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Why baryon LCDAs ?

Baryon Weak Decays

Establish CPV in baryonic decays

* First bservation of CPV in Baryon:
Ay =D

New Physics beyond SM

Observation of charge-parity symmetry breaking in
baryondecays

LHCb Collaboration

Nature 643, 1223-1228 (2025) | Cite this article

Multi-dimensional structure

Baryon form factors,

Electric dipole moment,

LHCb, Nature (2025); J.J.Han, et.al. PRL 134, 221801 (2025); Y.Jia, et al, PRL 135, 131903 (2025); Y.M.Wang et.al, PRL 135, 061901 (2025)




Why baryon LCDASs ? 3

A: lightest strange baryon

1956 2019 2025
/\ A Quantum CPV and
polarization : Hyperon
a entangle- precise EDM f
and . . rom
di ¢ ment of time-like BESIII
Iscrete AN pair form-factor
symmetry

[ Precise experiments require complete multi-dimensional hyperon structure with controlled uncertainty ]

L&Y, PR 104 254(1956), BESIII, Nature 15 631 (2019), BESIII, arXiv:2506.19180, Chen et al., PRL136,051902(2026)




Why baryon LCDAs ?

Key non-perturbative input for observables

«  LCDAs: QCD dynamical information in Exclusive processes
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« PDFs: internal structure of hadrons in Inclusive processes

>

Py
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How to access baryon LCDAs ?

Operator definition of baryon LCDAs:

Coordinate space:

2(&2)

/V‘ é5(0q" (1) Uyri(€1m, Eom)
/’1(5.3) ng (€2n)Ujr5(E2m, Eon)

X hﬁl (&3n)Urri(E3m, Eon) | B(P))™

light-cone separated quarks

V.L.C & LR.Z NPB 246 52(1984)




How to access baryon LCDAs ?

Operator definition of baryon LCDAs:

h
6 1/ x-x)P”

hadron momentum
distribute among quarks

Momentum space:

de; s |
qbé(xl,a:%,u) = (n . P)2 / ﬁé 61(331514-33252)71 P

20 27

< €75 (0|gl (E1m)Usri(1m, Eon)

xgg (E2n)Uj1(§2n, §on)
X hﬁl (&3n)Urri(E3m, Eon) | B(P))™

Two independent momentum fractions: x;, x,

V.L.C & LR.Z NPB 246 52(1984)




How to access baryon LCDAs ?

Leading twist for octet baryon:

(0] fa(&1n)gs(Eam)hy (E3n)| B(P)) "

1
=if3 [(Pc)aﬁ('YE)UB)’Y(};g + (PY°C)ap(up), 5| + Zfg(i%uP"C)aﬁ(’Y“’Y‘r’UB)vq’g

V.L.C & LR.Z NPB 246 52(1984)




How to access baryon LCDAs ?

Leading twist for octet baryon:

<O’fa(fln)gﬁ (£2n)h7(£3n)|B(P))R

1
=if3 [(PC)aﬁ('WuB)v‘LE + (PY°Clap(up)y®3| + 1f5(10um P Clas(v"7 up),Pp

N LCDA: V N LCDA: A N LCDA: T

0.15

0.04
0.10

0.05 0.02

o = N W »

0.00 0.00

-0.05 ~0.02

-0.10
-0.04

=0.15

X3=1

X1 — 0.75

X1 — 0.75

X1 —™

X1=1

V.L.C & LR.Z NPB 246 52(1984)




How to access baryon LCDAs ?

Research history: (1983 - now)

Asymptotic form
Chernyak, Zhitnitsky, 1983; ......

QCD Sum Rules
King, Sachrajda, 1987;
Stefanis, Bergmann, 1993;
Braun, et al, 2000, 2006; ......

Models parametrization
Bell, et al, 20713; ......

Moments from Lattice QCD
QCDSF, 2008, 2009;
RQCD, 2076, 2079, 2025; ......




How to access baryon LCDAs ?

Research history: (1983 - now)

Asymptotic form
Chernyak, Zhitnitsky, 1983; ......

QCD Sum Rules
King, Sachrajda, 1987;
Stefanis, Bergmann, 1993;
Braun, et al, 2000, 2006; ......

Models parametrization
Bell, et al, 20713; ......

Moments from Lattice QCD
QRCDSF, 2008, 2009;
RQCD, 20716, 2079, 2025; ......
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How to access baryon LCDAs ?
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Research history: (1983 - now)

Asymptotic form
Chernyak, Zhitnitsky, 1983;

QCD Sum Rules
King, Sachrajda, 1987;
Stefanis, Bergmann, 1993;
Braun, et al, 2000, 2006;

Models parametrization
Bell, et al, 20713; ......

