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Motivations - Wﬁ<£

* 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 difficult to model and
bring additional polarization information
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e Calculating branching fractions helps to test — lepton flavor - B
universality ]
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 Combining with the experimental data, the CKM matrix element
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can be extracted, and it helps to test the unitarity of the CKMM
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matrix and search for new physics beyond the SM
SM parameter [BESIII, JHEP 12, 072 (2023)]
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Motivations

e Status of theoretical and experimental studies
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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

_ ., —SglUl=) as(D[Ul+my)
" /[dU] | [idasltaa e 2y e
! f

Z = /[dU]e—SQW] Hdet(D[U] +my)
f

* 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
' f

* 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

e Systematic calculation: four lattice spacing and four pion mass sl \ ]
e A
C24P29 C32P23 C32P29 F32P30 F48P21 G36P29 H48P32 |

a (fm) 0.10524(05)(62) 0.07753(03)(45) 0.06887(12)(41)  0.05199(08)(31) g > ko Xo F he
i —0.2770 —0.2790 —0.2770 —0.2295 —0.2320 —0.2150 —0.1850 I v B Xa W PDG ]
am, —0.2400 —0.2400 —0.2400 —0.2050 —0.2050 —0.1926 —0.1700 :
amY —-0.2356(1) —0.2337(1) —0.2358(1) —0.2038(1) —0.2025(1)  —0.1928(1) —0.1701(1) 3.1f | ]
am? 0.4150(07)  0.4190(07)  0.4150(06)  0.1974(05)  0.1997(04) 0.1433(12) 0.0551(07) '\\\-» ]
L (fm) 2.53 3.37 3.37 2.48 3.72 9.48 2.50 307 - - ]
BxT 9243 x 72 323 x 64 323 x 64 323 x 96 483 x 96 363 x 108 483 x 144
Nipea 150X T2x2 333x64x3 39Tx64x2 360x96x2 241x48x4 300 x54x2 300 x 72 x 2 T T B n B o]
mx (MeV/c?)  202.3(1.0)  227.9(1.2)  203.1(0.8)  300.4(1.2)  207.5(L.1) 207.2(0.9) 316.6(1.0) 21F \ ]
¢ 317 2 =20 2 — 20 4-22 4-26 2 — 32 8 — 30 §20~ _5
zz 0.85184(06)  0.85350(04)  0.85167(04)  0.86900(03)  0.86880(02)  0.87473(05) 0.88780(01) “Ei-' [ e e
ZE 1.57353(18)  1.57644(12) 157163(14) 1.30566(07) 1.30673(04)  1.23990(13) 1.12882(11) L9F e _
ZalZy 1.07244(70)  LO7375(40) 1.07648(63) 1.05549(54) 1.05434(88)  1.04500(22) 1.03802(28) s ]

0.000 0.002 0.004 0.006 0.008 0.010 0.012

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

e 2-point correlation function (2pt),
CO(p,t) = ) e PX(O4(X, £)0}(0))

* 3-point correlation function (3pt),

Cun(%, t, ts) = (O, (1) (0)Oh, (—1s))
= (5(t)7,5(t)5(0)vu (1 — ¥5)c(0)C(—ts)VsS(—ts))
— <Tr[rY5rY5ST—s(t’ _ts)rYBrYuSs(tv O)rY,u,(]- _ 75)Sc(0v _ts)]>

 Treat as stable: small width and — 2 < 0 at heavier pion mass

#(1020)  16(J*%=0-(1)

Expand/Collapse Al
$(1020) MASS 1019.460 +0.016 MeV v

¢(1020) WIDTH 4.249 £0.013 MeV (S =1.1) v




Methods (scalar function)

* The parameterization for - semileptonic matrix element

" Fo (g F (g° F3(q°
(G0 (B ©)10: () = "D et + Fy () o + 20 gt B8y

* *

2V E*-q e*-q
"4 % *
( (. 2) 142/ (0) D= (P)) = €Xeuvapbub -7 + (M + m) e + s (p+ 9, Az — 2m= 74, (Ao — A3)

e Correlation functions =—> Scalar functions —> Form factors
(¢s (P) |4 (0) D5 (p) T o 1 o

* Relationship with the form factor

(m+ M)
V= —— Fo, « A5 is not an independent form factor
(! M M —
A = : 2 1+ m 9 m 9
1" M+m’ A3 (¢°) = 5 A1 (¢°) — Y- As (¢°)
M+m He "
9 = o—— (M F> +mF3), ; . , ;
2mM * A3(0) = Ay(0) is the kinematic constraint
Fi m?—M?+¢° m2 — M? — ¢?
Ay = F: Fj.
Zom T T amEM 2T dmmz
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Methods (scalar function)

e Asimilar 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

* There should be a plateau when meson ground states are dominant O (5. 1) Z (et 4 e~EAT-0)
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(i) For C24P29 Dy meson. (i) For F32P30 D, meson. (i) For G36P29 D, meson.
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Results (dispersion relation)

