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In this report, we focus on the electromagnetic properties of hadrons which can help us under-
stand the structures of resonances. We review our works about the radiative decays of 𝐷∗

𝑠0 (2317),
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𝑠1 (2460), and 𝑋 (3872) where the molecule components play important roles. We discuss the
final-state interaction effects in the electron-positron annihilation processes and compare with new
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Electromagnetic interaction is very important for disclosing the structures of hadrons. The
magnetic moments of nucleons are very different from that of the electron, which reflects that the
nucleons are not point-like particles. The deep-inelastic scattering processes told us that the nucle-
ons are much more complex than the naive quark model predictions.

The magnetic moments of the exotic states were also widely studied. Those of the hidden-
charmed pentaquark states were discussed with the molecule, diquark-triquark and other configura-
tions within quark model and QCD sum rules [1–3]. The coupled channel effects and the 𝐷 wave
contributions were further investigated, and the former would lead to 0.1∼0.4 𝜇𝑁 change while the
latter induces the variation of less than 0.03 𝜇𝑁 for the magnetic moments of 𝑃𝑐 states [4]. The
measurement of the magnetic moments in future would help us distinguish different models.

The photoproduction processes are also helpful to study the structures of resonance through
electromagnetic interactions. They have been studied within chiral perturbation theory, dynamical
coupled-channel models, lattice QCD, and so on [5–12]. Recently, pion photoproduction of nucleon
excited states has been investigated within Hamiltonian effective field theory where the multipole
amplitudes 𝐸0+ and 𝑀1− are calculated [13, 14], which shows the triquark components in 𝑁 (1535)
and 𝑁 (1650) are important while the contribution from the positive bare state is small.

Radiative decays can easily reveal that the real resonance structures are more different from
the naive quark model since those of traditional hadrons can be obtained more reliably from theory.
Multiquark components usually would give certain corrections to explain the relevant experiments.
For example, Δ(1232) → 𝑁𝛾 can be studied well with the Δ(1232) interpreted as a triquark core
plus 𝑁𝜋 etc [15, 16].

In this report we first shortly reviewed the radiative decays of 𝐷∗
𝑠0(2317), 𝐷′

𝑠1(2460), and
𝑋 (3872) in Sec. 1. We focus on the electromagnetic processes of 𝑒+𝑒− → 𝑝𝑝,Λ𝑐Λ̄𝑐 in Sec. 2.

1. Radiative decays

In 2003, the BABAR Collaboration observed the 𝐷∗
𝑠0(2317) [17] and the CLEO Collaboratio

found 𝐷′
𝑠1(2460) [18]. Since their discoveries, different interpretations were provided to explain

their masses. Some work with the 𝑐𝑠 picture give the obtained masses were a little bigger than the
experimental data, and thus the very close 𝐷 (∗)𝐾 channels are important for them. The radiative
transitions for conventional 𝐷𝑠 mesons were explored in Refs. [19–29], and those for the conven-
tional quark-antiquark and four-quark mixtures were studied in Refs. [30, 31]. Within the molecular
picture, the processes of 𝐷∗

𝑠0(2317) → 𝐷∗
𝑠𝛾, 𝐷′

𝑠1(2460) → 𝐷∗
𝑠𝛾, 𝐷′

𝑠1(2460) → 𝐷∗
𝑠0(2317)𝛾 were

studied in Refs. [32–39].
In Ref. [40] we studied the masses of 𝐷∗

𝑠0(2317) and 𝐷′
𝑠1(2460) with three scenarios as shown

in Fig. 1. We considered both the coupling between 𝑐𝑠 and𝐷 (∗)𝐾 and the𝐷 (∗)𝐾-𝐷 (∗)𝐾 interaction.
From the figure, we can see that the naive quark model gives the mass (green dotted lines) is larger
than the experimental one. The coupled channel effect (blue dashed lines), just with the 𝑐𝑠-𝐷 (∗)𝐾

coupling, can lower the theoretical mass. After adding the 𝐷 (∗)𝐾-𝐷 (∗)𝐾 interaction (red solid
lines), the obtained masses can fit the observation.

In addition to the difference of the mass spectrum, we further discussed the decay behavior
of the 𝐷∗

𝑠0(2317) and 𝐷′
𝑠1(2460) with different configurations [40]. For the 𝐷∗

𝑠0(2317) → 𝐷∗
𝑠𝛾

partial decay width, the pure molecule assumption would predict it is about 10∼40 keV while the
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mixing of the 𝑐𝑠 and 𝐷𝐾 picture gives about 1∼5 keV. Thus the study of radiative decays may help
us to distinguish the structures of the resonances.

2380

2470

2560

2290

𝐷∗𝐾

𝐷𝐾M
as

s 
(M

eV
)

𝐷𝑠0
∗ 𝐷𝑠1

′

State

bare mass

approximation

this work

experiment

Figure 1: Comparison for the masses of 𝐷∗
𝑠0 (2317) and 𝐷′

𝑠1 (2460) with different scenarios. The green
dotted lines represent the results of naive quark model, the blue dashed lines are obtained with the coupling
between the 𝑐𝑠 and 𝐷 (∗)𝐾 states considered, and after adding the 𝐷 (∗)𝐾-𝐷 (∗)𝐾 interaction one gets the red
solid lines.