Moments from Lattice QCD
QCDSF, 2008, 2009;
RQCD, 2076, 2079, 2025;

ts
only [owest momen

* x-dependent LCDAs from Lattice QCD

Vs

Companion article

Formalism -
Renormalization -
Extrapolation - Matching

(LPC) arXiv:2606.30387

Letter

Complete physical V,A, T
+ phenomenology

(LPC) arXiv:2606.29597




How to access baryon LCDAs ? 12

Research history: (1983 - now)
 x-dependent LCDAs from Lattice QCD

Asymptotic form

Chernyak, Zhitnitsky, 1983; ......
LPC, arXiv:2606.29597;

QCD Sum Rules
King, Sachrajda, 1987;
Stefanis, Bergmann, 1993;

0.07

0.04 <
Braun, et al, 2000, 2006; oo &
8
Models parametrization ol
Bell, et al, 2013; ... e
0.041?

Moments from Lattice QCD e

QCDSF, 2008, 2009;
RQCD, 2076, 20719, 2025;

ts
only [owest momen

- o \‘ 1=}

| Full shape,

al [ structures! \

\=I'" W)




Large-momentum Effective Theory
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LaMET expansion:
LCDA Matching kernel quasi-DA
¢(x1, 225 1) :/dyleJQ C(:L‘l,:vz;y1,y2;Pz,u)[qﬁ(ybyz;Pz,u)]

e A2QCD A2QCD A2QCD
(@1 P2)2" (22 P?)2  [(1 — &1 — wa) P72

power corrections

X.Ji, PRL 110, 262002 (2013); X.Ji, Sci.China Phys.Mech.Astron. 57 (2014)




Formalism: Symmetries on (z¢, Z,) plane

14

Genuinely 2-dimensional distribution

h(zz =0
Z, q(.z:l) ‘23 ) /{;"22)

N
.. Region 7 | Region 8 _4
“ )
\\'
N
\~\
\.\ //
. ~ 4 . |
Region 6 ¥ Region 1 |

R

0 2-dimensional distributions;

N
—

Region 5 Region 2 | O 3-quark operator with 2 Wilson-lines;
O Multi leading twist structures V, A, and T
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Formalism: Symmetries on (z¢, Z,) plane

Genuinely 2-dimensional distribution

N
.. Region 7
“
\\'
N
\~\
N

Region 6

R

Region 8 4

/ Region 1 |

Region 5 7

/'/.
-~ Region 4

N I
\\ . !
Y. Region 2

o I

Region 3 N

q(.z:l) h(z3 = 0) /{;"22)

0 2-dimensional distributions;
O 3-quark operator with 2 Wilson-lines;
O Multi leading twist structures V, A, and T




Formalism: Renormalization
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Hybrid Renormalization:

adopt different schemes in different regions

Short-distance region

Short-distance region
Mixing region Mixing region

10 4 Long-distance region Long-distance region

L by ' b Hybrid, a=0.1053 fm 144 } b} Self.2a=0.1053 fm

b ‘ b Hybrid, a= 0.0775 fm ¢ Self, a=0.0775 fm

0.9 b b b Hybrid, a=0.0519 fm k ¢ self,a=0.0519 fm

h h 1.2 | @ ‘ t
0.8 4

06 - distance distance

0.8

| E
7 Large Short ‘ “ h }‘ } } 7 ’] ‘
|
|

? v Poles
-2.0 -15 -1.0 -0.5 N z.gzpz 05 10 2.0 15 -10 0.5 . zfgzp 05 10 15 2.0
* Ratio: * Self-Renormalization:
cancel divergences at short distance control long-distance behavior

X.Jiet.al, NPB 2021; Y.K.Huo et.al, NPB 2021; Radyushkin et.al, PRD 2017;




Formalism: Renormalization
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Hybrid Renormalization:

adopt different schemes in different regions

Short-distance region Short-distance region
Mixing region Mixing region
‘ ‘ } *I Long-distance region 14l } Long-distance region
# t t b Hybrid, a=0.1053 fm . } t Self, a=0.1053fm
‘ b Hybrid, a b Self, a=0.0775 fm
0.9 | b b b Hybrid, a b self,a=0.0519 fm
1.2
0.8 4
s "
0.7 4
Large Short
06 | distance distance

2.0 -1.5 -1.0 . 0.0 0.

i afarent oG]

e Ratio: e Self-Renormalization:

cancel divergences at short distance control long-distance behavior

X.Jiet.al, NPB 2021; Y.K.Huo et.al, NPB 2021; Radyushkin et.al, PRD 2017;




Formalism: Renormalization

2-Dimensional Hybrid Scheme

*. Region 7 | Region 8 2 |

Region 6 . | IS uUR region partition by

%1 short-long distances:

Region 5 7 .' R Region 2
> |z1 |, | z2 |, | z1-Z2 |

7 Region 4 Region 3 ™%




Formalism: Renormalization

2-Dimensional Hybrid Scheme

A '
*. Region 7 Region 8 _g |
Region 6 ™ Region 1 | region partition by
7| %1 short-long distances:
. Region 5 7 . Region 2
4 X |z1 |, |22 |, | zZ1-22 |
e
3 ’
: ' 4
: 4 S
+/ Region 4 Region 3 N
4
:
Ul .
.l




