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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,

1964

Strange mesons:
CP violation in K°
decays

About LCDA

2001

Beauty mesons:
CP violation in B?
decays

BaBar and Belle

2025

Beauty baryons:
CP violation in Ag
decays

LHCb collaboration

C. N.Yang, J.W. Cronin,

C.S. Wu et al. collaborations

V. L. Fitch et al.

1963 2019
Cabibb.o Mixing %:SCKM - Charm mesons:
N. Cabibbo , CP violation in D°
M. Kobayashi and
decays

T.Maskawa LHCb collaboration

* Among these, the LCDASs serve as a key theoretical cornerstone for investigating CP violation

| |
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LCDASs of Meson & Baryon: dynamical progress LQ

Results @ Indirect (moments / priors) reconstruction
Results @ Direct x-dependent distribution

Light Meson

[ Sum Rule

NPB 201 492 (1982)
ZPC 44 157 (1989)

PRD 54 2182 (1996)
NPB 529 323 (1998)

Analytic ' Full Distribution |
/[ OPE Moments .,

JHEP 05 004 (2006)
DSE - [ Lty ]
[ Global Fits ] Lattice OPE [ [ Current Current ]
Pseudo ] PRD 95 094514 (2017)
PRD 66 094016 (2002) PRD 62 116002 (2000) Eﬁt 11(])- ég;ggi g;gig; PRD 74 074501 (2006) EPJC78 217 (2018) PRD 102 094519 (2020)
PRD 84033001 (2011)  pRp 67074012 (2003)  PRD 90 014011 (2014) PRD 92 014504 (2015) PRD 95 056020 (2017) ~ PRD 98 094507 (2018) [LPC] PRL 127 062002 (2021)
PRD 88 034013 (2013)  p| 578 91 (2004) PPNP 120 103883 (2021) [RQCDIPLB 774 91 (2017)  pRp 100 116011 (2019) [LPC] PRL 129 132001 (2022)
PRD 104 016021(2021)  pRp 83 054020 (2011) . [RQCD] JHEP 08 065 (2019) 4rxiv:2401.06858 [BNL/ANL]JPRD 106 074505 (2022)
[BNL/ANL] JHEP 07 211 (2024)

PRD 102 074022 (2020)

[ Heavy Meson ] [ Sum Rule Light Baryon
/ \‘[ NPB 279 785 (1987) LaMET
HQ-LaMET ] PRD 47 R3685 (1993) [ a ]
Lattlce OPE ]
PRD 102 011502 (2020) PRD 65 074011 (2002) [LPC] PRD 111 034510 (2025)
PRD 55 272 (1997) [LPCIPRD 111 L111503 (2025) JHEP 11191 (2013)  [QCDSF] PRL101 112002 (2008)  [LPC] PRD 112 114515 (2025)
PRD 69 034014 (2004) [LPCIPRD 111 034503 (2025) [QCDSF] PRD79 034504 (2009)
JHEP 07 154 (2018) [LPC]2604.25802, 2605.10946 [RQCD] EPJA 55 116 (2019)

[RQCD] PRD111 094517 (2025)



© LQCD for LCDAs OPE VS LaMET  ©

is formulated as a Feynman path integral on a L | el 1

with a Wick rotation from real time to imaginary time.

L A

I :
 LCDA: <0’62(£+)’Y+’}’5U (0’ 5_)612 (&-—) |7'r) gluon quark

* OPE -~ inlocal limit: — moments of DA

(012 (E7) v vsU (67,6 )2 (€7)|m) 2 Crm(2)™q2(0) (v +77)ys(in. - B)mql(o)

O e LaMET ~ in large P# limit: — shape of DA
| O 01g2 (E) v 15U (65,6 ) g2 (67)Im) T~ (012 (22) (v + v9)sU (24, 2-) g2 (2-)|m(P?))
* ~ Large Boost

6 |

Jun Hua—Unified Understanding of Hadron LCDA from LQCD



® From Meson LCDA =«
Meson LCDAs by LaMET : J@1122 S38)

m, K LCDA a - 0 * Not physical T 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 T 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)

* 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




®

Lattice Advances:

From Meson LCDA

(2021 ~...)

> Precision !

