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Physics motivation

 Precise measurement of CKM matrix element |𝑉𝑐𝑠| , to test the unitarity of 

CKM matrix

 Leptonic decays of charmed hadrons, well understood in the SM, offer an 

excellent opportunity to test LFU and search for new physics effects. 

 In SM, Lepton Flavor Universality (LFU) 

requires equality of couplings between 

three families of leptons and gauge bosons
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The BESIII detector at BEPCII collider

 Double-ring multi-bunch 𝑒+𝑒− collider (2 × 93)

 Luminosity reached 1.1x1033cm−2s−1 (10% higher than the design value) in 2022 

 Beam energy: 1.0 − 2.5 GeV

 Circumference: 237m
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Charmed hadron samples at BESIII

 Collected near the mass threshold of charmed hadron pairs 

 7.9 fb−1 at 𝐸𝑐𝑚 = 3.773 GeV : 𝑒+𝑒− → 𝜓 3770 → 𝐷ഥ𝐷

 7.3 fb−1 at 𝐸𝑐𝑚 = 4.128 − 4.226 GeV : 𝑒+𝑒− → 𝐷𝑠𝐷𝑠
∗ → 𝛾/𝜋0𝐷𝑠

+𝐷𝑠
−

 4.5 fb−1 at 𝐸𝑐𝑚 = 4.600 − 4.699 GeV : 𝑒+𝑒− → Λ𝑐
+ഥΛ𝑐

−

𝒆+𝒆− → 𝑫𝒔𝑫𝒔
∗ 𝒆+𝒆− → 𝚲𝒄

+ഥ𝚲𝒄
−

PRD80(2009)072001
PRL131(2023)191901
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Determination of BF of charmed hadrons at BESIII

 Hadronic tagging of charmed hadrons 

 Features to extract the (semi-)leptonic signals

 One, two or three neutrinos missing 

 𝑈𝑚𝑖𝑠𝑠 = 𝐸𝑚𝑖𝑠𝑠 − | Ԧ𝑝𝑚𝑖𝑠𝑠| ,  𝑀𝑚𝑖𝑠𝑠
2 = 𝐸𝑚𝑖𝑠𝑠

2 − | Ԧ𝑝𝑚𝑖𝑠𝑠
2 |

 𝐸𝑒𝑥𝑡𝑟𝑎 𝛾
𝑡𝑜𝑡 the total energy of the good isolated EMC showers not used in tag selection

𝓑𝒔𝒊𝒈 =
𝑵𝐃𝐓

𝑵𝐭𝐚𝐠𝝐𝐃𝐓/𝝐𝐭𝐚𝐠

𝑙+

(𝑒+, 𝜇+, 𝜏+)

Charmed hadrons 𝑵𝐭𝐚𝐠(× 𝟏𝟎𝟔)

𝐷0/ഥ𝐷0 7.3

𝐷± 4.6

𝐷𝑠
± 0.8

Λ𝑐
+/ഥΛ𝑐

− 0.12

𝑵𝐭𝐚𝐠 = 𝟐𝑵𝑫ഥ𝑫𝓑𝐭𝐚𝐠𝝐𝐭𝐚𝐠

𝑵𝐃𝐓 = 𝟐𝑵𝑫ഥ𝑫𝓑𝐭𝐚𝐠𝓑𝐬𝐢𝐠𝝐𝐃𝐓

 Branching fraction determined with the double tag method

Benefitting from the 𝐷(𝑠)ഥ𝐷(𝑠)/ Λ𝑐
+ഥΛ𝑐

− pairs collected at the 

mass threshold 



|𝑽cs| determination
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Extraction of |𝑽𝒄𝒔| via 𝑫𝒔
+ → 𝒍+𝝂𝒍

 𝐺𝐹 is the Fermi coupling constant 

 𝐷𝑠
+decay constant 𝑓𝐷𝑠+, describes strong interaction effects

Γ𝐷𝑠+→𝑙+𝜈𝑙 =
ℬ(𝐷𝑠

+ → 𝑙+𝜈𝑙)

𝜏𝐷𝑠
 |𝑉𝑐𝑠| is determined by measuring ℬ(𝐷𝑠

+ → 𝑙+𝜈𝑙) and taking 𝑓𝐷𝑠+from LQCD 

calculation as input 
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𝑫𝒔
+ → 𝝁+𝝂𝝁