There is a long debate on the structure of 𝑋 (3872). Its mass is close to the 𝐷𝐷̄∗ threshold,
and thus the molecule interpretation becomes popular. However, the charmonium structure cannot
be excluded. In 2004, a small ratio 𝑅𝛾𝜓 in the molecular picture was predicted compared to that
with the charmonium assumption [41]. Later 𝑅𝛾𝜓 was measured in experiments but with obvious
differences among different groups [42–45],

𝑅𝛾𝜓 =
B[𝑋 (3872) → 𝛾𝜓(2𝑆)]
B[𝑋 (3872) → 𝛾𝐽/𝜓]


= 3.4 ± 1.4 (3.5𝜎) BaBar
= 2.46 ± 0.64 ± 0.29 (4.4𝜎) LHCb
< 2.1 (90% C.L.) Belle
< 0.59 (90% C.L.) BESIII

.

The charmonium structure can explain some above experiments naturally. However, molecular
interpretation cannot be excluded [46]. With the improvement of the 𝑋 (3872) mass study, we care-
fully examined the radiative decay of 𝑋 (3872) in the molecular picture [47].

We studied the binding energy of 𝐷𝐷̄∗ molecules with the isospin breaking, coupled channel,
and Coulomb interaction effects [47], which can give precise wavefunction for 𝑋 (3872). With this
wavefunction 𝜙𝐽𝑀[𝐴𝐵] (p), we further calculated the scattering amplitudes M̂𝐴𝐵→𝐶𝐷 in Fig. 2 and
obtained the decay amplitude M𝐽𝑀

[𝐴𝐵]→𝐶𝐷
of the molecule [𝐴𝐵] through

M𝐽𝑀
[𝐴𝐵]→𝐶𝐷 =

√
2𝑚 [𝐴𝐵]√

2𝑚𝐴

√
2𝑚𝐵

∫
d3p

(2𝜋)3/2 𝜙
𝐽𝑀
[𝐴𝐵] (p) ⊗ M̂𝐴𝐵→𝐶𝐷 ,

(1)

which gives the relevant decay width Γ[𝐴𝐵]→𝐶𝐷

Γ[𝐴𝐵]→𝐶𝐷 =
1
3

|k|
32𝜋2𝑚2

𝑋

∑
𝑀

∫ ���M𝐽𝑀
[𝐴𝐵]→𝐶𝐷

���2 dΩk. (2)
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Figure 2: On the left are the Feynman diagrams for the transitions 𝑋 (3872) → 𝛾𝜓𝑛 when the 𝑋 (3872) is
a 𝐷𝐷̄∗ hadronic molecule with 𝐽𝑃𝐶 = 1++. The conjugated diagrams are not shown, but are included in the
calculations.
The right graph gives the radiative decay width of the 𝑋 (3872) → 𝛾𝐽/𝜓 and the ratio 𝑅𝛾𝜓 =

Γ𝑋(3872)→𝛾𝜓 (2𝑆)
Γ𝑋(3872)→𝛾𝐽/𝜓

for the binding energy 𝐸 = −0.11 MeV. The units of the radiative decay width are keV.

As shown in the right graph of Fig. 2, the ratio 𝑅𝛾𝜓 is about 0.05∼0.30. Our results are 
consistent with the Belle and BESIII measurements.

2. Final state interaction in the electron-positron annihilation processes

The timelike electromagnetic form factors of nucleons are closely related to the electron-positron 
annihilation processes, and there are oscillation behaviors in them [48], which can also be seen in the 
left graph in Fig. 3. This damped oscillation phenomenon were studied with various mechanisms 
[49–53].
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Figure 3: The left graph gives the effective form factors for protons in the timelike region. At the top are
the effective form factors |𝐺eff |, while at the bottom is the oscillation part 𝐺𝑜𝑠𝑐 after subtracting the smooth
background part 𝐺0 (gray dashed line). The threshold positions

√
𝑠 = 2𝑚𝑁 are marked as gray dot-dashed

vertical lines. In the figure, we include BESIII [54] (green square) and BABAR [48] (blue circle) data for 𝑝𝑝.
The right graph are about the cross sections near the thresholds for 𝑒+𝑒− → ΛΛ̄ [55–57]. If the cross section
is proportional to the phase space, the fit is shown as the gray dashed line. After considering the final state
interaction effect, the red solid line can explain the threshold enhancement phenomenon.

4



P
o
S
(
Q
C
H
S
C
2
4
)
0
6
7

P
o
S
(
Q
C
H
S
C
2
4
)
0
6
7

Electromagnetic properties and hadron structures Zhan-Wei Liu

With a simple square-well potential for the final-state interaction of 𝑁𝑁̄ , we can obtain their
zero-point wavefunctions with quantum mechanics, which can provide a correction factor for the
cross sections or the form factors [58]. Using this final-state interaction effect, we can explain the
damped oscillation behavior well as shown in the left graph of Fig. 3.

The threshold enhancement phenomenon of 𝑒+𝑒− → ΛΛ̄ can be clearly seen in the right graph
of Fig. 3. With the same final-state interaction effect, we can fit the experimental data before 2020
well. We notice that the BESIII collaboration reported their new measurement on the cross section
of 𝑒+𝑒− → ΛΛ̄ via ISR [57]. As shown in the right graph of Fig. 3, the new data are consistent with
our earlier description.
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