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Charmed high-precision frontier

”November Revolution”— The discovery of J/ψ particle in 1974, greatly
facilitated the establishment of the Standard Model.

Precise test for Standard Model and search for new physics
— High-precison measurements(BESIII,etc) and theoretical calculations

— CKM matrix element Vcs(d)

Test the interplay of pert and non-pert QCD
— intermediate energy scale
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Charmed high-precision frontier

D → πlν and D → Klν

Collaboration fD→π
+ (0) fD→K

+ (0) Refs
FNAL/MILC 22 0.6300 ± 0.0051 0.7452 ± 0.0031 PRD107,094516(2023)

ETM 17 0.612 ± 0.035 0.765 ± 0.031 PRD96,054514(2017)
HPQCD 22 − 0.7441 ± 0.0040 PRD107,014510(2023)

LQCD-AVER 0.6296 ± 0.0050 0.7449 ± 0.0025 HFLAV2023
fD→π

+ (0)|Vcd| fD→K
+ (0)|Vcs|

EXP-AVER 0.1426 ± 0.0018 0.7180 ± 0.0033 HFLAV2023

|Vcs| = 0.9639 ± 0.0044EXP ± 0.0032LQCD

|Vcd| = 0.2265 ± 0.0029EXP ± 0.0018LQCD

The QED correction is a main source of lattice error
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P → V semileptonic decay

For P ′ → P :
dΓ(P ′ → P eνe)

dq2d cos θl
=

G2
F

32π3 |p⃗|3|Vxy |2 sin2 θl|f+(q2)|2

for example, D → π and D → K

For P → V :
dΓ(P → V eνe)

dq2dχd cos θℓd cos θV
=

G2
F |Vxy |2|p⃗|q2

12(2π)4M2 W
(

q2, θV , θℓ, χ
)

Independent determination of the CKM matrix element

Stronger test with abundant polarization information
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P → V decay amplitude
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P → V matrix element

For P ′ → P :

⟨P (p)|Vµ|H(p′)⟩ = f+(q2)
[

(p′ + p)µ − M2 −m2

q2 qµ

]
+ f0(q2)M

2 −m2

q2 qµ

For P → V :

⟨hV (p)|Vµ −Aµ|H(p′)⟩ = ε∗
νϵµναβp

′
αpβ

2V
m+M

+ (M +m) ε∗
µA1

+ ε∗ · q
M +m

(
p+ p′)

µ
A2 − 2mε∗ · q

q2 qµ (A0 −A3)

Two key physical quantities:

rV ≡ V (0)/A1(0), r2 ≡ A2(0)/A1(0)
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Charmed P → V decay from experiments

Channels rV r2 Refs
D0 → K∗(892)

(µ) 1.37 ± 0.09 ± 0.03 0.76 ± 0.06 ± 0.02 PRL134,011803(2025)
(µ) 1.46 ± 0.11 ± 0.04 0.71 ± 0.08 ± 0.03 PRL135,111803(2025)
(e) 1.48 ± 0.05 ± 0.02 0.70 ± 0.04 ± 0.02 JHEP03,197(2025)

Average 1.456 ± 0.040 ± 0.016 0.715 ± 0.031 ± 0.014
Ds → K∗,0eνe 1.67 ± 0.34 ± 0.16 0.77 ± 0.28 ± 0.07 PRL122,061801(2019)

Ds → ϕ
(e) 1.807 ± 0.046 ± 0.065 0.816 ± 0.036 ± 0.030 PRD78,051101(2008)
(µ) 1.58 ± 0.17 ± 0.02 0.71 ± 0.14 ± 0.02 JHEP12,072(2023)

D0 → ρ−e+νe 1.695 ± 0.083 ± 0.051 0.845 ± 0.056 ± 0.039 PRL122,062001(2019)
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D → K∗(892) from experiment

BESIII,PRL135,111803(2025)

No full lattice calculation.
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Ds → ϕ & D → K∗(892)

ΓK∗ is not so small, K∗ → Kπ may have visible effect
Γϕ is only ∼ 4 MeV, a reasonable approximation to regard ϕ as stable

(i) Heavier pion mass in our calculation, mϕ − 2mK < 0
(ii) mπ and fϕ agree well with current results
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Our first target: Ds → ϕlνl

Previous lattice calculation: HPQCD,PRD90,074506(2014)
Three ensembles with two coarse lattice spacings, ∼ 0.9 fm and ∼ 0.12 fm
Extrapolated to physical limit by z-expansion

F (z) =
3∑

n=0
BF

n

[
1 + CF

n a
2 +DF

n a
4 + EF

n (ml/ms,phys)
]
zn

leading to rV = 1.72(21), r2 = 0.74(12)

Experiment:
rV r2 Refs

BaBar(e) 1.807 ± 0.046 ± 0.065 0.816 ± 0.036 ± 0.030 PRD78,051101(2008)
BESIII(µ) 1.58 ± 0.17 ± 0.02 0.71 ± 0.14 ± 0.02 JHEP12,072(2023)

A more precise and systematic lattice study is essential
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Extraction of the form factor: scalar function method
Matrix element parameterization

⟨hν/J
em
ν (p)|J em/W

µ (0)|H(p′)⟩ =
∑

j

Qj
µν(p, p′)Fj(q2)