Ref ℒ [fb−1] ℬ [× 10−3] 𝐟𝑫𝒔
+|𝐕𝒄𝒔| [MeV] Precision [%]

PRL122(2019)071802 3.2@4.18 GeV 5.49 ± 0.16 ± 0.15 𝟐𝟒𝟔. 𝟐 ± 𝟑. 𝟔 ± 𝟑. 𝟓 2.1

PRD104(2021)05200 6.3@4.18-4.23GeV 5.35 ± 0.13 ± 0.16 𝟐𝟒𝟑. 𝟏 ± 𝟑. 𝟎 ± 𝟑. 𝟕 2.0

PRD108(2023)112001 7.3@4.13-4.23GeV 𝟓. 𝟐𝟗 ± 𝟎. 𝟏𝟏 ± 𝟎. 𝟎𝟗 𝟐𝟒𝟏. 𝟖 ± 𝟐. 𝟓 ± 𝟐. 2 1.4

The most precise 
𝓑(𝑫𝒔

+ → 𝝁+𝝂𝝁) to date
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𝑫𝒔
+ → 𝝉+𝝂𝝉

𝑫𝒔
+ → 𝝉+(p+𝒗)𝒗

Ref 𝝉+ channel ℬ [× 10−2] 𝐟𝑫𝒔
+|𝐕𝒄𝒔| [MeV] Precision [%]

PRD104(2021)032001 𝝆+𝝂 5.29 ± 0.25 ± 0.20 𝟐𝟒𝟒. 𝟖 ± 𝟓. 𝟖 ± 𝟒. 𝟖 3.1

PRD104(2021)052009 𝝅+𝝂 5.21 ± 0.25 ± 0.17 𝟐𝟒𝟑. 𝟎 ± 𝟓. 𝟖 ± 𝟒. 𝟎 2.9

PRL127(2021)171801 𝒆+𝝂𝝂 5.27 ± 0.10 ± 0.12 𝟐𝟒𝟒. 𝟒 ± 𝟐. 𝟑 ± 𝟐. 𝟗 1.5

JHEP09(2023)124 𝝁+𝝂𝝂 𝟓. 𝟑𝟕 ± 𝟎. 𝟏𝟕 ± 𝟎. 𝟏𝟓 𝟐𝟒𝟔. 𝟕 ± 𝟑. 𝟗 ± 𝟑. 𝟔 2.2

PRD108(2023)092014 𝝅+𝝂 𝟓. 𝟒𝟒 ± 𝟎. 𝟏𝟕 ± 𝟎. 𝟏𝟑 𝟐𝟒𝟖. 𝟑 ± 𝟑. 𝟗 ± 𝟑. 𝟐 2.0

𝑫𝒔
+ → 𝝉+(+𝒗𝒗)𝒗
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|𝑽𝒄𝒔| determined via 𝑫𝒔
+ → 𝒍+𝝂𝒍

𝝉𝝂

𝝁𝝂

SM

1%

Combining measured |𝑉𝑐𝑠|𝑓𝐷𝑠+ with 𝑓𝐷𝑠+ calculated by LQCD
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Extraction of |𝑽𝒄𝒔| via 𝑫(𝒔)
+/𝟎

→ 𝑷𝒍+𝝂𝒍

 Hadronic form factor(FF) 𝑓+,0 depends on 𝑞2, the square of the four-momentum 

transfer from 𝐷(𝑠)
+/0

to 𝑃 , can be calculated in LQCD

 The most general parametrization of FF: 

Series expansion

If 𝑙+ = 𝑒+ ，

 𝒇+(𝟎)|𝑽𝒄𝒔| is obtained by the fit to the differential decay rates

 |𝑽𝒄𝒔| is extracted by taking the 𝒇+(𝟎) predicted by LQCD as input
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𝑫(𝒔)
+/𝟎

