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Motivations Y

Semi-leptonic decays offer an ideal place to deeply
understand hadronic transitions in the nonperturbative
region of QCD and 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 experimental data, the CKM matrix oo T
element can be extracted, and it helps to test unitarity of

CKM matrix and searching for new physics beyond SM

Events/(0.13)
Events/(0.42)

100

———— e e ]

Calculating branching fractions helps to test — lepton ) :
flavor universality [BESIII, Phys. Rev. Lett. 134, 011803 (2025)]

SM parameter

a o
M(D = K*w)= Gl Ves| / dg?PA(g?)? x (lHl(q2)|2—|—|H (qz)‘2+ ‘Ho(qz)‘z)
0
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.134.011803

Motivations

 No un-quenched - lattice QCD results were reported. More BESIII high-precision
measurements on charm meson semi-leptonic decays to vector mesons results are on
the way. A full nonperturbative lattice calculation is important
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« By combining - and - LQCD results, the impact of SU(3) symmetry can
be investigated
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Introduction to LQCD

« Path integral in discrete Euclidean space

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

« Expectation values of gauge-invariant operators, also
known as “correlation functions”

~Sg[U]-) , ap(D[U]+my)a;

(O(Ua q, (j)> - (I/Z)/[dU] H[de][d(ff]O(U q, Q)e
' 4

« Monte-Carlo method and data analysis
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Lattice set up

(2+1)-flavor Wilson-clover gauge ensembles by CLQCD collaboration

[CLQCD, PRD 111, 054504 (2025)]

Charm quark mass ~P

Is tuned by physical mass

C32P23, F32P30 with different and mass will be used in the future

Computer resources: “SongShan” supercomputer at Zhengzhou

University
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.111.054504

Formulism of correlation function

« 2-point correlation function (2pt),
COp.t) =) e P (Ou(X, 1)0}(0))

 3-point correlation function (3pt),

Cuw = (Oks(£) 1Y (0)O5(—ts))
= (T(t)7,s(t)5(0)yu(1 —¥s5)c(0)T(—ts)ysu(—ts))
= (Tr[ysYsSTu(t. —ts) 1Y Ss (£ 0)7,(1 — ¥5)Sc(0, —ts)])
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Method

* Correlation functions —> Scalar functions —> Form factors

(K;(ﬁ)IJf(O)ID(D’)) 7, y 01 1 2

 The parameterization for - semileptonic matrix element

(K@) 12 @ D) = B D, o o R () b0+ BN BLE) )

Mm Mm M?
2V (q°) e -q £*-q
* W ! * * !
{K {E, m |J.p_ {UJ |D (ﬁ] )} = Eyﬁwmjp;pﬁm . (M c 3 m) Eﬂxﬂll =+ IR (p + p )ﬁAg —2m QE qu {Ag = A:;)
» Relationship with the form factor
Y _ (m+ M) F As is not an independent form factor
- 2mM m —m
A = ‘S: As (@) = M:z; Alg) - Mzm A (@)
ﬂi E A, is then
A = S (MF> + mF3), Ay m-M+Q M -M-Q

T 2m am>M . 4mM?

A vt = 2 s
A AameM ~ amM2 | Ay(0) = A3(0) is automatically perserved
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Method

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

« T( -2 )=6.67(16)(6) keV

[Y. M et al, Science Bulletin 68, 1880 (2023)]

+ T( - )=00549(54) keV
[Y. M et al, PRD109, 074511 (2024)]

« Br(/ - ) =121(11) x 1071

Br(/ - ) =1.18(11) x 10~

Br(/ - ) = 1.90(8) x 10710

Br(/ - ) =1.84(8) x 107*°
[Y. M et al, PRD110, 074510 (2024)]
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https://www.sciencedirect.com/science/article/pii/S2095927323004905?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.074511
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.074510

Fitting of 2-point correlation function

- Least 2 fitting considering covariance matrix between configurations and time
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Dispersion relation

 We checked the dispersion relation of mesonand  meson at four different momenta and
use a discrete dispersion relation as the fitting function.
1.027(27). Left for and right for

latt for and is 1.034(19) and
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Preliminary form factor results

T his work

* The results have been multiplied by the renormalization constant V(0) 1.205(13)

(
- A 2 expansion by a polynomial form ( 2)= o+ ;- °+ ,- 4 A1(0) 0.834(18)

. . A2 (0) 0.868(61)
* 0(0) — 3(0) =0.0003(51), which meets expectations A,(0) 0.848(21)

Form factor in D — K *Iv; on C24P29 Form factor in D - K™ /v, on C24P29 Form factor in D— K" lv; on C24P29 Form factor in D —»K™*/v; on C24P29
L [— — best fit 1.154 — best fit — best fit
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Preliminary decay width results

Differential decay width, where the lepton mass is neglected

°
[Rev.Mod.Phys 67,893(1995)]
) di (D — K*év) 3 » Pk G?
wlk — e 16 — Meanvalue dq2d cos Oxd cos Bpdx|Vies]2 8 (4»,¢)4 F M3
s x {(1 + cos6;)sin’0x|H, (q°)
{; S + (1 — cos8;)?sin? 0« |H (q°)
8" @ + 4sin®0,c0s° 0k | Ho(G°) I
;:%"’ ‘L’%il + 4sinB,(1 + cos ;) sin B, cos O, cos xH, (G°)Ho(G?)
i 1:0 — 4sinB,(1 — cos ;) sin By cos B, cos xH (g°)Ho(q?)
—2sin?6, sin® Bk cos 2xH, (¢°)H (qz)}
Y g2 Geve) h - ) X
J = o . bt .,
i i R L A e
8 8 S O W s A -
;%:5 _l:fs 5 ," “\ / "‘
[ Ug . vy ..’,_.....:\.‘:.......'
= D
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https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.67.893

