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Electromagnetic and Weak form factors
➢ The study of electromagnetic form factors is crucial to understanding the substructure of 

hadrons, where a lot of theoretical and experimental efforts have been made.
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➢ The study of electromagnetic form factors is crucial to understanding the substructure of 

hadrons, where a lot of theoretical and experimental efforts have been made.




➢ The study of electromagnetic form factors is crucial to understanding the substructure of 
hadrons, where a lot of theoretical and experimental efforts have been made.


➢ Weak form factors which included axial and induced pseudoscalar form factors are important 
quantities for the understanding of weak interactions, neutrino-nucleus scattering and parity 
violation experiments.
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Electromagnetic and Weak form factors



7

Strong interaction

Proton contains two valence -quark, one valence 
d-quark, and infinitely many gluons and sea quarks. 
These quarks are bound together by the strong 
interactions, described by quantum 
chromodynamics (QCD).

𝑢
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Dyson-Schwinger Equations

From the field equations of quantum field 
theory, one can derive a system of coupled 
integral equations interrelating all of a 
theory’s Schwinger functions which is the 
Dyson-Schwinger equations (DSEs). 
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➢ Dressed quark propagator:


DSE: Gap Equations - one quark
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DSE: Gap Equations - one quark

➢ Dressed quark propagator:


➢ Gap Equation
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➢ Rainbow truncation


DSE: Gap Equations - one quark
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➢ Rainbow truncation


➢ Interaction: Qin-Chang Model


– the free gluon propagator


– Qin-Chang Model


– Where GeV,  GeV, .
𝑚𝑡 = 0.5  τ = 𝑒2 − 1,Λ𝑄𝐶𝐷 = 0.234 γ𝑚 = 12/25

Si-xue Qin, Lei Chang, Yu-xin Liu, Craig D. Roberts, 
and David J. Wilson

Phys. Rev. C 84, 042202(R)

DSE: Gap Equations - one quark
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Chang et. al., PRD 104, 094509 (2021) 

➢ Dressed quark propagator:


DSE: Gap Equations - one quark



➢ Meson: Homogeneous Bethe-Salpeter equation (BSE)


–  is total momentum of system, is the meson mass. (Euclidean space)


–  is relative momentum between valence quark.


➢ Ladder truncation: 
 
 Rainbow-Ladder (RL) truncation is the leading-order in a nonperturbative, 
symmetry-preserving truncation.

𝑃 2 = − 𝑚2 𝑚 
𝑘

DSE: Bethe-Salpeter Equations - two quarks
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➢ Poincaré covariant Faddeev equation sums all possible exchanges 
and interactions that can take place between three dressed-quarks

DSE: Faddeev equation - three quarks
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➢ Diquark approximation to quark+quark 
scattering kernel is used for many 
applications.

DSE: Faddeev equation - three quarks



21

➢ Diquark approximation to quark+quark 
scattering kernel is used for many 
applications.


➢ This motivates the omission of the three-
body irreducible contribution from the full 
three-quark kernel.

DSE: Faddeev equation - three quarks
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 is total momentum of 3-quark system, is the baryon mass.
𝑃 2=−𝑚2 𝑚 

DSE: Faddeev equation - three quarks
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➢ Amplitude: 
 

3-quark Faddeev equation
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3-quark Faddeev equation

➢ Amplitude: 
 
 
1. the color term fixes the baryon to be a color singlet; 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3-quark Faddeev equation

➢ Amplitude: 
 
 
1. the color term fixes the baryon to be a color singlet; 
2. flavor amplitudes are the quark model SU(3) representation; 
3. spin-momentum Faddeev amplitude. 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➢ Ladder truncation: 

3-quark Faddeev equation



28

➢ Ladder truncation: 
 
 

3-quark Faddeev equation



➢ spin-momentum Faddeev amplitude: 
 
 
 
 
For octet baryons, they have 64 bases and 128 coefficients.
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3-quark Faddeev equation

p2; q2; z0 = ̂pT ⋅ ̂qT ; z1 = ̂p ⋅ ̂P; z2 = ̂q ⋅ ̂P,
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3-quark Faddeev equation

p2; q2; z0 = ̂pT ⋅ ̂qT ; z1 = ̂p ⋅ ̂P; z2 = ̂q ⋅ ̂P,

➢ spin-momentum Faddeev amplitude:


0

    0
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3-quark Faddeev equation
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➢ spin-momentum Faddeev amplitude:


➢ After making algorithmic improvement and 
overcoming numerical problems,  
direct calculation of Faddeev equation using 
rainbow-ladder truncation is now possible.
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3-quark Faddeev equation
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➢ spin-momentum Faddeev amplitude:


➢ After making algorithmic improvement and 
overcoming numerical problems,  
direct calculation of Faddeev equation using 
rainbow-ladder truncation is now possible.
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➢ spin-momentum Faddeev amplitude:


➢ After making algorithmic improvement and 
overcoming numerical problems,  
direct calculation of Faddeev equation using 
rainbow-ladder truncation is now possible.
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3-quark Faddeev equation

p2; q2; z0 = ̂pT ⋅ ̂qT ; z1 = ̂p ⋅ ̂P; z2 = ̂q ⋅ ̂P,
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Electromagnetic form factors
➢ The nucleon matrix elements of the electromagnetic current is parametrized by the Dirac form 

factor  and Pauli form factors  :


 

𝐹1 𝐹2

Jμ B
E (P, Q):= ⟨B (pf) Vμ(Q) B(pi)⟩

= iΛ+(pf )(FB
1 (Q2)γμ −

FB
2 (Q2)
2MB

σμνQν)Λ+(pi)
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Electromagnetic form factors
➢ The nucleon matrix elements of the electromagnetic current is parametrized by the Dirac form 

factor  and Pauli form factors  :


 

➢ Sachs form factors: 
 
 
 
with                         .


𝐹1 𝐹2

Jμ B
E (P, Q):= ⟨B (pf) Vμ(Q) B(pi)⟩

= iΛ+(pf )(FB
1 (Q2)γμ −

FB
2 (Q2)
2MB

σμνQν)Λ+(pi)

GB
E = FB

1 − τFB
2 ; GB

M = FB
1 + FB

2 ,

τ = Q2 /(4M2
B)
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Electromagnetic form factors
➢ Impulse-approximation diagram baryons’ current:


➢ The electromagnetic current:

[J(3)
E ]δ′￼δ = ∬pq

Ψ̄
β′￼α′￼δ′￼γ′￼(pf , qf , Pf)Sα′￼α (p1) Sβ′￼β (p2)

× [S (p+
3 ) Γ(μ)

5 (p+
3 , p−

3 ) S (p−
3 )]γ′￼γ [Ψαβγδ(pi, qi, Pi) −

2
3

Ψ(3)
αβγδ(pi, qi, Pi)]
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Electromagnetic form factors - proton&neutron
➢ Electromagnetic form factors - proton


➢ Electromagnetic form factors - neutron
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Electromagnetic form factors at large  𝑄2

➢ Schlessinger point method (SPM) 
has been used for study the form 
factor at large .


➢ Data at JLab show a trend toward 
zero with increasing momentum 
transfer.


➢ Ratio for proton: 

 at 


𝑄2

𝜇𝑝𝐺
𝑝
𝐸

𝐺𝑝
𝑀

= 0   𝑄2 = 8.42+3.76
−0.86GeV2
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Electromagnetic form factors - octet
➢ Electromagnetic form factors 

for octet(preliminary):



➢ The magnetic moments(preliminary): 
 
proton:                                 neutron: 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Electromagnetic form factors - magnetic moments

μB = GB
M(Q2 = 0)

μp = 2.30 μn = − 1.34



➢ The magnetic moments(preliminary): 
 
proton:                                 neutron: 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Electromagnetic form factors - magnetic moments

μp = 2.30 μn = − 1.34
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Electromagnetic form factors - charge radius

⟨r2
E⟩B = − 6

d
dQ2

GB
E (Q2)

Q2=0
⟨r2

E⟩B = −
6

GB
E(0)

d
dQ2

GB
E (Q2)

Q2=0

➢ The charge radius for charged 
baryon(preliminary):

➢ The charge radius for neutral 
baryons(preliminary):
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Electromagnetic form factors - charge radius

⟨r2
E⟩B = − 6

d
dQ2

GB
E (Q2)

Q2=0
⟨r2

E⟩B = −
6

GB
E(0)

d
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Q2=0

➢ The charge radius for charged 
baryon(preliminary):

➢ The charge radius for neutral 
baryons(preliminary):
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Electromagnetic form factors - magnetic radius

⟨r2
M⟩B = −

6
GB

M(0)
d

dQ2
GB

M (Q2)
Q2=0

➢ The magnetic radius is in both cases as (preliminary):
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Electromagnetic form factors - magnetic radius

⟨r2
M⟩B = −

6
GB

M(0)
d

dQ2
GB

M (Q2)
Q2=0

▲ ▲ ▲ ▲ ▲

▲ ▲ ▲

▼

▼

▼

▼

▼
▼

★ ★
★ ★ ★

★
★

★

■ ■
■ ■

■

■ ■
■

◆ ◆

p n Σ+ Σ0 Σ- Λ Ξ0 Ξ-

0.2

0.4

0.6

0.8

1.0

1.2

p n Σ+ Σ0 Σ- Λ Ξ0 Ξ-

0.2

0.4

0.6

0.8

1.0

1.2

〈rM2 〉B

▲ lQCD1

▼ lQCD2

★ Herein

■ Mean

◆ Exp.

