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► Precise measurements of CKM matrix

elements 𝑉𝑐𝑠 and 𝑉𝑐𝑑 can test

unitarity of CKM matrix and search

for NP beyond SM

► Calibrate LQCD calculations

Introduction

𝑉𝐶𝐾𝑀 =

𝑉𝑢𝑑
𝑉𝑐𝑑
𝑉𝑡𝑑

𝑉𝑢𝑠
𝑉𝑐𝑠
𝑉𝑡𝑠

𝑉𝑢𝑏
𝑉𝑐𝑏
𝑉𝑡𝑏

𝑑

s
𝑏

► Unitary matrix: V+V=1

Ideal bridge to access the strong and weak effects between quarks

► Only obtained at experimental
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Results from CLEO-c 

Data samples:

►0.8 fb-1@3.774 GeV

►0.6 fb-1@4.170 GeV

Precision of |𝑉𝑐𝑑 𝑠 | :

► |𝑉𝑐𝑑|: 0.219 ± 0.009 ± 0.003 4.4%

► |𝑉𝑐𝑠|: 1.000 ± 0.040 ± 0.016 4.3%
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Results from BABAR @ PEP-II 

Data samples:

►0.52 ab-1@10.6 GeV (𝛾 (4S))

►𝜎(𝑒+𝑒− → 𝑐𝑐 = 1.3) nb

►𝐿peak = 1 × 34 cm−2s−1

► |𝑉𝑐𝑑|: --

► |𝑉𝑐𝑠|: 4.3%
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Results from BELLE @ KEKB 

Data samples:

►0.98 ab-1@10.6 GeV (𝛾 (4S))

►𝜎(𝑒+𝑒− → 𝑐𝑐) = 1.3 nb

►𝐿peak = 2 × 34 cm−2𝑠−1

|𝑉𝑐𝑑|: --

|𝑉𝑐𝑠|: 3.3%
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BESIII experiment

► Ecm : 𝑠 = 2.0 − 4.95 GeV

► Designed luminosity (𝐿):

1.00 × 1033 cm−2s−1 @ 3.89 GeV

► In 2022, 𝐿 reach 1.1times of the designed 𝐿

► MDC: 𝜎𝑝/𝑝 = 0.5%@ 1 GeV, 𝜎𝑑𝐸/𝑑𝑥 = 6%

► TOF: 𝜎𝑇 = 68(110) ps for barrel (edncap); end

cap TOF was upgraded in 2015→ 60 ps

► EMC: 𝜎𝐸/𝐸 = 2.5%(5%) ps for barrel (edncap)

In the future, Ecm will be updated to 4.95-5.6 GeV and the 𝐿 will increase by 2-3 times
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Released data: 
~10×CLEO

800 600

8000
7330

482

Data samples and double tag method

► Produced in pair →Double tag method

► Low background → low systematic uncertainties

► Quantum correlation for 𝜓(3770) → 𝐷0 ത𝐷0 pairs



9

► Data Sample: 2.93 fb-1 @3.773 GeV (3.5× of CLEO-c) ; 𝑁ST:~1.7 M

|𝑽𝒄𝒅| from 𝑫+ → ℓ+𝝂ℓ

Simultaneous fit：𝜇+ − like（left） 𝜋+ − like（right）

► 𝑁sig = 409 ± 21 ± 2

► 𝑉𝑐𝑑 = 0.2210 ± 0.0058stat ± 0.0047syst

► Precision of 𝑉𝑐𝑑 : 2.8%

► 𝑁sig = 137± 27

► 𝑉𝑐𝑑 = 0.237 ± 0.024stat ±±0.012syst ± 0.001ex−syst

► Precision of 𝑉𝑐𝑑 : 11.3%

PRD89(2014)051104RC PRL123(2019)211802

𝑫+ → 𝝁+𝝂𝝁 𝑫+ → 𝝉+𝝂𝝉
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PRD92(2015)072012

PRL124(2020)231801PRD97(2018)092009

PRD96(2017)012002

𝑫0 → p−𝒆+𝝂𝒆

𝑫+ → 𝜼𝒆+ 𝝂𝒆

𝑫+ → p0𝒆+𝝂𝒆

𝑫+ → 𝜼𝝁+𝝂𝝁

First 
extraction

► 2.93 fb-1 @3.773 GeV; 𝑁ST: ~1.7 M ► 3.19 fb-1 @4.178 GeV;

|𝑽𝒄𝒅| from 𝑫+ → 𝑷ℓ+𝝂ℓ
PRL122(2019)061801

First 
extraction

𝑫𝒔
+ → K𝟎𝒆+𝝂𝒆
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Comparison of |𝑽𝒄𝒅|

With the highest precision: 1.8%

►With the values of GF, m𝐷+ , m𝜏 , m𝜇[PDG2022]

►We use the following form factors as input to 

extra the CKM matrix elements

► The third uncertainty includes systematic uncertainty and uncertainty from LQCD

► Results from experimental consistent with the theoretical calculation.

𝒇+
𝑫→𝝅 𝟎 @HPQCD2021

precision: 4.4%→0.8%



12PRL 127, 0171801 gives the |𝑉𝑐𝑠| with the precision of 1.5%

|𝑽𝒄𝒔| from 𝑫𝒔
+ → ℓ+𝝂ℓ

PRD 104(2021)032001𝑫𝒔
+ → 𝝉+(r+𝒗)𝒗PRD104(2021)052009𝑫𝒔

+ → 𝝉+(p+𝒗)𝒗

PRL127(2021) 0171801𝑫𝒔
+ → 𝝉+(𝒆+𝒗𝒗)𝒗

PRL122(2019) 071802𝑫𝒔
+ → 𝝁+𝒗𝝁
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►Data sample: 7.33 fb-1 @ 4.128 − 4.226 GeV

►𝑁sig = 2515 ± 52

►𝑓𝐷𝑠+ 𝑉𝑐𝑠 = 241.8 ± 2.5stat ± 2.2syst MeV

►𝑓𝐷𝑠+ = 248.4 ± 2.5stat ± 2.2syst MeV

► 𝑉𝑐𝑠 = 0.968 ± 0.010stat ± 0.009syst

arXiv:2307.14585

𝐷𝑠
+ → 𝜇+𝜈𝜇

Three new works added more data sample taken at 4.128 GeV and 4.226 GeV 

Benefiting from a larger data sample, more tag modes, and measurement from MUC, 

𝑉𝑐𝑠 from this work with the highest Precision: 1.4%!