Kinematically-enhance
PRD 112 L051502(2025), arXiv: 2606.02447
Precision check for meson LCDA
... JHW et.al.
Large A Extrapolation
PRD 113 014509(2026), arXiv: 2601.12189
& Pyquda
,arXiv: 2411.08461...
... Gradient flow

JHEP 06 210 (2024), PRD 112 094504(2025)...
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Signal

Improve
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Self renorm & Renormalon resum

mmmm)  Multi-a, extract linear-div. ~ ™=  Match with perturbative MS

Linear divergence

» Extract from multi I3ttice spacings of zero momentum matrix LRR+RGR

* Extract from matching with perturbative MS quasi

Renormalon ambiguity occurs )
— Bx)

— ¢(x) W/ LRR
— ¢(x) w/ LRR+RGR

A LRR guarantee a more comprehensive
self renormalization ' ' o

| |
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NNLO corrections:

:c P / DR m%{ AQCD )
2 1p,
( 9t (P
Matching kernel

Momentum space:
Coordinate space: pu=2GeV, z = 0.2 fm P

T T T T T T T T T T T T T T T T T T T T T 1.4 - :
0.10+ ] i
L 4 |
— NLO i 1.2 - _' ———————
i = NLO + NNLO
0.05 - 1.0

0.00} |
I —-= Quasi-DA

LCDA (NLO)
LCDA (NNLO)

0 0.2 0.4 0.6 0.8 1.0

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)"6u (s, 47) o
N (2022) 0
125l 0.303(29)
Lt HOPE TMR |
1.00f : (2022)
< HOPE Mom | <
< 0.75
<
0.50F 4/ Zhang et al. | R
. , (2020) <
0'25 -. ___ 2::2 Letter o'} | |
i —.- Asymptotic | Bali et al. |
0.00F-==-==========st. Su:,n rule ~ s===—————————e (2019) R
[ OPE
00 02 04 06 08 1.0 Arthur et al. |
X (2011)
(LPC) PRL 129,132001 (2022)
Del Debbio et al. | o
e High precision under going in LaMET (2003) | ‘ |
0.2 0.3
*  Moments tension between LaMET &OPE remain <£2> (u=2GeV)
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Benchmark moments & LaMET

» Benchmark of Local Moments on CLS & MILC ensembles » Updated Kaon LCDA

1'4-— new revious
agrg) ag) a(Kg) C P LPC (2022)
RBC/UKQCD [22][0.23(3)(6) 0.036(1)(2) 0.18(3)(6)
RQCD [24] 0.11671%  0.0525*3 0106417
LPC (2026) 0.187(15) 0.0481(23) \Q.158(14
e oD pe) e
K* K*
RBC/UKQCD [22](0.20(3)(6) 0.037(1)(2) 0.15(6)(6) 0.15(6)(3)
RQCD [25] 0.132(27)
LPC (2026) 0.102(18) 0.0609(15) 0.085(17) 0.069(17)
()T aDT (2)T ()T
ap g e a,
RQCD [25] 0.101(22)
LPC (2026) 0.133(20) 0.0301(16) 0.087(19) 0.041(19)
u S N N NN -
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
X
« LaMET vs OPE 2022 « LaMET vs OPE 2026
alMETINGTAl _ g 170(14)(44) alMEVNENA _ g 108(14)(15) || @rx e =0.158(38)  ayy " F™ =0.037(10)
LaMET,integral __ LaMET,integral __
OPE(RQCD) _ 0 106+15 OPE(RQCD) __ +3 aZK = 0. 126(11) alK = 0. 034(26)
aZ’K = V. -16 alK = 0. 0525 OPE OPE
ad%F = 0.158(14) a%%F = 0.0477(23) 12



o Light Baryon LCDA =«

BT RIR ) B G LEY (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)05(75UB)7VB (zin - Pp) + (Ppv5C) y5(un),A” (zin - PB)]

1 . ,
+ ZfT(wuvPBC)ag(’)’“’YE»UB)VTB (zin - Pp),

Octet | n D A
fgh |ddu|uud|uds
e e

Jun Hua—Unified Understanding of Hadron LCDA from LOCD 13 O




o Light Baryon LCDA =«

IB(PBtA))

