Charmed P — V semileptonic decay from lattice QCD
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Charmed high-precision frontier

"November Revolution”— The discovery of J /1 particle in 1974, greatly
facilitated the establishment of the Standard Model.

@ Precise test for Standard Model and search for new physics
— High-precison measurements(BESIIl,etc) and theoretical calculations

— CKM matrix element V.4
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@ Test the interplay of pert and non-pert QCD

— intermediate energy scale
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Charmed high-precision frontier

e D —r7wlvand D — Klv

Collaboration P=7(0) P=E(0) Refs
FNAL/MILC22 0.6300 £ 0.0051  0.7452 4+ 0.0031
ETM 17 0.612 £ 0.035 0.765 £ 0.031
HPQCD 22 - 0.7441 4+ 0.0040

LQCD-AVER 0.6296 £+ 0.0050  0.7449 £ 0.0025
JE7TO0)Veal  fETF(0)[Ves|

EXP-AVER 0.1426 £ 0.0018  0.7180 £ 0.0033

Vis| = 0.9639 £ 0.0044gxp + 0.0032,qcp
Veg| = 0.2265 + 0.0029gxp + 0.0018, qcp

@ The QED correction is a main source of lattice error
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P — V semileptonic decay

e For P/ — P:
dl(P' — Peve)  GF,

dq2dCOSel = 39.3 |ﬂ3|sz|QSin2 01|f+(q2)|2

for example, D — 7w and D — K

e For P — V:
AD(P = Veve)  G%|Vay|?[plg?

dg2dxdcosfpdcosOy  12(2w)4 M2

w (q276V70£7X)

e Independent determination of the CKM matrix element

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

W (0,00, x) = (1+cos 0¢) sin® O (|Hy|* + [H-|*) + —sm 20, cos® 0| Ho|*
+%cos€esin Ok (|Hs|> - |H_|?) 7%5111 0 sin? 0 cos 2x (Hy H_)
+ 1%sin 0sin 20y cos x (Hy Hy — H_Hy)
+ 3%5111 20, sin 20k cos x (H+Hy + H_Hy)
mi [9

o2 |1 cos? 0| Hy|* — gcus 0 cos® Oy (HoHy) + %cos2 0 cos? 0| Ho|?
q

+ Tﬁsinz O, sin® O (|Ho|* + |H-|*) + gsiuz Opsin® O cos2x (Hy H-)
+ g sin 0y sin 20 cos x (H+Hy + H_Hy)

9
16 sin 20, sin 20 cos x (HHo + H-_Hp)

and the helicity amplitudes are

2M|5l
He () = (1-+m) A1 () % 2Ly g2
2\ _ 1 22 2 2y M| 2
Ho(q 721&[\/172X (]\I m q)(]VI+m)A1(q) 41u+mA2(q)
2M|p]

H, (¢*) =

Nee o (4%)
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P — V matrix element

o For P — P:

POWVAIHE)) = f1(¢) {@' P Mq_mq] + ol T

e For P — V:
* V *
vV = AlH(P)) = eleuappaps m 4+ M + (M +m)e, Ay
E* . q / 8* . q
Y MEm (p+p), A2 —2m 7 qu (Ao — A3)

e Two key physical quantities:

rv =V(0)/A1(0),  r2= A2(0)/A:(0)
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Charmed P — V' decay from experiments

Channels rv T Refs
DY — K*(892)
(w) 1.37 +0.09 £+ 0.03 0.76 = 0.06 £ 0.02
(w) 1.46 £0.11 £ 0.04 0.71 £0.08 £ 0.03
(e) 1.48 £ 0.05 4 0.02 0.70 £ 0.04 £ 0.02
Average 1.456 +£0.040 + 0.016  0.715 £ 0.031 +0.014
D, — K", 1.67 £0.34 +0.16

0.77£0.28 £0.07

Ds — ¢

(e) 1.807 £ 0.046 £ 0.065  0.816 £ 0.036 £ 0.030
() 1.58 £0.17 +0.02 0.71 £0.14 £ 0.02
D’ = p etv., 1.695+0.083 £0.051

