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Introduction

In last years significant progress in studies of TMD structure has been made.
The field is pushed to qualitatively new level

I TMD evolution, and perturbative computations
I extractions, and global data analysis
I new tools
I TMD factorization for new processes

AV
I TMD evolution
I unpolarized TMDs

Daniel Pitonyak
I polarized TMDs
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Transverse momentum dependent = TMD

Drell-Yan SIDIS e+e− → h1 + h2 +X

q is momentum of initiating EW-boson
q2 = ±Q2

qµT transverse component


Q2 � Λ2

QCD

Q2 � q2T

Many other processes

I TMDs with jets (in jets)
I TMDs in di-hadron production
I TMDs in quarkonia production

[many groups]
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TMD factorization

In position space properties of TMD are MUCH simpler

F (x, b;µ, ζ) = F .T .[F (x, kT ;µ, ζ)]

dσ

d2qT
=
∑
ff ′

Hff ′

(
Q

µQ

)∫
d2b ei(b·qT )R[b;µQ → (µ, ζ)]Ff←h(x, b;µ, ζ)Df ′←h(z, b;µ, ζ)

I Each data-point is a product (convolution) of three independent
universal non-perturbative functions

I Each function is responsible for a separate kinematic variable
I Rapidity AD = CS kernel: D → Q and b
I TMD PDF: F → x and b
I TMD FF: D → z and b
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Power corrections ↔ Domain of applicability
Large Q finite qT

Power corrections

I Theory studies: [Balitsky,Tarasov,17-19],[Ebert,et al,19-20],[Moos,AV,20]

I Phenomenological studies: [Scimemi,AV,17,19],[Bacchetta,et al,19]

q2T
Q2

DY
,

p2T
z2Q2

SIDIS
. 0.2 - 0.25

[Bacchetta,et al,19] [Scimemi,AV,17,19]
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Perturbative computations
TMDs and TMD evolution are perturbative at small-b

Fq←h

b

b~B b~Λ-1
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Great progress in last 2-3 years
I TMD evolution (CS kernel) N3LO

[AV,17; Li,Zhu,17]

I unpolarized TMDs at N3LO
[Ebert,et al,20; Luo,et al,19]

I twist-3/4 computations

table from [Moos,AV,20]
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Numerical implementation

artemide

I ζ-prescription
I (unpolarized) NNLO+N3LL
I (polarized) lin.pol.gluons (NNLO),

transversity (NNLO), Sivers ...
I Drell-Yan, SIDIS, SSA’s, ...

I CSS-like
I (unpolarized) NNLO+N3LL (+N3LO)
I Drell-Yan
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New global extractions = SV19, Pavia19
[Scimemi,AV,1912.06532][Bacchetta,et al,1912.07550]

PHENIX

E288
E605
E772

LHCb
CDF, D0

ATLAS

CMS

ATLAS(116<Q<150)

ATLAS(46<Q<66)

HERMES

COMPASS

Total:

457 DY points

582 SIDIS points
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I 2 < Q < 150GeV
I NNLO+N3LL
I Drell-Yan (LHC,Tevatron, PHENIX,

fix targets)
I SIDIS (Hermes, Compass)
I πDY (Vpion19) [AV,1907.10356]

A.Vladimirov artemide October 28, 2020 8 / 14



(Do) We know unpolarized TMDs! (?)

TMDs in b-space
TMDs in kT -space
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TMDs meet PDFs

F (x, b;µ, ζ) '
∫ 1

x

dy

y

(
δ(1− y) + αs

[
p(x) ln

(
µ2b2

)
+ ...

]
+ α2

s...
)︸ ︷︷ ︸

known up to N3LO

f1

(
x

y
, µ

)
+ b2...

uncertainty band for TMDPDFs
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eb I Impact of PDF input to TMDs is

huge, but almost unknown
I This is only the most obvious source of

uncertainty

table from [SV19]
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Non-perturbative TMD evolution ⇔ Collins-Soper kernel

1 2 3 4 5

0.2

0.4

0.6

I Strong universality: SIDIS,
DY, Sivers Asym.

I Obvious disagreement!
I No data that could fix
b > 1.5GeV−1.

CS-kernel is the
function that directly
measures properties of

QCD vacuum

[AV,2003.02288]
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EIC will measure TMDs with unprecedented accuracy

EIC
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I Jets
I Di-hadrons
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CS-kernel
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I Huge reduction of uncertainties for CS-kernel
I Large reduction for TMDFF and TMDPDF

unpolarized TMDPDF

unpolarized TMDFF
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Conclusion: unpolarized TMDs

I A lot of new works in theory
I Principally new level of fits and extractions (SV19, Pavia19)
I Joined non-contradictory fits of Drell-Yan and SIDIS

Plenty of direction to investigate

I New ways to measure TMDs
I Incorporation of TMD framework into global QCD picture
I Lattice
I Interpretation

New data

I (close future) LHC, Compass, RHIC, JLAB 12GeV
I (distant future) EIC

This is only unpolarized sector
Polarized→
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