliary partons and eikonal Feynman rules.
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Amplitude as embedding i, Wil oitio AU

Embed the process in an on-shell process with auxiliary partons and eikonal Feynman rules.
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Amplitude as embedding AR s Sl

Embed the process in an on-shell process with auxiliary partons and eikonal Feynman rules.




Gauge invariant amplitudes from Wilson lines

Using infinite Wilson line operator
[e.e]

—0Q

R(p, k) = Jd‘*y eVt Tr{ﬂlg T Pexp {igJ dsp-Ap(y + sp)Tb] }

amplitudes with n on-shell gluons and m off-shell gluons can be defined by
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Gauge invariant amplitudes from Wilson lines
Kotko 2014
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BCFW recursion

The BCFW recursion formula




BCFW recursion [l amplitudes

The BCFW recursion formula becomes
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“On-shell condition” for “off-shell” gluons: p; - ki =0




BCFW recursion [l amplitudes

The BCFW recursion formula becomes
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Charm with kt-factorization

DPS vs SPS for pp — cccc

e LHCb measured a surprisingly large cross section for the c
production of D-meson pairs JHEP 06 141 (2012) c
e production of cc cc is a good place to study DPS effects c
tuszczak, Maciuta, Szczurek 2012 c
e DPS cc cc cross section approaches cc cross section for
large energies
e ky-factorization with KMR updfs gives a good descrip-
tion for open charm production Maciuta, Szczurek 2013
e DPS cccc cross section is orders of magnitude larger
than LO SPS cc cc cross section
Schafer, Szczurek 2012, Maciuta, Szczurek, AvH 2014 c
e SPS for pp — cccc in kr-factorization AvH, Maciuta, SPS ¢
Szczurek 2015 c
e triple-parton scattering for pp — cccccc Maciuta, c

Szczurek 2017

e DPS and SPS for pp — ccbb and pp — ccjj Maciuta,
Szczurek 2017,2018. (performed with KaTie)




Charm with kt-factorization

kr-factorization with KMR updfs gives a good description for open charm production
Nefedov, Karpishkov, Saleev, Shipilova 2014

double charmed meson production at LHCb Maciuta, Saleev, Shipilova, Szczurek 2016

D mesons at LHCb Karpishkov, Saleev, Shipilova 2016

B mesons at the LHC Karpishkov, Nefedov, Saleev, Shipilova 2015, Karpishkov, Nefe-
dov, Saleev 2017

P(2S) and Y(3S) hadroproduction Kniehl, Nefedov, Saleev 2016




Four jets with kt-factorization
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AS
e AS is the azimutal angle between the sum of the two
hardest jets and the sum of the two softest jets.

e This variable has no distribution at LO in collinear
factorization: pairs would have to be back-to-back.

e kr-factorization allows for the necessary momentum inbalance.




KATIE https://bitbucket.org/hameren/katie

parton level event generator, like ALPGEN, HELAC, MADGRAPH, etc.

arbitrary processes within the standard model (including effective Higgs-gluon coupling)
with several final-state particles.

0, 1, or 2 off-shell intial states.
produces (partially un)weighted event files, for example in the LHEF format.

requires LHAPDF. TMD PDFs can be provided as files containing rectangular grids,
or with TMDIib Hautmann, Jung, Kramer, Mulders, Nocera, Rogers, Signori 2014.

a calculation is steered by a single input file.

employs an optimization stage in which the pre-samplers for all channels are optimized.
during the generation stage several event files can be created in parallel.

event files can be processed further by parton-shower program like CASCADE.

(evaluation of) matrix elements now separately available, including C++ interface.




kT from a parton shower

collinear hard scattering  momentum inbalance by enforcing momentum conservation

~@- *Qz.v{?x?,




kT from a parton shower

collinear hard scattering  momentum inbalance by enforcing momentum conservation

~@- *Qz.v{?x?,

“kt" hard scattering parton shower just unfolds PDF, eg. CCFM with CASCADE

e




Dijets with Kalie + CASCADE [l o ot

Di-jet azimuthal decorrelation, 140 < plTeading < 200 GeV

—e— Data
—— TMDnoPS p? = Q? +8
——— NLO noPS

_.
[

Generate parton-level events within ng
kr-factorization with Kalie, and 0
shower them with CASCADE (Jung, i
Baranov, Deak, Grebenyuk, Haut-

do
dAp
T T TTTT]