P → 2γ: π0/η/η
′/ηc → 2γ

V → γP : J/ψ → γηc, D
∗
s → γDs, D

∗ → γD

P → P ′lνl, P → V lνl

P → γlνl, P → l′ l̄′lνl

Constructing scalar functions
Ĩi(q2) ≡ Qi

µν · ⟨hν/J
em
ν (p)|J em/W

µ (0)|H(p′)⟩

=
∑

j

ωij(p, p′)Fj(q2), ωij ≡ Qi
µν · Qj

µν

Solving the linear equation

F = ω−1 · Ĩ
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Scalar function method: applications

Γ(ηc → 2γ) = 6.67(16)(6) keV
Y.M,Xu Feng,Chuan Liu,Teng Wang,Zuoheng Zou,
Sci Bull 68,1880(2023)

Γ(J/ψ → γηc) = 2.30(10) keV
Y.M,Chuan Liu,Teng Wang,Haobo Yan,
PRD 111,014508(2025)

Γ(D∗
s → γDs) = 0.0549(54) keV

Y.M,Jinlong Dang,Chuan Liu,Zhaofeng Liu,Tinghong
Shen,Haobo Yan,Kelong Zhang,PRD 109,074511(2024)

Br(J/ψ → Ds/Deνe) =
{

1.90(8) × 10−10

1.21(11) × 10−10

Y.M,Jinlong Dang,Chuan Liu,Xinyu Tuo,Haobo Yan,Yibo
Yang,Kelong Zhang, PRD 110,074510(2024) BESIII,PRL134,181901(2025)
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Lattice setup

Four lattice spacings [0.052 − 0.105] fm → continuum limit
mπ = 208 − 317 MeV → physical pion msss
Same lattice spacings and pion mass: C24P29 vs C32P29 → finite-volume effect
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Scale setting and renormalization

Interpolated strange quark mass determined by ηs = 689.89(49) MeV on each ensemble
Optimised vector renormalization constant Zc,s

V and Zc,s
A = ZA/ZV × Zc,s

V

CLQCD,PRD111,054504(2025)
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Mass and decay constant-I
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Mass and decay constant-II

mϕ and fϕ in physical extrapolation

mϕ, fϕ = c0+caa
2+cm

(
m2

π −m2
π,phys

)

Our result

mϕ = 1.0211(76) GeV
fϕ = 0.2462(41) GeV

while HPQCD(14)

mϕ = 1.0320(160) GeV
fϕ = 0.2410(180) GeV
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Ds → ϕ form factors

3 2 1 0 1 2 3
r2

Phenomenological theory

Lattice theory

Experiment

CQM Phys. Rev. D 62, 014006 (2000) 0.73
HM T Phys. Rev. D 72, 034029 (2005) 0.52
HQEFT Int. J. Mod. Phys. A 21, 6125 (2006) 0.53+0.010

0.006

CLFQM J. Phys. G 39, 025005 (2012) 0.86
CCQM Phys. Rev. D 98, 114031 (2018) 0.99 ± 0.20
LFQM Eur. Phys. J. C 79, 422 (2019) 0.86
RQM Phys. Rev. D 101, 013004 (2020) 0.77
SCI Eur. Phys. J. C 82, 889 (2022) 0.72
LCSR arXiv:2505.15014 0.945+0.047

0.064

HPQCD Phys. Rev. D 90, 074506 (2014) 0.74 ± 0.12
CLQCD This work 0.741 ± 0.031

BaBar Phys. Rev. D 78, 051101 (2008) 0.816 ± 0.036 ± 0.030
BESIII JHEP 12, 072 (2023) 0.71 ± 0.14 ± 0.02
PDG Phys. Rev. D 110, 030001 (2024) 0.83 ± 0.08

3 2 1 0 1 2 3 4
rV

Phenomenological theory

Lattice theory

Experiment

CQM Phys. Rev. D 62, 014006 (2000) 1.72
HM T Phys. Rev. D 72, 034029 (2005) 1.80
HQEFT Int. J. Mod. Phys. A 21, 6125 (2006) 1.37+0.024

0.021

CLFQM J. Phys. G 39, 025005 (2012) 1.42
CCQM Phys. Rev. D 98, 114031 (2018) 1.34 ± 0.27
LFQM Eur. Phys. J. C 79, 422 (2019) 1.61
RQM Phys. Rev. D 101, 013004 (2020) 1.56
SCI Eur. Phys. J. C 82, 889 (2022) 1.64
LCSR arXiv:2505.15014 1.517+0.011

0.015

HPQCD Phys. Rev. D 90, 074506 (2014) 1.72 ± 0.21
CLQCD This work 1.614 ± 0.019

BaBar Phys. Rev. D 78, 051101 (2008) 1.807 ± 0.046 ± 0.065
BESIII JHEP 12, 072 (2023) 1.58 ± 0.17 ± 0.02
PDG Phys. Rev. D 110, 030001 (2024) 1.76 ± 0.07
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Ds → ϕ form factors
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Differential decay width

For details,@范高峰,分会场五,15:30

19 / 21



Finite-volume effect
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Conclusion and outlook

Conclusion
Scalar function method for P → V semileptonic decay

Systematic study on Ds → ϕlνl using seven CLQCD ensembles

Most precise form factors at physical point after continuum and chiral limit

Outlook

Effect of the vector particle decay width, P → V (→ P1P2)lνl

Charmed meson semileptonic decay: D → K∗, D → ρ
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End

Thank you for attention!
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