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© About LCDA ®

Richer QCD dynamical information and most important input during describing

Exclusive scattering
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1956

Parity violation
T. D. Lee,

C. N.Yang,

1964

Strange mesons:
CP violation in K°
decays

J.W. Cronin,

About LCDA

2001

Beauty mesons:
CP violation in B®
decays

BaBar and Belle

2025

Beauty baryons:
CP violation in /12
decays

LHCb collaboration

C.S. Wu et al. collaborations

V. L. Fitch et al.

1963 2019

Cabibbo Mixing 1973
N. Cabibbo The CKM matrix

M. Kobayashi and
T.Maskawa

Charm mesons:
CP violation in D°
decays

LHCb collaboration

* Among these, the LCDAS serve as a key theoretical cornerstone for investigating CP violation
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© LQCD for LCDAs OPE VS LaMET  ©

is formulated as a Feynman path integral on a L e | I

with a Wick rotation from real time to imaginary time. Yy | A fl ()l | 1

L A

T LCDA: (01@(§7)y* U (0,67 ) g2 (€7)|m) L

 OPE -~ inlocal limit: — moments of DA

(012 (E7)y T vsU (67,6 )2 (€7)|m) e, (2)"q2(0) (v" + v*) s (in. - B)mql(o)

G e LaMET ~ inlarge PZ limit: — shape of DA
(0122 (€))7 U (64,6 ) a2 (€7)Im) "~ (0lgz (z:) (v + 7)1V (2, 2-)az (z-) ()
Large Boost
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0 From Meson LCDA o
Meson LCDAs by LaMET: J@1124 S398)

m, K LCDA a - 0 * Not physical m mass, RI/MOM scheme,
R.Zhang, H.W.Lin et.al. PRD 102,094519 A truncation

K*, ¢; m,K LCDA a = 0, m;; - 130MeV
(LPC) PRL 127 062002(2021); PRL 129 132001(2022)

Hybrid and Self renormalization * Physical m mass witha - 0

(LPC) NPB 964 115311(2021); NPB 969 115443(2021)... * Hybrid scheme, Self renormazaliton
RGR resummation & Renormalon resummation (LRR)
Y.S.Su et.al. NPB 993 116282(2023)

Threshold resummation

Y.S.Su et.al. JHEP 03 045(2025)

e Towards high precision

. * Not yet done with lattice results
Two loop matching

F.Yao et.al. arXiv:2504.09367; PRD 113 014505(2026)
Heavy Meson DA (HQ-LaMET) * A new frame work including 2-step matching

(LPC) PRD L111503, 111 034503; 2604.25802,2605.10946 « High precision is challenge 7




® From Meson LCDA o

Lattice Advances:

(2021 ~...)

> Precision !

Kinematically-enhance

PRD 112 L051502(2025), arXiv: 2606.02447

Precision check for meson LCDA S I gna I I mpr0ve
... JHW et.al.
Large A Extrapolation 92'4 . -
> 2.2 B ok 081 = =
6] @ - .
PRD 113 014509(2026), arXiv: 2601.12189 %2-0- f = & L.
9:'/ 1.81 __t__:__:__:__:___'___*__:_:f__‘xf__l _I _if{__
& Pyquda S 6l I B
. o 1.4+ ; $ ¥ By £ 0.2 1
, arXiv: 2411.08461... 3 s T
o 1.21 = T sink:g5gtsrc:gzg5
— Ko} b 0.0 ¥ sink:g5gtsrc:g5gt
“se Gradient fIOW Pl:l‘/ 1.01 f f f % f F pion,Pz=1.76GeV
<] 2.2 T
T T
JHEP 06 210 (2024), PRD 112 094504(2025)... _ Ca— .. L _
~ 1.0 ] ﬁ B - . % [
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1 e
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Self renorm & Renormalon resum