mann, Hentschinski, Knutsson, b S S Iy
Kraemer, Kutak, Lipatov, Zotov e i
2010) - r_JI
Bt oo Lo o 1B oelorulonalonolorelig
KMR-type pdfs MRW-CT10nlo avail- 6 182 22 24 26 28 Ad [rad]

able in TMDIlib Hautmann, Jung, — = 1" g -
e a —e— Data
Kraemer, Mulders, Nocera, Rogers, E L AT DS
Signori § [ --- TMDnoPs
—s 10-1 ;7 _____
Backward-evolving shower unfolds the o2 _
momentum inbalance into initial-state -
M H 3L - '
radiation. el
w+ '~ Data: CMS 2011, /s = 7TeV
. 2 2 o §|'—]\|‘\1\\1\l‘\J\IJ\l‘\JJIJ\l‘\J
Hard scale: w = Qt +s 1.6 1.8 2 22 2.4 2.6 2.8 3
A¢ [rad]




Z +j azimuthal de-correlation eSS seine = 2010

Parton-branching TMDs PB-NLO-2018-
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TMD splitting functions in kt-factorization

kr-factorization gives the opportunity to resum large logarithms of x =(hard scale)/(total
energy). ldeally, one would like to achieve this with

e a coupled system of evolution equations for unintegrated PDFs
e that allows for a smooth continuation to the large-x region
e reproduces the correct collinear (DGLAP) limit

The real contribution to the necessecary kr-dependent splitting functions have been
calculated Hautmann, Henschinski, Jung 2012, Gituliar, Hentschinski, Kusina, Kutak
2016, Hentschinski, Kusina, Kutak, Serino 2018.

To get Pyq in particular, the formalism of Curci, Furmanski, Petronzio 1980 was extended
with the necessary gauge invariant vertices and appropriate ladder-terminating projectors.

The final splitting functions feature the correct

o collinear limit (DGLAP kernels) ¢, q’ (2—2)@" + (° — 42 + 32)k?
@C+z(1-2)k?| 2(1-2)|¢*— (1—2)%k?|
e high-energy limit (BFKL kernel) (2% — 422 + 62 — 3)¢® + 2(42* — 122° + 922 + 2 — 2)k?
* = 2@ + 21— 2)k?)

e soft limit (CCFM kernel)




QCD evolution, dilute vs. dense

A A dilute system carries a few high-
Q2 % x partons contributing to the hard
s(Y) :
scattering.

saturation
region
A dense system carries many low-x
partons.

At high density, gluons are imag-
ined to undergo recombination,
and to saturate.

In 1/x

This is modeled with non-linear
evolution equations, involving ex-

!
DGLAP plicit non-vanishing kr.
Saturation implies the turnover of
| p the gluon density, stopping it from
A%.)CD In Q2 growing indefinitely for small x

Y
non-perturbative region




pA (dilute-dense) collisions within CGC
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_ TMD Factorization & TMD gluon distributions

TMD FACTORIZATION ALL-ORDER THWEOREMS
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GLWON FlelD F o A ChuGE LINKS
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Gauge links ?JC - ?JC depend on the color structure of the hard
process. They are build from two basic Wilson lines: %1, /171

U= = [0,(£00, 07,0)] [(£00, 01,0), (oo, £ 10 [(2oo, € 1.0, (E*, E1,0)]

STRALGHT LINE [x = ﬁexP{”‘jj d“’A”(Z)t“}
SEGMENT =

[C. Bomhof, P. Mulders, F. Pijiman, 20049




CGC & TMD  Leading twist study _

/_FOKNI\?D DlleT PRoPULTION IN ’C{:"C [F. Dominguez, C. Marquet,B.Xiao,F.Yuan,ZO‘l‘I]\
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Equivalence of leading power CGC and TMD ‘factorization’ ON-SHELL 7

was recently shown for dijet+photon process.
[T. Altinoluk, R. Boussarie, C. Marquet, P. Taels, 2018]
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MALL-x LIMIT oF TMD GLUON PISTRIBUTIONS - i )

L e e : - Intensively studied:

