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Electric and magnetic proton form factors2D

Proton and Neutron charge distributions

Nucleon spin structure2D

Nucleon-Delta transition (other resonances)

Parton distributions2D

Pion and deuteron form factors ……(others)

★ Generalized parton distributions (GPDs3D)

● Electromagnetic probe
is useful tool
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1, Introduction: Form factors and GPDs 



Last 50 years Last 10 years Last 40 years

form factors,
transverse
charge & current
densities

correlated quark momentum
and helicity distributions in
transverse space --- GPDs

structure functions,
quark longitudinal
momentum & spin
distributions

Experiments and theoretical studies



★ Electromagnetic form factors (space-like) nucleon(1/2)

space-like
region

★:LocalPoint?
Structure?



★ 2020 (DYB)年（甲子）终考核报告 6★

■ Other observables (Like Gravitational FFs)
and a Global  Description of nucleon (s=1/2): 

[Maxim Polyakov, 
proposed, 1998]



2020 (DYB)年（甲子）终考核报告 7

Burkert V D, Nature, 2018
[ Polyakov, proposed, 

1998 ]

■
Gravitational and a Global Description   
of nucleon mehanical properties : 

Gravitation form 
factors (GFFs)

★

GPDs  Gravitational FFs,
<|Energy-momentum tensor|>

Mechanics Observables:
(Energy density, mass radius, Spin) Distributions

●“pressure”, 
●“shear force”,
★“D-term” ★

★

Courtesy of Kumano



★ GPDs (generalized parton distributions )for nucleon

8

GPDs               naturally embody the information of both PDFs and 
FFs, and therefore, display the unique properties to present  a  “3-D”   
description for a system.
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★ GPDs (generalized parton distributions) (S<3/2)

Generalized Parton distributions for pion, e. g.
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① for pion (S=0)
Broniowski, PLB 574, PRD78; Choi et al., PRD64; Fanelli, EPJC76; ……

② for nucleon  (proton and neutron, S=1/2)
Diehl et al., EPJC 73; Kroll, EPJA53; Pire et al., PRD79; Selyugin, PRD91;……

③ Light Nuclei: He-3 (S=1/2)
Rinaldi et al., PRC87……

④ Deuteron, meson (S=1)
Cano et al., PRL87, YBD et al., JPG19,……

Broniowski, PLB574,
In the limit of ξ = 0

PRD73, 114013
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★ Spin-1 particle and basic properties example
Form factor: decomposition of Local current    EMFFS

[Hoodbhoy ’89, Frederico ’97, 
Berger ’01,  Broniowski ’08 Cosyn’17]
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★ Spin-1 particle and basic properties example

LO

Asymmetry in 
Longitudinal 

direction

● EMT (Energy Momentum tensor), 
Gravitational Form Factors (GFFs) 

0, EMFFs
Mellin Moment: 

1, GFFs
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●2, Spin (1or3/2)high-spin particles (selected) 
and the basic properties

★ Spin-1: deuteron target is accessible in some facilities

★ Spin-3/2 target may be accessible in    
future EIC (EicC), and some other Facilities

★ Spin-3/2: particles, theoretically necessary

◆[ Electron-ion collider in China
Fronties of Physics, 16, 64701]

■

c 1.261cme e  pair

p A  
Heavy ion collisions RHIC

ΩΩ

( )

τ
+ −

=
 →


+



( )

★ Spin-3-/2 (Ω hyperon) 
target might be possible

in future

Li-7 (3/2)
stable
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Spin-3/2 ---- Rarita−Schwinger spinor： uα(p,λ)

Light-Cone

★ 2.1, Spin-3/2 particle and basic properties

'u p, ' u p, 2M( ) ( )α
α λ λλ λ δ= −

(DYF, BDS, YBD),
PRD105, 096002,  
PRD106,116012, 
2305.02680

2n 0 , lightlike four vector=

■

■

■
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● EM Form factors  of a Spin−3/2 particle : _conventional (2S+1)

µγ→

One can select  a reference frame,
say Breit frame , to proceed  a 

calculation for EM-multipole form factors
( )

★

★

( ) ( )E 0 M 1 10 11 2 212 0E M 3G F t ,Ft ,G tt ,G t ,F t F tt ,,G( ) ( ) ( ) ( ( ) ( ) ( ) ( )) ⇐

2

2

Q
4M

τ =



15

● GPDs for a spin-3/2 particle
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● GPDs for spin-3/2 particles
Some other on-shell relations

+conservations

Conservations

Pu Iu u u
M

α β α β=

where represents the on shell equality 
like the well-known identities for S=1/2 fer

= 
mion


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● GPDs of a Spin-3/2 particle: Definitions of GPDs (spin −3/2)

★ Unpolarized

★ Polarized
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Su
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Properties:

● GPDs and EMFFs
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In Forward limit

● GPDs and Structure Functions (S=3/2)

EMFFs, Structure functions, and PDFs 

GPDs (S=3/2)
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Decomposition of EMT

● GPDs and EMTEnergy-Momentum Tensor

● EMT (Energy Momentum tensor), 
Gravitational Form Factors (GFFs) 

0, EMFFs
Mellin Moment: 

1, GFFs
α
α
=

 =



21

( )

( ) ( ) ( )

z 0
1 ixP z

z 0

z 0

dz z zMellin Moment:  P n e n
2 2 2

d z zi n 0 n i 0
dz 2 2

dxxα

α

α

α

ψ ψ
π

ψ ψ ψ ψ

+

+ −

=−
+

=

+
−

=

    ⋅ − +        

      = − + = ∂            

∫ ∫




● GPDs  and  (EMT, GFFs, GMFFs)

