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Main goal

Main goal
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Uncertainties of VCKM⇒ mainly contributed by |Vcs| (σ = 0.6%) and |Vcd| (σ = 1.8%)
Latest LQCD: fD+

s
= 249.9(05) MeV (σ = 0.2%); fD+ = 212.1(07) MeV (σ = 0.3%);

f D→K̄
+ (0) = 0.7452(31) (σ = 0.4%); f D→π

+ (0) = 0.6300(51) (σ = 0.8%)
Decay constant fD+

(s)
and FF f+(0) measurements⇒Calibrate LQCD calculations

|Vcq| measurement ⇒Test CKM matrix unitarity
BF ratios⇒Test lepton flavor universality (LFU)
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BESIII experiment

BESIII experiment

√s = (1.85− 4.95) GeV
Peak luminosity: 1.1×1033 cm−2s−1

@3.773 GeV
MDC: σP/P = 0.5% @ 1 GeV; σdE/dx = 6%

TOF: σT = 68(110) ps for barrel (endcap);
endcap upgraded in 2015 σT = 60 ps

EMC: σE/E =2.5%(5%) for barrel (endcap)

Xiang Pan (Soochow University) (Semi)leptonic decays of charm hadrons at BESIII 4 / 17



BESIII experiment

BESIII dataset and double-tag method

e+e− annihilations data near threshold
⇒Double-tag method& Clean environment
Undetectable neutrinos⇒extract the (semi-)leptonic signals
Umiss = Emiss − |⃗pmiss|, M 2

miss = E 2
miss − |⃗pmiss| 2

Branching fraction with double-tag method: B = NDT
NSTϵDT/ϵST

⇒Systematic uncertainties on the ST mostly canceled

Data sample Ecm (GeV) Lint (fb−1) Single tag yields (×106)
e+e− → ψ(3770) → DD̄ 3.773 20.3 D̄0 ∼16.9; D− ∼11.0

e+e− → D±
s D∗∓

s 4.128-4.226 7.33 D−
s ∼0.8

e+e− → D∗+
s D∗−

s 4.237-4.669 10.64 D−
s ∼0.12

e+e− → Λ+
c Λ̄

−
c 4.600-4.669 4.5 Λ̄−

c ∼0.12
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Leptonic decays D+ → µ+νµ

Precision measurement of the branching fraction of D+ → µ+νµ

Reference L (fb−1) BF(×10−4) fD+ (MeV) |Vcd| Precision (%)
CLEO, PRD78,052003 0.818 3.82(32)(09) 207.1(87)(24)(08) 0.2195(92)(26)(09) 4.4
BESIII, PRD89,051104 2.93 3.71(19)(06) 204.1(52)(17)(08) 0.2164(55)(17)(09) 2.7

BESIII, arXiv:2410.07626 20.3 3.981(79)(40) 211.5(21)(11)(08) 0.2242(23)(11)(09) 1.2 ⋆
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Leptonic decays D+ → τ+ντ

Measurement of the branching fraction of D+ → τ+ντ via τ+ → π+ν̄τ

Reference L (fb−1) BF(×10−3) fD+ (MeV) |Vcd| Precision (%)
PRL123,211802 2.93 1.20(24)(12) 225(23)(11)(01) 0.238(24)(12)(01) 11

JHEP01(2025)89 7.93 0.99(11)(05) 204(11)(05)(01) 0.216(12)(06)(01) 6.1 ⋆
π−like: EEMC > 300MeV µ−like: EEMC < 300MeV

LFU test:
Rτ/µ = ΓD+→τ+ντ

/ΓD+→µ+νµ
= 2.49± 0.31, consistent with RSM

τ/µ =
m2

τ (1−m2
τ/m2

D+ )2

m2
µ(1−m2

µ/m2
D+ )2

= 2.69
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Semileptonic decays D → K̄ℓ+νℓ

Improved measurements of D0 → K−ℓ+νℓ and D+ → K̄0ℓ+νℓ

Phys. Rev. D 110, 112006 (2024)
7.93 fb−1data sample @3.773 GeV B(D0 → K−e+νe) = (3.521± 0.009± 0.016)%