HARD FACTOR S

d”:+d 5 [D. Kharzeev, Y. Kovchegov, K. Tuchin, 2003]
0 S T JixP ik Ey M f ek BT p— a LY G [B. Xiao, F. Yuan, 2010]
Fag (x. k) ~ J 2n)? b o rEr(PITr | FTEN £ 8T =0) U FT (O % | |P) [F. Dominguez, C. Marquet, B. Xiao, F. Yuan, 2011]
N [A. Metz, J. Zhou, 2011]
N }( = O [E. Akcakaya, A. Schafer, J. Zhou, 2012]
[C. Marquet, E. Petreska, C. Roiesnel, 2016]
. [I. Balitsky, A. Tarasov, 2015, 2016]
DETEN DENC E ON X For exa;;plz.l [D. Boer, P. Mulders, J. Zhou, Y. Zhou, 2017]
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ITMD Factorization

Hybrid High Energy Factorization

Color
Glass
Condensate

improved TMD factorization M

[ |
/
\.‘ generalized TMD factorization

Model interpolating between hybrid High Energy Factorization and Generalized TMD fac-

For forward dijet production
in dilute-dense hadronic collisions

%ﬁy

4s(y

A Mclerran, Venugopalan 1994, lancu, Venugopalan 2003
B Kotko, Kutak, Marquet, Petreska, Sapeta, AvH 2015

@® Dominguez, Marquet, Xiao, Yuan 2011

Collinear

torization and valid for kinematical regions with hard scale = ky = saturation scale.

Partonic cross section dc}g depends on color-structure 1,
and is calculated with space-like initial-state gluons.
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ITMD Factorization

Color
Glass
Condensate

/.V
e

Hybrid High Energy Factorization

improved TMD factorization M

generalized TMD factorization

For forward dijet production
in dilute-dense hadronic collisions

%ﬁy

433

Collinear

ITMD formalism is fully obtained from the CGC formalism by taking the
Wandzura-Wilczek approximation, i.e. neglecting all genuine twist correc-
tions. Antinoluk, Boussarie, Kotko 2019

Model interpolating between hybrid High Energy Factorization and Generalized TMD fac-

torization and valid for kinematical regions with hard scale = ky = saturation scale.

Partonic cross section d&é?, depends on color-structure 1,
and is calculated with space-like initial-state gluons.

donan = | i [axn 3 | dxa 3 ) xa, ke )y ey ) 4653
i y
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ITMD Factorization for 3 or more jets

Color decomposition of, for example, the amplitude M‘”azjf;j for two gluons and two
quark-anti-quark pairs in terms of color factors and partial amplitudes A,:

Crinaisia ap\ b a2 A\ rajaziziy E i iz i3 i
Mi1izjsj4 - (\/ZT )j1 (\/ZT ) M j3ja 610(1)61'6(2)610(3)6%(4) Ao
0€Sy

The sum over colors for the squared amplitude is facilitated by a color matrix C.,

ajazizig *a102)3)4 __ 1iaizig *J1j2)3)4 *
M M = Mt M E A Cio Ay,

j3ja i3ig j1j2jzja iizizig

Each element of the matrix C.; is a single power of N (Kanaki, Papadopoulos 2002).
The cross section formula for ITMD is obtained by inserting color correlators like

hialzla \ri1izizia i1 q(k2 q(k3 q(ka gki gz 93 q(ia titzizla g rxlilalsle
TMD; x N1EEH 5 = (P By uR g ) agiz e,

j1i2j3)a hiiaizig j1j2j3)a

where the u]f are certain Wilson lines, depending on the external partons, and F{‘ the field
strenght. This leads to a

TMD-valued color matrix C.,(x, k)

This has been implemented in KaTie.
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. . AvH, Kotko, Kutak,
Saturation effects from forward jets

Study of saturation using dijet production in p-p and p-pB collisions.
Angle A@ between the jets is particularly sensitive to saturation effects.

Data points from ATLAS 2019. Arbitrary normalization and relative shift to to accentuate
the difference in shape between p-p and p-Pb.
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Calculations where performed within ITMD factorization, using TMDs based on Kutak,
Sapeta 2012. Besides saturation, the inclusion of resummed Sudakov logarithms are essen-
tial to reach this accuracy, included here via event-reweighting. Independent calculations
with KaTie and LxJet (http://nz42.ifj.edu.pl/ pkotko/LxJet .html)




Towards NLO for k-factorization

The main obstacle are linear denominators in loop integrals and the divergecies they cause.

