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 𝑉𝑢𝑑  𝑉𝑢𝑠  𝑉𝑢𝑏

 𝑉𝑐𝑑  𝑉𝑐𝑠  𝑉𝑐𝑏

 𝑉𝑡𝑑  𝑉𝑡𝑠  𝑉𝑡𝑏

Second row:

|𝑉𝑐𝑑| = 0.221 ± 0.004 1.81%

|𝑉𝑐𝑠| = 0.975 ± 0.006 0.62%

|𝑉𝑐𝑏| = 0.0411 ± 0.0012 2.92%

|𝑉𝑐𝑑|2 +  |𝑉𝑐𝑠|2+ |𝑉𝑐𝑏|2 = 1.001 ± 0.012𝟏𝟎−𝟐 𝒂𝒄𝒄𝒖𝒓𝒂𝒄𝒚

Unitarity of CKM matrix

|𝑉𝑢𝑑| =0.97367 ±0.00032

𝑉𝑢𝑠 = 0.22431 ± 0.00085
|𝑉𝑢𝑏| = 0.00382 ± 0.00020

|𝑉𝑢𝑑|2 +  |𝑉𝑢𝑠|2+ |𝑉𝑢𝑏|2 = 0.9984 ± 0.0007

First row:

𝟏𝟎−𝟒 𝒂𝒄𝒄𝒖𝒓𝒂𝒄𝒚

PDG 2024

High precision determination of the second row provide strong tests of CKM 

unitarity, but this has to answered together with theoretical understanding!
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𝐧, 𝐩, 𝚲, 𝚵, …

𝚲𝐜, 𝚵𝐜, 𝚺𝐜, …  

Tau-charm region :  perturbative vs non-perturbative QCD

• Around the proton radius scale

(~ 1 GeV), QCD cannot be

solved analytically, and the

theoretical calculation at this

scale is one of the seven

Millennium Prize Problems.

• The baryon of the Tau-

charm region：is just in the

region where the transition

from perturbative to

nonperturbative happens.

-4-



Lattice QCD -5-



Chinese Lattice QCD configurations

✓ 2+1 flavor full-QCD ensembles with stout smeared 

clover fermion action and Symanzik gauge actions

• 5 lattice spacings from ~ 0.05 fm to 0.11 fm;

• 7 pion masses from ~ 130 MeV to 350 MeV;

• 4 Volumes from ~ 2.5 fm to 5.0 fm.

Hu, et. al., CLQCD, PRD109, 054507 (2024)

 Ensembles with another setup are preparing for 

better control on systematic uncertainties.

• 14 ensembles with more than 5000 

configurations in total;
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Branching fractions for some J/ψ; ψ(3686)→ 𝐵 ത𝐵 decay form STCF

The expected numbers of events per year at different STCF at 4.630 GeV.

Baryon events produced by STCF

High precision measurement in STCF

High precision calculation in LQCD

STCF, Front. Phys. 19, 14701 (2024)
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BESIII LHCb STCF

Br(𝛬 → 𝑝𝜇− ҧ𝜈𝜇) (1.48±0.21)×10−4 (1.46±0.10)×10−4 -

Br(𝛬 → 𝑝𝑒− ҧ𝜈𝑒) (8.16±0.27)×10−4 - (8.32±0.07)×10−4

𝑉𝑢𝑠 𝜇 - 0.235±0.016 -

𝑉𝑢𝑠 𝑒 0.2332±0.0042 - 0.9%

BESIII : PhysRevLett.127.121802 (2021)

BESIII : arXiv: 2509.09266

STCF : Eur. Phys. J. C 85, 1408 (2025)

LHCb : arXiv: 2511.15681

Lattice QCD calculation：

𝚲 → 𝒑ℓ𝝂 semi-leptonic decay

Experimental measurement：

S. Bacchio, et al. Phys. Rev. Lett. 135, 231901 (2026)
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𝚵 → 𝚲ℓ𝝂 semi-leptonic decay

BESIII： 3.60 ± 0.40𝑠𝑡𝑎𝑡 ± 0.10𝑠𝑦𝑠𝑡 × 10−4

BESIII, arXiv: 2512.15273

3.9σ

Branching fraction 𝚵 → 𝚲𝒆ഥ𝝂𝒆 :

PDG2024： 5.63 ± 0.40𝑠𝑡𝑎𝑡 ± 0.31𝑠𝑦𝑠𝑡 × 10−4

Lattice QCD calculation：

In collaboration with：Z.F. Liu, Y. Meng, G.Y. Wang, W. Wang, Q.A. Zhang, F.W. Zhang 
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Ensemble 𝐿3 × 𝑇 a (fm) smear size Pion (MeV) Nconf Nsrc