B(D0 → K−µ+νµ) = (3.419± 0.011± 0.016)%
B(D+ → K̄0e+νe) = (8.864± 0.039± 0.082)%
B(D+ → K̄0µ+νµ) = (8.665± 0.046± 0.084)%
LFU test (SM: 0.975±0.001) ∼consistent
B(D0→K−µ+νµ)

B(D0→K−e+νe)
= 0.971± 0.004± 0.006

B(D+→K̄0µ+νµ)

B(D+→K̄0e+νe)
= 0.978± 0.007± 0.013

Isospin test ∼consistent
Γ(D0→K−e+νe)
Γ(D+→K̄0e+νe)

= 1.000± 0.007± 0.012

Γ(D0→K−µ+νµ)

Γ(D+→K̄0µ+νµ)
= 0.993± 0.008± 0.012
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Semileptonic decays D → K̄ℓ+νℓ

Improved measurements of D0 → K−ℓ+νℓ and D+ → K̄0ℓ+νℓ

f K
+(0) = 0.7366± 0.0011stat ± 0.0013syst; |Vcs| = 0.9623± 0.0015stat ± 0.0017syst ± 0.0040LQCD

Experimental uncertainties of f K
+(0) and |Vcs|: 0.23%

Additional uncertainty of the input f K
+(0) calculated by LQCD: 0.42%
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Semileptonic decays D+ → η′ℓ+νℓ

First study of D+ → η′ℓ+νℓ decay dynamics
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Data: 20.3 fb−1@3.773 GeV [PRL134(2025)111801]
First observation of D+ → η′µ+νµ with significance of 8.6σ
B(D+ → η′µ+νµ) = (1.92± 0.28± 0.08)× 10−4; B(D+ → η′e+νe) = (1.79± 0.19± 0.07)× 10−4

First extraction of the FF of D+ → η′ℓ+νℓ: f η
′

+ (0) = 0.263± 0.025± 0.006

LFU test: Rη′

µ/e = 1.07± 0.19± 0.03

η − η′ mixing angle: ϕP = (39.8± 0.8± 0.3)◦ (cot4 ϕP =
ΓD+

s →η′ℓ+νℓ
/ΓD+

s →ηℓ+νℓ

ΓD+→η′ℓ+νℓ
/ΓD+→ηℓ+νℓ

)
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Semileptonic decays Λ+
c → ne+νe

First observation of Λ+
c → ne+νe with a graph neural network

Nat. Commun. 16, 681 (2025)

Data: 4.5 fb−1@4.6-4.7 GeV
Significant challenges: two missing particles, neutron and neutrino;
Dominant background: Λ+

c → Λe+νe, Λ → nπ0

Machine learning of graph neural network ⇒ discriminate the energy deposition patterns of
neutrons from those of Λ in the Electromagnetic Calorimeter of BESIII detector
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Semileptonic decays Λ+
c → ne+νe

First observation of Λ+
c → ne+νe with a graph neural network

Significance: > 10σ

N(ne+νe) = 134± 13 N(n̄e−ν̄e) = 131± 12

B(Λ+
c → ne+νe) = (3.57± 0.34± 0.14)× 10−3

Γ(Λ+
c → ne+νe) = |Vcd|2(0.405± 0.016± 0.020) ps−1 [PRD97(2018)034511]

=⇒ |Vcd| = 0.208± 0.011± 0.007± 0.001 First determination from charmed baryon decays
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Comparison of |Vcs| and |Vcd|

