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Transverse momentum dependent (TMD) factorization theorems and distributions is
vastly expending area of physics.

Theory

It was originated in early 80’s, but got a boost in early 2010’s (proof of LP factorization
theorem) [Collins,2011; SCET 2011]. Nowadays theory is as good as collinear factorization

» Full N3LO evolution
» Many coefficient functions at NLO/NNLO/N3LO

» Continue to expand: new processes (jets, heavy quarks,...), lattice, ...

Phenomenology

Phenomenology of TMD is in the process of development
» Many facilities have dedicated TMD program: COMPASS, JLab, RHIC (HERMES)
» Can be also observable at LHC, BaBar, BELLE.
» Significant part of physics programme for future EIC.

» First global extractions [Scimemi,AV,1912.06532]=SV 19, [Bacchetta,et
al,1912.07550]=Pavial9

Universitit Regensburg

A.Vladimirov Power for TMD January 14, 2022 2 /28



Transverse momentum dependent (TMD) factorization theorems and distributions is
vastly expending area of physics.

Today’s talk
TMD operator expansion
Novel approach to TMD factorization theorem
Direct generalization of operator product expansion
Has common features with high-energy expansion and SCET
Elegant and “simple” internal structure
I will demonstrate next-to-leading power (NLP) expression at NLO(!)
Still in development (based [AV,Moos,Scimemi,2109.09771] [Rodini,AV,2022]...)
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Outline
» Introduction to TMD factorization

» Introduction to TMD operator expansion

» Review of results and outlook
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TMD distributions measure
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longitudinal & transverse components P
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TMD distributions measure
density of
longitudinal & transverse components

Bury,Prokudin,AV, 2103.03270
of partons’ momentum &/ [ ]
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Selected features of TMD distributions (1) ]

N U L T Presence of additional vector (kr) re-
veals many structures

» 8 TMDPDFs already at LP
» + 2 TMDFFs

» Numerous spin-dependent effects are
described by LP TMD factorization

- (while they are of NLP/NNLP in
T g 31" h nn“ collinear factorization)
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Universitit Regensburg

A.Vladimirov

Power for TMD January 14, 2022 4 /28




Selected features of TMD distributions (2) ]

d2kT —’(k}b)
F(z,b) = / We UWEIT F(x, k)
» TMD factorization is naturally formulated in the position space

» Simple evolution equation

TMDs in b-space TMDs 1n41;T—space

uncertainty
0%

Fyen- (1« k"r)

a Fuep(x,b)
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[ Selected features of TMD distributions (3) ]

TMD distributions has two scales and obey a pair of evolution equations

dF(x,b; u, dF(x,b; 1, ¢
2% — (1, OV F (@, b 1, C), c% — Db, 1) F(a, b 1,0).
D = —2K is the Collins-Soper kernel. Nonperturbative!
Measures the propertles of QCD vacuum [AV,PRL,2020]
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[ Selected features of TMD distributions  (4) ]
TMD factorization <— resummation
z=10"
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F(z,0) = [1+as (p(z) n(b?p?) +...) +a2..] ® q(m)‘+|b2... + ..

Lead.power OPE Higher power OPE

up N3LO [Moos,AV,2008.01744 |
dl R
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The main processes are

h2
\,/ \\// X
AAA A - X
AR D
] T X
SIDIS Drell-Yan
. T . 2 2
q is momentum 2Of_nitéa;mg EW-boson Q> AQC’D
q =
q; transverse component Q2 > q%
do d?b 3
—— = oo | Zse POV (Q)PFi(a1,5;,Q, Q) Fa(a2, 5 Q,Q°) + ..
qu (27T)

'K
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[Scimemi,AV,1912.06532] = SV19

107 1073 1072 107! 1
150[ ' ' : : 1150
ATLAS(116<Q<150) ATLAS
CMS
100+ <1100
» N3LO perturbative input
col leo > .102%9 data points (DY+SIDIS)
= LHCb in fit
8 > 2 < Q< 150GeV
=] ATLAS(46<Q<66) > 10-4<z<l
301 130 » ~ 1500 extra points described
HERMES
E288 . » artemide
» Further expansions 7DY, SSA
10+
Total:
457 DY points
582 SIDIS points
ik
10 10 eR
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0.6

p—at p—T d— 7t d— 7
NNLO : X2 /Nye = 2.20 (2.64) NNy = 112 (2.31) X/ Ny = 057 (1.46) /Ny = 074 (191)
NLO : v*/Ny = 3.06 (6.45) X*/Ny = 145 (5.56) x /N,,, = 0.78 (4.66) X2/ Nyy = 0.96 (5.67)
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do /dqr[pb/GeV]

o do /dqr|GeV™"] x 10*

do /dqr[pb/GeV] =

— o W e oo

ATLAS 7TeV
|yl € (0.0, 1.0]
X2/Ny =1.66 (0.81)

