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The electromagnetic form factor
The electromagnetic form factor of nucleon can be extracted by following
processes

For γN̄N vertex are related with Dirac form factors F1,2

−ieū(p)
[
γµF1 + i

2MN
σµν(p′ − p)νF2

]
v(p′)

and

GE = F1 + s

4M2
N

F2, GM = F1 + F2



The oscillation behavior of EMFFs
GN

osc(q2) = |GN | − GN
D

GD(q2) ≡ GD dipole formula
BaBar first found the oscillation behavior of EMFFs of proton
[Phys.Rev.Lett,2015,114];

There is a phase difference between the oscillation of EMFFs of proton
and neutron is found by BESIII [Nature Phys.,2021, 17];

How to explain this oscillation behavior?



The oscillation behavior of EMFFs
For Λc EMFFs

Only threshold enhancement is exhibited for BESIII latest measurement
[BESIII Collaboration, arXiv:2307.07316v1].

The |GE/GM | exhibit significant oscillation behavior .

Dose the separated EMFFs of Λc and effective FFs Geff also exhibit
oscillation behavior similar to nucleon?



The scattering of NN̄ → NN̄
One-photon exchange: J = 1
Partial wave: 3S1 and 3D1, L = 0, 2

Lippmann-Schwinger equation

TL′′L′(p′′, p′; Ek) =VL′′L′(p′′, p′)

+
∑

L

∫
dpp2

(2π)3 VL′′L(p′′, p) 1
2Ek − 2Ep + i0+ TLL′(p, p′; Ek)

VL′′L′(p′′, p′) is SU(3) interaction potential. The potential are cut off with a
regulator function, fR(Λ) = exp[−(p6 + p′6)/Λ6].
Feynman diagram



The scattering potential

The meson exchange potential (OBE and TBE): performing G-parity
transformation on NN potential [Nucl.Phys.A,2013,915]

G

N

N

N

N

N

N̄

N

N̄

V OBE
N̄N

= (−1)IV OBE
NN , V TBE

N̄N
= (−1)I1+I2V TBE

NN

The contact term and annihilation potential for 1S0 partial wave

V (3S1) =C̃3S1 + C3S1(p2 + p′2),
V ann(3S1) = − i(C̃a

3S1
+ Ca

3S1
p2)(C̃a

3S1
+ Ca

3S1
p′2)



DWBA method
The N̄Nγ vertex: the distorted wave Born approximation (DWBA) method

fL′(k; Ek) = f0
L′(k) +

∑
L

∫ ∞

0

dpp2

(2π)3 f0
L(p) 1

2Ek − 2Ep + i0+ TLL′(p, k; Ek),

f0
L bare γN̄N vertices and parameterized as

f0
0 (p) = G0

M +
MN

2
√

M2
N + p2

G0
E, f0

2 (p) =
1

√
2

(
G0

M −
MN√

M2
N + p2

G0
E

)
The G0

M and G0
E are assumed to be energy independent, and they are

taken constants and determined by fitting data.
The Feynman diagram describing DWBA method



The amplitude and cross section
The partial wave amplitude of e+e− → N̄N

F N̄N,e+e−

LL′ = −4α

9
f N̄N

L fe+e−

L′

fe+e−

L′ is γe+e− vertex

fe+e−

0 = 1 + me√
s

, fe+e−

2 = 1√
2

[
1 − 2me√

s

]
The cross section of e+e− → N̄N

σe+e−→N̄N =
3πβ

s
C(s)

(
|F N̄N,e+e−

00 |2 + |F N̄N,e+e−

20 |2 + |F N̄N,e+e−

02 |2 + |F N̄N,e+e−

22 |2
)