Linear divergence

mmmm)  Multi-a, extract linear-divn ==  Match with perturbative MS

* Extract from multi Igttice spacings of zero momentum matrix LRR+RGR

* Extract from matching with perturbative MS quasi

Renormalon ambiguity occurs )
— ¢(x)

— ¢(x) W/ LRR
— ¢(x) w/ LRR+RGR

A LRR guarantee a more comprehensive
self renormalization

| 9 |
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NNLO corrections:

2 A2
m
qb T, P / 0)? H2 ) QC];
(P?)" (P?)
Matching kernel

Coordinate space: ,, — 2 Gev, z = 0.2 fm

———-- 1.4 - |
0.10f i |
— NLO ] ‘ 1.2 - ‘___._. —._.__
i == NLO 4+ NNLO
0.05 | 1.0
0
0.00 . |
I ' —-= Quasi-DA
oad LCDA (NLO)
_0.05] ] '- LCDA (NNLO)
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A high precision matching X
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Moments tension: Why higher precision for light meson LCDA

H 1
1.50} e LaMET LPC. [ (¢%) = [ do (20— 1)"6x (s, 47) o
SO (2022) 0
125l 0.303(29)
Lt HOPE TMR | G

1.00f . (2022)
< HOPE Mom | <
2 0.75
<

0.50F 4/ Zhang et al. | P

o , (2020) <
0.25 :.. ___ 2::2 Letter .
! —.- Asymptotic | Bali et al. |
0.00F-==-==========st. Sumrule ~ ======———————— (2019) il
[ OPE
00 02 04 06 08 1.0 —— | R
X (2011)
PRL 129,132001 (2022)
Del Debbio et al. | o
* High precision under going in LaMET L2005} | ‘ |
0.2 0.3
* Moments tension between LaMET &OPE remain < E (= PGV

| |
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Benchmark moments & LaMET

> Benchmark of Local Moments on CLS & MILC ensembles

> Benchmark of Local Moments and Quasi-DAs

@

Moments (slope) extracted from LCDAs calculated by LaMET

RBC/UKQCD [22]]0.23(3)(6) 0.036(1)(2) 0.18(3)(6)

RQCD [24] 0.116155 0.052513%  0.106713 ® ® ®
LPC (2026) 0.187(15) 0.0481(23) 0.158(14) arx Qe Qe
a'? a') a?) a) v v v
RBC/UKQCD [22]]0.20(3)(6) 0.037(1)(2) 0.15(6)(6) 0.15(6)(3) e e He) He)
RQCD [25] 0.132(27) P K K ¢
LPC (2026) 0.102(18) 0.0609(15) 0.085(17) 0.069(17) v X v v
T T LT LT a(Q)T a(l)T (2)T a(2)T
p K* K* & P K+ K* ¢
RQCD [25] 0.101(22) X v X X
LPC (2026) 0.133(20) 0.0301(16) 0.087(19) 0.041(19)

|
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o Light Baryon LCDA =«

BRI MGV LEH (on lattice ~ ...)

Previous
All results based on models ...

Lattice QCD with OPE

QCDSF, 2008, 2009; RQCD, 2016, 2019(2025)
Lattice QCD with LaMET

(0lfa(z1m)gp (z2n) Ry (23m) | B (PB, A))
= %fv [(PBC)Q[;?(75UB)7VB (zin - Pg) + (Pp75C) ap(un),A” (zin - PB)]

1 . .
+ ZfT(ZU#VPBC)aﬁ('Y“'YE)UB)»YTB (zin - Pp),

Octet | n D A
fgh |ddu|uud|uds
| |
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o Light Baryon LCDA =«

Zy //
,
e B8 - (1 — x;—x,)P?
!
,
7/ Zl
N
N
N
N

P=2.39GeV,_z1=0.105fm

100 | ) ) *  From effective Wilson length — Signal to Noise Ratio
i I *: . I  Signal to Noise Ratio * 8 -> Statistics * 64

- Lﬁi _______ -I . Totally 64*10*2

N et | * Dynamic enhance: SNR 200% improve (eff 400%) !
4% Ei e ;’;i;’:l, * Coding in Pyquda: Computing efficiency 800% !