X%/ Nyt =5.94 (4.09)

ATLAS 7TeV
vl € [1.0,2.0] -

ATLAS 7TeV
vl € [2.0.2.4]

X2/Np =1.49 (1.26)

ly| € [0.0,0.4]
X2/Ny =2.51 (3.40)
(/o) =3.5%(2.6%)

ATLAS 8TeV

X*/Npt =2.95 (3.01)
(d/o)

ATLAS 8TeV
Iyl € [0.4,0.8]

=3.5%(2.7%) 1

ATLAS 8TeV
ly| € [0.8.1.2]
X2/Np =1.30 (1.45)
(/o) =3.7%(2.9%)

ATLAS 8TeV
Iyl € [1.2,1.6]
X2/ Npe =2.03 (1.53)
(d/o) =4.2%(3.4%)
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Factorization regions
<
qr < 0.25Q TMD factorization = { ar S A
qr ~ Q> A fixed order computation

nonpertrubative regime
qr > A

”resummation” regime
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Factorization regions

qr < 0.25Q TMD factorization = { gr S A monpertrubative regime

gr > A ’resummation” regime

ar ~ Q> A fixed order computation

s
g
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Transverse momentum dependent factorization

do d?b —i(bgr) 2 2 2
— ~ 00/ e "I |Cy (Q) | Fu (w1, b Q, Q%) Fa (w2, b; Q, Q%)
qu (27r)2

LP term is studied VERY WELL!

This was a very brief review of
LP TMD factorization

Now let’s turn to power corrections

€=
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Transverse momentum dependent factorization

d

2 oo [ (|0 @1, 5 Q @ Falan Q. QY LP
+5[02<Q) ® F3(z,b;Q, Q%) Fa(z,b; Q, Q)] (z1, x2) +— NLP
+§[03<Q> ® F (2,5 Q, Q?) Fs(2, 55 Q, Q)] (w1, @3) «~— NNLP
+...
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Motivation

» Sub-leading power observables

twist-3 pdf unpolarized PDF twist-3 t-odd PDF Boer-Mulders
i oM [ hek M, M /
singn _ T T h h
g - 2o [Eokr (g 3 I>+
Collins FF twist-3 FF unpolarized FF twist-3 FF

by Timothy B. Hayward at QCD-N

To describe it, one needs TMD
factorization at NLP.

» JLab
» LHC

[CLAS, 2101.03544]
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Motivation

» Sub-leading power observables

do 3 doVt
dpZ dy” dm” dcos@dg ~ 167 dpZ dy” dm” To describe it, one needs TMD
{(l +cos?6) + % Ao(1 =3 cos? ) + A; sin20 cos factorization at NNLP.
1 - ) » JLab
+§ A, sin” 0 cos2¢ + Aj sinf cos$ + Ay cosf
» LHC
+As sin® 0 sin2¢ + Ag sin20 sing + A7 sin6 sin ¢}.
o~ P T 5 o 0.2F7 T
[ ATLAS ) 1 < r ATLAS . 1
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Motivation
» Sub-leading power observables

» Increase of applicability domain

LP TMD factorization has
limited region of application.

For SIDIS it cuts
the most part of the data

E288, /s =27.4 GeV, 1=0.03
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Motivation

» Sub-leading power observables
» Increase of applicability domain

directly in

Phase space of EIC is centered
the transition region

0

12 5 10 20 3040

COMPASS, JLab
60 80
qr(GeV)

have large contribution of power corrections
120
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Motivation

» Sub-leading power observables
» Increase of applicability domain

» Restoration of broken properties

LP TMD factorization breaks EM-gauge invariance

we = [ e i) o) WL = gh'|Cy [2F(Fi Fa)

QuWH =0 Wi ~ dr
» The violation is of the NLP
» Similar problem with frame-dependence (GTMD case)

