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Early history of spin

➢ 100 anniversaries in 2025 

Back to 1922,
Stern-Gerlach experiment,

to detect OAM

In January 1925,

Kronig first had an idea of spin,

Pauli saying  "it is indeed very clever 

but of course has nothing to do with 

reality".

Pauli proposed four quantum 

numbers

(n,l,m,s)
In September1925, 

Uhlenbeck and Goudsmit

proposed electron 
intrinsic“Spin”concept



➢ Complete set of quantum numbers for electron in the atom

➢ In 1928, Dirac Equation; During 1946-1949,  QED by 

Tomonaga-Schwinger-Feynman；Lorentz(Poincare) group
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Electron complete description

AM generator in Lorentz group
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Spin correlation in heavy flavor physics



汇报提纲
Outline

➢ Spin correlation in beauty-charm meson 
family decays

➢ Spin correlation in fully charmed 
tetraquark states decays

➢ Summary and Outlook



      nonrelativistic potential model + Coupled channel analysis
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Beauty-charm meson family spectrum

Hao-Zhu, 2402.18898



➢Bc* (1S)  major (99.99%)  electromagnetic decays to Bc(1S): 

M1 transition

➢We generalize the pNRQCD to 

unequal mass case and obtain the 

effective Lagrangian
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Detect Bc* meson by EM decays



➢Bc* decay constants in QCD

➢Bc* decay constants in NRQCD

➢Matching Formulae
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Braaten-Fleming,PRD52,181(1995);
Lee-Sang-Kim,JHEP01,113(2011)

Detect Bc* meson by weak decays



Vector Bc* meson decay constant
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Leptonic decay branching ratios
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Bc and Bc* decays along with 3 pions
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LHCb, arXiv:2111.03001
Around  105 Bc to Jpsi+X events

LHCb, arXiv:1204.0079



➢Helicity decomposition of  weak decay width

Invariant mass distribution in Bc* decays to J/psi +n h
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Results of invariant mass distribution
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LHCb, arXiv:2111.03001



Polarization Asymmetry(A general law in V(P) to V transitions)
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Bc decays along with 2 pions
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LHCb, arXiv: 2402.05523 2404.06221, 2310.03425           

[62]Qiao-Sun-Yang-Zhu, 1209.5859



➢weak decay amplitude

➢Angular distribution

Helicity amplitudes and angular distributions

16



➢Quantum spin entanglement state

➢Von Neumann entropy

Quantum spin entanglement
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➢Bell inequality

➢Collins-Gisin-Linden-Massar-Popescu qutrits inequality

Test of Bell inequality
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CGLMP inequality  breaks down.



Charm family
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1974 by Ting and Richter 1976 at SLAC LHCb, 2006.16957
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Latest data on fully charmed tetraquarks 

CMS, 2306.07164;    135fb-1 data; 

P_t(muon)>2GeV;|eta(muon)|<2.4;

P_t(di muon)>3.5GeV;

ATLAS, 2304.08962;    140fb-1 data; 

P_t(mu1,2,3,4)>4,4,3,3GeV; |eta(mu1,2,3,4)|<2.5;

2.94(3.56)GeV<M(dimuon)<3.25(3.80)GeV
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How to explain these exotic states?

Gluonic Tetracharm Hybrid
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diquark-antidiquark  model?

These masses are predicted correctly and confirmed by CMS.
Next,  are their spin-parities correct?  
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spin-correlated amplitudes will tell the truth
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polar angular distribution

Model I: quark model (QM); 
Model II: heavy quark effective theory(HQET)
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plane angular distribution
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fully charmed tetraquark decays to charmed meson pair



✓ Spin-correlation effects are involved  in heavy 

flavor physics

✓ Polarization analysis are helpful to detect the vector 

beauty-charm meson and to determine the spin-

parity of fully charmed tetraquarks

Outlook: Spin-correlation effects leads to quantum 

entanglement；What can quantum entanglement tell 

us in QCD/QFT/SM?

Thank you a lot!

Summary and outlook
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Backup
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Matching coefficients up to three loops

➢ for vector current

Sang-Zhang-Zhou, arXiv:2210.02979

Feng-Jia-Mo-Pan-Sang-Zhang, arXiv:2208.04302

➢ for pseudoscalar current
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for axial-vector and scalar currents

➢Matching coefficients for axial-vector and scalar up to three 

loops

Nonconvergence behaviors also in other two currents

Multi-loop integral calculation performed by AMFlow (Ma et al)
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Sub-leading Contribution

➢Relativistic corrections

Employing EOM:

31



Wave function scale dependence

➢Wave function at origin

For Power-law potential

Exact solution

Scale relation

Collins-Imbo-King-Martell, PLB 393 (1997) 155–160

Beneke et al., PRL. 112, 151801 (2014) 32
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fully charmed tetraquark decay widths
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fully charmed tetraquark  major decay modes
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Concurrence 

If assume quantum entanglement as a basic principle, then a constraint 
formula for helicity amplitudes.

That may make sense because we have no strict solution in QCD.
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