Heavy to light form factors from LQCD
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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
Vas
. " W;fﬂ"( y

Ve
» > T

7+
D+ W . >
_ Ve D;ﬁ or Dg,

cx
v

T < T

@ Test the interplay of pert and non-pert QCD

— intermediate energy scale
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Charmed high-precision frontier

Fac2024 T51(0) f2K(0)

o FLAG2024:

FLAG average for N;.=2+1+1

fP7T0) = 0.6296(50) 3
ke FNAL/MILC 22
PoR0) = 0.7430(27) 1 HPOCD 21A
i ETM 17D

0 FLAG average for N;=2+1

e HFLAV2023

3‘ H-CHu JLQCD 178
|Ves| = 0.9639 + 0.0044exp + 0.00321qcp z - HPQCD 11/108
H  FNAL/MILC 04 —
|Veal = 0.2265 £ 0.0029exp £ 0.0018.qcp
1| ——o——EM™M1B T
0.55 0.65 0.75 0.65 0.75 0.85

@ QED correction needs to be investigated
O1A—3 talk on QED correction
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P — V semileptonic decay

e For PP — P:
dT'(P' — Pev.)

dq?d cos 0;
for example, D - mand D —- K

G? .
= Vi 50 011 1 (0)]

@ For P > V:
dI'(P — Veve) GQF\szFW‘ZQW

dg2dxd cosfedcos Oy 12(2m)4 M2

(q27 0V7 0@7 X)

o 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

@ Experiments:

Channels ry ro Refs
DY — K*(892)
(1) 1.37 +0.09 + 0.03 0.76 £ 0.06 £ 0.02
(1) 1.46 +0.11 + 0.04 0.71 £ 0.08 +0.03
(e) 1.48 £ 0.05 + 0.02 0.70 £ 0.04 & 0.02
Average 1.456 + 0.040 + 0.016  0.715 + 0.031 + 0.014
D, — K"V, 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) 1.58 +0.17 + 0.02 0.71+£0.14 4+ 0.02
D% = p7efv. 1.695+0.083 £ 0.051

0.845 £ 0.056 £ 0.039

o We target on D — K™ and Dy — ¢ using lattice QCD
o Both experimental precision ~ 3%

7/21



Dy — ¢ & D — K*(892)

K*(892)  1(s%)-1/20")

K*(892) T-Matrix Pole /s (890+-14) - i (26+-6) MeV
K*(892) DECAY MODES
Scale Factor/

Expand/Collapse All

Mode Fraction (T'; /T) Conf. Level ~ P(MeV/c)
r Kr ~100% 289
#(1020) 16" -0-(1)

¢(1020) MASS 1019.460 +0.016 MeV

¢(1020) WIDTH 4.249 +0.013 MeV (S=1.1)

@ ['g+ is not so small, K* — Km may have visible effect
o I'y is only ~ 4 MeV, a reasonable approximation to regard ¢ as stable

v

v
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This work: Dy — oly,

@ Previous lattice calculation:

e Three ensembles with two coarse lattice spacings, ~ 0.09 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

(o /T )T (O)|H () = Zgwpp )

P —=2vy: mo/n/n/n.— 2y

V—=~P: J/Y— ., DE — yDy,D* — ~vD
o P— Ply, P— Viy

P = ~ly, P =Ty,

@ Constructing scalar functions

Ii(¢*)

QL - (b ()| T (0)[H(p'))
> w0, P)Ei(e%), wis = Q- Qs

@ Solving the linear equation

F=wl'l.T
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Scalar function method: applications

—_— PRL97,172001(2006) D.Becirevie(2012) —
> EPJC76,358(2016) HPQCD(2012)
—_— CPC44,083108(2020)
—_ PRD102,034502(2020) L.C.Gui(2019)
- Sci.Bulles, 1880(2023) HPQCD(2028) -
) PRD108,014513(2023)
Lattice Y.Meng(2025) —e
-
NRQCD,PRL119,252001(2017) 1
PDG2024  —— PDG2024
BES2025 —_— 2510.15247 BESII2025
> 4 5 8 10 2 14 15 1.6]/@1.17 1.8 1.9 2
T(ne — 27) VAETI(0)

® T'(n. — 2v) = 6.67(16)(6) keV, T'(J/th — 1) = 2.30(10) keV

@ A first step toward resolving the long-standing charmonium-decay puzzle

o We first find 2.90 tension and PDG-fit is misleading,
e H-P.Wang and C-Z.Yuan,New puzzle in charmonium decays,
o HPQCD(2023) and BESIII(2025)
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Scalar function method: applications

