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What is QCD, why it is relevant
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Atom

Nucleus

Proton

From PDG:
"Neither quarks nor gluons 
are observed as free particles"

Quantum Chromodynamics



We have a problem
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Quantum Chromodynamics



We cannot compute hadronic properties in perturbation theory
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So, what CAN we do?

Simulate the full theory
Extract hadronic properties 
from experimental data

Quantum Chromodynamics



Lattice-QCD: non-perturbative methods
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SR, A. Vladimirov JHEP 09 (2023) 117

Perturbative calculable

Transverse Momentum distribution

Unknown non-perturbative function

Disclaimer: not only approach! 



Semi-Inclusive Deep Inelastic Scattering
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Image from Bacchetta et al, JHEP 02 (2007) 093



Semi-Inclusive Deep Inelastic Scattering
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Angular modulations Structure Functions

Separate into 

Parton Distribution Functions

Fragmentation Functions

Hard coefficient

Factorization Theorem
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Factorization Theorem



Properties: Evolution
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Image courtesy of A. Bacchetta
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Integrability condition

Perturbatively calculable

Collins-Soper kernel
Has non-perturbative part

Properties: Evolution
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Path-independence => simple solution

So, what now?

Properties: Evolution
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Operator Product Expansion

Properties: Matching and fNP 
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Potentially large logs

When b is large, scale is small --> non-perturbative region

Properties: Matching and fNP 
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The unpolarized distribution The Sivers distribution

Coefficient know @ N3LO

Usual unpolarized PDFs as input

Coefficient know @ NLO

Used to extract twist-3 PDFs

Quark Spin-Orbit correlations

Quark densities

Two selected cases



The case of Unpolarized Distribution

Moos et al, 2503.11201 

Extractions uses combination of
SIDIS and Drell-Yan
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The case of Unpolarized Distribution

Results from Moos et al, 2503.11201 
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The case of Unpolarized Distribution

M.A.P. collaboration Phys.Rev.Lett. 135 (2025) 2, 021904
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Drell-Yan only, Neural Network for more realistic uncertainties



NN fit and Lattice Collins-Soper Kernel
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The Sivers/twist-3 case
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Much more challenging!

We need combined fit of TMD 
and collinear distributions
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The Sivers/twist-3 case



The Sivers/twist-3 case
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Twist-3 PDFs

Image courtesy of F. Delcarro

A. Vladimirov, G. Portela, SR, arxiv:25xx



Conclusions
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Transverse-momentum distributions as the 
3-dimensional momentum map of the proton

Moving beyond the totally unpolarized sector

Lattice-QCD and experimental data synergies
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