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[Phys.Rev.Lett. 91 (2003) 262001] [Nature Phys. 18 (2022) 7, 751-754]

𝑀 = 3871.64 ± 0.06 MeV

Γ = 1.19 ± 0.21 MeV

𝐼𝐺 𝐽𝑃𝐶 = 1+(1++)

𝑀 = 3874.75 ± 0.10MeV

Γ = 0.048 ± 0.002MeV

𝐼 𝐽𝑃 = 0(1+)

𝑀ഥ𝐷0𝐷∗0 = 3871.71 MeV

𝑀ഥ𝐷0𝐷∗+ = 3875.11 MeV

ۧX(3872) = 𝑐1 ۧ𝐷ഥ𝐷∗ + 𝑐2 ۧ𝑐𝑞 ҧ𝑐 ത𝑞 + 𝑐3 ۧ𝑐 ҧ𝑐 + ⋯
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⚫ Mass

➢ Lattice QCD

➢ Effective field theory

➢ QCD sum rules 

➢ Quark model、Chiral quark model 、One boson exchange model、Bethe-Salpeter equation、… 

⚫ Deacy

➢ Strong decay

➢ Radiative Decay

𝑅 =
𝐵𝑋(3872)→𝐽/𝜓𝜔

𝐵𝑋(3872)→𝐽/𝜓𝜌
≈ 1

𝑅 =
𝐵𝑋(3872)→𝜓 2𝑆 𝛾

𝐵𝑋(3872)→𝐽/𝜓𝛾
= 1.67 ± 0.21

⚫ Production

➢ 𝑩 → 𝑲𝑿、𝒑𝒑 → 𝑿 +⋯、𝒆+𝒆− → 𝜸𝑿、𝒀(𝟒𝟐𝟔𝟎) → 𝜸𝑿、⋯

⚫ Heavy quark spin symmetry

➢ X 𝟑𝟖𝟕𝟐 :𝑫ഥ𝑫∗𝑰 𝑱𝑷𝑪 = 𝟎(𝟏++) → 𝑫∗ഥ𝑫∗𝑰 𝑱𝑷𝑪 = 𝟎(𝟐++)

➢ 𝑻𝒄𝒄 𝟑𝟖𝟕𝟓 :𝑫𝑫∗𝑰 𝑱𝑷 = 𝟎 𝟏+ → 𝑫∗𝑫∗𝑰 𝑱𝑷 = 𝟎(𝟏+)
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Bethe-Salpeter equation

• Bethe-Salpeter wave function

𝜒𝑃
𝜇𝜈

𝑥1, 𝑥2 = 0 𝑇𝐷∗𝜇 𝑥1 ഥ𝐷∗𝜈 (𝑥2) 𝑃

• The BS wave function can be derived from a four-point Green function

𝑆𝜇𝜈𝛽𝛼 𝑥1, 𝑥2; 𝑦2, 𝑦1 = 0 𝑇𝐷∗𝜇 𝑥1 ഥ𝐷∗𝜈 𝑥2 𝐷∗𝛼 𝑦1 ഥ𝐷∗𝛽 𝑦2
⊺
0

• Express the above four-point Green function

𝑆𝜇𝜈𝛽𝛼 𝑥1, 𝑥2; 𝑦2, 𝑦1 = 𝑆0
𝜇𝜈𝛽𝛼

𝑥1, 𝑥2; 𝑦2, 𝑦1

+∫ 𝑑4𝑎1𝑑
4𝑎2𝑑

4𝑏1𝑑
4𝑏2𝑆0

𝜇𝜈𝛾𝛿
𝑥1, 𝑥2; 𝑎2, 𝑎1 ഥ𝐾𝛿𝛾𝜄𝜅 𝑎1, 𝑎2; 𝑏2, 𝑏1 𝑆𝜄𝜅𝛽𝛼(𝑏1, 𝑏2; 𝑦2, 𝑦1)

with 𝑆0
𝜇𝜈𝛽𝛼

𝑥1, 𝑥2; 𝑦2, 𝑦1 = Δ1
𝜇𝛼

𝑥1, 𝑦1 Δ2
𝜈𝛽
(x2, y2)

• The Bethe-Salpeter equation of two vector mesons are 

𝜒𝑃
𝜇𝜈

𝑥1, 𝑥2 = ∫ 𝑑4𝑎1𝑑
4𝑎2𝑑

4𝑏1𝑑
4𝑏2 𝑆0

𝜇𝜈𝛾𝛿
𝑥1, 𝑥2; 𝑎2, 𝑎1 ഥ𝐾𝛿𝛾𝜄𝜅 𝑎1, 𝑎2; 𝑏2, 𝑏1 𝜒𝑃

𝜅𝜄(𝑏1, 𝑏2)