Jd4252 N(E) - ?
P €+ Ko) (€+Ky)? (€+K3)2 (0 +Ky)2

In particular one would like to use a regularization that
e is manifestly Lorentz covariant
e manifestly preserves gauge invariance
e can be used incombination with dimensional regularization

e is practical




Towards NLO for k-factorization

Tilted Wilson line regularization:
p* = ph+rg" with ¢?=0, pq#0 and 0<r< 1
Calculations using the effective action, and tilted Wilson lines:

e NLO corrections to the reggeized gluon propagator Hentschinski, Sabio Vera 2012,
Chachamis, Hentschinski, Madrigal Martinez, Sabio Vera 2013

e two-loop corrections to the gluon Regge trajectory, shown to be consistent with
known results Chachamis, Hentschinski, Madrigal Martinez, Sabio Vera 2013

e one-loop correction to the propagator of Reggeized quark and to the Qvyqg-vertex
Nefedov, Saleev 2017

e one-loop corrections to the Qy*qg-vertex RHg-vertex Rgg-vertex Nefedov 2019
Only single log(r) divergencies, no double logs or power-like divergencies.




Regularization with auxiliary partons

par = (x— AJpt —aqh + (1 — B)kf

-~ ... PA=Pi =0
P +ph =KkH
where p, q are light-like with p-q > 0, where p-ky = q-k1 =0, and where

Pi=pir =0
Pa T Par = XM+ k7

L —p2K2 . 1
CAp+9? T T 14+ /T—x/A

for any value of the parameter /A. Auxiliary quark propagators become eikonal for A — oo:

| PAat+K 0P
(pa+K)?  2p-K

+0O(AT)

e /\-parametrization provides natural regularization for linear denominators in loop inte-
grals.

e Taking this limit after loop integration will lead to singularities log/\.
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Decomposition into master integrals

par = (= AJpH — gt + (1 — )k

> sl p%\ = p%\, =0
p}}.t + p/&/ = kM

Well-known decomposition for on-shell one-loop amplitudes in terms of master integrals
still holds for finite A.

A J[dﬁ Zc4 1,9,k V) LL(i,j,k, 1) —1—2031), ) I3(1,3, k)
Lkl Lj,k
+ZC2 )] IZ 1)] +ZC1 +:R+O()

1
J RSN OBNOBIDER

L(i,j,k 1) = Di(l) = (E+K)? —mi +in

The coefficients ¢4, c3, cy.cy are determined from the integrand.
(di)logarithms of external invariants and A appear in the master integrals 14, I3, I,.




Decomposition into master integrals

par = (= AJpH — gt + (1 — )k

> sl p%\ = p%\, =0
p}}.t + p/&/ = kM

Well-known decomposition for on-shell one-loop amplitudes in terms of master integrals
still holds for finite A.

A J[dﬁ = alli UL 5 kKD + ) el ik L, k)
Lkl Lk
+ZC2 >] IZ 1)] +ZC1 +:R+O()

It is not completely correct to take A — oo in the integrand before reduction, and just

replace
1 AN

_)
2p- (1K) ({+Ap+K)?

in the master integrals




Non-commuting limits
par = (x— AJpt —aqh + (1 — B)kf
ki = xph + Ky Ph = ApH+agqh+ Ky A SR
T PA = PA’ =
w — Q PA+PAr = K

For two-point master integrals and one three-point master integrals, integration does not
commute with the limit A — oo: integration “eats” a power of A from the denominator.

[dl] 1 2Ap-K

/\p+K—©—~—/\p—K — e2(2+/\p+K)2_>5+2_|°g i
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Tree-level amplitudes behave as oc A; their definition involves a division by /A before
A — oo. The behavior of the integrals above indicates the possibility of A? behavior
of the one-loop amplitude, and thus the occurrance of power-like divergencies in /A in
one-loop amplitudes.




Coefficient for the bubbles

L+pa+K

PA pA/ solution £" to the cut equations
: : ?=0, (L+pa+K3?=0
K ,K " ; )\ _k—XK is divergent: £ oc A
v

Coefficients for scalar integrals can be found by considering corresponding cuts on the
integrand (Ossola, Papadopoulos, Pittau 2007, Ellis, Giele, Kunszt 2008). Momenta that put
internal lines on-shell for a bubble are proportional to /A. The blobs represent tree-level
amplitudes with 3 divergent external momenta, which turn out to behave as VA.

pA, PAM
XA pi%‘i VA
pA PA /
So eventually coefficentxscalar integral does not exhibit power-like divergencies.
This turns out to go through for the whole amplitude AvH 2017.




Thank you for your attention.