C24P34 243 × 64 0.105 4 30 340 300 10

C32P29 323 × 64 0.105 4 30 290 984 2

C32P23 323 × 64 0.105 4 30 230 954 2

F32P30 323 × 96 0.077 5 50 300 772 2

The three point correlation functions of hyperon：

C32P29

C32P23

F32P30

Pion

mass

C24P34

Lattice spacing

Hyperon: Lattice set-up

where
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momentum：

The ratio of 3pt/2pt

Linear combination of form factors：

𝑉𝑖 = 𝐴𝐹1(𝑞2) + 𝐵𝐹2(𝑞2) + 𝐶𝐹3(𝑞2), 𝑖 = 1~6

current projector

Reduction formula -12-



Preliminary result of 𝚵 → 𝚲ℓ𝝂

vector form factor F1

C32P29

C32P23

F32P30

Pion

mass

C24P34

Lattice spacing

G36P29

Running…
The next :

Preliminary

Preliminary

1、New ensemble G36P29

2、Chiral and continuum limit extrapolations

Differential decay width
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Recent progress on charmed hadron in Lattice QCD

✓ Charmed meson: 

✓ Decay constant:   H.Y. Du, el.al, PRD 111,054504 (2025)

✓ 𝑫𝒔 → 𝝓ℓ𝝂: G.F. Fan, et.al, 2510.14478 (2025)

✓ 𝑫𝒔
∗ → 𝑫𝒔𝜸:   Y. Meng, et.al, PRD 109, 074511 (2024) 

✓ Charmed baryon:

✓ Decay constants:   L.Y. Li, et.al, Phys.Rev.D 113 (2026), 054509

✓ 𝚵𝒄 → 𝚵ℓ𝝂 : Q.A. Zhang, et.al, CPC 46, 011002 (2022), 

✓ 𝚵𝒄 − 𝚵𝒄′ mixing:   H. Liu, et.al, PLB 841,137941 (2023), PRD109, 036037 (2024) 
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𝚲𝐛 → 𝚲𝒄𝝅 two-body decay

𝚲𝐛 → 𝚲𝐜 form factor：

⟨𝛬𝑐|𝑖𝐴 𝛬𝑏 ∝ ⟨𝛬𝑐|𝑂𝛬𝑐
0 ∝ 𝑓𝛬𝑐

Charmed baryon 𝚲𝒄

0 𝜖𝑖𝑗𝑘(𝑢𝑖
𝑇𝐶𝛾5𝑑𝑗 𝑐𝑘 𝛬𝑐 = 𝑚Λ𝑐

𝑓𝛬𝑐
𝑢𝛬𝑐

The definition of decay constants：
form 

factor

Charmed baryon: Decay Constants

Only QCD sum rule calculation：

The decay constants of charmed baryons have yet to be determined from first principles.
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SU(3) symmetry of di-quark：

 3 ۪ 3 = ത3 ۩ 6

A. Khodjamirian, et al., JHEP 09, 106 (2011). 

H. Liu, et al., Phys. Lett. B 841, 137941 (2023)

Pseudoscalar current Vector current

Interpolating operator -17-



18Challenges and Opportunities

Four lattice spacings [0.052 - 0.105] fm → continuum limit

𝑚𝜋 = 135 − 320 MeV → physical pion mass

Charmed baryon: Lattice set-up

C24P29/C32P29

C32P23

C48P14

F32P30H48P32

Lattice spacing

Pion

mass

physical pion mass

Ensemble 𝐿3 × 𝑇 a (fm) Pion (MeV) Nconf Nsrc

C24P29 243 × 72 0.105 290 864 2×10

C32P29 323 × 64 0.105 290 984 2×10

C48P14 483 × 96 0.105 135 187 2×20

C32P23 323 × 64 0.105 230 451 2×10

F32P30 323 × 96 0.077 300 777 2×10

H48P32 483 × 144 0.052 320 550 2×6
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Non-perturbation renormalization

Renormalization on the lattice QCD:

𝑍𝑂𝑖
𝑍𝑞1

−1/2
𝑍𝑞2

−1/2
𝑍𝑞3

−1/2
Γ𝑂𝑖

|SMOMγμ/SYM3q = 1

Renormalization condition：

Charmed meson

Charmed baryon

Proton

+

L.Y. Li, et.al, Phys.Rev.D 113 , 054509 (2026)
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20Challenges and OpportunitiesNumerical result of decay constants

Charmed baryon renormalization constants:

Charmed baryon decay constants:

L.Y. Li, et.al., Phys.Rev.D 113 , 054509 (2026)
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Charmed Baryon 𝚵𝒄 Decays

𝚵𝒄
𝟎 (𝒅𝒔𝒄) → 𝚵−(𝒅𝒔𝒔)ℓ+𝝂ℓ: Recent progresses

• Experimental measurement: (In 2021)

combining with a normalization mode: (in 2019)

giving the absolute branching fractions:

• PDG average: (In 2024)

Belle Collaboration, PRL127, 121803 (2021)

ALICE Collaboration, PRL127, 272001 (2021)

Belle Collaboration, PRL122, 082001 (2019)

PDG Collaboration, PRD110, 030001 (2024)

Charmed Baryon 𝚵𝒄 Decays -21-



Lattice QCD results in 2022:

Q.A. Zhang, et.al, CPC46, 011002 (2022)
Ensembles by CLQCD collaboration:

• 2 lattice spacings @ 𝑎 = 0.105fm 

and 0.077fm; 

• Valence quark mass @ 𝑚𝜋~300MeV 

𝑚𝜂𝑠
~650MeV;

• Charm quark tuned by physical 𝐽/𝜓

mass;

• Measurements: 18,000 ~ 31,000.

