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Introduction

@ Standard Model precision test
e Charmonium decay puzzle
o D— K*ly
New physics constraints—A°%, A", a

o J/ —~vA%a
@ 1. — ’VA/

@ Summary
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Precision frontier and new physics search

@ Standard model quantities

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

e Combined with experiment
— CKM matrix element V(4

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

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

e Neutrino background

SCALAR BOSONS |_
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Precision test: charmonium decay puzzle
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@ B(J/1 — yne) x B(ne — 27v) = 5.23(26)(30) x 107°
@ B(J/Y — yne) x B(ne — pp) = 2.11(2)(7) x 107°
@ Absolute branching fraction B(n. — 27v) = 2.45(48)(09) x 10™*.
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Precision test: charm semileptonic decay

FLAG24: no results away from ¢*> = 0 provided due to discrepancy among ETM17 and others.
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@ 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?

e For P/ — P:
dr(P' — Pev)  G%

1512 [Viry [ £+ (¢%) 2

dq? T 2478
for example, D — 7w and D — K
@ For P> V:
dL(P = Vev)  GZ|Viy|?|plq?

- W 270 70 b
dg2dxd cos 0,d cos Oy 12(2m)4 M2 (q voue X)

e Independent determination of the CKM matrix
element

e Stronger test with abundant polarization
information
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P — V semileptonic decay

@ Experiments:

Channels ry o Refs
DY — K*(892)
(1) 1.37+0.09 + 0.03 0.76 & 0.06 £ 0.02
(1) 1.46 +0.11 4+ 0.04 0.71 4 0.08 £ 0.03
(e) 1.48 + 0.05 & 0.02 0.70 & 0.04 £ 0.02
LQCD 1.48(12)&1.46(11)—1.44(28)  0.6(3)&1.0(2)— 1.5(6) NPB119,625(2003)
Ds — ¢
(u 1.58 +0.17 + 0.02 0.71 +0.14 4+ 0.02
(e) 1.807 & 0.046 £ 0.065 0.816 + 0.036 + 0.030
LQCD 1.72(21) 0.74(12) PRD90,074506(2014)
DY = pefv. 1.695 =+ 0.083 &+ 0.051 0.845 + 0.056 + 0.039

e Dy — ¢ in CLQCD25, continuous progress in D — K*(892) in CLQCD26.
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Dy — ¢ form factors

A2(0)/A41(0),

(8%

V(0)/A1(0)

Phenomenological theory

Phenomenological theory

cQm Phys. Rev. D 62, 014006 (2000) . 073 cQm Phys. Rev. D 62, 014006 (2000) 172
HMYT Phys. Rev. D 72, 034029 (2005) . 0.52 HMXT Phys. Rev. D 72, 034029 (2005) 1.80
HQEFT Int. J. Mod. Phys. A 21, 6125 (2006) . 0.53+9010 HQEFT Int. J. Mod. Phys. A 21, 6125 (2006) 1.37:98%
CLFQM  J. Phys. G 39, 025005 (2012) . 0.86 CLFQM ). Phys. G 39, 025005 (2012) 1.42
ccom Phys. Rev. D 98, 114031 (2018) —— 099020 ccom Phys. Rev. D 98, 114031 (2018) —e— 134027
LFQM Eur. Phys. ). C 79, 422 (2019) . 0.86 LFQM Eur. Phys. J. C 79, 422 (2019) ) 1.61
RQM Phys. Rev. D 101, 013004 (2020) . 0.77 RQM Phys. Rev. D 101, 013004 (2020) . 1.56
scl Eur. Phys. ). C 82, 889 (2022) . 0.72 scl Eur. Phys. ). C 82, 889 (2022) . 1.64
LCSR arXiv:2505.15014 tof 0.945%8:837 LCSR arXiv:2505.15014 L] 1517981
Lattice theory Lattice theory
HPQCD  Phys. Rev. D 90, 074506 (2014) ] 0.74 +0.12 HPQCD Phys. Rev. D 90, 074506 (2014) o 172021
CLQCD  This work (] 0.741 + 0.031 cLqcp This work ) 1.614 + 0.019
Experiment Experiment
BaBar Phys. Rev. D 78, 051101 (2008) ol 0.816 + 0.036 + 0.030 BaBar Phys. Rev. D 78, 051101 (2008) 1.807 % 0.046 + 0.065
BESIIl JHEP 12, 072 (2023) o 0.71 +0.14 * 0.02 BESII JHEP 12, 072 (2023) e 1.58 +0.17 % 0.02
PDG Phys. Rev. D 110, 030001 (2024) o 0.83 +0.08 PDG Phys. Rev. D 110, 030001 (2024) 1.76 + 0.07
-3 -2 -1 0 1 2 -3 -2 -1 0 3 4

r

rv

@ Precision improved by up to an order of magnitude
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Gauge ensembles in D — K*(892)