» The problem is not unique, e.g. collinear factorization for DVCS

€=
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[ Sources of power corrections ]
g *(exact)=known at all powers
o
—— =opsLu WH
dP.S PStuv
Phase space PC (exact) o Hadromc tensor (e.g. DY)
T 4, i(yq
.g. SIDIS = d ye
e:g SIDIS ops - wee= [ S ! pipal () (K17 o)
1+ ,72 hL
z2Q2 .
¥
Factorized in powers of
Leptonic tensor (exact) ar  4r

e.g. un.DY with fid.cuts qt’ q

K
LIV (IR1Y 4 1B — ghv (1)) P )
e [,l’ with transverse parts :
e P fiducial part !
\d
Power corrections due to frame choice (exact)
pi >pr, P2 > Py
1 2
e.g. SIDIS ¢2 = p; +7’Y2 e
25 a2 P
7" 2q2
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[ Sources of power corrections ]
g *(exact)=known at all powers
o
—— =ops L, WH
dP.S. | Ps |’W |
Phase space PC - Hadronic tensor (e.g. DY)
m " dAyet(ya)
>.g. SIDIS 5 = R d*ye ,
o8 s ) o2 W ’”’:/ W(PM\J”(:U)PQ(X\J' Ip1p2)
1+
QCD Factorization J'_
this talk Y
( 15 ta ) ha 'actorized in paowers of
Leptonic tensor > F ar 4T
k)
e.g. un.DY with fid.cuts qt’ g
LBV ~ (]p,l/l/ e — 9“11(”/))73 é
e [, 1" with transverse parts :
e 7 fiducial part 1
A

Power corrections due to frame choice
7’]} > Py Dy > 7)2‘
2 2
‘ 14+
e SIDIS g3 = 2L~ T0
25 A2 P
52 (22
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There are already computations of TMD factorization at NLP/NNLP
» Small-x-like

> Balitksy [1712.09389],[2012.01588],...
> Nefedov, Saleev, [1810.04061],[1906.08681]

» SCET

» Ebert, et al [2112.07680] tree order
» Inglis-Whalen, et al [2105.09277]
» Beneke, et al, [1712.04416],[1808.04742],... not TMD, but closely related

» Boer, Mulders, Pijlman [hep-ph/0303034]
> ...

TMD operator expansion
» Based on the experience of higher-twist, and higher power computations in collinear
factorization

» Systematicness of OPE
» Operator level
» Position space [a lot of simplification for beyond leading twist]

» Has common parts with small-x and SCET computations

» Generalization of ordinary background method

A.Vladimirov Power for TMD January 14, 2022 12 /28



Background field method for parton physics
(in a nutshell)

(RT J*(2)J%(0)|h) = /[DquDA]eiSQCD\I’*[tZ g, AJJ*(2)J"(0)¥[g, g, A]

’ Cannot be integrated since ¥ is unknown ‘

@

Universitit Regensburg

A.Vladimirov Power for TMD January 14, 2022 13 /28



Background field method for parton physics
(in a nutshell)

(R|T J*(2)J¥ (0)|h) = / [DgDgD Ale'SQcp W * (g, q, A]J*(2)J" (0)¥(q, q, A]

Parton model
W contains only collinear particles
\IJ[Q7 q, A] — ‘Il[q’ﬁy dn, A’ﬁ]
{8+1 - ’ 8T}Qﬁ S {17 >‘2a )\}(Iﬁ

’ Integral can be partially computed ‘

€=
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Background field method for parton physics
(in a nutshell)

(RT J*(2)J%(0)|h) = /[DquDA]eiSQCD\P*[@ g, AJJ*(2)J"(0)¥[g, g, A]

Parton model
W contains only collinear particles
Vg, q, Al = Y[qn, qn, An]
Background technique {04,0-,0r}qn S {1,22, \}an
q = qn + ¥ \ -
A = A; + B \"Integral can be partially computed ‘

» qn, An: background (external field)
» 1, B: dynamical (to be integrated)

(RIT J*(2)J%(0)|h) = /[Dq’ﬁDqﬁDAﬁ}eiSQCD‘I’*[@ 0, AT [@n an, Arl(2) (T, 4, A]

Tl = [IDEDYDBleSaco+Saclta Al 1ig 1 4)(2)7 [q + ¥1(0)
’ Generating function for operator product expanswn‘ QR
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Background QCD with 2-component background

q—qn +qa +

AF — AE 4 AR+ B*

» Technical note: Sgcp for 2-component background has 1PI vertices!

r

collinear-fields
(associated with hadron 1)

{a+7 8—7 BT}q’ﬁ 5 Q{17 )‘27 )‘} qn,
{8+7 8*7 8T} A% 5 Q{17 >\27 A} A%?

anti-collinear-fields
(associated with hadron 2)

{8+7 8,, 8T}qn 5 Q{Aza 15 )‘} Adn,
{04, 0_, ar} A < Q{N?, 1, A} AX.