New |𝑽𝒄𝒔| from 𝑫𝒔
+ → ℓ+𝝂ℓ
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arXiv:2303.12600

𝐷𝑠
+ → 𝜏+𝜈𝜏, 𝜏

+ → 𝜋+ ҧ𝜈 with BDT method

arXiv:2303.12468

𝐷𝑠
+ → 𝜏+𝜈𝜏, 𝜏

+ → 𝜇+𝜈𝜇 ഥ𝜈𝜏 Accepted by JHEP

New |𝑽𝒄𝒔| from 𝑫𝒔
+ → ℓ+𝝂ℓ

Benefiting from a larger data sample, more tag

modes, and larger range of 𝑀miss
2 , the

precision of 𝑉𝑐𝑠 from arXiv:2303.12600

supersedes PRD 104, 052009(2021).
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First extraction

𝑫𝒔
+ → h(′)𝒆+𝝂𝒆

PRD92(2015)072012 PRD96(2017)012002 PRD92(2015)112008 PRL122(2019)011804

PRL123(2019)121801

𝑫𝟎 → 𝑲−𝝁+𝝂𝝁𝑫𝟎 → 𝑲−𝒆+𝝂𝒆 𝑫+ → ഥ𝑲𝟎𝒆+𝝂𝒆 𝑫+ → 𝑲𝑳
𝟎𝒆+𝝂𝒆

|𝑽𝒄𝒔| from 𝑫𝒔
+ → 𝑷ℓ+𝝂ℓ
► 2.93 fb-1 @3.773 GeV; 𝑁ST: ~1.7 M

► 3.19 fb-1 @4.178 GeV;



arXiv:2307.12852

► 𝑉𝑐𝑠 𝜂 = 0.913 14 13 +55𝑡ℎ𝑒𝑜
−53𝑡ℎ𝑒𝑜

► 𝑉𝑐𝑠 𝜂′ = 0.941(44)(16) +79𝑡ℎ𝑒𝑜
−76𝑡ℎ𝑒𝑜

► 𝑉𝑐𝑠 𝜂 = 0.911(20)(16) +55𝑡ℎ𝑒𝑜
−53𝑡ℎ𝑒𝑜

► 𝑉𝑐𝑠 𝜂′ = 0.907(67)(19) +76𝑡ℎ𝑒𝑜
−73𝑡ℎ𝑒𝑜

Δ:~6.4% Δ:~6.7%
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𝐷𝑠
+ → 𝜂𝑒+𝜈𝑒 𝐷𝑠

+ → 𝜂′𝑒+𝜈𝑒 𝐷𝑠
+ → 𝜂𝜇+𝜈𝜇 𝐷𝑠

+ → 𝜂′𝜇+𝜈𝜇

New |𝑽𝒄𝒔| from 𝑫𝒔
+ → 𝑷ℓ+𝝂ℓ

Δ:~11.2%Δ:~9.6%

arXiv:2306.05194 7.33 fb-1 @ 4.128 − 4.226 GeV



New |𝑽𝒄𝒔| from Λ𝑐
+ → Λℓ+𝜈ℓ PRL129(2023)231803

125339

Projections on kinematic variables

Projections on form factors Compared to LQCD decay rates

LQCD: PRL118 (2017)082001
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► |𝑉𝑐𝑠| = 0.936 17 24 (7)

► 4.5 fb-1 @4.600 − 4.900 GeV

Δ:~3.2%

Provide the first direct comparisons

of the differential decay rate and

form factors with those predicted

from LQCD



Comparison of |𝑽𝒄𝒔|
► With the values of GF, mD𝑠

+ , m𝜏, m𝜇[PDG2022]

► Input 𝑓𝐷𝑠+ = 249.9(0.5), 𝑓+
𝐾(0) = 745.2(3.1), 𝑓+

𝜂
(0) = 0.495(5) and 𝑓+

𝜂′
(0) = 0.558(+47

45
)

18With the highest precision: 0.9%

𝒇+
𝑫→𝑲 𝟎 @HPQCD2021

precision: 2.4%→0.6%

𝑫𝒔
+ → 𝑷ℓ+𝝂ℓ

𝑫𝒔
+ → ℓ+𝝂ℓ The third uncertainty includes systematic

uncertainty and uncertainty from LQCD
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Conclusions
► In recent two years, with 2.93 fb-1 @3.773 GeV and 7.33 fb-1 @4.128-4.226 GeV 

data samples, BESIII have systematically studied leptonic and semi-leptonic decays.

► The precision of  𝑉𝑐𝑑 and 𝑉𝑐𝑠 are improved to 1.8% and 0.9% at experiment, 

respectively.

► Data coming：

► Precision of 𝑉𝑐𝑠 and 𝑉𝑐𝑑 will be further improved with the total 20 fb-1 @3.773 

GeV data sample.

► 5 fb-1 @3.773 GeV data taken in 2022 (ready)

► 8 fb-1 @3.773 GeV data taken in 2023 (undergoing)

► 4 fb-1 @3.773 GeV data taken in 2024 (to be ready)