• 2+1 flavor stout smeared clover 

fermion + Symanzik gauge actions
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Lattice QCD results in 2025:

C. Farrell et al., Phys. Rev. D 111, 114521 (2025)
Ensembles by RBC&UKQCD collaborations:

• 3 lattice spacings @ 𝑎 ~ 0.07 – 1.11 fm; 

• Valence quark mass @ 𝑚𝜋~ 230-420 

MeV;

• Charm quark use anisotropic clover 

action, 𝑚𝑐 is tuned to match the mass 

of 𝐷𝑠 and hyperfine splitting.

• All-mode-averaging is used on each 

ensemble.

• 2+1 flavor domain-wall fermion + 

Iwasaki gauge actions;
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Discrepancies in decay rates of  Ξ𝑐
0 → Ξ−𝑒+𝜈𝑒

Farrel and Meinel

Zhang et al.

PDG average

Belle

ALICE

CLQCD

RBC

Charmed baryon: Ξ𝑐 Decay 

C. Farrell and S. Meinel, arXiv:2504.07302 [hep-lat]
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RBC

𝟐. 𝟔 𝝈

𝟏𝟎. 𝟖 𝝈

𝟏. 𝟑 𝝈

𝟓. 𝟔 𝝈

Puzzle of  𝚵𝐜
𝟎 → 𝚵−𝒆+𝝂𝒆 decay

by Q.A. Zhang PPT
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https://doi.org/10.1142/S0217751X2645003X

L.Y. Li and W. Wang, Int. J. Mod. Phys. A  (2026)

ALICE’s result is updated 



• Baryonic currents of 𝑆𝑈 3 𝐹 eigenstates: 𝟑 ⊗ 𝟑 = ഥ𝟑 ⊕ 𝟔

Anti-symmetric triplet Symmetric sextet

J=1J=0

• Mixing comes from the breaking of 𝑆𝑈 3 𝐹 symmetry:

the mass and flavor eigenstates satisfying:

Flavor eigenstatesMass eigenstates

Charmed baryon: Ξ𝑐 − Ξ𝑐
′ mixing -26-



• Several works from various methods are controversial……

Sum rule 5.5∘±1.8∘ T.M. Aliev, et al., Phys. Rev. D 83, 016008 (2011)

HQET 8.12∘±0.80∘ Y. Matsui, Nucl. Phys. A 1008, 122139 (2021)

Quark model

16.𝟐𝟕∘±2.30∘ H.W. Ke, et al., Phys. Rev. D 105, 096011 (2022)

24.66∘±0.90∘ C.Q. Geng, et al., Phys.Lett.B 838, 137736 (2023)

C.Q. Geng, et al., Phys.Lett.B 839, 137831 (2023)

Lattice QCD Negligibly small Brown, et al., Phys. Rev. D 90, 094507 (2014)

Charmed baryon: Ξ𝑐 − Ξ𝑐
′ mixing -27-



H. Liu, et al., PLB841, 137941 (2023)

Strategy I: From matrix of correlation function

Lattice Calculation

Theoretical Parametrization

Strategy II: From the matrix of Hamiltonian

H. Liu, et al., PRD109, 036037 (2024)

Lattice Calculation

Theoretical Parametrization

• Results from LQCD (C11P29S) agree with each other:

Charmed baryon: Ξ𝑐 − Ξ𝑐
′ mixing -28-
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✓ A new LQCD calculation using CLQCD configurations is under progress

✓ An independent experimental measurement of Ξ𝑐
0 → Ξ−𝜋+ is needed. 

Challenges and Prospect

A small mixing angle is not a 

sufficient to explain 𝚵𝐜 decays!
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✓ Lattice QCD has provided a nonperturbative approach to explore baryon physics 

for STCFs

✓ Some progresses have been made in the hyperon

✓ Many progresses have been made in the charmed baryon:

✓ Decay constants, 

✓ Ξ𝑐 → Ξℓ𝜈 form factor

✓ Ξ𝑐 − Ξ𝑐′ mixing

✓ There are still many challenges:

✓ Ξ𝑐 → Ξℓ𝜈 puzzle

Summary

Thank you very much for your attention ! 
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