A.Vladimirov Power for TMD
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TMD operator expansion
is conceptually similar to ordinary OPE
The only difference is counting rule for y

v d'y et v(
Wi = [ %) 0 0l XX Ol

Wéins = (%)1 L(”)Zpl\.]“' Vp2. X){p2, X|.J7(0)[p1).

d'y

Wi = @nic el Z (0174 () lp1, pa, X){p1, pa, X[J7(0)]0).

_ 1 1 1 1 B
(g-y)~1 = {vty 7yT}N{T777*}N*{171,>\ '}
qt qr Q
To be accounted in operator expansion
2h.0,q ~ NLP, yhOuq ~ LP

€=
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Jl/
)
JH@®
| | | |
Collinear factorization
Y-

TMD operator expansion

~ QY{1,1,1}

\

has different geometry

v

Two

light-cone operators
4
Two
parton distribution function
gi(An)[An, 0]q;(0)

PDFs & FFs
A .Vladimirov
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I 00
Jl/
)
JH@®
| | | |
TMD factorization

TMD operator expansion
|
vt o~ QLAY

v

has different geometry

\

Four

semi-compact
light-cone operators

I

Two
TMD distributions
A .Vladimirov

TMDPDFs & TMDFFs
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Jv TMD operator expansion
has different geometry
Yy
Jre
| | | | |
TMD factorization
v o~ @THLLATY
n n n n
q
yr =b
q

Four

semi-compact
light-cone operators

I

Two
Gi(An + b)[An + b, £oon +b] [Eoon, 0]q;(0)

A.Vladimirov

TMD distributions

TMDPDFs & TMDFFs
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]

[ TMD-twist

Each light-cone operator must be twist-decomposed
» Geometrical twist = dimension - spin (projected to light-cone)

» Half-integer spin operators

> (@Y7 )i = twist-1 (3 — 1)

» (g7 7 ")i = twist-indefinite = EOM = (Q’Y_F?) ) +/(tj’y“F“+'y+)i
i

tot.der. twist-2
twist-1
v
Twist of the TMD operator is enumerated by twists of each light-cone
components (N,M) =TMD-twist
e.g. usual TMD operator
twist-1 twist-1
G(An + b)[An + b, +oon + b] v [£oon, 0]¢(0)
TMD-twist=(1,1)
January 14, 2022 17 /28
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TMD operators of different TMD-twists ]
(L,1)
_ I = {yt,9F5 00"}
O11(z,b) = &(zn +b)[...]T[...]¢(0) = well known 8 TMD distributions
v

(1,2) & (2,1)

> I'={y",7T7% 00"}

O21(z12,0) = 5:(z1” +0) [ Fut (22 + B)[-T[--J€(0) » 16 (7) TMD distributions
O12(21,2,0) = &(zin + LT[ ] Fut (22)[16(0) » Related by charge-conjugation <
complex/real

(1,3) & (3,1) & (2,2)

Fys.Fys UL J€(0)
~Fug [0 Fu4£(0)
~(E.T2..8)[.]TL..]€(0) » Quasi-partonic and non-quasi-partonic

~Foy [ ][ €(0)

O31;1(21,2,3,b) =
O22(21,2,3,b) =
O31.2(21,2,3,b) =
O31.3(21,2,b) =

A I A YA Y A

v
Power for TMD January 14, 2022 18 /28




Operators with different TMD-twists do not mix
renormalization/evolution is independent
independent TMD distributions

Evolution of TMD distribution with TMD-twist=(N,M)
B nar (1, ..y T, ) :/dzl...dzne—im(1121+~~+Wn>@\UN({zl,...},b)UM({...,zk},oT)|p>

» Each light-cone operator U renormalizes independently (because there is a finite yq in-between )

d
M@UN({ZL «}hb) = ®@Un({z1,..},b)
» Light-cone operators with different N do not mix (Lorentz invariance!)
» Evolution of TMD distribution

d
M@QNM(GEL s Zn,0) = (TN +7Mm) ® PN (21, 05 T,y )