0.845 £ 0.056 £ 0.039
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D — K*(892) from experiment

coM 5.9 . CQM 0.6 .
HMGT 22 . HMT  0.62
LCSR 200y LCSR 057102 b
CLFQM 2.8+0.3 — CLFQM  0.72+0.01 o
ﬁg&M i-gg ] ° CCQM  0.74£0.11 ———
40330 RQM 0.608
LCSR : 2.066:3% LOCD
XUA 1.98 & s
HQEFT  0.59£0.10 +——sf1—
FOCUS 1.89+0.24 LE;QM .57 .
PDG  1.89+0.24 hQCD  0.631 .
BESII  2.073:0.039+0.032 | |t
This work 1.948+0.033+0,036 ‘ ‘ This work 0.614£0.005:0004 §
0 05 1 15 2 25 3 0.1 0.2 03 04 0.5 0.6 0.7 0.8
#* .
B(D'— K (892)t*v,) (%) A0)

@ No full lattice calculation.
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Dy — ¢ & D — K*(892)

K*(892)  1g%)-1/2017)

K*(892) T-Matrix Pole /5 (890+-14) - | (26+-6) MeV
K*(892) DECAY MODES

. Scale Factor/
Mode Fraction ('; /T) Conf. Level  P(MeV/c)

r, Kr ~100 % 289

#(1020) 1577 =0-(1—)

Expand/Collapse All
$(1020) MASS 1019.460 £0.016 MeV v

$(1020) WIDTH 4.249 +0.013 MeV (S = 1.1) v

@ 'k~ is not so small, K* — Km may have visible effect

@ I'y is only ~ 4 MeV, a reasonable approximation to regard ¢ as stable
(i) Heavier pion mass in our calculation, mgy — 2mg < 0
(i) mx and f, agree well with current results
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Our first target: Dy — oly,

@ Previous lattice calculation:

e Three ensembles with two coarse lattice spacings, ~ 0.9 fm and ~ 0.12 fm
o Extrapolated to physical limit by z-expansion

3
F(z) = Z BE [1+ CFa? + DEa* + Eg(ml/ms7phys)] "

n=0
leading to rv = 1.72(21), ro = 0.74(12)

o Experiment:

TV T2 Refs
BaBar(e) 1.807 £ 0.046 £0.065 0.816 & 0.036 & 0.030
BESII () 1.58 £ 0.17 £ 0.02 0.71 +0.14 £ 0.02

@ A more precise and systematic lattice study is essential
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Extraction of the form factor: scalar function method

@ Matrix element parameterization
(ho /T )T O H @) = Q0,9 Fi(a7)
j
o P — 2y mo/n/n'/ne — 2y
o V—~P: J/— ., D — yDg,D* — D
o P— Ply, P— Viy
o P —~ly, P—1'lly
@ Constructing scalar functions
Li(¢") = Qu - (/T @I (0)HG))
Zwij(p,p')Fj(qQ), wij = Q-
j

@ Solving the linear equation
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Scalar function method: applications

@ I'(n. — 2v) = 6.67(16)(6) keV
@ I'(J/¢Y — yne) = 2.30(10) keV

@ [(D: — vDy) = 0.0549(54) keV

—10
@ Br(J/y — Ds/Dev.) = { i:g(l)gélé)l)xxul)om

B(Ihy—yn)
w -
> =}

[
=

—
>

i CLEO n vy M PDG Jry—ym,
i

1 L..iBESIIN 2013 n_—yy PDG yy—n,

. [[JcLEO+BESIN 2013 [T This work n_—vy

\ . [nPacp 2023 [[IMeng et al. 2024

X107

02 04 06 08 1 12 14

B, —vY)
BESIII,PRL134,181901(2025)
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Lattice setup

€24P29 C32P23 C32P29 F32P30 F48P21 G36P29 H48P32
a (fn) 0.10524(05)(62) 0.07753(03)(45) 0.06887(12)(41)  0.05199(08)(31)
amy —0.2770 —0.2790 —0.2770 —0.2295 —0.2320 —0.2150 —0.1850
ams —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)
amy 0.4159(07)  0.4190(07)  0.4150(06)  0.1974(05)  0.1997(04) 0.1433(12) 0.0551(07)
L (fm) 2.53 3.37 337 2.48 3.72 2.48 2.50
I3xT 24% % 72 323 x 64 323 x 64 323 % 96 48% x 96 363 x 108 48% x 144
Nunea 450 X 72X 2 333 x64x3 397Tx64x2 360x96x2 241 x48 x4 300 x 54 x 2 300 x 72 x 2
my (MeV/c?)  292.3(1.0) 227.9(1.2) 293.1(0.8) 300.4(1.2) 207.5(1.1) 297.2(0.9) 316.6(1.0)