➢ The magnetic radius is in both cases as (preliminary):
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Electromagnetic form factors - magnetic/charge radius

⟨r2
M⟩B = −

6
GB

M(0)
d

dQ2
GB

M (Q2)
Q2=0

➢ The magnetic radius is in both cases as  
(preliminary):

⟨r2
E⟩B = −

6
GB

E(0)
d

dQ2
GB

E (Q2)
Q2=0

➢ The charge radius for charged baryon 
(preliminary):
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Weak form factors


➢ The nucleon matrix elements of the axialvector and pseudoscalar current are parametrized by 
the axial, induced pseudoscalar form factors:


 
 
 
 
 

➢ and pseudo-scalar form factors

Jμ B′￼B
5 (P, Q):= ⟨B′￼(pf) Afg

5μ(Q2) B(pi)⟩
= Λ+(pf )γ5 [γμGB′￼B

A (Q2) +
iQμ

2MB′￼B
GB′￼B

P (Q2)] Λ+ (pi) .

JB′￼B
5 (P, Q):= ⟨B′￼(pi) Pfg

5 (Q2) B(pf )⟩ = Λ+(pf )γ5GB′￼B
5 (Q2) Λ+(pi) .



50

neutron->proton 
𝐺𝐴(𝑄2)
➢ Axial form factors 

 
 
 
 
 

𝐺𝐴(𝑄2)
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neutron->proton 
𝐺𝐴(𝑄2)
➢ Axial form factors 

➢ Our result for the axial charge  
           
Experimental value  is precisely 
known from neutron β decay. 

 
 
 
 
 

𝐺𝐴(𝑄2)

g𝐴:=𝐺𝐴(0)=1.14
g𝐴=1.2695(29)
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neutron->proton 
𝐺𝐴(𝑄2)
➢ Axial form factors 

➢ Our result for the axial charge  
           
Experimental value  is precisely 
known from neutron β decay. 

➢ Flavour separation of proton axial charge: 
;    

the ratio of axial charges:  

Experiment: 


 
 
 
 
 

𝐺𝐴(𝑄2)

g𝐴:=𝐺𝐴(0)=1.14
g𝐴=1.2695(29)

𝑔𝑢
𝐴:=G𝑢

𝐴(0)=0.888 gd
𝐴:=Gd

𝐴(0)=−0.247
𝑔𝑑

𝐴

𝑔𝑢
𝐴

=−0.278

𝑔𝑑
𝐴

𝑔𝑢
𝐴

=−0.27(4)



➢ Pseudoscalar form factor  
𝐺5(𝑄2)
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neutron->proton &𝐺P(𝑄2) 𝐺5(𝑄2)
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neutron->proton &𝐺P(𝑄2) 𝐺5(𝑄2)
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➢ Pseudoscalar form factor 


➢ The pion-nucleon form factor  
 
 
The extrapolation of  from the space-like region 
onto a small domain of time-like momenta shows  
has a pole at the on-shall pion mass.

 

𝐺5(𝑄2)

𝐺πNN(𝑄2)

1/𝐺5(𝑄2)
𝐺5(𝑄2)



➢ Pseudoscalar form factor 


➢ The pion-nucleon form factor  
 
 
The extrapolation of  from the space-like region 
onto a small domain of time-like momenta shows  
has a pole at the on-shall pion mass.