Universitit Regensburg
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Evolution of a twist-2 semi-compact operator at LO

W (&) (L)

UV anomalous dimension of a semi-compact operator has two parts

Compart part Non-Compart part
o <  Zmax Zmax < O
Reproduces elementry evolution kernel Collinearly divergent (UV/collinear overlap)

Bukhvostov-Frolov-Lipatov-Kuraev for QP operator
Needs a regulator to compute (can-

Braun-Manashov-Rohrwild for non-QP operators

celed by UV part of rap.divergence)

Universitit Regensburg
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Rapidity divergences
appears due to overlap of the fields in the soft region

collinear-fields & anti-collinear
are the same at

{04, 0, 0r} g S Q{N?, X%, A},
{8+7 6—7 aT}AH 5 Q{A27 >‘27 A} AH7

» (or) Introduce separating-scale
» (or) Subtract by soft-factor
» (or) ...
= multiplicative renormalization
[AV,1707.07606] = evolution equation with ¢

Coe®na (a1, 1) = DO PN ({21,.).D)

Universitit Regensburg
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- 5+ b2 ¢ ot
B (b‘{ F) =1 4a.CFT(—¢) <74Ew> In (F) +0(a).

Rapidity divergence arise from the interaction with the far end of neighbour Wilson line

General facts
» Independent on the “type” of another operator

» Multiplicatively renormalizable (*)

LP, NLP, NNLP(!)

» Same for all operators (up to color-representation) at

* End-point divergences and derivatives of R cancel!

Power for TMD

@
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Evolution for quasi-partonic TMD operators (distributions)

u? diZQM( O = AN+ (1,0)) ® P (. C)
qu)dIZM (1,¢) = —Db,p)@Pnar(p,¢)

» 71 known up to NNLO
» 72 known up to LO

» -3 could be reconstructed at LO (if ever needed)
» D = —K/2 is CS-kernel (non-perturbative)
» Same for all QP operators!

€=
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Keldysh thechnique
to deal with

causality structure

Computing TMD factorization

) T 0)

Details & examples

in [2109.09711]

A.Vladimirov
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Computing TMD factorization

R Details & examples
[J(+)“(Q)J( : (0)} in [2109.09711]

(power) Expand in background fields
sort operators by TMD-twist

A 4
A\

G (v~ +y1) v an (YT 0+ y1)3n (07160 (0) + Pa (W) V5an (T 7+ y1)3n (007492 (0) + ..
+n Ga(y™n + Y)Y an (TR + Y1) G (0)75qn (0) + ...
+ytqn(y™n +y1)0- v gn (¥R + y1)Gn (0)¥qn (0) + ...

@
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Computing TMD factorization

Details & examples

[ JEH () 7)Y (0) } in [2109.09711]

(power) Expand in background fields
sort operators by TMD-twist

A 4
A\

G (v~ +y1) v an (YT 0+ y1)3n (07160 (0) + Pa (W) V5an (T 7+ y1)3n (007492 (0) + ..
+n Ga(y™n + Y)Y an (TR + Y1) G (0)75qn (0) + ...
+ytqn(y™n +y1)0- 7 gn (¥R + y1)Gn (0)vgn (0) + ...

‘ (loop) Integrate over fast components

with 2-bcg.QCD action

! @

\
Yot 0V Ve (B ik 3y ik
(Dot o, + 20k ,00,)

ar o, Tt

at least NLO is needed S =
. . S N
to C()(I‘l]{i]imdfactquzatlon R+ a,‘,r_,,ﬁu(mr Ul Lo, Lop,) O & 5
irection, N ng Orin Ot Ot
pole-cancelation) g {0‘;,4, (% - %) o, -0, ((’]:' - %) ol
[Coincides with [Boer,Mulders,Pijlman,03] } eR
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[ NI amppntetiton ]
>335

Main check of factorization: pole cancellation

finite finite
—1p-—1 —1p—1
MRZRZT'R Y ®H® 2, 'R 0[Z:R) @ I

-
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[ NLO computation ]

Extra facts

» At LP and NLP one Sudakov form factor is needed (exchange diagrams are NNLP)
» Computation for Sudakov is done for LP and NLP both at NLO

» Position space
» LP is well known (up to N®LO) and coincides
» Twist-(1,1) part of NLP is the same as LP