* More than a thousand times harder on SNR

» Start from hyperon “A”

« CPVin Baryon decays (LHCb) Nature,643 1223(2025)

* Hyperson EDM PRL 136 051902, 2026

| |
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o Light Baryon LCDA -

SEIEELCLa:
CLQCD Ensembles fully exploiting available EEEEEEEEEE & =
S cp> |
CLQCD A
Ensemble a (fm) m, (MeV) P* (GeV) Nstat 350 e
C24P29 0.1052  292.3 1.96, 2.45,2.94 864 x 36 ” ® G
C32P23 0.1052 227.9  1.84, 2.21, 2.57, 2.94 954 x 32 N °
C48P14 0.1052 136.4 1.96, 2.45,2.94 302 x 64 Z 20
F32P30 0.0775  300.4 2.00, 2.49, 2.99 777 x 32 T i
F32P21 0.0775  210.3 2.00, 2.49, 2.99 459 x 64
G36P29 0.0689 297.2 2.00, 2.50, 3.00 656 X 32 150.‘El}@?fPTT,,,,,,,f‘,{f},fff‘fl,lﬂﬁ 7777777777 cagpr4
H48P32 0.0520  316.6 1.98, 2.48,2.98 550 x 54 oo o N

(CLOCD) PRD 109 054507 (2024)

|
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o Light Baryon LCDA =«

——

———t
—~——

* . U;U i
S

-

0.2
P =
phle g 1 0.0 : 3
2 L.t- r Ve’ { Sr"lo.r‘t-dlsta.nce region Sr?o.rt-dlsta.nce region
e T f Mixing region -0.2 ! Mixing region
| Long-distance region o9 |'.‘ Long-distance region ‘ |
| Bare,a=0.105fm DL -0.4 | Ratio, a=0.105 fm h }
~ } Bare,a=0.077 fm i i . | Ratio,a=0.077fm | ¢ e ‘J}“}
 } Bare,a=oosafm | MPFY -0.6 b ratio,a=0052fm Rt
+ 1 1 1 H 1 H
-6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
Az =2P? Ay = 2,P?
(a) Bare result of A at P = 2.0 GeV (b) Ratio scheme result of A at P = 2.0 GeV

‘ii h" 0e ”H t *
"F 0 Ll‘“”k* #.‘

+ 0.2
Short-distance region Short-distance region
Mixing region —0.2 ! Mixingiregionis i
Long-distance region * } Long-distance region ‘ | I
 }  self, a=0.105 fm [ b —0.4 | Hybrid, a=0.105fm ‘ }
{  Self, a=0.077 fm I}+ } " '+ ’}J b Hybrid,a=0.077 fm | t } by ‘J&I}
~1.01 ; B | Seif,a=0052fm [ AR ; -0.6 b Hybrid, a=0.052fm i
: : : 3 ; y i : : : { j ; : ; ;
-8 -6 -4 =2 o] 2 4 6 8 -8 -6 -4 =2 0 2 4 6 8
Az = Z;Pz Az = Zsz
(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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« Light Baryon LCDA

Done

New A-Extrapolation

Asymptotic Long-Distance Expansion of Euclidean
Correlators in Lattice Parton Applications