Formalism: Renormalization

20

2-Dimensional Hybrid Scheme

* 1) Short-distance regions: Ratio

A

MM_S (21722)O7Pzﬂu’)
MM_S (Zlv 22, 07 07 )U“)

- 2) Long-distance regions: Self-renormalization

MM_S (Zlu 22707 PleJ')
Mg (sign(21)zs, sign(z2)2z2,,0, 0, 1)

* 3) Mixing regions

~

M bl 107 Pz?
_ Mg (21, 22 ) gy — 2102 — 22)
M5 (21, 8ign(22)2z2, 0,0, 1)




Formalism: Renormalization

Bare Matrix Element

¢ (C24P29 (P* ~ 1.96 GeV)
¢ F32P30 (P7 ~=2.00 GeV)
& G36P2Y (P7=2.00 GeV)
& H48P32 (P7=1.99 GeV)
¢ F32P21 (P7=2.00 GeV)
¢ C4RP14 (P¢ = 1.96 GeV)
! i & C32P23 (PF = 1.84 GeV)
1] ¢ (C32P23 (P? =221 GeV)

-fﬁ?w
G

-10 -5 0 5 10

Hybrid Renormalized result

:
;
;
;
;

C24P29 (P* 2 1.96 GeV)
F32P30 (P* = 2.00 GeV)
G36P29 (P72 2.00 GeV)
H48P32 (P° 72 1.99 GeV)
F32P21 (P72 2.00 GeV)
C48P14 (PF = 1.96 GeV)
C32P23 (P72 1.84 GeV)

§  C32P23 (P7=22.21 GeV)

| "_-*?
P

10




Formalism: Large-distance Extrapolation

Asymptotic expansion: long region data for FT

g 0.01 g
X -! ' '

-10 -05 00 05 1.0
23 (fm)

X. Jiet.al., arXiv:2601.12189




Formalism: Large-distance Extrapolation

23

Asymptotic expansion: long region data for FT

ao,o: a
1N

10 —05 00 05 10
2y (fm)

109

l].O
/ 0.5
‘\‘

0.0

Zn

X. Jietal., arXiv:2601.12189




Formalism: Large-distance Extrapolation

Asymptotic expansion: long region data for FT

107 1.0
1.0 l
0.51 ‘ 0.5
) h :
= 0.0 0 ~ -0.0
& _ |
_05' |' _ __0‘5
_1.0. / l
_10 T L] L) _1.0

10 —05 00 05 10 10 -5 0 5 10
2y (fm) 2y (fm)

21 (fm)

Expand Euclidean Correlators in large Euclidean separation |Zz|:
LA NLA

. 1
|: —izP _|_‘7{2)_|_(j{ie—1zP _|_‘7(‘é)|?_|_] ,

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

_AJP
h(z, P*) ZeA Il %

ATP

X. Jiet.al., arXiv:2601.12189




Formalism: Large-distance Extrapolation

Generalize to baryon-DA case:

.....................................................................................................

*. Region 7 | Region 8 2 |

3 relevant distances:

|Z1 |a | z2 |9 | Z1-Z2|

Region 6 AN P  Region 1 :

Z1

Region 5 7 A Region 2 |
© |

7 Region 4 Region 3 ™%




Formalism: Large-distance Extrapolation
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Generalize to baryon-DA case:

)
'y ' 4
*. Region 7
Region 6 AN Region 1 |
3 v
. Region 5 7 . Region 2
/’ )
| ’
s ’
3 ’
s ’ ,
: 4 ~
+/ Region 4 Region 3 N
./’
:
SN SO

Z1

3 relevant distances:

|Z1 |9 | z2 |9 | Z1-Z2|

|
N |

Region G




Formalism: Large-distance Extrapolation

27

for Lambda A:

symmetric amplitude with good signal quality

Region G: z122 < 0, |21 — 00, |z2| = oo and |z, — 22| = o0

~ 1
ANLA(ZI, Z2, Pz) = E_AU_ lzlle_Aﬂ_ 22| I:GA(iél,iéz, Pz) —+ Gh(ﬁz’l, 1.22, PZ)IZI:| N (

Region P: 2,25 < 0, |21 = 00, |21 — 22| — oo while |z| kept finite
ANLA (2, 29, P?) = e Mo |22l ginn 17 [PA,I(izl,izg,PZ) +le,l(izl,i22,Pz)li]
4 e~ Mo =] [PAg(izl,iz“Q,Pz) + Pl y(iz,iss, Pz)ﬁ] .
Region B: z;29 > 0, |21] =+ 00, |21 — 22| = oo while |25 kept finite

. 1
ANVA (51 2o, P?) = ¢ Mo Izl gin P [BA,I(izhiég,Pz) + Bﬂ;,L(izl,iég,Pz)pl]

4 e Mo-lz2—a] [BA,Q(ézl,raz“Q,P“HBA,z(izuiffzspz)ﬁ] 5
Region O: z;25 > 0, |z1| = o0, |22] — 0o and |21 — 23] — 00
Y e o N B [oA(iél,izg,pz) +OA(@2L,122,PZ)I—1|] P (
Region Y: z125 > 0, |z1| = 00, |22| = 0o while |z; — 23| kept finite
ANLA( 5y PR) = o lail izt [YA,1(521,1(22 —21), P*) + Y} 4 (i21,i(22 — 21),P2)%]
1

4 Mo |mlgian P [YA,Q(éfl, i(z2 — 21), P?) + Y 5(i21,i(22 — 21), P")I?]

!