» Required by EM gauge invariance Non-trivial check
» Twist-(1,2) part is totally new
» The UV and rapidity divergences of NLP operators computed independently

» (position space) BFLK part coincide with [Braun,Manashov,09]
» (momentum space) “Coincides” with [Beneke, et al, 17] (up to missed channels)

» Checks

» Pole parts of hard coefficient and operators cancel very non-trivial check
» Some diagrams are computed in momentum space check

Universitit Regensburg
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Final expression: TMD factorization at NLP

Effective operator for any process (DY, SIDIS, SIA)

v d%b —i + - q- " -
i () = o) 28 (ab) { fd;cdrﬁ (.r - E) ) (;1; - ;—2_) |Cy Pt (o, &, b) (6.17)

f (da]did (f - pf)

X ( ( )C Co(w2,3)T511 (w, 8, ) + 6 (1; + p—) C5(wy2)C1 TN (2, b))

o)

x(crczm,a)ﬁ(l ) m(r,i,bwcs(il.z)cla(fna+ z—) ﬁzlu,:z,b))
2

+}

@
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Final expression: TMD factorization at NLP

Effective operator for any process (DY, SIDIS, SIA)

. " d?b i ob) ' . q ) q 3 )
Thi' () = / ‘_;H/_}r (ab {/eh‘/l’.m (.r ][" ){) (.1 ,'C )\(Vl T (2, 3, b) (6.17)
J (2m) . 3
I/lf i )(' 1 )
dr)dzd | 7
“ Do

" - 'TT YTkl ik ik D . .1.‘1‘.111)
T 5,0) = L (O (2,60} (7,) + O, (2,D)0% (,0)
OV Vo T ’
+ - !q‘* N = (3 Oiln (w b>olln( b) + 0, Oun(f WOt (&, b))
READ A+ A A s s » i)
i (0% a2, 0,001 (2. 5) + Oy (202,08 (@), [

» Operators of (1,1) x (1,1) (ordinary TMDs)
o dx
O (z,b) = p4 / 25 [n + b, koon + b [oon, Olg;
™
» Contains LP and NLP (total derivatives)

» Restores EM gauge invariance up to A3

i~ (prar + pdar)Jin eR
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Final expression: TMD factorization at NLP

Effective operator for any process (DY, SIDIS, SIA)

" d%b ) ' . q ) ) )
T (q) = / [;ﬂ_}r' "‘"’”{ /e]‘l‘/f.i’o (.r ][" ){) (.1' o ) |Cy = T (@, 2, D) (6.17)
JoAE) 1 2
: G
} / dxldzd (‘i / )
. P2
(fl w
X |0 (.rl } —ll O3 (21,2)C1 T3 (@, 2, b)
; |
t / dz[dz)é (.r (’. )
“ P1
[z, T, I/,\>

Jl“é‘il(zﬂ‘iwb) =
I "

i a¥ nY\ Yok ik . =ik TR

2 (2 ) P 0 DO 00) — O DO 5.0

T2

» Operators of (1,2) x (1,1)
o d -
O (x1,2,3,b) = P%r / %e’” #iP+qj[z1n + b, 2oon + b][+oon, zan]yH Fui [22m, 23]

» EM gauge invarint only up to NNLP
o~ (7 + pd)Jien eR
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Final expression: TMD factorization at NLP

Effective operator for any process (DY, SIDIS, SIA)

P
J‘“ (q)

} //1’,1 dzd (‘i q )
. P2
X (z) (.rl
. o
t /(J‘r»rf.zJ() (.z :
. Py

12b ) . G ) q
{ /,r i(ab) / dadzd (.r [‘ ) ] (.J !
(2m)= Py Py

pon -
23T (.2, 0) + 6 (J';,

L7111 (@, &, D)

Cy

Co(w12) =

+(cpf%>

» C is know up to N3LO

Ty + 2
T2

» C is same for LP, NLP, ...

2
1+ a,Cr (4?, +3Lo — 8+ %) +0(ay),

2
1+a,[Cr (7L?‘,+LQ73+ %) so ity (m
Ty

T2

In (711 * 12) (QLQ —In (Ll * :1;2)
) Ty

» Coefficient functions up to NLO

parts of operator Ji{|;

)
,4)]

€=
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Conclusion

What I have not told:
» Process dependence and Wilson lines
» Cancellation between end-point divergences and derivatives of soft-factor

» Systematization of NLP TMD distributions, and expression for cross-section in these
terms

» Matching to collinear factorization

» Application for different objects (lattice)

Roadmap for power corrections in TMD
» NLP/NLO (done) [2109.09771]
» NNLP (done)/NLO (in progress)
» Summation of descendants of LP = restoration of EM gauge invariance (in progress)

» Phenomenology ...