𝑃0 = 𝐸𝑷
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Bethe-Salpeter equation

The Feynman diagram expansion of the two-body propagator

irreducible diagrams

reducible diagrams

The interaction kernel in the ladder approximation
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Bethe-Salpeter equation

• In the momentum space 

𝜒𝑃
𝜇𝜈

𝑥1, 𝑥2 = 𝑒−𝑖𝑃𝑋𝜒𝑃
𝜇𝜈
(𝑝)

where 𝑃 = 𝑀𝑣, 𝑝1 = 𝜆1𝑃 + 𝑝 and 𝑝2 = 𝜆2𝑃 − 𝑝 with 𝜆1(2) =
𝑚1(2)

𝑚1+𝑚2
.

• The Bethe-Salpeter equation in the momentum space

𝜒𝑃
𝜇𝜈

𝑝 = 𝑆𝜇𝛼 𝑝1, 𝑚1 න
𝑑4𝑞

2𝜋 4
ഥ𝐾𝛼𝛽𝜆𝜏 𝑃, 𝑝, 𝑞 𝜒𝑃

𝜆𝜏 𝑞 𝑆𝜈𝛽(𝑝2, 𝑚2)

• The normalization condition for the BS wave function

𝑖 න
𝑑4𝑝𝑑4𝑞

2𝜋 8
ҧ𝜒𝑃
𝜇𝜈

𝑝
𝜕

𝜕𝑃0
𝐼𝜇𝜈𝛼𝛽 𝑝, 𝑞 + ഥ𝐾𝜇𝜈𝛼𝛽 𝑝, 𝑞 𝜒𝑃

𝛼𝛽
𝑞 = 2𝐸𝑃

with 𝐼𝜇𝜈𝛼𝛽 𝑝, 𝑞 = − 2𝜋 4𝛿4 𝑝 − 𝑞 𝑆𝜇𝜈
−1 𝑝1, 𝑚1 𝑆𝛼𝛽

−1 𝑝2, 𝑚2 .
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Bethe-Salpeter equation

• Provides a relativistic and Lorentz-covariant framework for describing two-body bound states.

• Determines the bound state mass and the corresponding covariant BS wave function.

• Describes the internal momentum and spin structure of the bound state.

• The normalized BS wave function can be used to study decay properties, form factors, and production processes.

Arxiv:2512.02524
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Bethe-Salpeter equation

• Light quark isospin conventions

• Flavor wave functions

𝑆-wave 𝐷∗ഥ𝐷∗

• Allowed systems

𝐶 = −1 𝐿+𝑆 = −1 𝑆

𝐼 = 0, 1; 𝐽𝑃𝐶 = 0++, 1+ −, 2++

𝑆-wave 𝐷∗𝐷∗

Spin 𝑆 = 0, 2 is symmetry, 𝑆 = 1 is antisymmetry

𝐽 𝐽𝑃 = 0 1+ , 1 0+ , 1(2+)
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Bethe-Salpeter equation

• The BS wave function can be decomposed into a complete set of linearly independent Lorentz–Dirac covariants

For convenience，𝑝𝑙 = 𝑝 ⋅ 𝑣 and 𝑝𝑡 = 𝑝 − 𝑝𝑙 𝑣.