Formalism: Large-distance Extrapolation 28

for Lambda V/T:

S
on s

21

antisymmetric amplitudes with poor signal qualities

e Region G: 2129 < 0, |21| = 00, |22] = 00 and |z — 23] — o0

Region P:

Region B:

Region O:

Region Y:

VA /TVA (51, 25, P?) = e Do Imtle=Ror 22l Gy (351,020, P?)
- E_A”’lelle_ﬂﬂ_lz?lef/T(iﬁlaifQ,Pz) :
z129 < 0, |z1| = 00, |21 — 22| —» 0o while |z2| kept finite
I"}LA/TLA(zth,Pz) — e—Ao_|z2|€iz1PZPV/T’1(iZ1’i22?Pz)
+e Mo l=2IPy g o (121,020, P7) ;
z1z9 > 0, |z1| — 00, |21 — 22| —» oo while |z2| kept finite
I’}LA/TLA(ZI’ ZQ,PZ) — E_AO_Izg_ZIIBiZIPzBV/T‘I(*'iZ]_??',225 Pz)
+ EiAo_ |22*21|BV/T,2(7@:21, iﬁ'g, Pz) ;
z129 > 0, |21] = 00, |22] = 00 and |21 — 29| — o0
I’“}LA/TLA(ZI’ 29, P?) = e Mo lz1lg—Ag \22721|€z'z1PZOV/T(,E-zAl’ i%9, P?) ;
z129 > 0, |21| = 00, |22] = oo while |z, — 25| kept finite

?LA/T’:LA(Zh ZQ,Pz) e B_A07Izl'eizzszV/T,]_(iZ’\h?:(ZQ — 2,‘1), PZ)

+ B_Aﬂ— |z1|8iz1Pz YV/T,? (iﬁ’l, T',(Zg - 21), Pz) 3




Formalism: Large-distance Extrapolation

Enlarge the data region sufficient for 2-dimensional FT:

Z9

./
s
V4
1/' RV - 10 1.0
//. '/ .
yd 7 v 0.5
7 e 7 0.5 1
7| A . ~ —_
e € 00 \ € o 0.0
LW — —
0 N - N
'/ + ‘/‘ 0.5 l‘
’/‘/ R ™ i = -0.5
7/
a 1.0
-— r ' r r ' -10 . r . -1.0
5o 1.2 fm -1.0 05 00 05 1.0 10 -5 0 5 10 10 fm
2o (fm) 2o (fm)
1271 x12fm . x10 fm
1.0
g 4 )
£ 0.0 04 0.0
] L ]
05 - 0
1.0
' r r . ' -10 . ,
-10 05 00 05 1.0 10 -5 0 5 10
2y (fm) 25 (fm)




Formalism: Matching in hybrid scheme

(1, 723 1) :/dyldy2[c(331737233/17925Pza/i)]ﬁg(ylay%PzaN)

oMo Men M
(x1P?)2’ (2o P?)2" [(1 — 21y — xo) P?]?

MS kernel hybrid counter-term
1 , . Dz _ | . . pz (1) ) . Dz
C( )(ml:J:ZJyl:yQJPBJM) = [Cm(ﬂjl:fr%yl:yQ?PB:ﬂ) +0Cy (T1, T2; Y1, Y23 P, 1) .
5 5
quazt-DA, 2, =0.8 quasi-DA. z; =z
LCDA. x: = 0.8 B LCDA, =z,
4 4 quasi-DA, 7, =06 44
BN ICDA z,=0§ T’
’;:3 quasi-DA z, =04 &
o3 mem LCDA, z,=04 “= 34
1-:l:!jﬂ quast-DA, z,=10.2 »E—-
= LCDA. z, =02 =
=2 2
T &
] l
= g
A1 =~ 1
k> s
<
=
0 0 ]
_1 T T T T T T _1 T T T T T T
02 0.0 02 0.4 0.6 0.8 1.0 1.2 —0.2 0.0 0.2 04 0.6 0.8 1.0 1.2

L g




Formalism: Physical Extrapolation

O 3 a:0.052-0.105 fm;
O4m,:136-317 MeV,
O PZ:up to 3 GeV

350
H48P32
® G36p29F32P30 S
300 o0 ®
=
ﬁ 250 C32P23
— F32P21 =
53
[
S 200+
150 physical point physical m., C48P14
I —m—
0.00 0.03 0.06 0.09 0.12 0.15