The cross section of N̄N → e+e−

σN̄N→e+e− = k2
e

k2
N

σe+e−→N̄N



The electromagnetic form factor

The relation between vertices f N̄N
L and EMFFs GM and GE

f N̄N
0 = GM + MN√

s
GE, f N̄N

2 = 1
2

(
GM − 2MN√

s
GE

)
The effective form factor

|Geff(s)| =
√

σe+e−→N̄N (s)
4πα2β

3s C(s)[1 + 2M2
N

s ]



The uncertainty

The uncertainty ∆XNLO(k) to the NLO prediction XNLO(k) of a given
observable X(k)

∆XNLO(k) = max
(
Q3 × |XLO(k)|, Q × |XLO(k) − XNLO(k)|

)
the expansion parameter Q

Q = max
(

k

Λb
,

Mπ

Λb

)
k the momentum in the center of mass frame, and Λb the breakdown scale
that depends on cutoff Λ. Here we take Λb=900 MeV.



Cross section and effective form factors

The cross section of the processes e+e− → p̄p/n̄n, p̄p → e+e−, and the ratio
of cross section Rnp, and the effective form factor of proton and neutron
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EMFFs
The results of |GM |, |GE | and |GE/GM |
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Differential cross section
The differential cross section of the processes e+e− → pp̄/nn̄ and
pp̄ → e+e−
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The oscillation of form factor
The oscillation behavior of form factor of neutron and proton
[Phy.Rev.Lett.,2015,114,232301; Nature Phys.,2021,17,1200-1204]

Gosc(s) = |Geff | − GD(s), Gp
D(s) =

Ap

(1 + s/m2
a)[1 − s/q2

0 ]2
, Gn

D(s) =
An

[1 − s/q2
0 ]2

Ap=7.7, An = 3.5 ± 0.1, m2
a=14.8 (GeV/c)2 and q2

0=0.71 (GeV/c)2.

The comparison between the Gosc results of χEFT and experiment
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Fractional oscillation
We try to use fractional oscillation to describe the oscillation behavior of
form factor of neutron and proton

GN
osc(p̃) = G0,N

osc,1(0)ẼαN
1 ,1(−ω2

1 p̃αN
1 ) + G0,N

osc,2(0)ẼαN
2 ,1(−ω2

2(p̃ + pN
0 )αN

2 )

pN
0 describes the ‘phase delay’ , pp

0 = 0 and pn
0 ̸= 0.

The Mittag-Leffler function

Ẽα,β(z) =
∞∑

k=0

zk

Γ(αk + β)

The equations of motions of the fractional oscillators

GN
osc(p̃) =GN

osc,1(p̃) + GN
osc,2(p̃),

GN
osc,j(p̃) =G0,N

osc,j −
ω2

j

Γ(αN
j )

∫ p̃+pN
0

0
(p̃ + pN

0 − t)αN
j −1GN

osc,j(t)dt



Fractional oscillation

The comparision between the fractional oscillations with data, and the
oscillation behavior is different near the threshold and at high energy.
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Fractional oscillation

The diffusion solution(αN = 1, Ẽ1,1(z) = ez) of a multi-particle system is
caused by nonuniform distribution.
A wave usually moves with a constant period in a uniform medium.

The fractional oscillator reveal the distributions of the higher order polarized
electric charges for the nucleons

The ‘quadrupole’ contribution from the underdamped oscillation, also
called uniform distributions.
the ‘octupole’ contribution from the overdamped oscillation, called
nonuniform distributions.



Fractional oscillation
the Fourier transformation on the EMFFs

DN
eff(r) = 1

(2π)3

∫
d3r⃗ GN

eff(p̃) exp(−i⃗̃p · r⃗)
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Fractional oscillation
The Fourier transformation on time-like EMFFs represents the
distributions of the polarized electric charges generated by hard
photons for the nucleon.
the distributions of polarized electric charges of the proton would climb
to a positive peak and then fall to a negative trough. However, the
opposite situation occurs for the neutron.