Configuration  Volume a/fm myr/MeV  Neon X Ny X Ny
C24P29 243 x 72 0.10524(05) 292.3(1.0) 450 x 72 x 2
C32P29 323 x 64 0.10524(05) 293.1(0.8) 397 x 64 x 2
C32P23 323 x 64 0.10524(05) 227.9(1.2) 333 x 64 x 3
C48P14 323 x 64 0.10524(05) 136.4(1.7) 180 x 96 x 16
F32P30 323 x 96 0.07753(03) 300.4(1.2) 360 x 96 x 2
F48P30 483 x 96 0.07753(03) 302.9(1.9) 166 x 96 x 4
FA8P21 483 x 96 0.07753(03) 207.5(1.1) 241 x 48 x 4
G36P29 363 x 108 0.06887(12) 297.2(0.9) 300 x 54 x 2
FA8P32  48% x 144 0.05199(08) 316.6(1.0) 300 x 72 x 2

@ Four lattice spacings [0.052 — 0.105] fm — continuum limit
@ m,; = 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, fi- = ¢+ da® + f(m2 — miphy) + ge~m=L
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@ my+ = 837(14)MeV, fr+ = 212(12)MeV, both consistent with PDG.
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D — K* form factors
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@ Physical pion mass, continuum limit, and infinite volume in z—expansion scheme.
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D — K* form factors

Lattice QCD Lattice QCD
L - Ph - )] o 1S tt. B 274, 41 92 —— ).4 * (
BKS Phys. Re 45, & —e— BKS D 4 d ( o 0. E: 1
EL Nucl. ) 1 ): o ELC icl. P B 41€ 75 4 o 0.€
JKQCE Ph € 1 ) Fo—i A JKQCD P Rev. D 51, 4905 (1995 [ ).9 = (
Ph 5 —e— 3 PE Pl tt. B 345, 513 5 —eo— 0.7 =0
SP F Nucl. b 00! ] 48 = 0.12 P iR icl. F B 119, 5 —o— ). € C
cLoco This work ol 1.460 + 0.089 cLaco This work ol 0.767 + 0.087
Experiment Experiment
BESIII JHEP 10, 199 (2024) [l 1.43 +0.07 £ 0.03 BESIII JHEP 10, 199 (2024) ol 0.72 £ 0.06 £ 0.02
BESIII JHEP 03, 197 (2025) (] 1.48 £ 005 £ 0.02 BESIII JHEP 03, 197 (2025) [ 0.70  0.04 £ 0.02
BESIII Phys. Rev. Lett. 134, 011803 (2025) fof 1.37 £ 0.09 £ 0.03 BESIII Phys. Rev. Lett. 134, 011803 (2025) ol 0.76  0.06 + 0.02
BESIII Phys. Rev. Lett. 135, 111803 (2025) " 1.456 £ 0.040 % 0.016 BESIII Phys. Rev. Lett. 135, 111803 (2025) " 0715 + 0.031 + 0.014
BESIII Phys. Rev. Lett. 135, 171801 (2025) " 1.42 £0.03 £ 0.02 BESIII Phys. Rev. Lett. 135, 171801 (2025) " 0.75 = 0.03 £ 0.01
BESIII arXiv:2603.04136 * 1.444  0.026 + 0.011 BESIII arXiv:2603.04136 ) 0.752 + 0.020 + 0.004
-6 -4 -2 4 -6 4 ) 4

rv (D-K*1v)

@ First un-quenched lattice QCD calculation.

2 2

r (D-K*Iv)

e First physical point: a?,m2, and e™™” extrapolation
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Cuttent status of the dark matter search on the collider

@ Remarkable candidates

o Dark photon A’: coupling to the photon through the kinetic mixing s F#vF,,, free
parameters are m 4 and €

o CP-odd Higgs Boson A% m 40 and gauqg

o Axion-like particle a: m, and gqqq

@ Dark matter can be produced on the collider

e Direct production: eTe™ — vX

o Resonant production: ete™ — J/1/YT(15) — v+ X
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Light dark matter search at the collider

CLEO 2010
PHYSICAL REVIEW D 81, 091101(R) (2010)
Search for the decay Jiy—y + invisible
(CLEO Collaboration)
T+ X

invisible to detector

light dark matter ? Ny

EC
The upper limit corresponding to my = 0 Mass (MeVic)

. The duid -

is 4.3 x 10~5 at the 90% confidence level

BABAR

T(S) = v+ X
Belle
PRL 107, 021804 (2011)
Search for Production of Invisible Final States in Single-Photon Decays of T(15)
(BABAR Collaboration)

PRL 122, 011801 (2019)
Search for a Light CP-odd Higgs Boson and Low-Mass Dark Matter at the Belle Exper

