iy B 4T » - Lattice Parton
\é)*«\ ’ff 4 47 4‘3}»% L@C Collaborati
\/?\/ SOUTH CHINA NORMAL UNIVERSITY 0 a ora lon

The Baryon LCDA from
Lattice QCD

4% O/B LPC
South China Normal University
2024.10.28

FT—EEEERYENCPEAHINS



‘ ..................... - Motivation

Quasi Distribution
«  2-D Effective Matching

Numerical results

‘ ..................... - Summary and outlook




Motivation

* The visible matter of the Universe 1s mainly made of

baryons. HADRONS
0 @@
* Baryons play an important role in the evolution of the €»
Universe, such as baryogenesis and big-bang MESON BARYON

nucleosythesis.




Motivation

Light meson 7 /K ... Baryon A, proton...
I_ __________ 1
(1= xy— |
oy O - - >XF; . J +(1 = x17x2)F; :° CKM matrix I
. . I
N » P, Y . P, : e CP violation I
_ |
~0----%P, d @/--»x2P, : * New physics J,
.———-}leZ - - - - -=-=-=-===
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1) Baryon number violation
2) C and CP violation
3) Out of thermal equilibrium



Motivation

CP violation Ln Ba ryon

. -
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J l
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FER (EMNAF)
16:40-17:00 Observable CPV in charmed baryons decays with
SU(3) symmetry analysis FfEME (3 38 )i K %) o~ 200 [
2 r LHCb . — Combined fit ]
8:50-9:10 Recent results on baryons and charmed baryons E — S &m(K*K)>2.20evr§irgoI;§fe;f ]
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9:50-10:10 | CPV of A, decays in PQCD B (ZMA%) g " =
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5 50k ]
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m eVv/C
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T CHEIREAY)
Channel m(hTh'™) m(Aht) ACP -
""" | A0 5 AKTK- < 1.10GeV/c / 0.150 =+ 0.062 =+ 0.021 '
A 5 AKTK— > 220GeV/c? < 2.90GeV/c®  0.165 + 0.050 + 0.017 =

A) = AKTK~

> 2.20 GeV/c?

> 2.90 GeV/c?

0.011 £ 0.053 + 0.017
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Motivat

LCDA: hard exclusive processes

Complementary
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Positron

PDF: inclusive processes
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Motivation

» Light meson LCDASs have been extensively pursued: (1970s - now)

® Asymptotic LCDAs ® Global Fits
Chernyak, Zhitnitsky, 1977; Lepage, Brodsky, 1979; Stefanis, 2020; Cheng, Khodjamirian, Rusov, 2020;
Efremov, Radyushkin, 1980 Hua, Li, Lu, Wang, Xing, 2027

® Dyson-Schwinger Equation ® Lattice with current-current correlation
Chang, Cloet, Cobos-Martinez, Roberts, Schmidt, 2013; Bali, Braun, Glifle, Géckeler, Gruber, 2017, 2018;
Gao, Chang, Liu, Roberts, Schmidt, 20714,
Roberts, Richards, Chang, 20271 o Lattice with OPE

PY Sum rules Martinelli, Sachrajda, 1987; Braun, Bruns, et al-, 20716;

Chernyak, Zhitnitsky, 1982; Braun, Filyanov, 1989; RQCD collaboration, 2019, 2020

Ball, Braun, 1998; Khodjamirian, Mannel, Melcher, 2004;

Lu, Wang, Hao, 2006; Ball,, Lenz, 2007: ® Llattice with LaMET
Zhang, Chen, Ji, Jin, Lin, 2017; LP3 Collaboration, 2019;
® Inverse Method Zhang, Honkala, Lin, Chen, 2020; Lin, Chen, Fan, Zhang?, 2021I;
Li, 2022 LPC Collaboration, 20271, 2022

® Models

Arriola, Broniowski, 2002, 2006;
Zhong, Zhu, Fu, Wu, Huang, 2021; QuNu Collaboration, 2023, 2024

® Quantum Computing



Motivation

» Light Baryon LCDAs: (1980s - now)

® Asymptotic LCDAs
Chernyak, Zhitnitsky, 1983

® Sum rules
King, Sachrajda, 1987; Chernyak, Ogloblin, Zhitnitsky 1989;
Stefanis, Bergmann, 1993; Braun, Fries, Stein 2000;
Braun, Lenz, Wittmann 2006;

® Model parametrization

Bell, Feldmann, Wang, Matthew 2073

® Lattice with OPE  Lattice is powerful

QCDSF collaboration, 2008, 2009; e Moments is not enough
RQCD collaboration, 2076, 2079

e What's next -+ ?



Motivation

R 5

‘ |
LQCD is formulated as a Feynman path integral on a discrete 4D Euclidean grid. \ L‘ $; |

!