𝜒
0++
𝜇𝜈

𝑃, 𝑝 = 𝜙1 𝑝𝑙 , 𝑝𝑡
2 𝑔𝑡

𝜇𝜈
+ 𝜙2(𝑝𝑙 , 𝑝𝑡

2)𝑝𝑡
𝜇
𝑝𝑡
𝜈

𝜒
1+ −
𝜇𝜈

𝑃, 𝑝 = 𝜓1 𝑝𝑙 , 𝑝𝑡
2 𝜖𝜇𝜈𝛼𝛽𝑣𝛼𝜖𝛽 + 𝜓 𝑝𝑙 , 𝑝𝑡

2 𝜖𝜇𝜈𝛼𝛽𝑣𝛼𝑝𝑡𝛽𝑝𝑡 ⋅ 𝜖

𝜒
2++
𝜇𝜈

𝑃, 𝑝 = 𝜂1 𝑝𝑙 , 𝑝𝑡
2 𝜉𝜇𝜈 + 𝜂2 𝑝𝑙 , 𝑝𝑡

2 𝑝𝑡
𝜇
𝑝𝑡𝛼𝜉

𝛼𝜈 + 𝑝𝑡
𝜈𝑝𝑡𝛼𝜉

𝛼𝜇 + 𝜂3 𝑝𝑙 , 𝑝𝑡
2 𝑝𝑡𝛼𝑝𝑡𝛽𝜉

𝛼𝛽 𝑔𝑡
𝜇𝜈

+ 𝜂4 𝑝𝑙 , 𝑝𝑡
2 𝑝𝑡𝛼𝑝𝑡𝛽𝜉

𝛼𝛽𝑝𝑡
𝜇
𝑝𝑡
𝜈

𝑔𝑡
𝜇𝜈

= 𝑔𝜇𝜈 − 𝑣𝜇𝑣𝜈

• Due to the centrifugal barrier, near-threshold states are generally dominated by 𝑆-wave components.

𝜒
0++
𝜇𝜈

𝑃, 𝑝 = 𝜙1 𝑝𝑙 , 𝑝𝑡
2 𝑔𝑡

𝜇𝜈

𝜒
1+ −
𝜇𝜈

𝑃, 𝑝 = 𝜓1 𝑝𝑙 , 𝑝𝑡
2 𝜖𝜇𝜈𝛼𝛽𝑣𝛼𝜖𝛽

𝜒
2++
𝜇𝜈

𝑃, 𝑝 = 𝜂1 𝑝𝑙 , 𝑝𝑡
2 𝜉𝜇𝜈
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Bethe-Salpeter equation

• The irreducible kernel ഥ𝐾

For a near-threshold shallow bound state → low characteristic momentum

Q ≪ 𝑚1, 𝑚2

Consider the exchanged-particle propagator

1

𝑝2 −𝑚𝑒𝑥
2 ≈

1

𝑚𝑒𝑥
2

The BS kernel is dominated by one boson exchange

• Effective Lagrangians
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Bethe-Salpeter equation

• 𝐷∗ഥ𝐷∗

• 𝐷∗𝐷∗
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Bethe-Salpeter equation

𝐹(𝑘2) =
Λ2 −𝑚2

Λ2 − 𝑘2

To account phenomenologically for the finite size of the constituent hadrons and to regularize the high-momentum 
behavior of the interaction kernel

Λ=m+α ΛQCD with ΛQCD =220 MeV
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𝑀𝐷∗ഥ𝐷∗ = 4017.11 MeV

EFT (X(3872), X(3915),Zb(10610))

0(0++) 0(1+ −) 0(2++)

3957 ± 17 MeV 4012 ± 3 MeV [Phys.Rev. D 86, 056004 (2012)]

4012−5
+4 MeV [Phys. Rev. D 88, 054007 (2013)]

3953−26
+24 MeV 3988−17

+15 MeV

1(0++) 1(1+ −) 1(2++)

4013−11
+4 MeV

[Phys. Rev. D 87, 076006 (2013)]

[Phys. Rev. D 88, 054007 (2013)]
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𝑀𝐵∗ ത𝐵∗ = 10559.1 MeV

EFT (X(3872), Zb(10610))

0(2++)

[Phys. Rev. D 88, 054007 (2013)]

1(1+ −)

10626−7
+6 MeV 10648.1 ± 2.1 MeV



15

Results
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Numerical result of the BS equation
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Summary and Outlook

✓ Possible 𝑆-wave molecular states in the 𝐷∗ഥ𝐷∗, 𝐵∗ ത𝐵∗ , 𝐷∗ 𝐷∗, and ത𝐵∗ ത𝐵∗ systems were investigated within

the Bethe--Salpeter formalism.

• For the hidden-heavy systems, bound state solutions were found in all three isoscalar channels, 𝐽𝑃𝐶 =

0++, 1+ −, 2++, while no isovector solutions were obtained within the parameter range considered.

• For the doubly heavy systems, Bose symmetry allows only 𝐼(𝐽𝑃) = 0(1+), 1(0+), and 1(2+). Bound state

solutions were obtained in all three channels.

• The 0(1+) and 1(2+) doubly heavy states can be generated with moderate cutoff values, whereas the

1(0+) state requires a much larger cutoff and is therefore more model dependent.

✓ The resulting BS wave functions can be further used to investigate the decay and production properties of 

these bound states.

Thank you for your attention ! 
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