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Outline

Introduction

Standard Model precision test
Charmonium decay puzzle
D → K∗lνl

New physics constraints—A0, A′, a

J/ψ → γA0/a
ηc → γA

′

Summary
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Precision frontier and new physics search

Standard model quantities

Direct observable, i.e. mass, branching fraction，· · ·

Combined with experiment
— CKM matrix element Vcs(d)

Search for new physics in collider
Invisible decay TO constrain dark matter properties

(a) CP-odd Higgs boson; (b) Dark photon;
(c) Axion-like particle

Neutrino background
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Precision test: charmonium decay puzzle

D.Becirevic(2012)

HPQCD(2012)

L.C.Gui(2019)

HPQCD(2023)

Y.Meng(2025)

PDG2025

PDG2026

1.4 1.5 1.6 1.7 1.8 1.9 2

B(J/ψ → γηc) × B(ηc → 2γ) = 5.23(26)(30) × 10−6 BESIII,PRL134,181901(2025)
B(J/ψ → γηc) × B(ηc → pp̄) = 2.11(2)(7) × 10−5 BESIII,PRL136,051901(2026)
Absolute branching fraction B(ηc → 2γ) = 2.45(48)(09) × 10−4. BESIII,PRL137,071802(2026)
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Precision test: charm semileptonic decay

FLAG24: no results away from q2 = 0 provided due to discrepancy among ETM17 and others.

More lattice QCD calculations on D → K. in progress
Independent determination on CKM matrix element from other channels, i.e. P → V
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Why P → V semileptonic decay?

For P ′ → P :
dΓ(P ′ → P eν)

dq2 =
G2
F

24π3 |p⃗|3|Vxy |2|f+(q2)|2

for example, D → π and D → K

For P → V :

dΓ(P → V eν)
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 semileptonic decay

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)

LQCD 1.48(12)&1.46(11)→1.44(28) 0.6(3)&1.0(2)→ 1.5(6) NPB119,625(2003)
Ds → ϕ

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

LQCD 1.72(21) 0.74(12) PRD90,074506(2014)
D0 → ρ−e+νe 1.695 ± 0.083 ± 0.051 0.845 ± 0.056 ± 0.039 PRL122,062001(2019)

Ds → ϕ in CLQCD25, continuous progress in D → K∗(892) in CLQCD26.
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Ds → ϕ form factors

r2 ≡ A2(0)/A1(0), rV ≡ V (0)/A1(0)

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

Precision improved by up to an order of magnitude
G.-F.Fan,Y.M,C.Liu,Z.-F Liu,T.-X Wang,T.-H Shen,K.-Z Zhang, and L.Zhang, arXiv:2510.14478
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Gauge ensembles in D → K∗(892)

Configuration Volume a/fm mπ/MeV Nconf ×Nt ×Ns

C24P29 243 × 72 0.10524(05) 292.3(1.0) 450 × 72 × 2
C32P29 323 × 64 0.10524(05) 293.1(0.8) 397 × 64 × 2
C32P23 323 × 64 0.10524(05) 227.9(1.2) 333 × 64 × 3
C48P14 323 × 64 0.10524(05) 136.4(1.7) 180 × 96 × 16
F32P30 323 × 96 0.07753(03) 300.4(1.2) 360 × 96 × 2
F48P30 483 × 96 0.07753(03) 302.9(1.9) 166 × 96 × 4
F48P21 483 × 96 0.07753(03) 207.5(1.1) 241 × 48 × 4
G36P29 363 × 108 0.06887(12) 297.2(0.9) 300 × 54 × 2
F48P32 483 × 144 0.05199(08) 316.6(1.0) 300 × 72 × 2

Four lattice spacings [0.052 − 0.105] fm → continuum limit
mπ = 136 − 317 MeV → physical pion msss
C24P29 vs C32P29 and F32P30 vs F48P30 → finite-volume effect
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K∗(892): mass and decay constant

m, fK∗ = c+ da2 + f(m2
π −m2

π,phy) + ge−mπL

mK∗ = 887(14)MeV, fK∗ = 212(12)MeV, both consistent with PDG.
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D → K∗ form factors

⟨K∗(p)|Vµ −Aµ|D(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)

Physical pion mass, continuum limit, and infinite volume in z−expansion scheme.
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V (0) and Ai(0)

r2 ≡ A2(0)/A1(0), rV ≡ V (0)/A1(0)
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D → K∗ form factors

First un-quenched lattice QCD calculation.
First physical point: a2,m2

π, and e−mπL extrapolation
Gaofeng Fan, Chuan Liu, Zhaofeng Liu, and Y.M, in preparation
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Cuttent status of the dark matter search on the collider