pN,in = (mN , 0) , pN,out = (−EN , −⃗̃p ) , pγ∗,out = ( s

2mN
, ⃗̃p ) ,

The phase difference: The difference of the vacuum polarization of u and d
quark in proton (uud) and neutron (udd)



e+e− → Λ+
c Λ̄−

c

Feynman diagram of the process e+e− → Λ+
c Λ̄−

c [L.Y.Dai,Phys.Rev.D
96,116001(2017)]

e+

e−

Λ+
c

Λ̄−
c

γΛ+
c Λ̄−

c vertex is obtained by DWBA method

fL′(k; Ek) = f0
L′(k) +

∑
L

∫ ∞

0

dpp2

(2π)3 f0
L(p) 1

2Ek − 2Ep + i0+ TLL′(p, k; Ek),

TLL′ the amplitude of the Λ+
c Λ̄−

c scattering



Λ+
c Λ̄−

c scattering
Lippmann-Schwinger equation

TL′′L′(p′′, p′; Ek) =VL′′L′(p′′, p′)

+
∑

L

∫
dpp2

(2π)3 VL′′L(p′′, p) 1
2Ek − 2Ep + i0+ TLL′(p, p′; Ek)

V (3S1)(p′, p) =C̃3S1 + C3S1(p′2 + p2)
− i(C̃a

3S1
+ Ca

3S1
p′2)(C̃a

3S1
+ Ca

3S1
p2) ,

V (3D1 −3 S1)(p′, p) =Cϵ1p′2 − iCa
ϵ1

p′2(C̃a
3S1

+ Ca
3S1

p2) ,

V (3S1 −3 D1)(p′, p) =Cϵ1p2 − iCa
ϵ1

p2(C̃a
3S1

+ Ca
3S1

p′2) ,

V (3D1)(p′, p) =0 ,

There is no contribution from one-pion exchange because Λ+
c (Λ̄−

c ) has
isospin I = 0
Two-pion exchange contributions involving intermediate ΣcΣ̄c states
arise at NLO; there is rather mass difference MΣc

− MΛc
≈167 MeV.



Cross section and EMFFs
The cross section

F
Λ+

c Λ̄−
c ,e+e−

LL′ = −4α

9
f

Λ+
c Λ̄−

c

L fe+e−

L′

σ
e+e−→Λ+

c Λ̄−
c

=
3πβ

s
C(s)

(
|F Λ+

c Λ̄−
c ,e+e−

00 |2 + |F Λ+
c Λ̄−

c ,e+e−

20 |2

+|F Λ+
c Λ̄−

c ,e+e−

02 |2 + |F Λ+
c Λ̄−
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22

)
EMFFs and the effective form factor

f
Λ+

c Λ̄−
c

0 = GM + MΛc√
s

GE, f
Λ+

c Λ̄−
c

2 = 1
2

(
GM − 2MΛc√

s
GE

)

|Geff(s)| =

√√√√ σe+e−→Λ+
c Λ̄−

c
(s)

4πα2β
3s C(s)[1 + 2M2

B

s ]



Results
The cross section and effective form factor
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Results
The separated EMFFs
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Oscillation of the separated EMFFs
The subtracted EMFFs

GM/E
osc (s) = |GM/E| − G

M/E
D (s)
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Oscillation of the separated EMFFs

The fractional oscillation
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Summary
For the processes e+e− → NN̄ , the N̄N scattering are considered in
the FSI;

Using Lippmann-Schwinger equation and DWBA method to constructed
the amplitude of the processes e+e− → NN̄ based on SU(3) ChEFT;

Using fractional oscillation to describe the oscillation behavior of form
factor of nucleon;

The fractional oscillation and the origin of phase difference can be
explained by polarized electric charges;

The process e+e− → Λ+
c Λ̄−

c are calculated through the same method
as e+e− → NN̄ based on SU(2) ChEFT, the separated EMFFs are
extracted and they have oscillation behavior that can be descired by
fractional oscillation.



Thank you!
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