➢ Pion-nucleon coupling constant  is the residue of 
 at  

 
 
 
Our prediction: 

 

𝐺5(𝑄2)

𝐺πNN(𝑄2)

1/𝐺5(𝑄2)
𝐺5(𝑄2)

gπNN

𝐺5(𝑄2) 𝑄2+m2
π=0

gπNN=11.99

55

neutron->proton &𝐺P(𝑄2) 𝐺5(𝑄2)
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➢ Ward-Green-Takahashi identities at the nucleon level become 
 
 

➢ Goldberger-Treiman relation at the form factor level 
 
 
 
Herein, 


  The error is less than 5%. 
 

neutron->proton &𝐺P(𝑄2) 𝐺5(𝑄2)
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Axial form factors
➢ Our result for the axial charge(preliminary) 

      :
𝑔B
𝐴:=GB

𝐴(𝑄2=0)
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Axial form factors
➢ Our result for the axial charge(preliminary) 

      : 
 
 
 
 

➢ The axial form factors (preliminary):

 
 
 
 
 

𝑔B
𝐴:=GB

𝐴(𝑄2=0)

GB
𝐴(𝑄2)
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Outlook
Based on Faddeev equation, we can study


➢ spectrum/structure of decuplet baryons; 

➢ nucleon gravitational form factors 

➢ octet beyond rainbow-ladder truncation


➢ PDAs/PDFs of baryons;


➢ hybrid meson……
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Outlook
Based on Faddeev equation, we can study


➢ spectrum/structure of decuplet baryons; 

➢ nucleon gravitational form factors 

➢ octet beyond rainbow-ladder truncation


➢ PDAs/PDFs of baryons;


➢ hybrid meson……



62

Summary
➢ Direct solution of Faddeev equation using rainbow-ladder truncation is now possible.

➢ octet spectrum

➢ Electromagnetic form factors for octet


– zero of ratio at 


– magnetic moments

– charge & magnetic radius


➢ Weak form factors for octet


– :  

the ratio of axial charges: ; experiment: 


– : 

𝜇𝑝𝐺
𝑝
𝐸

𝐺𝑝
𝑀

= 0   𝑄2 = 8.42+3.76
−0.86GeV2

𝐺A(𝑄2) gA=1.14
𝑔𝑑

𝐴

𝑔𝑢
𝐴

=−0.278
𝑔𝑑

𝐴

𝑔𝑢
𝐴

=−0.27(4)

𝐺5(𝑄2) gπNN=11.99



Thank You!



64

Baryons’ octet spectrum

➢ For the proton and neutron, isospin 
symmetry makes: 
 

Su = Sd
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Baryons’ octet spectrum

➢ For the proton and neutron, isospin 
symmetry makes: 
 

➢ For the remaining octet baryons 
 
 
due to the SU(3) flavor breaking owing to 
the strange quark.

Su = Sd
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Strong interaction

➢ Proton valence quark: 
two -quark, one d-quark. 𝑢

➢ Pion valence quark: 
one -quark, one d-quark. 𝑢
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Strong interaction

Nevertheless, understanding the nucleon’s structure 
in terms of quarks and gluons, the elementary 
degrees of freedom of quantum chromodynamics 
(QCD), has remained a challenge in theoretical 
hadron physics. 

Pion contains one valence -quark, one valence 
-quark, and infinitely many gluons and sea quarks. 
These quarks are bound together by the strong 
interactions, described by quantum 
chromodynamics (QCD).


𝑢 𝑑̄

Ya Lu,  et al 

Phys.Lett.B 830 (2022) 1371
30
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Strong interaction

Proton contains two valence -quark, one valence 
d-quark, and infinitely many gluons and sea quarks. 
These quarks are bound together by the strong 
interactions, described by quantum 
chromodynamics (QCD).

𝑢
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EHM with Semileptonic decay
➢ p


– The grey wedge in shows the sum of the valence-quark current-
masses: the sum amounts to just 0.01 × . The orange expresses 
the fraction of  generated by constructive interference between 
EHM and Higgs-boson (HB) effects. 


➢ Pion - (pseudo)-Goldstone boson 

– EHM+HB interference is seen to be responsible for 95% of the 

pion mass.

➢ D meson - heavy+light meson 


– The sum of valence-quark and -antiquark current-masses in the D 
(heavy-light) meson accounts for 69% of its measured mass, which 
is 14 times more than in the pion.


➢ The decay of heavy-light meson to (pseudo)-Goldstone boson 
embodies the change of the dominate mechanism from the Higgs-
related mass generation to the EHM in the Standard Model.


𝑚𝑝

𝑚𝑝
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Strong interaction

Pion contains one valence -quark, one valence 
-quark, and infinitely many gluons and sea quarks. 
These quarks are bound together by the strong 
interactions, described by quantum 
chromodynamics (QCD).


These interactions are hard for people to make 
predictions with perturbative approaches due to 
the large coupling at the typical energy scales in 
low energy.

𝑢 𝑑̄

QCD’s Running Coupling

Ya Lu,  et al 


Phys.Lett.B 830 (2022) 1371
30

Z.-F. Cui et al 2020 Chinese Phys. C 44 083102