@ The most precise value I'(D} — vD,) = 0.0549(54) keV
e Precision ~ 10%, much imporved than 0.066(26) keV by HPQCD
o Combined with experiment: fp:|Ves| = (190.57577 4 9.1eyet exp & 8.7yst1ate) MeV

o First lattice study on J/1 semileptonic decay

channels Upper limit/Br Refs
J/¢¥ — Dseve 4.9 % 107°
J/¢¥ — Dseve 1.3 x107°
J/v — Deve 7.1 %1078
J/ — Duv, 5.6 x 1077
J/tp — Dseve  1.90(8) x 10~ 1° this work
J/p — Dspv,,  1.84(8) x 10710 this work
J/ — Dev.  1.21(11) x 107! this work
J/ — Duv,  1.18(11) x 107 this work
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Scalar function me

Fo(q? F>(q? F3(q?
© (6r DI 1D ) = B e, aptips + Fr () b + 2Dt B0y
@ Constructing various scalar functions I;(¢?)
m -~ 1~ 1- m? .
Fo = —I F==-T Ty —
0 5 10s 1=5h + ol2 = o ts
mE - mE? 4+ 2m3 - 3Em? -
Fy = T T
2 2B —m2) ' T 2(E5 — Bm?) M2 (B2 —m2) "
m? ~ 3m? - 3m* ~
Py = - I - 7
3 2B —m) 2 E—md) T ar (E —m)
@ Matching to V| Ao, A1, As
(m+ M) Fy m2—M2+Q2 m2_M2_Q2
v = TR Ag= - E F.
om0 0T o T T g 2 T e ’
1 M4+ m
A = . Ay = — " (MF F.
! M+m 27 omMz (MFy +mFy)
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Lattice setup

Configuration  Volume a/fm my/MeV  Neons X Ny X Ny

C24P29 245 % 72 0.10524(05) 292.3(1.0) 450 x 72 x 2
C32P29 32% 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
F32P30 323 x 96  0.07753(03) 300.4(1.2) 360 x 96 x 2
F48P21 48% 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 483 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, = 208 — 317 MeV — physical pion msss
@ Same lattice spacings and pion mass: C24P29 vs C32P29 — finite-volume effect
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Mass and decay constant

S — Ftane ¢ s ¢ a2l
x¥/d.0.f5020 106- 7 lobend 4 Ci2623 4 G320
) s Hagpz2

¥ Poc
¥ Tswork 4 F3p30

mp, = 1966.7(1.5) MeV
fp. = 247.0(2.1) MeV

— fitcuve 4 C24P28 ¢ FagR2L
4 w4 e
¥ P0G 32029 Hagp32

0.94F & Thiswork ¢ F32p30 v

@ This work 2510.14478 0000  0.002 0004 0006 0.008 0010 002 0.04

0.06
a? (fm?) m2 (Gev?)

0.08 010

me = 1021.1 (76) MeV (i) ¢ mass at m = 0.135 GeV. (ii) ¢ mass at a = 0.0 fm.

o
— 0250
fo = 246.2(4.1) MeV
0248
02550
. 0246
much improved than
< 0244 < 02525
3 2
S 0242 € 0.2500,
mg = 1032(16) MeV = .o
02475
0238
f¢ = 241(18) MeV — ftane ¢ cen ¢ e 0.2450 ¢ oo 4 R
0.236] " 1o5and cors 4 G 1o5ana SR ey
§ Tiswk 4 R0 HagP32 65435 § Tisworc 4 F2030 Haar32
0234k b C - b
0000 0002 0004 0006 0008 0010 0.02 004 0.06 0.08 010
a2 (fm?) m? (Gev?)
(iii) ¢ decay constant at mn = 0.135 GV, (iv) & decay constant at a = 0.0 fm.
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Dy — ¢ form factors

—aaw v o = T o0
Tt | & i t sollmm icin| § e
i 4 FasP21 — 4 Fase21
. L3y e+ G3P { 4 oo bGP
- . 4 a2 Hagpa2 4 § cams ¢ hase2
@ z-expansion: 3 I o
_ Ydor=122 { _ ot =126 R
2 _ 1 2 ) 9 Toal w=oowrzoms . Togl A0 =009 000t
V/A(q ) - 17q2/m2 § i=0 ¢ + dza < + 3
1
V/A 10 . c
. + o
A2 2 i of
X [1 + fi (m7T m2 ns) | % osl 4 -
0.6 o
o. -0.4 =0.2 0.0 04 0.6 0.8 —-0.4 =0.2 0.0 0.4 06 0.8

0.2 0.2
q? (GeV?) q? (GeV?)

