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Question:

What is the force between 
“neutral particles” at long range ? 
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Answer:

QED
2-photon exchange force
= van der Waals (Casimir-Polder) force à -1/r7
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Bhanot and Peskin, Nucl. Phys. B156 (1979) 391
Fujii and Kharzeev, Phys. Rev. D60 (1999)  114039
Brambilla, Klein, Tarrus Castella and Vairo Phys. Rev. D93 (2016) 054002

QCD
2-pion exchange force 

Brief overview: T. Hatsuda; https://arxiv.org/abs/2507.08359
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TPE between nucleons (NN):

Kaiser, Brockmann Weise, Nucl. Phys. A (1997) 
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TPE between flavor-singlet hadrons (e.g. J/ψ-J/ψ)

Brambilla et al.,  Phys. Rev.D (2016)

TPE between nucleons (NN):

Kaiser, Brockmann Weise, Nucl. Phys. A (1997) 
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TPE between flavor-singlet hadron and N (e.g. φ-N, J/ψ-N)

Krein, Casttela , Phys. Rev. D (2018) 
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V=(8.1 fm)3 ,  mπ=146 MeV
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Large-Scale LQCD Simulations of Hadron-Hadron Int. 

V=(8.1 fm)3 ,  mπ=137 MeV

FUGAKU @RIKEN: 440 PFlops (2020-)

HAL QCD Coll. 
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Correlation of “almost

Imaginary time

space

x

y

J †

J †

・ Haag-Nishijima-Zimmermann formula (1958) 
・ Borchers Theorem (1960)

Spacetime correlation of composite particles 

HAL QCD Method 11/11 (Tues) 10:15-
Takumi Doi 
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Spacetime correlation of composite particles 

HAL QCD Method 

Ishii, Aoki & Hatsuda, 
PRL 99 (2007); 

Ishii+ [HALQCD Coll.],   
PLB 712 (2012)

HAL QCD Method

• Derivative expansion:  U(r,r’) = V0(r) + V2(r) ∇2 δ(r-r’) + … 
・ Neural network : Uθ(r,r’) 

Lingxiao
(RIKEN)

R à U  (Inverse Problem)

L. Wang, T. Hastuda, Y. Lyu, arXiv:2410.03082

11/11 (Tues) 10:15-
Takumi Doi 
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Meson-Baryon Interactions
- color-dipole and nucleon -

𝑠𝑠̅ -𝑁
𝑐 ̅𝑐 -𝑁
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Nφ

total spin 3/2
mp=146 MeV

Yan Lyu
(RIKEN)
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Two-pion Tail at r > (2mπ)-1 
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What about 𝑐 ̅𝑐 -𝑁 interaction ?
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𝑐 ̅𝑐 𝑁
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HAL QCD Collaboration

𝑐 ̅𝑐 𝑁

Yan Lyu
(RIKEN)
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Scattering length and effective range 



21

Scattering length and effective range 

Krein, Tsushima, Thomas, 
Nuclear-bound quankonia and heavy-flavor hadrons
Prog. in Part. Nucl. Phys. 100 (2018) 161

⇔

J/ψ optical potential in nuclear matter
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“Evidence” of uncorrelated TPE at long distance

fN J/ψ-N
ηc-N
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“Evidence” of uncorrelated TPE at long distance

fN J/ψ-N
ηc-N

f N J/ψ N



Summary

Hadron-hadron int. from LQCD at mπ = 146 MeV and 137 MeV
opens the door to the “coevolution” of LQCD and Experiments
(examples) BB:  LL-NX,  NW, WW,   MM:  Tcc+ , MB:   𝑠𝑠̅ -𝑁, 𝑐 ̅𝑐 -𝑁
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Stay tuned !
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Backup
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Two-pion exchange
between nucleons (NN):
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Kaiser, Brockmann Weise, Nucl. Phys. A (1997) 
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