TMD operator expansion — an efficient approach to TMD factorization beyond LP

» Operator level / Position space / All processes

» Strict & intuitive rules for operator sorting (TMD-twist)

y
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Thank you for attention!

A.Vladimirov
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The most efficient way to study power corrections: OPE + background formalism

» Many results (so far) unreachable by other methods

» Twist-3, twist-4 evolution kernels [Braun,Manashov,08-09]

» Coefficient function for various observables (e.g. quasi-PDF's at twist-3
[Braun,Ji,AV,20-21])

» All-Power corrections (DVCS [Braun,Manashov,17-21], target-mass corrections
to TMDs [Moos,AV,20])

» Clear and strict formulation = Simple computation

» Twist-decomposition

JH(z)Jv(0) —2FE 3 2MCH ® O] (1)

n=0

Leading power = GPDs

violates EM Ward identities
and translation invariance

™
ep —e'ply
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7~

The most efficient way to study power corrections: OPE + background formalism

» Many results (so far) unreachable by other methods
» Twist-3, twist-4 evolution kernels [Braun,Manashov,08-09]
» Coefficient function for various observables (e.g. quasi-PDF's at twist-3
[Braun,Ji,AV,20-21])
» All-Power corrections (DVCS [Braun,Manashov,17-21], target-mass corrections
to TMDs [Moos,AV,20])

» Clear and strict formulation = Simple computation

» Twist-decomposition

JH(z)Jv(0) —2FE 3 2MCH ® O] (1)

n=0
power operators
0 |alle
1| glg | @Fu+la
2 Q[}q qF,_H,[,.]q qu;iﬁg‘;r][q}
qFur [y

tw2 tw3 QR

sit3t Regensburg

A.Vladimirov Power for TMD January 14, 2022 29 /28



The most efficient way to study power corrections: OPE + background formalism

» Many results (so far) unreachable by other methods

» Twist-3, twist-4 evolution kernels [Braun,Manashov,08-09]

» Coefficient function for various observables (e.g. quasi-PDF's at twist-3
[Braun,Ji,AV,20-21])

» All-Power corrections (DVCS [Braun,Manashov,17-21], target-mass corrections
to TMDs [Moos,AV,20])

» Clear and strict formulation = Simple computation

» Twist-decomposition

oo
[All properties restored]’PL) Z M[OH @ On](z+)
power \ [All Eroper/tles restored]

0 | al.la / @

1| qlg || @Fu+la /

DVCS 2 al-lg || @Fu+l-la q?ﬁﬁggﬁ{q}q
Do not mix GFu+[-]v"q

TMD factorization tw3 )%;4 R

has same structure
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(LO) UV anomalous dimension of a semi-compact operator has two parts

Compart part
o < Zmax

Reproduce elementry evolution kernel
Bukhvostov-Frolov-Lipatov-
Kuraev for QP operator

Braun-Manshov-Rohrwild for non-QP operators

Non-Compart part
Zmax < O
Collinearly divergent
(UV/collinear overlap)
Needs a regulator to compute (can-
celed by UV part of rap.divergence)

€=
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diag,z + ... + diag,y0 = %{%%Hﬂ{ﬁ + 17 HeUg 5
+ + +
+[cp (2+21n<6—)) +2<c - %) (-1 +CA1n< _
qt 2 ispg
» Confirmed by direct computation

q
4 N pe
ispj) ] 2 }

’ UL ({21, 223,0) = glLn + b, zyn + BIFYT (200 + b, zon + bl (zan + D),

N

A.Vladimirov

» Same structure for QP operators of higher twists
» Non-QP operator different... (in progress)

Power for TMD
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’ UL ({21, 22},0) = g[Ln+ b, zin + DFY [zin + b, zom + D]€a(2an + D),
d@ di _ G ) u YH, UY VAR HLUY
1ag, o + ... +diag, ;o = ¢\ T 1Us s + yryrH2Us 5