Comparison of |Vcs| and |Vcd|

|
cd

|V
-0.6 -0.4 -0.2 0 0.2

BESIII eν+Nat. Com.16,681,ne 0.007±0.011±     0.208

BESIII µν+µarXiv:2410.07626, 0.0014±0.0023±     0.2242

BESIII τν+τJHEP01,89, 0.006±0.012±     0.216

BESIII ντPRL123,211802, 0.012±0.024±     0.238

BESIII µν+µPRD89,051104, 0.0020±0.0055±     0.2165

BESIII eν+e0PRD110,052012,K 0.036±0.018±     0.238

BESIII µν+µηPRL124,231801, 0.034±0.041±     0.242

BESIII eν+eηPRD97,092009, 0.0318±0.0338±     0.2264

BESIII eν+e0πPRD96,012002, 0.0026±0.0058±     0.2243

BESIII eν+e-πPRD92,072012, 0.0023±0.0034±     0.2278

CLEO eν+e0(-)πPRD80,032005, 0.0025±0.0066±     0.2381

HFLAV21     PRD107,052008 0.0040±     0.2208

CKMfitter     PDG 0.00067±     0.22486

D → πe+νe

D+ → ηℓ+νℓ

Ds → K0e+νe

D+ → ℓ+νℓ

Λ+
c → ne+νe

σ =1.8%

σ =1.2%

|
cs

|V
-1 0 1

BESIII ντ+νµCombine 0.0071±0.0052±     0.9820

BESIII µν+µ'ηPRL132,091802, 0.078±0.067±     0.907

BESIII eν+'eηPRD108,092002, 0.081±0.044±     0.941

BESIII eν+'eηPRL122,121801, 0.077±0.060±     0.903

BESIII µν+µηPRL132,091802, 0.057±0.020±     0.911

BESIII eν+eηPRD108,092002, 0.057±0.014±     0.913

BESIII eν+eηPRL122,121801, 0.057±0.020±     0.900

BESIII lν+lKPRD110,112006, 0.0043±0.0015±     0.9623

BESIII µν+µ-PRL122,011804, K 0.0057±0.0050±     0.9572

BESIII eν+e-PRD92,072012,  K 0.0062±0.0034±     0.9624

BESIII eν+e
0

KPRD96,012002,  0.016±0.005±     0.946

BESIII eν+e0
L

PRD92,112008,  K 0.016±0.008±     0.977

CLEO eν+eKPRD80,032005,  0.078±0.0090±     0.9648

HFLAV21 PRD107,052008 0.0081±     0.9701

CKMFitter PDG 0.00016±     0.97349

D → K̄ℓ+νℓ

Ds → η(′)ℓ+νℓ

Ds → ℓ+νℓ

σ =0.47%

σ =0.9%
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Comparison of decay constant fD+ and FFs f+(0)

Comparison of decay constant fD+ and FFs f+(0)

