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* Semi-leptonic decays offer an ideal place to deeply understand
hadronic transitions in the nonperturbative region of QCD, and
can help to explore the weak and strong interactions in charm
sector
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* Vector meson decay makes this transition notoriously difficult
to model due to theoretical complexity
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* Combining with the experimental data, the CKM matrix element
can be extracted, and it helps to test unitarity of CKIM matrix
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and search for new physics beyond SM
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e Calculating branching fractions helps to test — lepton flavor e
universality
SM parameter [BES|||, JHEP 12,072 (2023)]
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Motivations

e Status of theoretical and experimental studies

Theory Theory
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A precise lattice calculation is important!

* Provide lattice QCD input to investigate the SU(3) symmetry (by combining with - calculation)
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Introduction to lattice QCD

* Path integral in discrete Euclidean space
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* Expectation values of gauge-invariant operators, also known
as “correlation functions”

Wl = (I/Z)/[dU]H[def][de]O(Mq?f})e_“""’[ul_zf 9y (DIUl+mylas
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* Monte-Carlo method and data analysis
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Lattice set up

e (2+1)-flavor Wilson-clover gauge ensembles [CLQCD, PRD 111, 054504 (2025)]

 Computer resources: “SongShan” supercomputer at Zhengzhou University

meson mass

............................

Ensemble C24P29 C32P23 F32P30 F48P21 H48P32 ! \M “;
a(fm)  0.10524(05)(62) 0.10524(05)(62) 0.07753(03)(45) 0.07753(03)(45) 0.05199(08)(31) M — L
mP —0.2400 —0.2400 0.2050 0.2050 0.1700 @3-32‘ ¥ Yo # h ]

mp ~0.2770 -0.2790 0.2295 0.2320 0.1850 & 352l i S

P 0.4159(07) 0.4190(07) 0.1974(05) 0.1997(04) 0.0551(07) o ]
L3xT 243 x 72 323 x 64 323 x 96 48% x 96 483 x 144 T — ]
Nerg X Nerc 450 x 72 200 x 64 180 x 96 150 x 96 150 x 144 307, . o ]
my (MeV)  292.3(1.0) 227.9(1.2) 300.4(1.2) 207.5(1.1) 316.6(1.0) e
t P17 920 A2 4-26 8 — 30 | b ool ¢ D p* |

Z 0.85184(06) 0.85350(04) 0.86900(03) 0.86880(02) 0.88780(01) 921 R o =SS
Ze 1.57353(18) 1.57644(12) 1.30566(07) 1.30673(04) 1.12882(11) ;- R .
ZulZv 1.07244(70) 1.07375(40) 1.05549(54) 1.05434(88) 1.03802(28) 1.9 - -— |
185600 6.002 0.004 60'06 0,008 0,010 0.012

a? (fm?)
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Method (correlation function formulism)

e 2-point correlation function (2pt),

CO(p.t) =Y e X {On(X. )O}(0))

74
* 3-point correlation function (3pt),
Cun(%, 1, t5) = (O, (1) (0)OF, (—t:))

= (5(t)Y,s(£)5(0)¥u (1 — ¥5)c(0)T(—ts)¥s55(—15))
= (Tr[vs7s S o (t, —ts)¥57, Ss(t, 0)Vu(1 — ¥5) S (0, — )]



Method (scalar function)

* The parameterization for - semileptonic matrix element

(¢ (P) Uﬁv (0) [Ds (")) = Meuoaﬁpmﬁp + 5 (qz) Opo + —F2 (), F(¢)

