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* Electromagnetic scattering and form factors

* Spatial distribution and frame dependence
e Gravitational form factors

* Nucleon mechanical properties

Disclaimer

This is just a brief overview with strong personal bias

| apologize for the countless contributions that are not cited



Elastic scattering

Crystals & atoms d~107"%m = hw=~10%eV —> X-rays

High-energy

. — 10—15 ~ 109
Nuclei & nucleons d~ 10 m = hw~10"eV = electron beams

A Large recoil for light nuclei!

Relativistic treatment _

/ _
in Born approximation ¢ b k ¢
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do /do
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T=Q/AMy [Rosenbluth, PR79 (1950) 615]
e=(1+2(1+7)tan” &) ! [Hofstadter, RMP28 (1956) 214]

[Yennie, Lévy, Ravenhall, RMP29 (1957) 144]



Electromagnetic form factors

', s'[7"(0)|p, s) = u(p’, s")TH(P, A)u(p, s)

Normalization (p'|p) = (27)*2p" 6@ (5" — p)
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(P, A) =+"F(Q°) + SMn F>(Q7) = Q2/4M?,
Dirac Pauli
form factor form factor
Sachs form factors
= Ge(Q7) + > p? G (Q7) Gu(Q?) = Fi(Q%) + F(Q)

Reminiscent of J = pi + V x M !

[Foldy, PR87 (1952) 688]
[Ernst, Sachs, Wali, PR119 (1960) 1105]
[Sachs, PR126 (1962) 2256]



Sachs interpretation
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P

oL _ptp

o P A 2

_ 0 _ _

P=0 = A= 50 =0 A=p —p
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in non-relativistic case !
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[Sachs, PR126 (1962) 2256]
[Friar, Negele, In Adv. Nucl. Phys., Vol.8 (1975) 219]



Breit frame distributions
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IMF interpretation

Probabilistic interpretation

A f ik
N} Infinite-momentum frame v
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2D charge distribution P (b)) = / ~e At [(Q7)

(27)?
SxV), [dAL iz, &
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Galilean symmetry under finite boosts = No recoil correction !

[Bouchiat, Fayet, Meyer, NPB34 (1971) 157]
[Soper, PRD15 (1977) 1141]
[Burkardt, PRD62 (2000) 071503]



IMF distributions
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[Miller, PRL99 (2007) 11200]

[Carlson, Vanderhaeghen, PRL100 (2008) 032004 ]



Phase-space interpretation

Woave packet
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2p0

Nucleon Wigner
distribution

[Wigner, PR40 (1932) 749]
[Hillery, O’'Connell, Scully, Wigner, PR106 (1984) 121]
[Bialynicki-Birula, Gornicki, Rafelski, PRD 44 (1991) 1825]



Phase-space interpretation

Elastic frames A%= 2-2 Ly
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[C.L., Mantovani, Pasquini, PLB776 (2018) 38]
[C.L., EP]IC78 (2018) 9, 785]
[C.L., PRL125 (2020) 232002]



Frame dependence

Expected Lorentz transformation of an off-forward amplitude

(0, 8" 7#(0)|p, s) Z D) (W, MDY (. A) A, (plg, s5177 (0)|ps, 55
[Durand, De Celles, Marr, PR126 (1962) 1882]

Confirmation by explicit calculation

Wigner spin rotation
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[C.L., Wang, PRD105 (2022) 9, 096032]
[Chen, C.L., PRD106 (2022) 11, 116024]



Elastic frame distributions
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Gravitational form factors

(', s'[T""(0)|p, s) = u(p, s" )T (P, A)u(p, s)

Normalization (o'[p) = (2m)32p" 5 (0" — D)

PHPY

AFAY — g,u,uA2 B
2 2 Ta** ' (( 2
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N PigIAAy Au(Q?) 4+ B (Q?)  PHig"PA,

M 2 - 2M 5a(Q°)

L7 (P A) =

a=q,G

m{ﬂyl’} = zhy + ¥yt

Qg[ﬂyﬂ = ghy? — ¥yt

Poincaré constraints
> A (0)=1 > Ca(@) =0

> Ba(0)=0 94(0) = Agq [Kobzarev, Okun, JETP16 (1962) 1343]
a [Pagels, PR144 (1966) 1250]
[3i, PRL78 (1997) 610]

[Bakker, Leader, Trueman, PRD70 (2004) 114001]



Generalized PDFs

Deeply virtual Compton scattering (DVCS) Partonic p_ictln;::
n

P

P
\t - A2/

[Burkardt, IJMPA18 (2003) 173]

D2t e(E) ~ BONTE0) + 2O FIDTR0) -

H,(z,&,t) /d:UHq =F ]d:z::?:Hq:Aq—l-llﬁqu

Ey(z,&,1) fdaz E,=F, fdeq = B, — 4£%C,
GPDs Electromagnetic Gravitational
form factors form factors

[Ji, PRL78 (1997) 610]



Energy-momentum tensor (EMT)

Mass, spin and pressure are all encoded in the EMT o5

TH =

Central object for
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Breit frame distributions
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[Polyakov, PLB555 (2003) 57]
[Polyakov, Schweitzer, IIMPA33 (2018) 26]
[C.L., Moutarde, Trawinski, EPJC79 (2019) 1, 89]



Pressure distributions (3D Breit frame)
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Mechanical equilibrium

VHT)(7) = 0

LETTER

=/ dui.ong/ 10, 1028/541586-018-0060-2

The pressure distribution inside the proton

V.. Burkert'®, 1. Elouadrhiri' & F. X. Girod'
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[Burkert, Elouadrhiri, Girod, Nature557 (2018) 7705, 396]
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[Dutrieux et al/, EPIC81 (2021) 4, 300]



Angular momentum distributions
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[Leader, C.L., PR541 (2014) 3, 163]
[C.L., Mantovani, Pasquini, PLB776 (2018) 38]
[C.L., Schweitzer, Tezgin, PRD106 (2022) 1, 014012]



Conclusions

 Form factors provide key information about the internal
spatial distribution of physical properties

* Relativistic spatial distributions are frame-dependent and
display non-trivial spin effects

« Energy-momentum tensor can be accessed indirectly in high-
energy exclusive reactions, an exciting window on the nucleon

mass, spin and mechanical equilibrium!
[Burkert et al, to appear in RMP (2023), arXiv:2303.08347]

« Much more will be discussed in

Plenary talks: Meziani, Downie, Bhattacharya, Niccolai, Cosyn, ...
Parallel sessions: 3D Structure of the Nucleon: GPDs, Joint GPD/Nuclear & Future, ...







Spatial structure through elastic scattering

Example: X-ray diffraction

Incident X-rays Diffracted X-rays
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Nucleon form factors
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[Alexandrou et al.,, PRD100 (2019) 014509]



Other approaches with similar results

Light-front coordinates (no need to consider IMF)

[Ralston, Jain, Buniy, AIP Conf. Proc. 549 (2000) 1, 302]
[Burkardt, IJMPA 18 (2003) 2, 173]

[Miller, PRL99 (2007) 11200]

[Carlson, Vanderhaeghen, PRL100 (2008) 032004]

The instant form The front form

Method of dimensional counting (~ IMF averaged over all directions)

[Fleming, In Phys. Reality & Math. Descrip. (1974) 357]
TERRE . X [Epelbaum, Gegelia, Lange, Meissner, Polyakov, PRL129
L we B N (2022) 012001]
W ; [Panteleeva, Epelbaum, Gegelia, Meissner, PRD106

(2022) 5, 056019]




EF charge distributions (transverse polarization)
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[Kim, Kim, PRD104 (2021) 7, 074003]