Formalism: Physical Extrapolation 32

power corrections m,-dependence

A
a,mqy,P? — ¢phy8($la$2) + (pz)z T (mfr B mgr,phys) B

O 3 a:0.052-0.105 fm; ¢(x1, z2)

O4m,:136-317 MeV, ) C.
O P2 up to 3 GeV ) , discretization effects:
-UP Ta [Ol_l_ Ca (P7) ] © P7-independent, and

« P?-d dent a*(P%)?
350 epenaent a”(P*)

e 5 Ca4p29.2.10 GeV
] , 2. e
® G36p29F32P30

C24P29 C32P23, 1.84 GeV
300/ X

C32P23, 2.21 GeV
C32P23, 2.58 GeV
C48P14, 1.96 GeV
C48P14, 2.46 GeV
F32P30, 2.00 GeV
F32P30, 2.50 GeV
F32P30, 3.00 GeV
F32P21, 2.00 GeV
F32P21, 2.50 GeV
F32P21, 3.00 GeV
G36P29, 2.00 GeV
G36P29, 2.50 GeV
— G36P29, 3.00 GeV
H48P32,1.99 GeV
H48P32, 2.48 GeV
H48P32, 2.98 GeV
Extrapolated

g 250 C32P23
— F32P21 =

&
|
= 2001

Q/)f(l(fcla Lo = 0-2)

150 Iphysical point physical m., C48P14

0.00 0.03 0.06 0.09 012 015 —0.2 0.0 0.2 0.4 ) 0.6 0.8 1.0 1.2
a (fm) 1




Formalism: Systematic uncertainty

« Scale variation

Total absolute error
I Statistical error — —
B Scale p dependence H Hr HF
B ¢, m,, and P* extrapolation
BN Large-\ extrapolation

%
wn

N
-

« Large-2 extrapolation
NLA / LA ansaetze

<
)

e
b

S
o

« Physical-limit extrapolation

0.0 0.2 0.4 0.6 0.8 Combine / Sequential strategies

Absolute error budget of ¢£ (1, x3)

L
o




Final results of A LCDAS

— This work: Central value
[ This work: Stat. error
This work: Total error

........ [0 Ist Moment: RQCD
777 QCD SR: L-C-H
----- 120z, x93

-02 00 02 04 06
Ty

0.8

V - antisymmetric

—— This work: Central value
I This work: Stat. error
This work: Total error

0.0

02 04 0.6
Ty

0.8

1.0

0.2

T - antisymmetric

Zs3

— This work: Central value
[N This work: Stat. error
This work: Total error

0.05

0.00

~0.05
<
e
T
02 00 02 04 06 o8 1010

First complete 2D lattice-OCD determination !

X




Phenomenological application

Parameterization form

3 n

NA,0 + Z Z DA nm Prm (T123) + -+

n=1m=0

FA (3;123) = 120:131332:133

2

Poo(x123) =1,
P10(z123) = 212y — 213,
P11(x123) = Ty — 14ao + Txg

18922 — 189z 72 — 378x w3 + 12623 — 189z273 + 18973

92’20(33123) = 10 ;
6322 — 1892129 + 1892923 — 6322

Po1(x123) = L 12 9 223 3 )
922 + 8lx1z9 — 1082125 — Hdx2 + 8laoxs + 922

5 )




Phenomenological application

36

Parameterization form

3 n
Fa(x123) = 120212223 (1,0 + Z Z DA nm Prm (T123) + -+ |

n=1m=0

TABLE IV. Fit results for Ay and Vi parameters at varying truncation orders, with the fitted region x1,2,3 > 0.1.

Order x?/dof a0 ®A,10 AL ®A,20 oA ,21 bA,22 ®A,30 ®A,31 ®A,32 PA,33
1 1.026 1.1242(19) 0.0366(11) 0.00493(36)  —
2 0.126 1.1161(26) 0.0343(12) 0.00543(40) 0.0012(14) —0.0267(18) —0.0087(14) - - .
3 0.047 1.1215(29) 0.0375(23) 0.00565(77) —0.0005(16) —0.0215(20) —0.0055(16) 0.20(11) 0.007(12) 0.062(13) 0.171(17)

N LCDA: V N LCDA: A NLCDA: T

0.15

0.10

0.05

o = N W b

0.00 X2 =1 0.00

—0.05 ~0.02

-0.10
—0.04

=0.15




Phenomenological application

A Dirac form factor F; at Q% = 20 GeV?

