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Introduction to the
electromagnetic form factors



Electromagnetic form factors

• Electromagnetic form factors can help disclose the hadron structures and
complicated interactions

for nucleon,

⟨N|Jµ|N⟩ = ū(p2) [F1(q2)γµ − F2(q2)
σµνqν

2M ]u(p1)

for ∆(1232),

⟨T(p′)|Jµ|T(p)⟩ = ūρ(p′)Oρµσ(p′,p)uσ(p),

Oρµσ(p′,p) = gρσ(A1γµ+
A2
2MT

Pµ)+
qρqσ

(2MT)2
(C1γµ+

C2
2MT

Pµ).

• Usually for a particle with spin J, it has 2J+ 1 electromagnetic form factors.
• From these form factors, we can extract the magnetic moments, electromagnetic
radius, and so on.

• In our previous woks (PhysRevD.95.076001, ...), we showed the chiral loop
correction is important for the space-like electromagnetic form factors.
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Pion Photoproduction off Nucleon with Hamiltonian EFT

• combining
• πN → πN
• lattice QCD data
• γ + N → π + N

• γ + N → π + N
• γNN etc. couplings are not adjusted

EM

γ π

N N

+ EM FSI

γ π

N N

M(γN → πN) ∼ MEM(γN → πN)

+MEM(γN → πN)⊗MFSI(πN → πN)

+MEM(γN → ηN)⊗MFSI(ηN → πN)

• understand the structure of N(1535) and the interactions of πN/ηN at low energies and
near the resonance

• necessities for the photon-nucleus investigation

Z. W. Liu, W. Kamleh, D. B. Leinweber, F. M. Stokes, A. W. Thomas and J. J. Wu,
Phys. Rev. Lett. 116 (2016) no.8, 082004

D. Guo and Z. W. Liu, Phys. Rev. D 105 (2022) no.11, 11
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time-like form factors

For these processes, it also related to F1(q2) and F2(q2) but with q2 > 0
while q2 < 0 for eN scattering process.

Time-like and space-like form factors are analytically connected.

4



Damped oscillation of nucleon
electromagnetic form factors



Observation of oscillation in time-like electromagnetic form factors

• Bianconi and Tomasi-Gustafsson first pointed out
an unexpected oscillation behavior in the
near-threshold region.

• The effective form factors Geff of the nucleons
were found to be well divided into two parts.
• The main part G0 can be obtained with a
perturbative QCD parametrization and describes
the main decreasing behavior of the form factor
very well

• the remaining part Gosc exhibits a damped
oscillation with regularly spaced maxima and
minima over the sub-GeV scale.
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Extensions to other baryon-antibaryon production

e+e− → ΛΛ̄,Σ0Σ̄0,Ξ0Ξ̄0, ... were also studied. The oscillating behavior need to be
confirmed by future precise experiments.

An-Xin Dai, Zhong-Yi Li, Lei Chang, Ju-Jun Xie, Chin. Phys. C 46, 073104 (2022) 6



Possible mechanisms

• vector meson dominance

• cusp effects from coupled channels
(baryon-antibaryon channels)

• finite-state interaction

• ...
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Vector-meson dominance
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Vector-meson dominance with the nucleon Bethe-Salpeter amplitude

A 2009 study, based on suitable ansatzes for the nucleon Bethe-Salpeter amplitude and
a microscopic version of the well-known Vector Meson Dominance mode, showed
oscillatory structures.

9



Interference between the dipole and oscillation terms

From

GN = GD
N +

IrsdN√
2

&

|GN| = GD
N +Grsd

N ,

one can easily get

Grsd
N =

|IrsdN |√
2

cos(ϕDN−ϕrsdN )+o( I
rsd
N
GD

N
)
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Dispersion relations

Applying Cauchy’s theorem to
F(t), one gets

F(t) = lim
ϵ→0+

1
π

∫ ∞

t0

Im F(t′)
t′ − t− iϵ

dt′

and other dispersion rela-
tions.

Im F(t) comes from 2π, 3π, KK̄,
10+ explicitly resonances,
and so on.

Some resonances like ρ are
naturally dynamically gener-
ated, while others like ϕ are
not.

Yong-Hui Lin, Hans-Werner Hammer, Ulf-G. Meißner
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Cusp effect from coupled channels

The inclusion of the ∆ width partly smears out the cusp effect.
12



Final-state interaction mechanism
Distorted wave Born approximation:

where (f0) f is the (bare) γNN̄, and T is the NN̄ scat-
tering amplitude.
For threshold enhancement of cross section

Qin-He Yang, Ling-Yun Dai, Di Guo, Johann
Haidenbauer, Xian-Wei Kang, Ulf-G. Meißner,
arXiv: 2206.01494 13



A toy model to understand
oscillatory behavior in time-like
nucleon form factors



Separation of formation and rescattering process

• short-range formation process
• production of NN̄
• NN̄ scattering due to annihilation and short-range interaction

they are strongly tangled since the interaction ranges are similar, ∼ 1/2mN.

e−

N

e+

N̄
formation

rescattering

• long-range rescattering process
the interaction range is ∼ 1/mπ

1/(2mN)

1/mπ
≈ 14
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Distorted-wave Born approximation

With classical distorted-wave Born approximation,

σ =
1

|J (p)|2 σ0 .

where Jost function is
J (p) ≈ Jℓ=0(p) = lim

r→0

j0(pr)
ψ0,p(r)

.