t 2-17 220 2-20 4-22 4—26 232 8—30
Zy 0.85184(06)  0.85350(04)  0.85167(04)  0.86900(03)  0.86880(02) 0.87473(05) 0.88780(01)
Z 1.57353(18)  1.57644(12)  1.57163(14)  1.30566(07)  1.30673(04) 1.23990(13) 1.12882(11)

Za)Zv 1.07244(70)  1.07375(40)  1.07648(63)  1.05549(54)  1.05434(88) 1.04500(22) 1.03802(28)

@ Four lattice spacings [0.052 — 0.105] fm — continuum limit

@ m, = 208 — 317 MeV — physical pion msss
@ Same lattice spacings and pion mass: C24P29 vs C32P29 — finite-volume effect
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Scale setting and renormalization

@ Interpolated strange quark mass determined by 75 = 689.89(49) MeV on each ensemble
e Optimised vector renormalization constant Zy}° and Z5° = Za/Zy x Z})°

D. mass D; decay constant
2.075F b [ @ withzy, A withzg |
2.070¢ 5 028 1
2. £ [ 1
- 065° 0.26 ]
32 060- i i s ]
> ]
* 055- | % b 3024- :
3 2.050¢ f - ]
; 0.22- ]
2.045¢ i 4 [ ]
2.040r :}[ X interpolated D unitary 1 0. 20' b
“0.42'0.44°0.46'0.48'0.500.520.540.56" 0.000°0.002 0.004 0.006 0.008 0.010 0.012
m?2_(GeV?) a2 (fm?)
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Mass and decay constant-I

meson mass

3.55 N
\N CLQCD,PRD111,054504(2025)
et o
- . . decay constant
3> ko Xo k he
= O one Xa W PDG 0.50- J
E3.2F ]
0.45~ © 4
3.1k b
TTe——— _0.40- ;
3.0r . ; e o % X B D D B FLAG & HPQCD
----------------------- O 0.35F ® n © pb; <D D7 g
L=
2.2 ————————1q
v ol b D I b* 0.30r 1
21 '\*\_«'\v\* 1 F I ——————,e, =]
S
U B - - S——
: . 4 — —r——
19t {1 0.208 %7 T i
T 0.000 0.002 0.004 0.006 0.008 0.010 O. 012
1.85.600 * 0.002 * 0.004 " 0.006 ~ 0.008 " 0.010 ~ 0.01: a2 (fm?)

a? (fm?)
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Mass and decay constant-I|

Xi/d.0.f=020

— Grtame 4 C2aR0 ¢ Fase2l

TR
. . . o o
@ my and fy in physical extrapolation 1os
1.00
2 2 2 3 % 100
Mg, fo = cot+caa”+cm (m7r — m,,,phys) o ¢
103
.
E] B
094 § Thawerk 4 fawm | !
0.000 0.002 0.004 0.006 0.008 0.010 0.02 0.04 0.06 0.10
a2 (fm?) m? (Gevic?)?
@ Our result )
(i) ¢ mass at mr = 0.135 GeV/c?. (ii) ¢ mass at a = 0.0 fm.
m¢ = 10211(76) GeV 0.250, ©
X?id.0.f=0.18 02575
fo = 0.2462(41) GeV s
) < oasns
while 2 o200
= 0.2475
me = 10320(160) GeV — Ftame 4 cops 4 R 02450 + cann Fase2L
L - il Y Tewok 4 w4 e
fo = 0.2410(180) GeV 0kt B o2 ’

0000 0002 0004 _ 0006 0.008 0010
a? (fm?)

(iii) ¢ decay constant at m. = 0.135 GeV /c?.

002 0.04 010

0.06
m3 (GeV/c?)