→ 𝑷𝒍+𝝂𝒍
f+
𝐷→𝐾(0)|Vcs| Ref

𝐷0 → 𝐾−𝑒+𝜈𝑒 0.717 ± 0.003 ± 0.004 PRD92(2015)072012

𝐷+ → ഥ𝐾0𝑒+𝜈𝑒 0.705 ± 0.004 ± 0.011 PRD96(2017)012002

𝐷+ → 𝐾𝐿
0𝑒+𝜈𝑒 0.728 ± 0.006 ± 0.011 PRD92(2015)112008

𝐷0 → 𝐾−𝜇+𝜈𝜇 0.715 ± 0.004 ± 0.003 PRL122(2019)011804

PRD108(2023)092003

f+
𝐷𝑠→𝜂(0)|Vcs| = 0.452 ± 0.007 ± 0.007

f+
𝐷𝑠→𝜂

′
(0)|Vc𝑠| = 0.525 ± 0.024 ± 0.009

f+
𝐷𝑠→𝜂(0)|Vcs| = 0.451 ± 0.010 ± 0.008

f+
𝐷𝑠→𝜂

′
(0)|Vc𝑠| = 0.506 ± 0.037 ± 0.011

PRL132(2024)091802
𝑫𝒔
+ → 𝜼(′)𝝁+𝝂𝝁

𝑫𝒔
+ → 𝜼(′)𝒆+𝝂𝒆

1st measurement
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|𝑽𝒄𝒔| determined via 𝐷(𝑠)
+/0

→ 𝑃𝑙+𝜈𝑙

𝑫𝒔
+ → 𝜼(′)𝒍+𝝂𝒍

𝑫𝟎/+ → 𝑲−/𝟎𝒍+𝝂𝒍

0.8%

Combining measured |𝑉𝑐𝑠|𝑓+(0) with 𝑓+(0) calculated by LQCD
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𝚲c
+ → 𝚲𝒆+𝝂𝒆

 The helicity amplitudes 𝑯𝝀𝜦𝝀𝑾 are related to four form factors 

 The differential decay rate in terms of four variables
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 𝑉𝑐𝑠 = 0.936 ±0.030, by combining  

ℬ(𝛬𝑐
+ → 𝛬𝑒+𝜈𝑒) and the 

𝑞2-integrated rate predicted by LQCD



𝚲c
+ → 𝚲𝒆+𝝂𝒆

 ℬ(𝛬𝑐
+ → 𝛬𝑒+𝜈𝑒) = 3.56 ± 0.11 ± 0.07 %

1st direct comparison 

PRL129(2022)231803

 A four-dimensional ML fit is performed with five independent free parameters  

 Four FFs are parameterized
following a 𝔃-expansion  



𝑉𝑐𝑠 as input

PRD108(2023)L031105𝚲c
+ → 𝚲𝝁+𝝂𝝁



LFU test
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LFU test in 𝑫𝒔
+ → 𝒍+𝝂𝒍

𝑹𝝉/𝝁 =
𝓑[𝑫𝒔

+→𝝉+𝒗]

𝓑[𝑫𝒔
+→𝝁+𝒗]

= 𝟏𝟎. 𝟎𝟓 ± 𝟎. 𝟑𝟓 , consistent with the SM prediction 9.75 

BESIII PRD108(2023)11200, μν (5.29±0.11±0.09)× 𝟏𝟎−𝟑
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LFU test in semileptonic decays

𝑫𝟎 → 𝑲−𝒍+𝝂𝒍

PRL122(2019)011804

𝑫𝟎 → 𝝅−𝒍+𝝂𝒍 𝑫+ → 𝝅𝟎𝒍+𝝂𝒍

PRL121(2018)171803

PRD108(2023)L031105

𝚲𝒄
+ → 𝚲𝒍+𝝂𝒍 𝑫𝒔

+ → 𝜼′𝒍+𝝂𝒍

PRL132(2024)091802

SM prediction

Ref ℛ𝜇/𝑒 SM prediction

𝑫+ → 𝜼𝒍+𝝂𝒍 PRL124(2020)231801 0.91 ± 0.13 0.97 − 1.00

𝑫+ → 𝝎𝒍+𝝂𝒍 PRD101(2020)072005 1.05 ± 0.14 0.93 − 0.99

𝑫+ → 𝝆𝒍+𝝂𝒍 PRD104(2021)L091103 0.90 ± 0.11 0.93 − 0.96

 𝓡𝝁/𝒆 obtained by measuring BFs

 𝓡𝝁/𝒆 in the full kinematic region

𝑫𝒔
+ → 𝜼𝒍+𝝂𝒍
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Summary

 Thanks to the largest data samples collected at 𝐷ഥ𝐷/𝐷𝑠𝐷𝑠
∗/ Λ𝑐

+ഥΛ𝑐
− mass 

threshold, purely and semi leptonic decays of charmed hadrons have been 

studied in a clean environment.  

