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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

GTMD

& TL Obs's
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Motivations for intense theoretical e�orts

Motivations for intense theoretical e�orts
Forthcoming 12 GeV Experiment at TJLAB

hallaweb:jlab:org=collab=PAC=PAC32=PR12 � 07 � 109 � Ratio:pdf
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M (Q2) > 0 for 0 > Q 2 > 30 (GeV =c)2
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Motivations for intense theoretical e�orts

Proton time-like electromganetic form factors

Periodic Interference Structures in the TL FF: Bianconi & Tomasi-Gustafsson,
PRL 114, 232301 (2015)
New �t of TL FF: Tomasi-Gustafsson, Bianconi & Pacetti, PRC 103,035203(2021)
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Motivations for intense theoretical e�orts
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Motivations for intense theoretical e�orts

Nucleon Structure in Minkowski space
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Motivations for intense theoretical e�orts

Further details: Ydrefors, Alvarenga Nogueira, Karmanov, TF, PRD 101 (2020) 096018
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Motivations for intense theoretical e�orts
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Motivations for intense theoretical e�orts
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Motivations for intense theoretical e�orts

Valence Proton Double PDF

D3(x1; x2; ~� ? ) =
1

(2�) 6

Z
d2k1? d2k2? 	 y

3 (x1; ~k1? + ~� ? ; x2; ~k2? � ~� ? ; x3; ~k3? )	 3(x1; ~k1? ; x2; ~k2? ; x3; ~k3? ):

Fourier transform in ~�? : probability of quarks 1 and 2 for x1 and x2
with a separation in the transverse direction~y? .
D3 = 0 for x1 + x 2 > 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

Io�e-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, Salm�e, PLB 671 (2009) 153

TL nucleon EM FF
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Time- and Space-like nucleon FF

Proton and Neutron e�ective form factor in the TL region

Thanks to Giovanni Salm�e for the SL and TL slides
F Parameter free result F

Parameter free like the new evaluation of the SL �pGp
E =Gp

M

Solid line: full calculation - Dotted line: bare production (no VM).
Proton: Missing strength at q2 = 4:5 (GeV =c)2 and q2 = 8 (GeV =c)2

Neutron: Dashed line: solid line arbitrarily � 2.

Ge� (q2) =

r
2� jG M (q2)j 2 + jG E (q2)j 2

2� + 1
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Time- and Space-like nucleon FF

Neutron e�ective TL form factor and recent BESIII data
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Time- and Space-like nucleon FF

TL proton and neutron polarization orthogonal to the scattering plane: no
polarized electron beam !

Py (� CM ) = � sin (2� CM )
=mfG E (q2)G �

M (q2)g
D

p
�

� = q2

4M 2
N

and D =
�
1 + cos 2 (� CM )

�
jGM (q2)j 2 + sin 2 (� CM ) jGE (q2)j 2

�

LF Constituent Quark Model
Brodsky, Carlson, Hiller and
Dae Sung Hwang PRD 69,
054022 (2004).
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Time- and Space-like nucleon FF

TL proton and neutron polarization orthogonal to incident beams in the
scattering plane: polarized electron beam !

Px (� CM ) = P e 2sin (�CM )
<efG E (q2)G �

M (q2)g
D

p
�

LF Constituent Quark Model
Brodsky, Carlson, Hiller and
Dae Sung Hwang PRD 69,
054022 (2004).
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Time- and Space-like nucleon FF

TL proton and neutron polarization along the incident beams: polarized
electron beam !

Pz(� CM ) = P e 2cos (�CM )
jGM (q2)j2

D

LF Constituent Quark Model
Brodsky, Carlson, Hiller and
Dae Sung Hwang PRD 69,
054022 (2004).
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Time- and Space-like nucleon FF

About the zero GpE=Gp
M : BSE in Euclidean space

Figure: Left: Clo•et, Roberts and Thomas (PRL 111, 101803 (2013). Right: Yao,
Binosi, Cu and Roberts, [arXiv:2403.08088 [hep-ph]]

� Clo•et, Roberts and Thomas: quark running mass and the position of the zero.
� : governs the fall-o� of the running mass in the intermediate region.
� Yao, Binosi, Cu and Roberts: improved extrapolation from Q2 . 4 GeV 2 to
Q2 & 12 GeV2 - statistical Schlessinger point method. Q2Gp

E zero = 8:86+1:93
�0:86 GeV2

� LF Constituent Quark Model: Q2
Gp

E zero = 9 GeV2

F It is desirable to have a Minkowski space version of the nucleon BS model!
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Light-front projected equation for baryons in QCD 1+1

Light-front projected t'Hooft-like equation for baryons

In preparation Kaur, Mondal, Lan, Zhao, de Melo, TF...

Bethe-Salpeter equation in 1+1 with the gluon interaction in the LC gauge
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Inspired in the t'Hooft equation for mesons [NPB75, 461 (1974)]

LF projection 2-body BSE - eliminate the LF time with quasi potential approach
[Sales et al PRC61, 044003 (2000)]

LF projection 3-body BSE with QP approach [Marinho,TF, PoS LC2008 (2008)
036; Guimar~aes etal JHEP 08 (2014); Ydrefors,TF PRD104 (2021)114012]
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Light-front projected equation for baryons in QCD 1+1

LO three-quark LF-equation: valence truncation [Bars, PRL36, 1521 (1976)]

Figure: Intermediate states: j3qi (included in LO) and j4q �qi (excluded in LO).

UV: �([x i ]) ' (x 1x2x3) � t'Hooft anzats �
2

m2

g2 � 1 + �� cot �� = 0
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Light-front projected equation for baryons in QCD 1+1

Results: 3-quark spectrum and DDA in QCD 1+1

Preliminary calculations: m = 210 MeV and g = 330 MeV

Figure: DDA: N(939) (left), N(1440) (middle) and N(1710) (right).
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