+[cp (2+21n <Z—:)) +2<C’F— %) In <q—++) +Caln <q—++>]U; }

e i
ispg

ispy

2H,U (a1, 22) = CAéx‘U(O.,J:z)+/dv{04(9(u.r|)79(—v. 71.))L[

T +v (©6)
U(z,.z2)—U(z,+v,xz—v)+ T M U(z,+v,z2—u)]
v T +v T+ X2 T + T2
P — O(—v. —1 T2
+Ca(O(v,22) — B(v, zz))12+v[

Ulesra) = Ulrs —viratv) _ 2mitms
- 1
v

vo(or-%) L [oA

P [ (AR ) eR
i
) ) (O, ~2) ~ 8(-v,22)) |l — v+ U)}‘

2
+ 2l . Universitit Regensburg
oyt >

T agV v+

=] =)

D¢



Process dependence

The background can be taken in any gauge (since it is gauge invariant)

» Light-cone gauge kills operators with A 5 and A_ , (~ 1 in power counting).
» Convenient choice of gauges

» Collinear field AL =0
» Anti-Collinear field A_ =0
» Dynamical field: Feynman gauge

» However one needs to specify boundary condition. The result depends on it.

0 0
Ab(z) = fg/ doFET(z4+no) vs. AF(z) = 7g/ doFET (2 4 no)
—c0 “+ oo

qlz,z —oon] vs. q[z,z+ oon]
etc.
To specify boundary and WL direction, we should go to NLO

€=
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NLO expression in position space ]

Sl

T(-agrl—arE -«
FQ 2¢)

dztdz 1
. S " aYers
/ dem [-2z% 2~ +L0]1’ /g G{<Z e )CP €

e(1+e) —é S i =
(Cp( BE +CA a 6)2 ) [(sz ¥+ (1— ez nt )/C(s,l)—zJ’n“lC((),l)}

+ (cp - 7) 2(3(1 - F);Q) [(ez_n“ (- etaf)K(L,s) — 2k K(l,O)] } eR

K(s,t) = &a(sz™n) Az vtz n)én (zTR) Universitat Regensburg

diag, + ... + diag;o + d1a5§A5 part

~fK@1,1)
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NLO expression in position space ]

§ >
Depends on ; 10

boundary
EAE— Pt _ o, I‘( L1 —ar2—¢)

iag)o + diag;

conditions T (2 —29

1 —
) ds{(z*ﬁ” 7Z7H“)CFQ)C(1.1)
0 €

_—6)22> [(fz’n“ +(1— ez a") K(s, 1) — 2 ak K(0, 1)}

A
+ (Cp - 7) 2(1(I—:)‘2) [(ez_n“ (- etaf)K(L,s) — 2k K(l,O)] } eR
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NLO expression in position space

oo
I= / dztdz—
] f’s are TMDPDFs or TMDFFs |

fn(z )fn(er)

[—2zt2z— 4+40]

>

falz™

is

for DY
lytical in
fu(z*) is analytical in

for SIDIS
lower

for SIA
lower | upper | half-plane.
lower | upper | upper | half-plane

@
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NLO expression in position space

I= /oo drtde A2EED).
oo [—2zt2z— 4+40]
for DY | for SIDIS | for SIA

‘ f’s are TMDPDFs or TMDFFs ’—> Ja(z") is analytical in [ Tower | Tower | upper | haltplane.

fu(z*) is analytical in | lower | upper | upper | half-plane.

®
z'>0
2'<0 )
¢ fn(zF) fa(z")
I= dzt 2 Io+Ii+12+1 Ie=[ &
[t e o tis o 1, = Jo e

@
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NLO expression in position space

I= /oo dotdz- JEDED).

oo [—2zt2z— 4+40]
for DY | for SIDIS 1A
‘ f’s are TMDPDFs or TMDFFs ’—» fa(z") is analytical in | lo Tower | upper | half-plane.
fu(2") is analytical in | lower | upper | upper | half-plane.

z">0
- N
5
zt<0 /
0 f + =
n(2z fa(z
I:/ dz+%(lo+h+lz Ic = (fa)
—oo (_Qz ) C (Z )
. i M) — i 1(n) — i
for DY: Llim AR =0, lm A4) =0, 0 Fields at co
for SIDIS: lim  A%(z) =0, lim  A%(z) =0, (= interaction with transverse link)
2400 200
for SIA: lim  A4(z) =0, lim  A%(z) =0.
2= —+o0 z+too

' —>| Reproduce ordinary rules!
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