 Precise measurement of the CKM matrix element at 1% precision level

 No evidence of LFU violation found at 1.5% precision level

 BESIII just finished taking the data @3.773GeV , and collected 20fb−1 of 𝐷ഥ𝐷

sample

 Combined study of  𝐷0/+ → 𝐾−/0𝑒+𝜈𝑒 and 𝐷0/+ → 𝐾−/0𝜇+𝜈𝜇 for a high 

precise measurement of |𝑉𝑐𝑠|

 Higher precise LFU test 



backup
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𝚲c
+ → 𝚲𝒆+𝝂𝒆

 Form factors 𝑓⊥,+(𝑞
2) and 𝑔⊥,+(𝑞

2) are defined following a z-expansion of the parameters 

Five independent free parameters in the ML fit for the differential decay amplitude : 

 The differential decay rate has to be normalized. Only the ratios of 𝑎0
𝑓

are 
determined in the maximum likelihood fit: 

 𝑎1
𝑔⊥ ≡ 𝑎1

𝑔+ and 𝑎1
𝑓⊥ ≡ 𝑎1

𝑓+ , the kinematic dependences of 𝑔⊥(𝑞
2) and 𝑔+(𝑞

2) ,  
𝑓⊥(𝑞

2) and 𝑓+ 𝑞2 as a function of 𝑞2 are similar according to LQCD.
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𝚲c
+ → 𝚲𝒆+𝝂𝒆

 A four-dimensional ML fit is performed as a function of 
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𝚲c
+ → 𝚲𝒆+𝝂𝒆

 In order to determine the parameter of  𝑎0
𝑔⊥ (the FF at q2 being 0), the differential decay rate is 

related to ℬ(𝛬𝑐
+ → 𝛬𝑒+𝜈𝑒) and the lifetime of lambda_c by 

,        and the helicity amplitudes 
parameterized with form factors,
We determine
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Extraction of |𝑽𝒄𝒔| via 𝑫(𝒔)
+/𝟎

→ 𝑷𝒍+𝝂𝒍

𝑓+(0) is the  vector (scalar) FF. 

Theoretically , 𝑓+ 0 and 𝑓0 0 have to be equal 

More theoretical details in PRD 101, 013004 (2020) 
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𝑫𝒔
+ → 𝜼(′)𝒆+𝝂𝒆
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𝑫𝒔
+ → 𝜼(′)𝝁+𝝂𝝁

 The yellow bands are the ±1𝜎 limits of fitted parameters 

 Curves in different colors are from various theoretical calculations 
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𝑫𝒔
+ → 𝝉+(+𝒗𝒗)𝒗

A bin maximum likelihood fit is performed on the events with 𝐸𝑒𝑥𝑡𝑟𝑎 𝛾
𝑡𝑜𝑡 > 0.6GeV, where 

the signal is negligible, and the sizes and shapes of BKGI and BKGII, and the shape of BKGIII  
are fixed. 
The signal DT yield is obtained by subtracting bkgs in the signal region 𝐸𝑒𝑥𝑡𝑟𝑎 𝛾

𝑡𝑜𝑡 < 0.4GeV 

BKG I:  incorrectly tagged  𝐷𝑠
−

BKG II : correctly tagged 𝐷𝑠
− and 𝐷𝑠

+ → 𝐾𝐿
0𝜇+𝜈𝜇

BKG III : correctly tagged 𝐷𝑠
− and 𝐷𝑠

+ → non-𝜏+𝜈

expect for 𝐷𝑠
+ → 𝐾𝐿

0𝜇+𝜈𝜇

To minimize the effect of the imperfect signal shape, we adopt an extrapolation technique. 
The extrapolation factor, defined as the ratio of the number of events between the signal 
region and the background region, is determined by MC sample. 
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𝑫𝒔
+ → 𝝉+(𝝅+𝒗)𝒗

Aside from the  M2  , the search sensitivity is further improved by incorporating additional kinematic and 
topological information from the selected events using a multivariate analysis technique known as BDT 
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𝐷 → 𝑋𝜇𝜈 𝐷 → 𝑋𝑒𝜈