X Y.Jiang arXiv:2411.08461

14—
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o Light Baryon LCDA -

AEEEEENEEE
E
..o . ENEEEEEE NN
CLQCD Ensembles fully exploiting available =sza=s-2==
S
CLQCD
Ensemble a (fm) m, (MeV) P* (GeV) Nstat 350 e
C24P29 0.1052 292.3 196, 245, 2.94 864 x 36 300 .G36P2F;2P30 C24P29
C32P23 0.1052 227.9  1.84, 2.21, 2.57, 2.94 954 x 32 R ©
C48P14 0.1052 136.4 1.96, 2.45, 2.94 302 x 64 g a0
F32P30 0.0775  300.4 2.00, 2.49, 2.99 777 x 32 e i
F32P21 0.0775  210.3 2.00, 2.49, 2.99 459 x 64 .
G36P29 0.0689 297.2 200, 250, 3.00 656 x 32 150*1:11ysicalp0im physical m,. C48P14
| gehysical point - physicalm, - c4gp s —
H48P32 0.0520  316.6 1.98, 2.48, 2.98 550 x 54 [N I N WO —

(CLOCD) PRD 109 054507 (2024)

|
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o Light Baryon LCDA =«

- ——

| oo

-

. 0.2
g =
phle . : 0.0 _ \
R L.t- r by r ] Short-distance region Short-distance region
% + * Mixing region -0.2 H Mixing region
Long-distance region o9 |'.‘ Long-distance region 1 |
~ } Bare,a=0.105fm L —0.4 }  Ratio, a=0.105 fm h }
~} Bare,a=0077fm i' . e | Ratio, a=0.077 fm ! } by ‘J}H
-t Bare,a=0052fm Ft —-0.6 t  Ratio,a=0.052 fm b }
+ 1 1 1 H 1 H
-6 -4 =2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
A; = zoP% A2 =2z:P?
(a) Bare result of A at P = 2.0 GeV (b) Ratio scheme result of A at P = 2.0 GeV
il ol
! 0.6 } | }
L
I,, ! . 02 ||
H E .
| ShCrTaiE N regllon ooy Short-distance region
Mixing region —0.2 | Mixing region | HE |
| Long-distance region * } i Long-distance region ‘ | I
}  Self, a=0.105 fm [ l —0.4 ~} Hybrid,a=0.105fm ‘ |.
{  Self, a=0.077 fm I}+ } " '+ ’}J b Hybrid,a=0.077 fm | t } by ‘J&I}
_1.0d | self,a=0.052fm AR -0.6 b Hybrida=0.0s2fm '

T T - - r - T T T T T T - T - T
-8 -6 -4 =2 o] 2 4 6 8 -8 -6 -4 =2 0 2 4 6 8
Ay = 2P% Ay = z:P?

(c) Self renormalized result of A at P = 2.0 GeV (d) Hybrid scheme result of A at P = 2.0 GeV

(LPC) PRD 112 114515 (2025)
| ]
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o Light Baryon LCDA =«

New A-Extrapolation Done
10 1.0
Asymptotic Long-Distance Expansion of Euclidean '’ \
Correlators in Lattice Parton Applications 0.5/ \ 05
. . . E 0.0 E Ik E 0.0
X.Ji, Y. Liu, Y. Su, arXiv:2601.12189 & & /
0.5 0.5
_1.0'
1.2 fm -0 -05 00 05 10 B P R 5 o 0 10 fm
x1.2 fm (i ; > () x10 fm
1.01
0.5 0.5
'E: 0.0 'g'_' 0 - 0.0
03 0.5
o /
=10

10 -05 00 05 10 -0 -5

~y (fm) 29 (ﬂrm)
17
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e Light Baryon LCDA