Preliminary results

« Summary of preliminary results This work EPJC (2022) BESIII (2025)
n=V(0) /A (0)  1.445(36) 1.50 1.37(9)(3)
= A2 (0) /AL (0)  1.041(76) 0.68 0.76(6)(2)

mass 292.3(1.0) MeV B(D > K*tw) x 102 4.63(44)  2.12(3)  2.073(39)(32)

lattice spacing 0.10524(05)(62) fm
[H. Y. Xing et. al, Eur.Phys.J.C 82 (2022) 10, 889]

Lattice QCD Lattice QCD
] I W
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A ] -
F o
F -
cLecb This work L] 1.445 £ 0.036 CLQCD This work ol 1.041 £ 0.076
e I IR e
BESIII arXiv:2412.10803 L 1.48 +£0.05 £ 0.02 BESIII arXiv:2412.10803 d 0.70 £ 0.04 £ 0.02
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BEAI Fhiys. Raw. Lett. 13, ULLB0S (2025) fef 137 % 0.09 = 0:03 BESIII Phys. Rev. Lett. 134, 011803 (2025) ki 0.76 + 0.06 = 0.02
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https://link.springer.com/article/10.1140/epjc/s10052-022-10844-6

Summary and Outlook

Summary

* Preliminary results for 2-point correlation functions of mesonand meson
* Dispersion relation of mesonand meson

« Preliminary results for form factors and decay width on one lattice set with four different 2

Outlook

Consider  scattering contribution

More statistics for decreasing statistical error

Extrapolation/interpolation of results to the physical point/continuum limit
Preliminary -  form factors are ongoing

2025/4/21 14/20



Thank you for your attention!



Back up (Formulae)

* We start from the hadronic function
Huw () = (K} (X, t) 1 (0) [V (p'))

= 3 sr et (~b,, — P2) (0]K* (0) IK* (B))(K: () 14 (0) 1D ()

» Consider the parameterizations [Z. Phys. C 46, 93 (1990)]
(Ol¢n (0) |@n (P)) = Z

Fo (Gz)
Mm

F; (g?
PP, + —E’nEF )pL o,

Fa (qz)
Mm

(K; (P) |4 (0)|D(p)) = €poapP PP + F1 (%) O +

* |tis easy to obtain

oM
Hy, (X, t) = Z—UEM“CHH (X, t; ts)
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https://link.springer.com/article/10.1007/BF02440838

Back up (Formulae)

A spatial Fourier transform of = — : and are
e Fo (G° - Zye
V[.LI-" A ﬂm)epuuﬁﬂ pﬁ X VQE

: Fs (q® i PuPsy  ZveE!
A[.LL-" S [_ Fl (qz) ép.ar - i‘gm )p;_;p;- - ﬁy("fz ) Lp;] (_éya - m2 ) x VZE

* Construct the scalar functions

1 2
Ty = ——€umwalups | ©3Xe PV, (X, t
o= MR ﬁDuDﬁ/ v (X, T)

ﬂ’
Fo(a*) = 5T
Ty Sl | P RETEA(BF) 1= 1
E pup, @) =50+ 5% gple
I = i lg‘}; fd3fe—:p-XA”y (X, 1) . ( 2) B mE % o mE2+2m® . IEM? N
o.p! 2T = s E—m) T 2B —Em) ? 2ME(EZ— )
IE,, — [E]EV dEEE_IP-XH”U ()?, t) 5 m? - 3m2 _ 3m4 .
5 DEett il _Q(EE—W}L_ Q(E?—mZ)I‘?JrQM?(EE—m?}I}
L= ®
g i ZK:
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Back up (Formulae)

» The traditional parameterization for -  semileptonic decay [Rev.Mod.Phys 67,893(1995)]

* W ! * ! QV (qE} * E* i q ! E* = q
(K*(e.p) |4, (0)|D(P)) = €, €uvapPuPs i +(M+m)e A + TR (p+p), A —2m 02 qu (Ag — A3)
» Relationship with the form factor
3 IS not an independent form factor
o M) M+ M—m
—— . m — -
omM " ° A3 (@) = ——A41 (") — —5— 4 (¢)
Fl m m
Alzm+m* o is then
_M—J—m ; i m? — M2 + Q2 m? — M2 — Q2
Az = 2mM? (MF -+ mks)) Ao (77) = 2;4 T amem 2t a5
2 FE FE . .
Ao~ =Q | o ~ 702 ) - 0(0) = 3(0) is automatically perserved
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https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.67.893
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Back up (Form factors fitting)

 Fit the form factor plateaus using constants at suitable time region

124
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Back up (Form factors ., and )

He(¢?) = (M+m)A; (@) F ;Mf’;\/ (%) ;

[(Mz P @) (M4 m) A () — 4 D (qz)] |

1
HO(qQ):2M\/E§X

* If do not neglect the lepton mass, the decay width should include term [Z. Phys. C 46, 93
(1990)]

3 ng*mgg
g(4m)' T Mp

+ 4cos’8k |H:(G?)|* + sin®Bksin®0.cos”2xH, (¢°)H (g*) + sin20k sin 28,cos2xH ; (g°) Ho(q?)
+ sin20 sin 20y cos 2xH_(q*)Ho(q?) + 2sin28x sin 8y cos xH (g%)H:(g%) + 2 sin 20k sin B, cos xH_(g°)H:(g?)
+8c0s?0 cos By Ho(a?)H,(G%) }

x {sin®6sin’0,|H, (a°)[? + sin®Oxsin®0,|H (q*)|* + 4cos?Oxcos®6y| Ho(q?)[?
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https://link.springer.com/article/10.1007/BF02440838