0.01000 0.00913 0
0.00806 _1 2.7 /o

0.00800

0.00600 LO relative shift
0.00425

0.00400 0.00371

0.00200 0

0.00000

LO NLO
Asymptotic LCDA  mLattice LCDAs

NLO relative shift

Thank Long-Bin Chen and Feng Feng for providing
the code of NLO A electromagnetic form factor

L.-B. C. et.al., PRL 135 (2025) 13, 131903




Summary 38

O arXiv:2606.30387: Article to establish the framework for multi-dimensional distributions

« 2-dimensional prescriptions for baryonic operators;

« 7 ensembles to physical-limit;

« Quantified analysis uncertainties;

O arXiv:2606.29597: Letter to report the first complete numerical results for A LCDAs

« Complete 3 leading-twist A amplitudes A, V and T;

« Full 2-dimensional functions of momentum fractions;

« Visible effect in high-Q? exclusive observable; Thanks for
your attention!
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Why baryons ?

40

Baryon — cornerstone particles

* Matter genesis in the Universe

|
I
|
e Tools to probe micro world I
|
* Astronomy & Cosmology |

I

|




Symmetries on (z4, Z,) plane 41

Genuinely 2-dimensional distribution

Zy * Exchange symmetry of x; < X,
.................................................................................................... . o
Y . . A (@) = =0 (22, 71)
. Region 7 | Region 8 _ for Lambda: ~

(ﬁﬁ(ﬂ?ha&) — —|—gﬁ£ﬁ(.ﬁ€2,ﬂ?1) ’
v, T v, T
¢B¢A(5Ulaﬂ?2) = +¢5B¢A($2a$1) ’

Opan(T1,22) = =P pp (22, 21) .

Z1

Region 5 7 ) Region 2 * Hermiticity condition

Re 5)55(3317372) — ng(xlax?) )

-' Region 4 Region 3 ™% Im qb)é (Ll?l, 332) =0,
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Research history: (1983 - now)

LPC, arXiv:2606.29597;

Asymptotic form
Chernyak, Zhitnitsky, 1983;

QCD Sum Rules
King, Sachrajda, 1987;
Stefanis, Bergmann, 1993;
Braun, et al, 2000, 2006;

4.48
3.92
336 =
8]
1280 &
8
224 =
8
& <
.12 &
0.56
0.00

Models parametrization

Bell, ot al, 2013 ...  x-dependent LCDAs from Lattice QCD
. LPC, PRD 171, 034570 (2025); H I’\ ” n n ;
Moments from Lattice QCD LPC, PRD 712, 114515 (2025); |Fu snape, all structures! |

QCDSF, 2008, 2009;
RQCD, 20716, 20719, 2025, ......

LPC, arXiv:2606-30387:

Baryon Light-Cone Distribution Amplitudes from Lattice QCD: Formalism,
w\eV\tS Renormalization, Extrapolation, and Matching

LPC, arXiv:2606-29597:

Complete Access to Leading-Twist A-Baryon Light-Cone Distribution Amplitudes
from Lattice QCD

only lowest ™7
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Nonlocal 2-point function related to baryon quasi-DAs:

02(217 <25 t? Pz) — /dgaj e_if.ﬁ<0|(9gi/nk(f7 ta <1, 22>5grc(07 07 07 O)T’Y,’Y|O>

LPC, PRD 112, 114515 (2025),

Normalized 2pt and model averaged fit result

* Extract ground-state quasi-DA from 2-state fit

0.40

Model averaged fit result: 0.325(7))
® Normalized 2pt data
Z. 0.35
Cth(T7P JZ17Z2) .0.0’+++
e ®°®
C2pt (7—’ PZ; 0’ O) :c:}"_O.BO_ | ® @
- — - P E 0.25 °
= M (21, 22; P?) [1 + ACH (21, 20y P?) e 2F1(F122iP )T} : ‘
d-stat = 0.20 1
round-state . . . °
& . excited-states contribution
matrix element 0154

0.10

0 2 4 6 8 10 12 14 16 18




Lattice simulation: Improvements

44

Nonlocal 2-point function related to baryon quasi-DAs:

Cg(zl,ZQ;t,Pz):/dee P 0|O) (Tt 21 2) O (0,050,0)T-|0)

Determined by DA Up to our choice !
* Interpolators and projection operators

O Sink-side Interpolators
ORA (21 20) = ¢ (2 ( 5,);) g(z O Projector
OV (51 25) = % (21 ( )g(z ( ) T = I,~t ~
Ot (21, 20) = ¢ (21)(5C1" 7" Y]) g (22) 7 Ve () -

O Source-side Interpolators

o5 2ut (Cy°)ds + ut (Cy°)sd + s (C~°)du

?