Numerical simulations based on a QCD Lagrangian with discrete from:

(*:L;t*_‘ 1

* Gluon fields on links LT T

£ = Pir"D, — m)p 4 GG =
4 * Quark fields on sites

I 6 )
O q
» lattice spacing a — UV regulator;

» box length L — IR regulator;
» Chiral extrapolation (M,, —» 135MeV);

> Numerical sampling with highly dimension n3X 1, X Ngjor X Ngpin

* Building blocks: ensembles of gauge configurations; quark propagators

e Hadron & interactions put in as external probes: N-point correlation function



Motivation

Large Momentum Effective Theory (LAMET)

Boosting P?
[ >

* Instead of taking P? — oo calcuation, one can perform an expansion for large but finite P?:

* For meson LCDA: Quasi-DA — _LCDA A2, M2
G(x, P%, 1) = f B |C (x, y,PZ,u)gq(y, w + 0((132)2) X.Ji PRLI10 262002 (2013)

Matching kernel High power correction



Motivation

Large Momentum Effective Theory (LAMET)
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Ruast Pistribution

» Definition of light cone baryon LCDA:

o deT des . _ _ y I g o
< Sl_ R X1 xZ)Pz /%;_;em1p+£1 ezmzp+§2 ¢k <O ‘W”’(oo,fl )wal(gl )Faﬁwﬂ’ (00,52 )1/)%,’ (62 ) 171),3),(00,0)‘ M(P)>
A
= ifm(p1-n)(p2 - n)dm (21, 22).
K m e = = = > P .
d g -_sx,P ’ » Twists for baryon LCDA: C.Han JHEP 07019 (2024)
z . . VL.C & I.LR.Z NPB 24652(1984)
L 0-7- +>X1 P, e Octet baryon (3 terms for leading twist): G.R.Farrar et.al. NPB 311585(1989)

(0]fa (21m) gg (22n) hy (231)| B (PB, A))
1

= 7/v (PBO)ag (Y5uB), VP (zin- Pp) +{P15C)ap (up)y AP (2in - P).

1 , 5
+ ZfT (ZUMVPBC)aﬂ (’7“’7’5UB)7 T8 (zin - Pp),

* Decuplet baryon (4 terms for leading twist):

(0| fa(z1m)gs(22n) hy (231) | B(PR,A))
1
= Z)\V [(VMC)a[}A#VB (zm-PB)-I-(7H75C)a3('75A“)7AB(zin-PB)}
Ly uAvY B, Ly uav_ Lo uav\ B,
v



Ruast Pistribution

» Corresponding quasi-DA on Euclidean lattice:

(1 - xl_xZ)PZ 0
~ D 1dz1 yy 2dZ2 —i A =
S ._- -> fr(p1,p2)® (21, 22) = / z27r z27r e l($1pz1zl+mzpzzz2)<0|O(zl, 2, F) | P
Xedmmm o - » P, O.(Z,t; 21, 22) = €W (00, + z1n, )l (Z + 217, t)
d ¢ ---x2F; x ToagW¥ (00, % + zm,, t)dg(.’_ﬁ + 29m.) x W (oo, 5)35(5, t)

ez‘jk Uz‘z’/Ujj/Ukk/ — det(U)ei’j'k'

det(U) =1




Lattice Setup

* Nonlocal 2pt related to baryon quasi DA:

Cy (zl,zz;t, ﬁ) = /d3me_iﬁi(0|07(§f,t; 21, 22) X 57,(0, 0;0,0)T'|0). ['=Cysyt/y?
T=(1+vy"/2

./

O (,t; 21, 20) = €*W (&, % + z1n,)ul(Z + z1n., t)

x TogW¥ (2,3 + zon,)d, (% + zom., 1) % s5(Z, 1) |
o p v @ ® @ CLOCD PRD.109.054507

@ Existed ensembles

. CLQCD Data generating
¢ Lattlce Setup. m, Parameter Tuning
EV\/S&Mb LeS: . To be generated in the future
o | o
AP
— 300 MeV - L‘_.! .
F32P30  323x96  0.077fm  290MeV  640MeV  777(*32) ® .
H48P32  483x144  0.055fm  300MeV  650MeV  except |
Momentum 2.01, 2.51, 3.02 GeV oo ey ‘




Ruast Pistribution

* Renormalized quasi-DA l])v(Zl, Zy, P Z) with fixed z; (Renormalized by ratio scheme)

. Re[® (21, 25, P? = 3.02 GeV)] g Im|[® (21, 22, P =302 GeV)]
. ; .
E I z1 =0a i ]: 21 =0a
1.5 1 : 21 =2a 1.5 1 E z1 =2a
1
d btz =4a 1 E ¥ 2 =4a
1.0 & 1.0 !
= 1 & T 1 T
1 1
I { s4 . FIITL L ==e 47a%2 Lis
051 ! ¥§_Imm: = mm 0571 1 ﬂ;%ﬁm :e II:IE].;¥
0.0 _-I-m_”-:-_Ei —————————— E-T" ————————— ST 0.0 H-#-F4-1 fia-“-“?_"“i —————————— -
| : - II & 1 mm__ : IIIIET{ !
—0.5 : m I @ | —0.5 1 :
! : T :
1 T 1
-1.0 } -1.0 !