Mm Mm PePe ™ Tz PuPo
2V £*-q E*-q
— w K * !
(¢ (e. D) |4, (0)|Ds (p")) = €, €uapDaPp — + (M +m)e. A + M+ m (p+p),A2—2m 0> Gu (Ao — As)

e Correlation functions =—> Scalar functions —> Form factors

(b0 () |4 (0) |Ds (p)) T; L0 1 2

* Relationship with the form factor

A3 is not an independent form factor

(m+ M)
WV = N
2mM A3 () = "L A () - 2 (¢7)
F m m
A = ; i
1 M+ m Ay is then
A —M+m(MF + mF3) 2 FF m—M+QR m? — M? — @Q?
° 2mM? ° 7 Ao (@) = 2m 4m>M Fat 4mM? s
Fs Fs
Ao — A3 =Q° (4m2M - 4mM2) ' Ao (0) = A3(0) is automatically perserved
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Method (scalar function)

» A similar scalar function scheme has been used for high-precision calculation

*« I'( -2 )=6.67(16)stat(6)syst keV [Y. M et al, Science Bulletin 68, 1880 (2023)]

e T( - )=00549(54) keV [Y. M et al, PRD 109, 074511 (2024)]

« Br(/ - ) =1.21(11) x 10711
Br(/ - ) =1.18(11) x 10711

Br(/ - ) =1.90(8) x 10710
Br(/ - ) =1.84(8) % 10710 [Y.M et al, PRD 110, 074510 (2024)]
* Br(/ - ) =249(11)3t(5)exp% [Y.Metal, PRD 111, 014508 (2025)]
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Results (2-point function fitting)

* Least 2 fitting considering covariance matrix between configurations and time

Zz
fit function for  is cPp. )= ﬁ (™ g~
h

* There should be a plateau when meson ground states are dominant
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Results (2-point function fitting)

* Least 2 fitting considering covariance matrix between configurations and time

fit function for
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* There should be a plateau when meson ground states are dominant
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Results (dispersion relation)

* We checked the dispersion relation of  meson at different momenta

e Use a discrete dispersion relation as the fitting function

; E ; : i
4sinh® =% = 4sinh® T + Zh, -4 s’ S| is 1.0407(54), 1.0447(80), 1.0384(72), 1.032(10), 1.029(10)
C24P29 C32P23 F32P30 F48P21 H48P32
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Results (dispersion relation)

* We checked the dispersion relation of meson at different momenta

e Use a discrete dispersion relation as the fitting function
ﬁlsinhzﬁ:éitsinhgﬁ—i—z"1 -‘ﬂrZSinEE i
5 5 latt . 5 latt 1S 1.024(15), 0.988(26), 1.023(15), 1.026(23), 1.045(21)

C24P29 C32P23 F32P30 F48P21 H48P32

2025/7/13 12/19



Results (form factor)

z (g t) =

where t; =

Vii— @ =Vt — 1t

Vis— @+ Vi — T

(I'HDs . m¢)2, g = 0

(30 + a1z + 3222)

T 1-q?/mp,
1
A = ——— \a a £
0,1,2 1_ q2/m2D51 ( o+ a1z + axz )

* The results have been multiplied by the renormalization constant, data point errors from jackknife analysis
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Results (global fit)

* Extrapolate results to the physical pion mass and continuum limit using -expansion

:vt+_q2_vt+_t0 V(g a.my) = 1
Vi — @2+t — b

z (9%, to)

1
Ao (G2, 8 1,) =
where t. = (mp, + mg)°, to = 0 o1z )

2 .

m'n',phys

* 0(0) -

3(0) =— 0.005(27), consistent with zero

1—q2/m29;

1.— ‘?2/"7%51

= 135.0 MeV/c?, mp; = 2112.2 MeV/c?, mp,,

2

2

(6ot d) [L4 £ (2 = m2 ) + 93 (m2 = 12 )] 2

i=0

Z (Ci F dfaz) [1 vl (mfr - m‘.'?r,phys) + g (mfr e mfr,phyS)z] 4

=0

= 2459.5 MeV/c?