(iv) ¢ decay constant at a = 0.0 fm.
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Dy — ¢ form factors

Phenomenological theory

Phenomenological theory

cQM Phys. Rev. D 62, 014006 (2000) . 0.73 cQm Phys. Rev. D 62, 014006 (2000) . 172
HMYT Phys. Rev. D 72, 034029 (2005) 0.52 HMYT Phys. Rev. D 72, 034029 (2005) 1.80
HQEFT Int. J. Mod. Phys. A 21, 6125 (2006) 0.53+5:932 HQEFT Int. J. Mod. Phys. A 21, 6125 (2006) 1.374583%
CLFQM J. Phys. G 39, 025005 (2012) . 0.86 CLFQM J. Phys. G 39, 025005 (2012) 1.42
ccom Phys. Rev. D 98, 114031 (2018) —e— 099020 ccom Phys. Rev. D 98, 114031 (2018) —e—i 1.34 +0.27
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. J. C 82, 889 (2022) . 0.72 el Eur. Phys. J. C 82, 889 (2022) . 1.64
LCSR arXiv:2505.15014 tof 0.945*3:047 LCSR arXiv:2505.15014 [} 1517351
Lattice theory Lattice theory
HPQCD Phys. Rev. D 90, 074506 (2014) ] 0.74 £ 0.12 HPQCD Phys. Rev. D 90, 074506 (2014) o 1.72%021
CLQCD This work [l 0.741 % 0.031 cLqQcb 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
BESIII JHEP 12, 072 (2023) o 0.71 £ 0.14 * 0.02 BESIII JHEP 12, 072 (2023) o 1.58 + 0.17 + 0.02
PDG Phys. Rev. D 110, 030001 (2024) tod 0.83 % 0.08 PDG Phys. Rev. D 110, 030001 (2024) 1.76 + 0.07
-3 -2 -1 0 2 -3 -2 -1 0 3 4

r2

rv
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Dy — ¢ form factors

1.2} BaBar + cam + LFQM
BESIII HMyT 4 RQM
PDG 4+ HQEFT 4 scl

11r HPQCD 4 CLFQM 4 LCSR

4 This work 4+ CCQM
1.0 X
0.9t *
& ¢ i
0.8t \.

0.7t
0.61
—
0.5t R . . .
1.2 1.4 1.6 1.8

ry
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Differential decay width

B(Ds — ¢lg) x 1072

/4 channel

e channel

This work
BaBar [7]
CLEO [8]
BESIII (2018) [9]
BESIII (2023) [10]
PDG [39]

2.351(67)

2.493(73)
2.61(17)
2.14(19)
2.26(46)

2.34(12)

For details, @35 l&, 917 H,15:30

s * ] 65
# ESN @D ~puy,
4 + o0
1
3 5.5
v 3
8>
- 50
s
S as-
1
a0+
o 35
0.0 02 04 06 08
q? (GeV?)
sy
3.00f nan
reranel
 sES @023, ~guy,
20
3 2 3
] & 1s

ar
TcosBuIVarl

~1.00 -0.75 ~0.50 ~0.25 0.00 0.25 050 0.5 1.00
cos 6k

dr

TosBIVal

-1.00 -0.75 -0.50 ~0.25 0.00 025 050 0.75 1.00
cos6;
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Finite-volume effect

Vig?) Axg?) ¢ cC24pP29
Arlg?) Aolq?) # C32P29

14

C24P29, L=2.53 fm

C32P29, L=3.37 fm 0.8

0.6

-0.4 =0.2 0.0 O.LZ 0.4 0.6 0.8 1.0
q? (GeV?)

€24P29  x?/d.of  C32P29  y2/d.of | Combined x%/d.o.f
V(0) 1.0271(66)  0.03  1.0167(43)  0.20 [1.0202(36)  0.63

A (0) 0.6523(55)  0.01  0.6639(37)  0.24 |0.6605(30)  0.82
Ay (0) 0.605(18) 001  0.616(20)  0.53 | 0.609(14)  0.38
Ao (0) 0.6759(45)  0.07  0.6835(29)  0.26 |0.6811(24)  0.54
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Conclusion and outlook

@ Conclusion
e Scalar function method for P — V semileptonic decay
e Systematic study on Dy — ¢lv; using seven CLQCD ensembles

e Most precise form factors at physical point after continuum and chiral limit

@ Outlook

o Effect of the vector particle decay width, P — V(— Py Py)ly,

o Charmed meson semileptonic decay: D — K*, D — p
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Thank you for attention!