@ Test other schemes ordffrEamal $ com ool e {2

4 rage21 s 4 rage21

. 0r2l Ty G 4 oo t Y Gimo b o
e Single pole PEE T e o b o b
bt |
e SJEE g Tl [
< 0.66 t < ! + + *

e Phase moment form o H{ }#‘ } 0s ¥ “

0.62 } 0.5 { + +++ +

0.4 0.6 0.8
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Dy — ¢ form factors

T2 = AQ (0)/A1 (0)7

Ty = V(O)/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*5932 HQEFT Int. J. Mod. Phys. A 21, 6125 (2006) 1.374583%
CLFQM . Phys. G 39, 025005 (2012) . 0.86 CLFQM J. Phys. G 39, 025005 (2012) . 1.42
ccoM Phys. Rev. D 98, 114031 (2018) —e—  0.99£0.20 ccom Phys. Rev. D 98, 114031 (2018) —e— 1.34 £0.27
LFQM Eur. Phys. J. 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 scl Eur. Phys. J. C 82, 889 (2022) . 1.64
LCSR arXiv:2505.15014 tof 0.945+3:%47 LCSR arXiv:2505.15014 [} 1.517+3:81
Lattice theory Lattice theory
HPQCD  Phys. Rev. D 90, 074506 (2014) o 0.74 £ 0.12 HPQCD Phys. Rev. D 90, 074506 (2014) o 172021
CLQCD  This work » 0.741 + 0.031 cLQco This work » 1.614 = 0.019
Experiment Experiment
BaBar Phys. Rev. D 78, 051101 (2008) 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 BESIIl JHEP 12, 072 (2023) o 1.58 £ 0.17 + 0.02
PDG Phys. Rev. D 110, 030001 (2024) [y 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

r2

rv

@ Precision improved by up to an order of magnitude
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Dy — ¢ form factors

1.2} BaBar + com + LFQM
BESIII HMYT 4 RQM
PDG 4+ HQEFT 4 scl

11r HPQCD 4+ CLFQM 4 LCSR

-+ This work 4+ CCQM
1.0t
0.9} *
& ’ .
0.8t \.

0.71
0.6
——
0.5t . . . .
1.2 1.4 1.6 1.8

rv

@ The PDG may be misleading
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Differential decay width

g } |
s + 6.0
P 5.0
»E[:gz— ‘a[%(
S a5+
B(Dy — ¢lvy) x 1072 11 channel e channel | a0
ol
This work 2.351(67) 2.493(73) L A e >
BaBar 7] = 2.61(17)
CLEO [§] - 2.14(19) i
BESTII (2018) [9) 1.94(54)  2.26(46) 20 s e
2.50]
BESIII (2023) [10] 2.25(11) — S as s y
PDG [39] 2.24(11) 2.34(12) 9’7200' 97
gl.SO g
1.25) 0.5
00 Loz, of 1
-1.00 —0.75 —0.50 ~0.25 0.00 0.25 050 0.75 1.00 -1.00 -0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

cos6;

@ Discrepancy in ¢*-dsitribution compared to BESIII measurement on D — dpuv,,
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Differential decay width

B(Ds — ¢lvg) x 1072 11 channel e channel

This work 2.351(67) 2.493(73)
BaBar [7] - 2.61(17)
CLEO [§] - 2.14(19)

BESIII (2018) [9)] 1.94(54)  2.26(46)
BESIII (2023) [10]  2.25(11) -
PDG [39] 224(11)  2.34(12)

o D, — ¢ev, is needed

30012

2.75

2.50

2.25

(GeV)

2.00

7

Vel

175

dr
561

g
€ 1.50

125

Lo0f

uty,

- (Gev)
&

ar
GcosOVal

-1.00 —0.75 —0.50 —0.25 000 025 050 0.75 1.00
cos 6k

~1.00 —0.75 —0.50 —0.25 0.00 025 050 0.75 1.00
cos6;

@ Discrepancy in ¢*-dsitribution compared to BESIII measurement on D, — ouvy,
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Extraction of |V

Unitarity [} 0.97349 = 0.00016 Phys. Rev. D 110, 030001 (2024)
HFLAV [ ] 0.9701 + 0.0081 arXiv:2411.18639
PDG [} 0.975 * 0.006 Phys. Rev. D 110, 030001 (2024)
BESII * 0.9623 + 0.0046 Phys. Rev. D 110, 112006 (2024)
HPQCD —o— 1.017 + 0.064 Phys. Rev. D 90, 074506 (2014)
This work of 0.945 + 0.027 This work, e channel
This work l&{ 0.952 + 0.026 This work, ¢ channel

05 1.0 G 2.0 25

[Ves|
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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 Unstable decay of final vector particle, P — V(— Py P)ly,

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