The regular spherical Bessel function j0(pr) = sin(pr) is the free radial solution of
Schrödinger equation.

With the proper NN̄ potential V(
d2
dr2 − ℓ(ℓ+ 1)

r2 − 2µV+ p2
)
ψℓ,p(r) = 0 ,
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Reproduction of Sommerfeld factor within our scheme

Sommerfeld factor has been widely used in extracting the form factors of nucleons from
the cross sections

|Geff(s)| =
√

3s
4πα2βC(1+ 2m2

N/s)
σe+e−→NN̄ .

• it arises from the long-range Coulomb interaction
• for e+e− → pp̄ cross sections

C = | 1S2 |, S =

(
y

1− e−y

)−1/2
, y =

πα
√
1− β2

β
.

• for e+e− → nn̄, C = 1, no such correction.

We can easily reproduce this famous Sommerfeld factor

• with the formalism on the previous page
• substituting V with the Coulomb potential
• using the non-relativistic approximation

√
1− β2 ≈ 1 in the near-threshold region
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A toy model

If the NN̄ potential is as follows,

V(r) =

−Va for 0 ⩽ r < a

0 for r ⩾ a
.

we have

ψ0,p(r) =


eiδ0 sin(pinr)√

sin2(pina) + p2
p2in
cos2(pina)

for 0 ⩽ r < a

eiδ0 sin(pr+ δ0) for r ⩾ a

,

where δ0 is the S-wave phase shift, and

pin =
√
p2 + 2µVa.

We have the enhancement factor |1/J |2 > 1 for the pure attractive interaction

|J (p)| =
√

p2
p2in

sin2(pina) + cos2(pina) .
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The enhancement factor with the toy model

|Geff(s)| =
1
|J | G0(s) , |J (p)| =

√
p2
p2in

sin2(pina) + cos2(pina) .

• The energy gaps between the 1st, the 2nd, the 3rd and the 4th minima are:

3π2
2µa2 ,

5π2
2µa2 ,

7π2
2µa2 .

• µ = mN/2 and a ≈ 1/mπ give the 1st gap ∆E1 ≈ 0.6 GeV.
This is close to the value observed in experiment.

• The peaks |1/J |2max = 1+ 2µVa/p2 decrease with the increasing energies.
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Different potentials and enhancement factors

Potential I

Potential II

Potential III

Potential IV
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Description for the effective form factors

To fit the main part, we use the following expression from Ref. [BESIII:2019hdp]

G0(s) =
A

(1+ s/m2
a) [1− s/(0.71 GeV2

)]2
,

where m2
a = 7.72 GeV2 and A is a constant. With fitted Ap = 9.37 and An = 5.8.

For the oscillatory part,

Gosc(s) = |Geff| −G0 =

(
1
|J | − 1

)
G0(s) .

we use the following potential to get the J

V(r) =


−Vr 0 ⩽ r < ar

−Va ar ⩽ r < a

0 r ⩾ a

,

where 0 < Vr < Va and
we take ar = 0.5 fm.

Table 1: Parameters for pp̄ and nn̄ potential.

NN̄ ar (fm) Vr (MeV) a (fm) Va (MeV)
pp̄ 0.5 50 1.6 90
nn̄ 0.5 400 1.4 650
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Short discussion of numerical results

• The overall oscillatory behavior is well reproduced by the FSI effect with the
interaction range a about 1.4 ∼ 1.6 fm.

• The details of the description of the effective form factors depend on the choice of
the continuum part G0, which we still do not understand very well, because the
formation process involves the complicated hadronization and other difficulties.

• Perhaps better descriptions can be obtained for |Geff| by using different G0 rather
than the same as in the experimental collaborations.
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Threshold enhancement on cross sections for baryon-antibaryon productions

• The SND measurement observed the enhancement on the neutron cross section
just above threshold at

√
s− 2mn ≈ 5 MeV, which contradicts the naive phase space

expectation.
(Ref. [SND:2022wdb])

• Abnormally large cross sections are observed in e+e− → ΛΛ̄ near the threshold(√
s− 2mΛ

)
≈ 1 MeV and possibly e+e− → ΛcΛ̄c at

(√
s− 2mΛc

)
≈ 1.58 MeV.

(Refs.[BESIII:2017hyw,BESIII:2017kqg])

• However, no such phenomenon were found in the ΞΞ̄ and ΣΣ̄ productions.
(Refs.[BESIII:2020ktn,BESIII:2021aer,BESIII:2020uqk,BESIII:2021rkn,BESIII:2020uqk])

Our approach can easily provide such an enhancement as seen in the previous figure.

• 1/|J |p→0 → 1/cos2
(√

2µVaa
)
for an attractive squared-well potential.

• With suitable Va and a, 1/|J |p→0 can lead to very large enhancement.
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Summary



Summary

In this report, I have briefly discussed possible explanations for the oscillation in the
nucleon form factors

• vector meson dominance

• cusp effects from baryon-antibaryon channels

• finite-state interaction effect

• ...
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Thank you for your attention!
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