S

src T p
Op° =u (Cv*)du . ¢

2




Lattice simulation: Improvements 45
Improvement from interpolator: Kinematically-enhancement
O Traditional interpolator: N.. = ¢/*(fI Cvs g;)h LPC, PRD 112, 114515 (2025);
(0|N.,.|N (P)) = u(P) 141§ seurcecr
for static baryon states 121
O Enhanced interpolator : = N, = €7*(f" Cv57, g;)ha §1o SO I TI S T }*
<O|N75’m IN(P)) = O‘Puu(P) + ﬁ%bu(P) 08
better overlap with boosted states
0.6 -
Pl g 2 4 6 8
—— SNR(Cgpt (t — OO)) X ﬁ t (a)
0

R.Zhang et.al, PRD 112, 1.051502 (2025); D.Reitinger et.al, arXiv:2606.02447




Lattice simulation: Improvements

Improvement from projector

O Traditional parity projector

1+~
Tparity — 9

Parity is not a good quantum

number when boosted !
O consider spinor structure tr [up(n - P)pug(n -
T=j=9"+7
+ for leading-twist contribution;

* suppress sub-leading powers

C.-\A_Ept.{Tﬁ?c: PJ; 21, 32)
(

$ T=9
¥ T=4°
b T=9"+~
—
o " - = * +¥
_—
_
i
% T
1.5 2.0 2.5 3.0
P* (GeV)
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Other improvement strategies

* for gauge link: HYP smearing

1.0
0.51| + _
g o :
=
—0.511- e
$ Hypsmearstep =0
—1.01 # Hyp smearstep =1
%+ Hyp smear step =2

-08 -06 -04 -02 00 02 04 06 08
z1 = z2 (fm)

* for propagator: momentum smearing

LPC, PRD 112, 114515 (2025)




Hybrid Renormaliz

ation

48

Linear divergences in Bare quasi-DAs

k

M . P*
(zlazQJ Ja’) X €xXp [(CLIH(CLAQCD

bare matrix elements

€24P29 (P* ~ 1.96 GeV)
F32P30 (P72 2.00 GeV)
G36P29 (P ~2.00 GeV)
H48P32 (P° = 1.99 GeV)
F32P21 (P72~ 2.00 GeV)
C48P14 (P* ~ 1.96 GeV)
C32P23 (P* =~ 1.84 GeV)

i C32P23 (P~ 2.21 GeV)

L

. 8 :
reITes :
gi{ﬁ%g*- %
. _is§;¥:3' 3 ’
Q:Eﬁ 0.0'—‘—‘-—“‘“‘”({;‘:;1:-. z '
{ —0.1- }3 HF
~0.21 _' {P'
~0.3- éi%ﬂh
-10 -5 0 )
A9 = 29 P*

10

059 ~°

] +mo) 2] m(z1, 22, P?)

logM v.s.1/a

== 2z, =0.20 fm

7| = z,=0.25 fm

- 2, =0.30 fim
—B— 2, =0.35fm
~B— 2, =0.40 fm

| =l 2, =0.45fm

~— z,=0.50 fm
W= 2, =0.55 fin

C24P29 A F32P21
F32P30 O C48P14
G36P29 &  (C32P23
H48P32

4one

2.0

2.5 3.0 3.5 4.0
1/a (GeV)




Hybrid Renormalization

1.0
I

0.5
0.5
) ;
£ 0.0- ! F0.0
N|—4 _
0.5
0.5

-10 05 00 05 1.0
25 (fm)

(a) A-baryon A

LPC, PRD 112, 114515 (2025)
for symmetric amplitude




Hybrid Renormalization

S0

1.0
0.5
)
“ 0.0 '
T
—0.5
_1'0-
-1.0 =05 00 05 1.0
2y (fim)
(a) A-baryon A
1.0-
0.5' '
€ 0o -
: i
—0.5- ‘
_1'0-
-10 -05 00 05 1.0
2y (fim)

(d) proton A

II.O

0.5

0.075
-0.050

-0.025

-—0.02:

-—0.05

I'—0.07‘

+0.000°

—0.51

_1.0-

-0.01

- 0.00

-—0.01

-1.0

05 00 05 1.0
25 (fim)

(b) A-baryon V

_0.5-

_1.0-

' 0.0

-1.0

-0.5 00 05 1.0
2y (fim)

(e) proton V

-0.05

E 0.00

-—0.05

-1.0

05 00 05 1.0
25 (fm)

(¢) A-baryon T

*

-1.0

-0.5 00 05 1.0
29 (fm)
(f) proton T




Hybrid Renormalization

1.0
1.0 I 1.0 l 1.0 I

Lo, 0,01 L0.05
0.5 02 0.5 0.51
3 - z ¥ z '
S 0.0 ' 0.0 < 0.0 - 0.00 <€ 0.0 E 0.00
S g ﬂ S
05 0.5 0.5
£—0.5 -—0.01 -—0.05

-1.0 =05 00 05 1.0 ' -10 =05 00 05 1.0 -10 —05 00 05 10
2y (fm) 2y (fm) 2y (fm)
(a) A-baryon A (b) A-baryon V (c) A-baryon T

05 0.5
T (S
Symmetry properties and vanisning local [Imits: s N

different treatment for different amplitudes . l

-10 —05 00 05 1.0
2y (fm)

(f) proton T




Large-distance Extrapolation 52

- for Lambda A:

Zo symmetric amplitude with good signal quality

A 1
ANLA(zh ZQ?PZ} — e_ﬁn—|zlle—ﬁn—|22| [GA(QEL?%EQ}PZ) 4 Gi&(?"gl:ZEQ',\Pz}H] :
pA

YN LA avxsaetzej

 for Lambda V / T: —
B 71 : . . : . e
: antisymmetric amplitudes with poor signal qualities

1 — .
L Region G | VLA/TLA(Z*_[,ZQ,PE) — o Mo- |zl|€_ﬁ“+IZZ|GV/T(‘321}‘?;22,PZ)
N |

|LA ansaetze)




Matching in hybrid scheme 53

4 4 4
3 3 3
2 2 2

1/ 1 1
P =109 GeV / m— P7 =2.00 GeV / P =2.00 GeV | N\
0 N— 0 P*=2.50 GeV N 0 P* =250 GeV

P* =248 GeV

[ PF=2.98 GeV 0 PE=3.00 GeV 0 P =3.00 GeV
100 0.5 X 05 o Yoo 05 10
T I L1
(a) HA8P32 (b) G36P29 (¢) F32P30
4 4 4 4
3 3 3 3
? > ? ?

1 1 1 1
0/ WP =200 GeV | Ny OJ s p?=1.96 GeV ¥ O/ -gjjigil 825 ; 0/ P =1.96 GeV \

P*=2.50 GeV P*=2.46 GeV BN P°—2.58 GeV P*=2.46 GeV
[ PF=3.00 GeV [ PP=2.95 GeV [ PF=2.95 GeV [ PF=2.95 GeV
150 035 10 150 05 10 150 05 10 150 05 1.0
Iy Iy Z1 1

(d) F32P21 (e) C48P14 (f) C32P23 (g) C24P29




Lattice simulation 54

CLQCD Ensembles O 4 lattice spacings for continuum [imit
O 3 pion masses for physical mass limit

O multi momenta for P, - o [imit

Ensemble Latt.i o T measurements

4 Pion mass spacing

H4SP32 G36P29 |F32P30| o fc24p29) C24P29  [0.105fm| 292MeV 864 *4 src *9 nt 0, 1.96, 2.45, 2.94
O O O Il O ' C32P23 : 0.105 fm : 228 MeV 954 *4 src *8 nt 0,1.84,2.21,2.57,2.94

|F32P21 C32P23 C48P14  10.105fm) | 136 MeV 302 *4 src *16 nt 0,1.96,2.45,2.94
Q_‘ IC%: F32P30 I{ 0.078 fm : 300 MeV 777 *4 src *8 nt 0, 2.00, 2.49, 2.99
Physical O F32P21 0078 fm, |[210MeV 459 *4src *16 nt 0, 2.00, 2.49, 2.99
* pomnt | 382 ) G36P29 0.069 fm 297 MeV 656 *6 src *8 nt 0, 2.00, 2.50, 3.00
! > H48P32 0.052 fm 317 MeV 550 *6 src *9 nt 0,1.98,2.48,2.98

Latt spacing




Physical Extrapolation

33

350
H48P32
. ¢ G36Pz9 Fzz P30 caapag
O
N
%’ 250 C32P23
— F32P21 L
=
|
S 200
150 physical point physical m, C48P14
e nESes—
0.00 0.03 0.06 0.09 0.12

Qb(ﬂ?l, $2)

a,my,P? — (bphys(mlam2)

A(ﬂ?ljﬂi‘g)

E LaMET power corrections

_|_

2 2

+ (mZ — mmphys) B(xy,z3) m,-dependence

+a? [Cy(xy, 22) + Co(w1, 2)(P*)?]

discretization effects, including:

« P?-independent artifacts, and
« PZ-dependent artifacts a*(P%)?




Physical Extrapolation

56

Qb(ﬂ?l, $2)

C24P29, 1.96 GeV
C24P29, 2.46 GeV
C32P23, 1.84 GeV
C32P23, 2.21 GeV
C32P23, 2.58 GeV
C48P14, 1.96 GeV
C48P14, 2.46 GeV
F32P30, 2.00 GeV
F32P30, 2.50 GeV
F32P30, 3.00 GeV
F32P21, 2.00 GeV
F32P21, 2.50 GeV
F32P21, 3.00 GeV
G36P29, 2.00 GeV
G36P29, 2.50 GeV
— G36P29, 3.00 GeV
H48P32, 1.99 GeV
H48P32, 2.48 GeV
H48P32, 2.98 GeV
Extrapolated

—0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
£y

a,my,P? — (bphys(mlam2)

A(ﬂ?ljﬂi‘g)

E LaMET power corrections

_|_

2 2

+ (mZ — mmphys) B(xy,z3) m,-dependence

+a? [Cy(xy, 22) + Co(w1, 2)(P*)?]

discretization effects, including:

« P?-independent artifacts, and
« PZ-dependent artifacts a*(P%)?
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