Remarkable candidates

Dark photon A′: coupling to the photon through the kinetic mixing ϵ
2 FµνF ′

µν , free
parameters are mA′ and ϵ

CP-odd Higgs Boson A0: mA0 and gaqq̄

Axion-like particle a: ma and gaqq̄

Dark matter can be produced on the collider

Direct production: e+e− → γX
BABAR,PRL119,131804(2017) BESIII,PLB839,137785(2023)

Resonant production: e+e− → J/ψ/Υ(1S) → γ +X
CLEO,PRD81,091101(2010) BABAR,PRL107,021804(2011)
Belle,PRL122,011801(2019) Belle,PRL128,081804 (2022)
BESIII,PRD101,112005(2020) BESIII,PRD105,012008(2022)
BESIII,PLB838,137698(2023)
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Light dark matter search at the collider
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Dark matter properties in charmonium sector

Axion-like particle–a

δLa
eff = i

a

fa
ccmcc̄γ5c

CP-odd Higgs boson–A0

δLA0
eff = −mccp

v
ic̄γ5cA

0

Dark photon–A′

δLA′
eff = ϵiec̄γµcA

′
µ,mA′ ̸= 0

SM background in J/ψ → γX and ηc → γX must be estimated.
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Neutrino background in J/ψ → γA0/a and ηc → γA′

J/ψ → γνν̄

Br[J/ψ → γνν̄] = 1.04(7)(8) × 10−10 YM et al,PRD114,014524(2026)

c

γ

c̄

ν

ν̄

Z∗
J/ψ

ηc → γνν̄, Br ∼ 10−14 Dao-Neng Gao,PRD 90,077501(2014)
Completely ignored in current experiment
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J/ψ → γA0

Parameterization

⟨A0(p)|Jemµ |J/ψ(ϵJ/ψ, p′)⟩ = 2FγA0 (q2)
M

ϵµναβϵ
J/ψ
ν pαp

′
β

Decay width

Γ(J/ψ → γA0) = 16αem

27
|p⃗|3

M2

(
mccp
v

)2
F 2
γA0 (0)

On-shell form factor

FγA0 = −1
4

∫
d4xeEt

j1(|p⃗||x⃗|)
|p⃗||x⃗| ϵµνα0xαHµν(x⃗, t)

with E = (M2 +m2
A0 )/(2M), |p⃗| = (M2 −m2

A0 )/(2M)

c

γ

c̄ A0/a
J/ψ

Method for:
ηc → 2γ, J/ψ → γηc, D∗

s → Dsγ,
J/ψ → D(s)lνl, · · ·
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Form factor FγA0

A single ensemble with a = 0.105 fm and mπ = 292 MeV
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Note: X = A0/a, mX = [0, 0.2, 0.4, 0.6, 0.8] ∗mJ/ψ for mass dependence study
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Constraint on A0 properties

Assuming A0 → invisible.
YM, Chuan Liu, and Zhaofeng Liu, in progress.
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ηc → γA′

Parameterization

Hµν(p, p′) =
∫
dteEtd3x⃗e−ip⃗·x⃗⟨0|T{j′

µ(x)jν(0)}|ηc(p′)⟩

≡ ϵµναβpαp
′
βFA′γ(q2)

Decay width

Γ(ηc → A′γ) = ϵ2
64π
81 α2

em|p⃗|3F 2
A′γ(0)

On-shell form factor

FA′γ(q2) = − 1
2M

∫
d4xeEt j1(|p⃗||x⃗|)

|p⃗||x⃗|
ϵµνα0xα⟨0|T{j′

µ(x)jν(0)}|ηc(p′)⟩

c

γ

c̄ A′
ηc

21 / 23



Form factor and branching fraction of ηc → γA′

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

0.4

0.5

0.6

0.7

0.8

0.9

1

mA′ = [0, 0.2, 0.4, 0.6, 0.8] ∗mηc for mass dependence study.
Branching ratio upper limit Br(ηc → γ + invisible) is needed to constrain ϵ and mA′

Extend to η/η′ → γA′, vs HHaS experiment(expected) Br = 10−8 ∼ 10−9.
22 / 23



Summary

SM precision test TO new physical constraint

Precision test
D → K∗lν at physical point
D → Klν

Dark matter constraint
J/ψ → γνν̄

J/ψ → γA0/a, ηc → γA′

Extrapolated to physical point
η/η′ → γA′

Thank you!

23 / 23