One can select  a reference frame
to proceed  a calculation say Breit frame
for gravitational multi-pole form factors

( )
★



3.  Numerical calculation and Results
3.1), Framework: Covariant quark-diquark model  (S=3/2)
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Explicit  Diquark and its FFs 

Phenomenal vertex:

correlation 
amplitude:

Phenomenological  vertex  
For : 

[Scadon, PR165,1640]

1 2 Rp , p ;mαβ αβΓ = Γ ⋅Ξ( )

1 2 R 2
1

22
2

2
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cp , p ;m
p i mp iε ε
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   − + − +   

) =

[ Choi ’04, Frederico ’09 ]

c g g g1 2 3
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3.2), Results: a), EMFFs of ∆
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25PRD105, 096002

∆
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E 2
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3.2), Results: b), GPDs of ∆ :  

 Example : PRC80, 045210

Asymmetry in 
Longitudinal 

direction
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3.2), Results: b), GPDs of ∆ :  

● Advantage     
◆ Difference 
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b.1), 3-D plots for  d-quark 
unpolarized GPDs of  ∆+  

with (ξ = 0, or  −0.4)
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c), GFFs  of ∆

2 2
M

0

r 0.529 fm
t 0 1

S 3 2
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ε
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

All  the numerical  results!!



① Focus on spin-3/2 particles (∆ & Ω) and their GPDs,  
EMFFs,  GFFs, and some other properties;
★ GPDs of the systems with spin-3/2 are defined and given.

② Calculation: framework (Quark-diquark (1+) approach or 
quark diquark spectator approach)

③ Results: electromagnetic form factors of the example look   
okay (at least qualitatively)√

④ Some properties (static) of the systems are obtained (√)

⑤ The calculations and analyses maybe useful for EicC (EIC)…

29

4, Summary
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4.2, Discussions (GFFs)
I. Gravitational form factors of the systems  (a system governed  

by the strong interaction) are also discussed through the 
GPDs and their moments.

II.   Understanding the mechanical properties of the systems is 
necessary. 

♣ In continuum 
media theory

Classical  Systems
            
Quantum Systems



E
ne

rg
y-

M
om

en
tu

m
 

Te
ns

or
E

M
T

GPDs  Gravitational FFs,
<|Energy-momentum tensor|>

(Energy density, mass radius, 
Spin)

Distributions
●“pressure”, 

●“shear force”,
★“D-term” ★

Gravitational and a Global 
Description of nucleon 
mehanical properties : 



von Laue condition is indeed satisfied

■ × But not inequality   
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4.2, Discussions and questions (GFFs)
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Moreover,   there is an 
equilibrium relation 
between the pressure and 
shear force densities
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[Polyakov Proposed, 1998 ]
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Questions:

0.  Numerical results: model-dependent (D > 0 or D < 0)

1. The interpretation of “pressure” and “shear force” in 
this quantum few-body system?

2. EMT and the                   is sufficient?
momentum current density?   

ij
i T 0∇ =


Classical  Systems
            
Quantum Systems


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END Thanks for your attention!− −
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Talk 
“On electromagnetic and gravitational

form factors 

and generalized parton distributions (GPDs)

of spin-3/2 particles”
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



Parton correlation function:

GPDs (generalized parton distributions)

[Chueng-Ryong Ji ’06, Diehl ’16  ]
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Deep virtual Compton Scattering (DVCS) PRD73, 114013

γ*(q’)



The Dirac matrix Γ selects the 
twist and the parton spin degrees 
of freedom.

GPDs may be measured by 
Deeply virtual Compton scattering 

OR
Deeply virtual meson electro-productions 

A GPD factorization formula:

flavor by flavor

DVCS, TCS, meson productions

GPDs (generalized parton distributions)
[Chueng-Ryong Ji ’06, Diehl ’16  ]Deep virtual Compton Scattering(DVCS)

PRD73, 114013
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3-D GPDs Schemes★: give rich information [ Diehl ’16  ]

★:
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Axial vector form factors of ∆
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Parameters: c2 and c3

1 2 3gc c cαβ αβ β α α βγ Λ Λ Λ Γ = + + 

2 3 M 1, E2 , M3The parameters c  and  c  dependence :  G
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“A Lewis-Tolman-like Paradox”

0 1 1 1 2 2 3 3

A B

2 2
Ax By

Moving Reference'
f ' f f ' f f ' f f ' f 0
f F F 0 0 f 0 0 F 0

Total  clockwise torque is 
y'F' x F LF 1 LF 0

( ) ( ) ( ), , ,
' ( , , , ), ' ( , , , )

' ' ( )

βγ γ
βγ γ

γ β−

= = = = =
= =

− = − = ≠

00

j0
j

0 j

ij
i

Energy Momentum Tensor

T energy density

T c density of P j 1 2 3

1T flux of energy in the j direction
c

T flux of P , in the j direction

( ) , , ,

( )

− −

 = −


= × =



= ×

 =





3 0

The angular momentum is given by the integrating the mements of the momentum density
1L t d x t x
c

t x x T x T
t x 0

The angular momentum conservation requires that 

( ) ( , )

( , )
( , )

µν µν

µνρ ν µρ µ νρ

µνρ
ρ

 =
 = −
∂ =


∫











the stress-energy tensor is symmetric. 
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