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• Parton distributions and 3D structure

• Charge distributions

• Energy-momentum tensor
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Disclaimer

This is just a brief overview with strong personal bias

I apologize for the countless contributions that are not cited
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Parton distribution zoo

GTMDs

(Semi-)inclusive

[Belitsky, Ji, Yuan, PRD69 (2004) 074014]
[Meissner, Metz, Schlegel, JHEP08 (2009) 056]
[CL, Pasquini, Vanderhaeghen, JHEP05 (2011) 041]
[CL, Pasquini, JHEP09 (2013) 138]
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3D structures
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3D structures

Light-front picture 
(~ infinite-momentum frame)

Instant-form picture 
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Hadron tomography Spatial distributions
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Proton

Nuclei

Breit frame charge distributions

[Foldy, PR87 (1952) 688]
[Ernst, Sachs, Wali, PR119 (1960) 1105]

[Sachs, PR126 (1962) 2256]
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correction



Proton Neutron

Proton-pion fluctuation
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Nuclei

Breit frame charge distributions

[Foldy, PR87 (1952) 688]
[Ernst, Sachs, Wali, PR119 (1960) 1105]

[Sachs, PR126 (1962) 2256]
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[Miller, PRL99 (2007) 11200]
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Elastic frame charge distributions
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BF

[CL, PRL125 (2020) 232002]
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GPDs

Electromagnetic and gravitational form factors

Deeply virtual Compton scattering (DVCS)

Electromagnetic 

form factors

[Ji, PRL78 (1997) 610]



GPDs

Electromagnetic and gravitational form factors

Deeply virtual Compton scattering (DVCS)
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form factors

[Ji, PRL78 (1997) 610]



Energy-momentum tensor (EMT)

Shear stress

Normal stress   (pressure)

Energy
density

Energy
flux

Momentum 
density

Momentum 
flux

• Nucleon mechanical properties

• Quark-gluon plasma

• Relativistic hydrodynamics

• Stellar structure and dynamics

• Cosmology

• Gravitational waves

• Conformal field theories

• …

Central object for

Mass, spin and pressure are all encoded in the EMT



Breit frame distributions

[Polyakov, PLB555 (2003) 57]
[Polyakov, Schweitzer, IJMPA33 (2018) 26]

[CL, Moutarde, Trawinski, EPJC79 (2019) 1, 89]

Multipole model for the 

gravitational form factors

Energy (or mass) radius

Charge radius

Energy



Pressure distributions (3D Breit frame)

Pressure anisotropy

Center of 

the nucleon

[Polyakov, PLB555 (2003) 57]
[Polyakov, Schweitzer, IJMPA33 (2018) 26]

[CL, Moutarde, Trawinski, EPJC79 (2019) 1, 89]

Isotropic pressure



Mechanical equilibrium

[Burkert, Elouadrhiri, Girod, Nature557 (2018) 7705, 396]
[Kumericki, Nature570 (2019) 7759, E1]

[Dutrieux, CL, Moutarde, Sznajder, Trawinski, EPJC81 (2021) 4, 300]

[von Laue, AP340 (1911) 8, 524]



Angular momentum distributions

Orbital vs intrinsic

Large-Nc 

bag model

[Leader, CL, PR541 (2014) 3, 163]
[CL, Mantovani, Pasquini, PLB776 (2018) 38]

[CL, Schweitzer, Tezgin, PRD106 (2022) 1, 014012]



Angular momentum distributions

Orbital vs intrinsic Kinetic vs Belinfante

Large-Nc 

bag model

[Leader, CL, PR541 (2014) 3, 163]
[CL, Mantovani, Pasquini, PLB776 (2018) 38]

[CL, Schweitzer, Tezgin, PRD106 (2022) 1, 014012]

Large-Nc 

bag model



Gravitational TMDs

Kinetic

[CL, Song, PLB843 (2023) 138016]

Ambiguous non-local 

generalization
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Conclusions

• Parton distributions provide key information about the 

internal structure of hadrons (position and momentum space)

• Relativistic spatial distributions are frame-dependent and 

display non-trivial spin effects

• Energy-momentum tensor can be accessed indirectly in high-

energy scatterings, an exciting window on the nucleon mass, 

spin and mechanical equilibrium!

• Much more will be discussed in

Plenary talks:  McNulty, Lin + WG summaries

Parallel sessions:  WG1, WG2, WG5 & WG6

[Burkert, Elouadrhiri, Girod, CL, Schweitzer, RMP95 (2023) 4, 041002]
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Generalized TMDs

3+2D picture of the hadron structure

[CL, Pasquini (2011)]
[Hatta (2012)]

[Ji, Xiong, Yuan (2013)]

Phase-space or 
Wigner distributions

[Belitsky, Ji, Yuan (2004)]
[CL, Pasquini (2011)]

Gluon GTMDs could be accessed at LHC via exclusive production of

[Hagiwara et al. (2017)]

• double quarkonium

• diffractive dijet in UPCs

[Bhattacharya, Metz, Ojha, Tsai, Zhou (2022)]

Encouraging first attempt at measuring azimuthal correlations within 
exclusive dijets in g-Pb collisions [CMS Collaboration, 2205.00045]



Phase-space interpretation

Nucleon Wigner 

distribution

Quasi-probabilistic interpretation

[Wigner, PR40 (1932) 749]
[Hillery, O’Connell, Scully, Wigner, PR106 (1984) 121]

[Bialynicki-Birula, Gornicki, Rafelski, PRD 44 (1991) 1825]

Wave packet



Phase-space interpretation

IMF

Elastic frames                        

BF

2+1D charge distribution

Interpolates between 

BF and IMF

[CL, Mantovani, Pasquini, PLB776 (2018) 38]
[CL, EPJC78 (2018) 9, 785]

[CL, PRL125 (2020) 232002]



Frame dependence

[Durand, De Celles, Marr, PR126 (1962) 1882]

Expected Lorentz transformation of an off-forward amplitude

[CL, Wang, PRD105 (2022) 9, 096032]
[Chen, CL, PRD106 (2022) 11, 116024]

Confirmation by explicit calculation

Wigner spin rotation



[Kobzarev, Okun, JETP16 (1962) 1343]
[Pagels, PR144 (1966) 1250]

[Ji, PRL78 (1997) 610]
[Bakker, Leader, Trueman, PRD70 (2004) 114001]

Gravitational form factors

Normalization

Poincaré constraints
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