 (MeV)+Df
0 100 200

νµBESIII, ,arXiv:2010.07626-120.3fb 1.4±2.3±211.5 =1.2%σ

ντBESIII, ,PRL123(2019)211802-17.9fb 5±11±204

ντBESIII, ,PRL123(2019)211802-12.9fb 11.3±22.5±224.7

νµBESIII, ,PRD89(2014)051104-12.9fb 1.7±5.3±204.2

νµCLEO, PRD78(2008)052003 2.5±8.7±207.2

HFLAV21 PRD107(2023)052008 4.4±205.1

FMILC(2+1+1) LAT2012(2012)159 3.6±3.0±209.2

FMILC(2+1+1) LATTICE2013(2014)405 1.0±0.3±212.3

ETM(2+1+1) LATTICE2013(2014)314 8±202.0

ETM(2+1+1) PRD91(2015)054507 3.8±207.4

FMILC(2+1+1) PRD90(2014)074509 0.4±212.6

FMILC(2+1+1) PRD98(2018)074512 0.6±212.7

FLAG21(2+1+1)EPJC82(2022)869 0.7±212.1

(0)K→D
+f

0 0.2 0.4 0.6 0.8

LCSR IJMPA21(2006)6125 0.067±0.661

LFQM JPG39(2012)025005 0.01 ±0.79

QM JPG39(2012)025005 0.762

CCQM FP14(2019)64401 0.12±0.78

RQM PRD101(2020)013004 0.716

LQCD PRD96(2017)054514 0.031±0.765

LQCD PRD104(2021)034505 0.0044±0.7380

LQCD PRD107(2023)014510 0.0040±0.7441

LQCD PRD107(2023)094516 0.0031±0.7452

Belle eν+eK→PRL97(2006)061804,D 0.022±0.007±0.695

BaBar eν+e-K→0PRD76(2007)052005,D 0.009±0.007±0.727

CLEO eν+eK→PRD80(2009)032005,D 0.005±0.007±0.739

BESIII eν+eL
0K→+PRD92(2015)112008,D 0.012±0.007±0.748

BESIII eν+e
0

K→+PRD96(2017)012002,D 0.0115±0.0041±0.7246

BESIII µν+µ-K→0PRL122(2019)011804,D 0.0030±0.0038±0.7327

BESIII eν+e-K→0PRD92(2015)072012,D 0.0036±0.0026±0.7368

BESIII lν+lK→PRD110(2024)112006, D 0.0013±0.0011±0.7366 =0.23%σ

(0)
'η→+D

+f

-1 -0.5 0 0.5

RQM  PRD101(2020)013004 0.027±0.538

LCSR JHEP1511(2015)138 0.113±0.292

LCSR PRD88(2013)034023 0.105±0.458

CCQM PRD98(2018)114031 0.11±0.76

CCQM Front Phys. (14)64401 0.05±0.36

LCHO  EPJC84(2024)15 0.021±0.294

BESIII PRL134(2025)111801 0.006±0.025±0.263 =9.8%σ

Precisions of measured fD+ , f D→K̄
+ (0), and f D+→η′

+ (0) are 1.2%, 0.23%, and 9.8%, respectively
Measured FF f D→K̄

+ (0) is consistent with the LQCD calculations within 2.5σ
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Other highlight works

Other highlight works

Channel Lint (fb−1) / Ecm (GeV) Reference
D+ → e+νe 20.3 / 3.773 arXiv:2501.04760
D+

s → ℓ+νℓ, ℓ = µ or τ 10.64 / 4.237-4.699 PRD110(2024)052002
D∗+ → ℓ+νℓ, ℓ = e or µ 6.32 / 4.178-4.226 PRD110(2024)012003
D0 → K−π0µ+νµ 7.93 / 3.773 PRL134(2025)011803
D0 → K̄0π−e+νe 7.93 / 3.773 arXiv:2412.10803
D+ → K0

Sπ
0e+νe 7.93 / 3.773 JHEP10(2024)199

D0 → π−π0e+νe 7.93 / 3.773 PRD110(2024)112018
D0(+) → b1(1235)−(0)e+νe 7.93 / 3.773 arXiv:2407.20551
D0(+) → K̄1(1270)

−(0)e+νe 20.3 / 3.773 arXiv:2503.02196
D0(+) → K̄1(1270)

−(0)µ+νµ 7.93 / 3.773 arXiv:2502.03828
D0 → a0(980)−|ηπ−e+νe 7.93 / 3.773 arXiv:2411.07730
D → Pηe+νe,P = η, K̄ 7.93 / 3.773 PRD110(2024)112001
D+

s → K0e+νe 7.33 / 4.128-4.226 PRD110(2024)052012
D+

s → Pe+νe,P = η(′),K0 10.64 / 4.237-4.699 PRD110(2024)072017
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Summary and prospect

Summary

Purely and semileptonic decays of charm hadrons are important for determining CKM
matrix elements, calibrating LQCD, testing LFU, et al.;

Precisions of |Vcs| and |Vcd| have been reduced to 0.5% and 1.2%, respectively;

Precisions of fD+ and f D→K̄
+ (0) have been reduced to 1.2% and 0.23%, respectively;

No evidence of LFU violation is found within precisions of 0.74% for R(µ/e) via
D → K̄ℓ+νℓ and 12% for R(τ/µ) via D+ → ℓ+νℓ;

Isospin conservation is verified within precision of 1.5% via D → K̄ℓ+νℓ;

Machine learning has demonstrated the power in experimental particle physics, offering
the possible in searching for the rare decays of charm hadrons in future.
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Summary and prospect

Prospect

20.3 fb−1data @3.773 GeV is ready at Jul. 2024, more precision measurements and
searching for rare semileptonic decays will be presented;

Additional 3 fb−1data @4.178 GeV in future [CPC44(2020)040001] will further improve
the precisions in Ds sector.

Thank you
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