(LPC) arXiv:2606.xxxx, 2606.xxxx

0.21
448 0.17
392 0.13
336 = 0.08
& 8
280 &5 0.04 e
= 8
224 - 0.00 -
S S
1.68 — -0.04 =
== -
112 & -0.08 -
0.56 -0.13
0.00 -0.17
5
4 0.1
~ ~
= 3 (]
IL IL 0.0
&8 2 =
: : —
\i —— This work: Central value \ 1 \.i
= - ! I This work: Stat. error Y b--q: 01
“e.- -/ This work: Total error \ "‘e-
----- - 0 Ist Moment: RQCD ‘t-h(} —— This work: Central value
0 QCDSR: L-C-H I This work: Stat. error
=== 1202, 2o2y This work: Total error
02 00 02 04 06 08 10 02 00 02 04 06 08 102
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Light Meson Map LaMET
+ %+
D; 1.97 (a) Dy, (b)
cs cs
0 3 . n ) o = -
1.86 L 2 1.87 D 2.01 % & D 2.01
0 + %() K*+
|:0-50 049 0.89 0.89 *  Second moment done
ds ; iis ds q s in OPE |
To.13 Po.17 (LaMET under going)
= 7 ® ’ — + = 7 Y = +
o148 9 Moss o@ Mose ud 77:0.14' Porn® oo Yo iid Po77
, Ji
. Meass | -, o W3.10 ¢1.02§d
— o 0] e =% ()
@ Koso Ko K o5  Leading twist almost
= = = = —  *0
D 1.87 dc uc D\ g D 2.01 dc uc D 2.01 done (OPE & LaMET)
sC sc
= $— * Leading twist moments
Ds 157 Dgx.1i in Plan/Process

mass subscripts in 1 9



Light Baryon Map —— LaMET
(a)

+
Z'(: 2.45

ZO c 2.29
c2.45

22

1.67

++
c 2.45

mass subscripts in

(b)

*0
Z'C 252

1223

20

++
1.23

First moment done in
OPE

Leading twist almost
done (OPE & LaMET)

Leading twist LaMET
in Plan/Process



© Summary & Outlook ©

0 LQCD observables e EFT bridge e LCDA outputs o Physics use
equal-time quasi-DAs LaMET / HQLaMET light meson 1D / baryon 2D exclusive processes
local moments for checks renorm + matching heavy-meson HQET flavor and CP observables
Light mesons Light baryons Heavy mesons
precision benchmark stage direct 2D LCDA stage HQLaMET / two-step matching
+ direct x-dependent pseudoscalar/vector * beyond moments/models: x1-x2 VAT * QCD quasi-DA -> QCD LCDA -> HQET
LCDAs distributions LCDA
* hybrid/self renorm + RGR/LRR/threshold * SNR enhancement + PyQUDA + CLQCD » dynamic heavy quark; avoid direct static-
resum. ensembles HQET Euclidean operator
NNLO matching + OPE-LaMET moment » hybrid renorm + large-4 extrapolation + continuum-limit B/HQET LCDA for heavy-

K benchmark / K j K flavor decays

Long-term goal: From individual LCDAs to a systematic first-principles LCDA atlas

Outlook
@ Precision @ Wider LCDA map @ Phenomenology
multi-a/m_pi/Pz data; higher-order light mesons, baryon octet, heavy exclusive form factors; B-decay
matching; stable tails/endpoints mesons and shape functions uncertainties; flavor/CP tests

21 Thanks for Your Attention !
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Back Up

Pion mass extrapolation for (&) :

0.32

0.30

0.28

0.26

0.24

&‘2

0.22:

| This work
[ RQCD

i
]
[EHE (N T TR TR N g b g 0 4 3 g 1

0.4960—

002 004 006 008 010 012 014
m? (GeV?)

Physical point problem within RQCD
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