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Spectroscopy at angstrom scale and femto-scale

1、Research Background

Hydrogen Spectrum 
(ΔM~eV)

Charm region Spectrum             
(ΔM ~100MeV) 3



Meson Spectroscopy in Naïve Quark Model

4

Quark-antiquark S-wave meson puzzle
The Bc family is not complete

Beauty-charm family



➢Hyperfine splitting between Bc* and Bc:  ~ 60MeV

➢Bc* major (99.99%)  electromagnetic decays to ground Bc

➢However, 60MeV photon is hard to detect at LHC environment; 

current e+ e- colliders can not create two beauty and charm 

pairs

➢Solid theoretical analysis and new observables are required

Vector Bc*(1- ) Electromagnetic and Weak Decays

5



2、EFT Frameworks for Bc* Decays

➢Nonrelativistic Effective Theory in QCD/QED 

Bodwin-Braaten-
Lapage
1995

Pineda-Soto-
Brambilla-Vairo

2000
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NRQCD/pNRQCD/γpNRQCD in unequal mass case

➢Heavy quark field in QCD

➢Rewrite heavy quark field in QCD

➢Obtain NRQCD Lagrangian
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➢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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Vector Bc*(1- ) Electromagnetic Decay



Bc*  decay constants in EFT

➢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)



Typical diagrams up to three-loop

LO:1,  NLO:1,  NNLO:11,  N^3LO:268
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Two-loop results

➢Matching coefficients at two loop 
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Three loop results for vector and pseudoscalar currents

➢Matching coefficients for vector current

Sang-Zhang-Zhou, arXiv:2210.02979

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

➢Matching coefficients for pseudoscalar current
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Results for axial-vector and scalar currents

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

loop

Nonconvergence behaviors also in other two currents

13



Sub-leading Contribution

➢Relativistic corrections

Employing EOM:
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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) 15



Convergent vector Bc* decay constant

16



Leptonic decay branching ratios

17



3、Polarization analysis of other Bc* decays
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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

19



Results of invariant mass distribution

20

LHCb, arXiv:2111.03001



Polarization Asymmetry(A general law in V(P) to V transitions)

21



➢Nontrivial high-order calculation of wave function in un-equal 

mass cases

➢Experimental analysis of Bc family at LHC/CEPC/Super-Z/EicC

✓ Bc* decay width is studied  in QCD effective 

theory

✓ Convergent Bc* decay constant up to three-loop 

accuracy is obtained; 

✓ Distinguishing vector Bc* meson is possible by 

helicity decomposition

Thank you a lot!

Summary and Outlook

Outlook

Summary
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Calculation procedure

➢Feynman Diagrams & Amplitudes

(Packages: FeynRules/FeynArts / QGraf) 

➢Feynman Amplitudes Simplification：Trace & Contraction 

(Packages: FeynCalc / FormCalc / FormLink) 

➢Feynman Integrals Reduction

(Packages: Apart(Feng) / FIRE/Kira /…) 

➢Feynman Master Integrals Calculation:

(Packages: AMFlow(Ma et al) / FIESTA /…)
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Hyperfine splitting

➢Hyperfine splitting relation

24
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