—0(75 —0'.50 —0'.25 O.bO 0.'25 0"50 0.’75 -0.75 —-0.50 —0.25 0.00 0.25 0.50 0.75
Z9 [fm] z9 [fm]



Ruast Pistribution

* Renormalized quasi-DA l])v (21,25, P Z) with fixed z; (Renormalized by ratio scheme)

Re[®(z1, 23, P* = 3.02 GeV)] o0 Im[® (21, 20, P* = 3.02 GeV)]
-
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Ruast Pistribution

1.0 1
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log(error)
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L 05 * Z1—,Zy —

r—1.0

r—1.5

-2.0

-2.5
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* The Wilson line length(non-local separation) is
smaller with z1z2 in same direction than in opposite




Ruast Pistribution

[

¥4 I

A [

° ° |
° ° [
° ° |
°, areab5 | aread .° l

° |

° ® |

[ ] . . ] I

area 7* r“"‘“‘“““ * Jjarea 1 :
° ¢ z. Zeut I

2 ! > 21

° ° |

area8* | . |+ area2 |
° ° |

[ ( ] . I

° [

. areab*|aread* . !

(] [ I

. [ ] [ ] . I
[

[

* 1iso-spin symmetry for “u, d” quarks:

~ ~

P(21,22) = P(22,21)

* The constrain by real ¢(xy,x,):

flg(zl, 22) = §1~5*(—21, —22)

1=3=6"=8"
2=4"=5=7"
only area 1,2 are independent

O Thus for these areas:

O CB(Z1

—Z3)m = 0



Ruast Pistribution

area 7~ r‘“‘“‘“““ ° Jarea
:: Zc}ut Zout > Zl
area 8* | - ol area?
. area6*|aread* °.

* Perturbative 0 momentum quasi-DA:

A a,C
MP (21,22,0,0,/14) =1+ 27TF

1 2 pute®e 1
[élf‘( i )ts

C. Han et.al. JHEP12044(2023)

o

. z§u2e27’5 N lln a2 __-Zgiﬂ)uzzems
4 4 [ 4

1 poleat z; = z,

* Hybrid scheme need a match with the
perturbative quasi-DA

At least a < 0.06fm to apply hybrid scheme

l/)~(Zl, Z3, PZJ a)

l/)(Zl,Zz, Pz = 0, Cl)

* For simplification: Ratio scheme



Ruast Pistribution

e For meson LCDA :

— cx"(1-x)",n=0.18

1.001 %4 Al e Asymptotic in momentum space:
0.75} : T Al
: - $ Lattice data, Pz=2.15 GeV F(x) = de1(1 — x)dz

$  Polynomial fit 1

0.50¢ T el
Polynomial fit 2 . . .
o 4B Analytic FT then simplify
0.25¢ 1
e |
I
0.00 i : &2 a5
TR . . .
_0.25k . L ‘ ‘ * Extrapolation form in coordinate space
0 5 10 15 20

A=2zP,
(LPC)PRL129 132001(2022)

R _ | &4 —ix__ @2 —X/Xo
Hm(z,Pz)—[(M)a—l—e (—i/\)"}e ,



Ruast Pistribution

» Extrapolation & Fourier transformation(2D):

* Asymptotic in momentum space:

F(xy,x5,d,,dy) = Cxld 1x§ (1= x = xy)%
FT
~ 1 1 . z . z
(21, 22;dy,d2) :/ da;l/ dzy e 11 P" gmizezaP Ca:‘fla:gl(l — 1 —xz9)%
0 0

[computing source cost]

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I o Analytica FT and simplified as the fit form
: N [complicated form for baryon]
: Area2[z; > 0,2, > 0]:
L Yo [ L ) ] ) 2cos [%(d1ﬂ+d2ﬂ—211)] +Czcos [%(d1n+d27r+212)]
Ay = Apdhad (g = (=" (A — Ayt (A = )A(=A)%

: ' [- sin [%(dln +dym — 2/11)] sin [%(dlﬂ +dym + 2/12)] L
—il¢ -c

gl _ 1l _ 1h=Jpl

Ie 0 o 40

|
|
|
|
|
|
|
|
|
|
|
|
o Numerically FT as the fit from :
|
|
|
|
|
|
|
|
|
|
|

(= Ap)hiae 2 = A=Ay



Ruast Pistribution

2

L "o/ Zini |Zin
. s

Re[®(z; = 29)]

2.0

T
I cxtrapolated data §  data at P* =252 GeV
extrapolated data data at P* =3.02 GeV

157 I extrapolated data E data at P* =3.52 GeV

T T T T T T T T
00 25 50 75 100 125 150 175
A=zP*?