X. ], Y. Liu, Y. Su, arXiv:2601.12189

1.2 fm
x1.2 fm

1.01
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o Light Baryon LCDA =«

(LPC) arXiv:2606.29597, 2606.30387

T3
0.21 0.07
0.17 0.06
=)
0.13 004 &
0.08 003 &
0.04 0.01 =
8
0.00 0.00 FT;
-0.04 -0.01 %
0085 003>
0.13 00452
-0.17 -0.06
1
5
—— —— This work: Central value 0.05
; [} B This work: Stat. error
4 0.1 =) This work: Total error
— —
N N I
o o o
T 3 8 0.00
™ ICL 0.0 =
) 2 8 &,
S - N
g . = ) <
N —— This work: Central value \ 1 % R _0 05
T i B This work: Stat. error \ - -0.1 g.i .
Ry / This work: Total error S - <o
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[ QCD SR: L-C-H N This work: Stat. error S~
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Light Meson Map LaMET
+ %+
DS 1.97 (a) Ds 2.0 (b)
cs cs
0 - : ¥ *0 ci : +
Dl.86 el ¢4 Dl.87 D2.01 & cd DZ.OI
0 + *() %+
Il K 0.49 0.89 K 0.89 * Second moment done
ds 0 iis b7e s e in OPE |
To13 Po.r (LaMET under going)
= 7 ' - < = 7 'Y ) ~ +
/T Qi Noss e@ Mo ud B T0 14 po.77< du ee Yo ud Po1
. J/
= Neass | o4 = Vs 10 ¢1.02S_d
= =) s % ()
@ Koso Kos 0.89 + Leading twist almost
= = ~O = = n*o PE & LaMET
D 1.87 de uc D 1.86 Dz.m dc uc D 2.01 done (OPE & La )
sc sc
= *— * Leading twist moments
D s 1.97 D s2.11 in Plan/Process

mass subscripts in GeV 1 9



Light Baryon Map —— LaMET
(a)

ZO c229 Z'C 2.45
c 245
udc
1.20

1.67

(b)

1.67

mass subscripts in GeV

20

-
1.23

ot
c 2.45 o) %4+
Z‘C 252 ¢ 2
1.23
+
21.19

First moment done in
OPE

Leading twist almost
done (OPE & LaMET)

Leading twist LaMET
in Plan/Process



© Summary & Outlook ¢

0 LQCD observables 6 EFT bridge o 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-A extrapolation  continuum-limit B/HQET LCDA for heavy-

benchmark / K j Kflavordecays

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

ion !

21 Thanks for Your Attent
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Back Up

Pion mass extrapolation for r(§4) :

&‘2
0.32r }  This work
) [ RQCD
0.30F
0.28}
& [ |
0.26}F |
0.24f | } l[ | ’ }
0.22}
0.2600.02 004 006 008 010 012 014
m? (GeV?)

Physical point problem within RQCD



Back Up

Pion
1.4p=
[— new previous e LaMET vs OPE 2022
1.2 :- LaMET, intgral
- 2,1
1.0
; ay P RAUD) = 0,116+13
0.8
™) - « LaMET vs OPE 2026
S 0.6 o
: a;.z:TMET,derwatlve —0. 174(62)
0.4f '
C LaMET,intgral
0.2 :_ 2,1
" adtF = 0.187(15)
0.0F = '
Ly g g d g g g JdJ g g gl y g g d g ad s g g d o aald
—0.2 0.0 0.2 04 0.6 08 1.0 1.2 Consistent

X

= 0.258(70)(52)

= 0.186(46)
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   z 2


   P z


    ( 1 − x 1 −  x 2 )  P z


  h


   x 1  P z


  f


   x 2  P z


  g


  ∧


  ∧


  𝜆


  𝝅 (  𝝃 𝟏 )


   𝒂  𝟐 , 𝝅  𝐋 𝐚 𝐌 𝐄 𝐓 , 𝐢 𝐧 𝐭 𝐠 𝐫 𝐚 𝐥 = 𝟎 . 𝟏 𝟖 𝟔 ( 𝟒 𝟔 )


   𝒂  𝟐 , 𝝅  𝐎 𝐏 𝐄 = 𝟎 . 𝟏 𝟖 𝟕 ( 𝟏 𝟓 )


   𝒂  𝟐 , 𝝅  𝐋 𝐚 𝐌 𝐄 𝐓 , 𝐢 𝐧 𝐭 𝐠 𝐫 𝐚 𝐥 = 𝟎 . 𝟐 𝟓 𝟖 ( 𝟕 𝟎 ) ( 𝟓 𝟐 )


   𝒂  𝟐 , 𝝅  𝐎 𝐏 𝐄 ( 𝐑 𝐐 𝐂 𝐃 ) = 𝟎 . 𝟏 𝟏  𝟔  − 𝟐 𝟎  + 𝟏 𝟗


   𝒂  𝟐 , 𝝅  𝐋 𝐚 𝐌 𝐄 𝐓 , 𝐝 𝐞 𝐫 𝐯 𝐢 𝐚 𝐭 𝐢 𝐯 𝐞 = 𝟎 . 𝟏 𝟕 𝟒 ( 𝟔 𝟐 )

