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1. Elastic scattering 

 

2. Charge distributions in BF and IMF 

 

3. Phase-space and EF charge distribution 

 



Spatial structure through elastic scattering 
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Example:  X-ray diffraction 
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Nuclear elastic scattering 
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Relativistic treatment 
in Born approximation 

Large recoil for light nuclei! 

Spin-0 
target 

[Rosenbluth, PR79 (1950) 615] 
[Hofstadter, RMP28 (1956) 214] 

[Yennie, Lévy, Ravenhall, RMP29 (1957) 144] 
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Nucleon form factors 

[Alexandrou et al., PRD100 (2019) 014509] 
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Vector current matrix elements 

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

[Sachs, PR126 (1962) 2256] 
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Non-relativistic interpretation 

Galilean symmetry 

Probabilistic 
interpretation 



Relativistic interpretation (Sachs approach) 

Lorentz symmetry 

Probabilistic 
interpretation 

[Sachs, PR126 (1962) 2256] 
[Burkardt, PRD62 (2000) 071503] 

[Belitsky, Ji, Yuan, PRD69 (2004) 074014] 
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Relativistic interpretation (Sachs approach) 

Breit (aka brick-wall) frame 

3D charge distribution 

[Sachs, PR126 (1962) 2256] 
[Friar, Negele, In Adv. Nucl. Phys., Vol.8 (1975) 219] 

Relativistic 
recoil 
corrections? 

Same structure as in non-relativistic case! 

responsible for the Darwin term 
in the non-relativistic expansion 



Breit frame distributions 
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[C.L., PRL125 (2020) 232002] 



Relativistic interpretation (Soper approach) 

[Soper, PRD15 (1977) 1141] 
[Burkardt, PRD62 (2000) 071503] 

Infinite-momentum frame 

No recoil correction! 

Galilean symmetry under finite boosts! 

2D charge distribution 



Proton Neutron 

Negative 
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Electric 
dipole 
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Relativistic interpretation (Soper approach) 

[Miller, PRL99 (2007) 11200] 
[Carlson, Vanderhaeghen, PRL100 (2008) 032004] 



Infinite-momentum frame artifacts 

[Burkardt, IJMPA18 (2003) 173] 
[Carlson, Vanderhaeghen, PRL100 (2008) 032004] 
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Infinite-momentum frame artifacts 

[Melosh, PRD9 (1974) 1095] 
[Chung et al., PRC37 (1988) 2000] 

[Rinehimer, Miller, PRC80 (2009) 015201] 

Relativistic boosts do not commute! 

Melosh-Wigner 
rotation 
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independent 
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BF 

IMF 

Which set is the « physical » one? 



NEW: phase-space perspective 

Phase-space (aka Wigner) distribution 

Wave packet 

Expectation value 

System « localized » 
in phase space 

Quasi-probabilistic interpretation 

[C.L., EPJC78 (2018) 9, 785] 
[C.L., PRL125 (2020) 232002] 



NEW: elastic frame interpretation 

Elastic frame 

2D charge distribution 

Interpolates between BF and IMF 

[C.L., Mantovani, Pasquini, PLB776 (2018) 38] 
[C.L., PRL125 (2020) 232002] 



NEW: elastic frame interpretation 

[C.L., PRL125 (2020) 232002] 
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BF IMF 



NEW: elastic frame interpretation 
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 [C.L., PRL125 (2020) 232002] 



Summary 

• Relativistic charge distributions are frame-dependent 

 

• BF is the rest frame of a « localized » system 

 

• EF interpolates between BF and IMF 

 

• Relativistic boosts mix rest-frame charge distribution 
with magnetization 


