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Introduction

“Relativistic Few-body Systems in Minkowski space”

Nucleon

Pion
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Nucleon & QCD degrees of freedom: quarks and gluons
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Nucleon & QCD degrees of freedom: quarks and gluons

GTMD
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Nucleon & QCD degrees of freedom: quarks and gluons

Nucleon Structure in Minkowski space
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Nucleon & QCD degrees of freedom: quarks and gluons

Valence Proton Double PDF

D3(x1, x2; ~η⊥) =
1

(2π)6

∫
d2k1⊥d2k2⊥Ψ

†
3 (x1, ~k1⊥ + ~η⊥; x2, ~k2⊥ − ~η⊥; x3, ~k3⊥)Ψ3(x1, ~k1⊥; x2, ~k2⊥; x3, ~k3⊥).

Fourier transform in ~η⊥: probability of quarks 1 and 2 for x1 and x2

with a separation in the transverse direction ~y⊥.
D3 = 0 for x1 + x2 > 1 - momentum conservation. (Below ~y⊥ = ~0⊥)
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Proton Image on the null-plane

3D Hadron Image on the null plane
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Proton Image on the null-plane

Ioffe-time image - valence state
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Time- and Space-like nucleon FF

Time-like and space-like nucleon EM factors
de Melo, TF, Pace, Pisano, Salmè, PLB 671 (2009) 153

TL nucleon EM FF
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Pion & QCD degrees of freedom:quarks and gluons
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Pion & QCD degrees of freedom:quarks and gluons

de Melo TALK on monday

Leão, de Melo, TF, Choi, Ji, PRD 110, 074035 (2024)
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Pion BS equation in Minkowski
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Lattice inputs

Tobias Frederico tobias@ita.br (ITA) Nucleon and pion structure in Minkowski space 17 / 39



Lattice inputs

Tobias Frederico tobias@ita.br (ITA) Nucleon and pion structure in Minkowski space 18 / 39



Lattice inputs

Tobias Frederico tobias@ita.br (ITA) Nucleon and pion structure in Minkowski space 19 / 39



Lattice inputs

Tobias Frederico tobias@ita.br (ITA) Nucleon and pion structure in Minkowski space 20 / 39



Solution of the pion BSE in Minkowski
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Pion DA, FF, PDF, TMD & Image
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Pion PDF

Pion PDF de Paula, et al PRD 105, L071505 (2022)
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Pion TMDs
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Pion TMDs
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Dressed quark in Minkowski space

Towards Dynamical Chiral symmetry breaking in Minkowski

Dynamically Dressed Quarks
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Dressed quark in Minkowski space
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Dressed quark in Minkowski space
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Dressed quark in Minkowski space

Duarte et al. PRD105 (2022) 114055
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Summary and Prospects

Summary and Prospects

BSE in Minkowski space: proton and pion

PDFs, EM FF, TMDs, Ioffe-time Image

Quark Dressing in Minkowski space

Prospects:

K, D, B, ρ, Nucleon (spin)...

T-odd TMDS, GTMDs (SL & TL), GFF...

dressed constituents in BS equation - Castro et al PLB845 (2023) 138159

Gluon exchange & dressed vertices

Integral representation to solve the FBS equation

Expand the applicability of Quantum algorithm for solving the pion
BS & FBS equations Fornetti, et al, PRD 110 (2024) 056012

Confinement? THANK YOU!
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