Form factors at a = 0.0 fm, m, = 0.135 GeV/c?
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— Fit
— Fit curve x2/dof =1.11 + — Zzt curve Y2/dof = 1.44 N = qlz curve
==t = B dma = pirsl 2/dof = 0.58
18 15baia—[V10) = 1.0261% 0,023 fr o Aol0) = 0701 %0015 lobana X/
¢ c24r29 121 ¢ caap2g ¢ C24P29 A1(0) = 0.627 + 0.013
¢ c3zp23 ’ ¢ c3223 ¢ ” 10r ¢ c3zp23 73
¢ F32P30 [ ¢ F32p30 . ¢ F32P30 ¢
¢ Fagp2l 11 ¢ FasP21 ¢ Fagp21 .
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¢y 09 t
t . IK) . '
_ ° ~ 1.0 ° & + + +
T + % o % )
S 14 + < . < ¢ +
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t } o o
. t
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08} Y
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1.0 + E 0.7
1
L 1 L L
—06 —0.4 —02 0.0 0.2 0.4 0.6 0.8 06 —04 —02 0.0 0.2 0.4 0.6 0.8 0.6 —06 04 02 0.0 0.2 0.4 0.6 0.8
q? (GeV?) q? (GeV?) q2 (GeV?)

2025/7/13

Ax(q?)

Form factors at a = 0.0 fm, m, = 0.135 GeV/c?

1.2H

1.0F

0.6

0.4

—— Fitcurve
=== GRax

>

1o band
C24pP29
C32pP23
F32P30
F48P21
H48P32

}

oy

X?/dof = 0.64
A2(0) = 0.458 + 0.026

-0.6

g% (Gev?)

14/19




Results ( form factor)

2.6 2
12 9 —
LR i [ p—
\\ — ) Br H(;é}l)
— 7-
) \\\\\\ 6l
I =S S
a3 N &
o
& \ |
\ ? s—
Tt 1F
%0 %4 , 0.6 0.8 DO Olldz - 0|.3 0|.4 Ok.S OI.6 OI.’I 01.8 0.9
q- (GeV~) o Gev?)
using -expansion [HPQCD, PRD 90, 074506 (2014)]
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Results (differential decay width)

» Differential decay width using -expansion, where the lepton mass is neglected
[Rev. Mod. Phys 67, 893 (1995)]
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https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.67.893

Results

e Summary of preliminary results (form factor)

single pole F (4. a.me) = 17 (¢ + 42°) 1+ F (2 = 2 ) + g (m2 = m2 )7
modified pole E(i, 8,405 ) = > ——— (€ + d7’) [1 (e — e ) g (i — ﬁrphys)z}
(1 —q /mpoie) (1 —aq /mpole)
Theory Theory
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ccam Phys. Rev. D 98, 114031 (2018) 1.34 + 0.27 ccQMm Phys. Rev. D 98, 114031 (2018) —o— 0.99 £ 0.20
LFQM Eur. Phys. ). C 79, 422 (2019) 1.61 LFQM Eur. Phys. J. C 79, 422 (2019) 0.86
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Results

* Summary of preliminary results (branching fraction) PDG as input

dif (D — G Vcsz ? %8 7 :
(Ds = ¢tv) _ GE|Ves|* |py| q (1_ﬂ) KH%) (|H+|2+|H_|2+|Ho|2)+?;%|Hr\2

dg? 96m3 M3, q?

i } o —

& BESINI (2023), D) = ¢u* v,
B(Ds — ¢pfv) x 1072 e channel u channel Riige |

i

Z-expansion 2.61(15) 2.46(13) 0.9431(25) E |l
single pole 2.56(10) 2.40(10) 0.9422(23) 133'
modified pole 255(10) 2.41(10) 0.9428(24) okl
PDG 2.34(12) 2.24(11) 0.957(68) ,

{}‘,D ()‘.2 0?4 [)fﬁ 0?8
q? (GeV?)
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Summary

Dispersion relations of  mesonand meson are calculated

Form factors on five lattice sets with different 2 are calculated

Extrapolate form factors to the physical pion mass and continuum limit

Differential decay width and branching fraction results are calculated

Preliminary workon - form factors are ongoing

Thank you for your attention!
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