» Extrapolation & Fourier transformation(2D):

e Asymptotic in momentum space:
F(xy,x5,d,,dy) = fol 1x; (1= x = xy)%
FT

1 1
(21, 22;d1,d2) = / dwl/ dzy e 11 P" gmizezaP Cx‘lilxgl(l — 1y — x9) %2
0 0

[computing source cost]

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I o Analytica FT and simplified as the fit form

: N [complicated form for baryon]

: Area2[z; > 0,2, > 0]:

| ) [ ) ) ] cos [%(d1ﬂ+d2ﬂ—2ll)] cos [%(d1n+d27r+212)]

|
|
|
|
|
|
|
|
|
|
|
|
o Numerically FT as the fit from :
|
|
|
|
|
|
|
|
|
|
|

- — = + +c + ¢
P o T (= a2z = A)h(=A)"! (g — A" GRS
: sin B(dln +dym — 2/11)] sin [%(dlﬂ +dym + 2/12)]
—i -
I Ty = Ayt 2 h = (=D



2-D Effective Matching

* Renormalized quasi-DA in momentum space (X1, Xo, P?) (Renormalized by ratio scheme)

i $(x1, T2, 1, P?) at P* =3.02 GeV

: “' S— B z, =025
30 11T |+ T a 7 =05

2.5 - 0 z, =0.75

2.0 1

1.5 1

1.0

0.5

0.0

—0.5 1

_1-0 T T T T T T T
-0.50 —0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50
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2-D Effective Matching

» LaMET factorization for Baryon LCDA:

. ! I=y1 e 1 1 1
¢(x,x2)=l d}’1J dyaC(xy, X5, y1, y ?b()”}b)"'@( ) ) )
: S P 122004 (KPR (P92 [(1 = x) — xp)P]2
* Matching kernel: o=y
X2 = Y2 3= )3
¢ <x1’x2’ yl’yz’”) =90 (xl - yl) 0 (x2 B y2) Double plus function g
LaCe[(1, ( ) 7 -1 5 )
—C, (X, %, Y1 ¥) = ————— | 6 (%, —
o 4 2\ 2:Y1: Y2 8 |x1 —yl| 2702 §
1 7 -1 =

1

(36 () + 46 (non) =3
43 X15 %2, Y15 Y2 43 X25 X15 Y2, V1 4

|x, —y1 — %+ ¥,

)5(x1+x2—y1—y2)] ,

[8 (x17x27 )’1a)’2)] =8 (xl,xz, )’1,)’2) -6 (xl - )’1) 6 (x2 - J’2) [dzldzzg (ZI’Z27 )’10’2)

@

C.Han et.al. JHEP 12 044 (2023), JHEP 07 019 (2024)



2-D Effective Matching

» LaMET factorization for Baryon LCDA:

B 1 1-y, 1 1
P(x;, X)) = L dy, L dy,C(xy, X3, Y1, Y )P (v1, 2) + @( P2 (P2 [(1 =3y — xz)Pz]Z)

e Inverse matching:

C(x1,%x2,¥1,Y2) — 4 Dimensional tensor = Reduce to 2D matrix — inverse

e Iterative matching:

~ o C 1 l_yl
¢(-'171, :132) = (]5(331, :122) + il / dyl / dy2c(1)(w1’ T2, Y1, y2)¢(y1a y2) + o(ai)
0 0
l The difference between ¢ (x4, x,) and ¢ (x4, x,) introduces error only at higher order
OZSCF

¢(z1, z2) = P(T1,22) — / dyl/ dyscM (21, T2, Y1, y2) B (Y1, ¥2) + 0(0‘3)



Numerieal results
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Summary and outlook

» We made the first attempt to implement the numerical computation of baryon LCDA in the

LaMET framework.

» The 3-particle distribution cased 3D structure complexity in several parts:
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l*  Hybrid renormalization (Match with Perturbative Quasi) :
le  Extrapolation and Fourier transformation :

* Matching implementation l

O Calculation with smaller lattice spacing (at least < 0.6 fm)

O

Calculation for all leading twist structure Proton and Lambda LCDA
O High twist ...

Thanks For Your Attention |