(Belle Collaboration)

3

se11 —selle

3

Bagar Banar

B8 L8 908 c.. (107
57 0L @ 5% Cn (10

20 Mase (Gev/e) DX ase (cev/e)

B(T = 74% x B(A? = invisible) B(Y(1S) > 33k

BESIII

PHYSICAL REVIEW D 101, 112005 (2020)
Search for the decay J/\y— + invisible

Upper bound B ~ 7.0 x 1077

PHYSICAL REVIEW D 105, 012008 (2022)
Search for a CP-odd light Higgs boson in .J/¢) — yA°

Upper bound B(J/¢ — yA®) x B(A® — ptp~) ~ (1.2 — 778.0) x 1079

PHYSICS LETTERS B 838, 137698 (2023)
Search for an axion-like particle in radiative J/y decays

We search for an axion-like particle (ALP) a through the process ¥(3686) — 7+ m~ J /v,
J /4 — 7a,a — yyin a data sample of (2.71 % 0.01) x 10° ¥(3686) events collected by
the BESIII detector. No significant ALP signal is observed over the expected background,
and the upper limits on the branching fraction of the decay .J /4 — ~a and the ALP-
photon coupling constant g,.,, are set at 95% confidence level in the mass range of

0.165 < m, < 2.84 GeV/c?. The limits on 2(J /¢ — ~a) range from 8.3 x 10* to

1.8 x 10~% over the search region, and the constraints on the ALP-photon coupling are
the most stringent to date for 0.165 < m, < 1.468 GeV/c*.
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Dark matter properties in charmonium sector

@ Axion-like particle—a

Y
.a _
5£gff = zf—ccmcc%c c > ﬂ
¢ J \ 4
e CP-odd Higgs boson—A" C—<—---- A%/a
MeCyp . vy
oL = P A°
eff v . /\/\/\/\/\/\/
@ Dark photon—-A4’ Ne \ 4

6£f}f = eieé'y#cA;“ mar #0

@ SM background in J/¢¥ — vX and 1. — vX must be estimated.
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Neutrino background in J/¢ — vA%/a and 7, — v A’

e J/i— yvv
o Br[J/y — yv] = 1.04(7)(8) x 107*° 0]
x10°
24 {
ﬁ 7 “
C—»— v 2 2 T
J \4 S8
c —4— 4 16 e
14 —+-
Vv 1.2

l 107
® 1. — yvis, Br ~ 10714

o Completely ignored in current experiment
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J/th = yA°

@ Parameterization

em 2F, 4, (4°
(AT )y = ) ety

@ Decay width

16tem @ (mccp>2 2

DI/ = 7 Ao) = oo P (Tee) g2, )

@ On-shell form factor

L[ a i (10117]) -
F,po = —= | dze”" =" cia0TaHu (T,1)
“ 4 / Pzl l

with E = (M? +m20)/(2M), |5l = (M? —m?,)/(2M)

Y
C
I ;
¢ - A%q
Method for:
ne = 27, J/ = yne, Di = Dy,
J/’lﬁ — D(S)ll/l, cee
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Form factor i,

@ A single ensemble with a = 0.105 fm and m, = 292 MeV
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@ Note: X = A%/a, mx =[0,0.2,0.4,0.6,0.8] % mj,y for mass dependence study
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Constraint on A" properties

1 Lattice

07|  BESIIIL, 20, J/¢ — ~ + invisible

0.35 . . . , ! . . . . .
0 0.5 1 1.5 25 0 0.2 0.4 0.6 0.8 1 1.2
ma(GeV] m(GeV)

(Sl

o Assuming A" — invisible.
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@ Parameterization

Houlp.p) = [ dteBdFe P2 O[T, @)3,(0)Hne)

_ 2
= f,uuaﬁpapﬁFA’ (q )
K Y
o Decay width c
64w Ne
N2 2 |32
L(ne— Ay) = e STQ m| Pl FA’V(O) ¢ A’
@ On-shell form factor
Fp() = 517 [ ”ﬁﬂumwm%wﬂﬁmmmm%w»
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Form factor and branching fraction of n. — v A’

20 X107
& . ! ; , 22
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e my =1[0,0.2,0.4,0.6,0.8] * m,, for mass dependence study.
@ Branching ratio upper limit Br(7. — = + invisible) is needed to constrain € and m 4
e Extend to 7)/1 — vA’, vs HHaS experiment(expected) Br = 10~% ~ 10~Y.
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SM precision test TO new physical constraint

@ Precision test
e D — K*lv at physical point
o D — Klv

@ Dark matter constraint
o J/Yp = yvv
o J/—~yAYa, n. — A
o Extrapolated to physical point
o n/n — A

Thank you!
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