* We checked the dispersion relation of

e Use a discrete dispersion relation as the fitting function

meson at different momenta

: = X My . o Pi
2 _ 2 Bl 2 Pi
4 sinh 5 = 4 sinh 5 + 2 - 4 E sin” 5

gt is 1.0402(48), 1.0389(72), 1.0346(75), 1.0324(45), 1.0276(92), 1.0168(62), 1.0334(58)

i 4sinh?3
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(ii) For C24P24 D, meson.
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(ii) For G36P29 D meson. (ii) For F32P30 D, meson.
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Results (2-point function fitting)

* Least 2 fitting considering covariance matrix between configurations and time

* There should be a plateau when meson ground states are dominant
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(iii) For C24P29 ¢ meson.
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(iii) For F32P30 ¢ meson.
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4sinh? &

Results (dispersion relation)

* We checked the dispersion relation of

e Use a discrete dispersion relation as the fitting function

age is 1.027(12), 1.042(13), 1.021(13), 1.0324(93), 1.061(15), 1.058(11), 1.057(13)
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(iv) For C24P29 ¢ meson.
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(iv) For G36P29 ¢ meson.

meson at different momenta
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Results (mass and decay constant)

* We extrapolate masses and decay constants of meson to get physical results
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Results (global fit)

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

1 2

_VE—@-vETT Vg eme) = T,

2
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sl 3=0

b ™y o ,7%7 ?{ i
z (q2. tO) - (ci +dia®) [L+ fi (my —m ,phyS)] z

where t, = (mp, + mg)>, ty =0

m2 o= 135.0 MeV/c?, mp: = 2112.2 MeV/c?, mp,, = 2459.5 MeV/c?
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Results ( ¢ and

2 dependence)

* The form factors can be described well by the 2-order term and the “-order term

2025/10/12

1.1

EF= arznax V(o)
-—— Continuum limit B A,(0)

Az(0)
Ag(0)

1
1
1
[}
[|
1
1
L
r
1

*0.000

0.002 0.004 0.006
a2 (fm?)

0.008

0.010

(i) Form factors at m. = 0.135 GeV/c>.

1.1

: !
1 1
i :
i :
i i
i 7 v(0) Az(0) i
i - mig. A1(0) Ao(0) i
: :
1 1
1 1
| i
i i
1 1
L 1
= i
i i
i i
i i
L ]
L

L]

r

il . k . . . | | :
0.02 003 0.04 0.05 0.06 007 0.08 0.09 0.10

m2 (GeV/c?)?

(ii) Form factors at a = 0.0 fm.

15/21



Results (finite-volume effect)

* The values of joint fitting are well consistent with the other two individual fittings within 1

Vig?)
A1(g?)

1.4¢

0.6

Az(q?) ¢ C24P29
Aolg?) ®  C32P29
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04 —02

0.0 0.2 0.4 0.6 0.8
q° (GeV?)

1.0

C24P29  x?/d.o.f C32P29 x?/d.of Combined x?/d.o.f
V(0) 1.0271(66) 0.03  1.0167(43)  0.29  1.0202(36)  0.63
A1 (0) 0.6523(55)  0.01  0.6639(37)  0.24  0.6605(30)  0.82
A2 (0)  0.605(18) 0.01  0.616(20)  0.53  0.609(14) 0.38
Ap(0) 0.6759(45)  0.07  0.6835(29)  0.26  0.6811(24)  0.54
16/21



Results (parameterization schemes)

» Different parameterization schemes are consistent with each other within 1 — 2
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single pole

modified pole

F (qz, a, mw) = (

F (qz, a, mﬁ) =

L
1—q?%/h?

1

(c+da?) [14 1

L= qz’/mbul() (1 B hqg/mpult,)

mi - mgr..phys)]

((_’. + dag) [1 +f (m?r ==

@pauaiou ingle pole

Modified pole

vV (0)
Ay (0)
As (0)
Ap (0)
A3 (0) — Ao (0)

Ty

r2

Tp
B(Ds — ¢urv,) x 107
B(D, — ¢ev,) x 102

R’pfr:

1.002(9)
0.621(5)
0.460(19)
0.692(4)
0.004(12)
1.614(19)
0.741(31)
I 114(11)

2.351(67)
2.193(7: 3)
0.9432(13)

1.002(9)
0.624(4)
0.470(19)
0.688(3)
0.008(11)
1.606(18)
0.753( ;1)

1.004(9)

0.624(4)
0.471(19)
0.689(03)
0.006(11)
1.609(18)
0.755(31)
1.1042(86)
2.362(50)

2.504(55)
0.9431(12)
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Results ( and »)

* Comparasions of the form factors (0)/ 1(0)and ,= 41(0)/ 1(0)
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Results (differential decay width)

* Differential decay width [Front. Phys. (Beijing) 14 (2019) 64401]
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Results (summary)

* Summary of preliminary results
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Summary

Mass and decay constant of the meson are calculated

Form factors on seven lattice sets with different 2 are calculated

Extrapolate form factors to the physical pion mass and continuum limit

Greatly improve the accuracy (1% - 4%) compared to HPQCD (12% - 16%)

Branching fraction and are calculated to the precision of 3%

Preliminary workon - form factors are ongoing

Thank you for your attention!
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