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Meson light-cone distribution amplitudes

Meson light-cone distribution amplitudes (LCDAs) play

an important role in hadron hard exclusive reactions P
>
® 1 — yy ™ Transition Factor \
® Deeply Virtual Meson Production = E
® Heavy Meson Decay P /
® Exclusive Photoproduction <
o .. (1 . :U)P

i fr (2, 1) = / df—; e {0[pa(67) Y s WIET,0) % ()| (P))

Light meson LCDAs are also the simplest quantities among parton distributions.

Therefore, LCDAs provide a good laboratory to test the capability of lattice
QCD in studying parton physics.
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Extract LCDAs on lattice

LaMET(non-local operator):
Calculate the quasi-DA on the lattice and match it to the LCDA through LaMET

factorization.

(Qi(2) Y5 W2, 0) :(0)|M (P)) =225 (Qlabi(€7) v s W(E™,0) 13(0)| M (P))

Moments:

OPE(local operator): (O1Pir¥(u1 V5 Dpaz -+ Dy $il M (P))
- (_i)nfﬁ<€n>p(#1p(#2"'p,uN)
Calculate moments on lattice and reconstruct the LCDA.

(€ = / (22 — 1)"(e)dz

—r

i(€7) 7T WI(ET,0)4(0) — % > @i(o)’Y(m%Buz---DuN)%(O)n“lnm---n'u'N (&7)"
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Previous results of LCDA
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LaMET: OPE(form RQCD):

Phys.Rev.Lett. 129 (2022) 13, 132001, Jun Hua et al. J. High Energ. Phys. 2019, 65 (2019) Bali, G.S. et al.
Phys.Rev.Lett. 127 (2021) 6, 062002, Jun Hua et al.

o = 0.258(70)(52) a?) = 0.116" 5
oSt = 0.108(14)(15) ' = 0.0525"3]

(14)(15
a'? = 0.170(14)(44) a'?) =0.106712

Tension of the DA moments in the literatures.
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Previous results of LCDA

In order to make a better comparison, we calculate on MILC ensembles using
OPE method.:

OPE results form RQCD (on CLS ensembles)

My, + mgq + ms = phys. m, = phys. My, = My = M,
0.328% " S | | ' - - ~ ' [ ' - ‘ .
L ai [ (€2,
300F i
i( | [ ()
5| ,
&z% 1 <5 >n8
0.250 _l_ ‘
: i |
0.225F __1 _____ J_I‘__H ______ P
02001
0.05 0.10 0.15 0.05 0.10 0.15 0.05 0.10 0.15
2 2 2 2 9 2
m; [GeV7] m; [GeV?] m; [GeV7]

J. High Energ. Phys. 2019, 65 (2019) Bali, G.S. et al.

&% on physical point much larger than others
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Moments form local operator

Lattice Formulation:

_ “ “ .
<0|7’b737(M175D.u2"'DMN)w”M(P))
- (_i)nfw<£n>p(#1p(,u2---p,uN)

(&) = ] (22 — 1)"$(z)dz

P = 11_)1’)/51/)2,
Au = 101%75??27

AL = “@1’7@"/5[30 = Eﬂm

Ai:vn — 77;17(1175[3va + 231/59) + 5:/5;0)]102-

First moments of kaon on al2m130

0.00¢
—0.01§ [

—o.ozé I [
—0.03% i+}li¥||]l
~0.04f
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—0.06?1 §—§R1'.
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> First moments:

e _ i - lCAL-P(p’ )
ba 3 “~ pi C4,p(P t)

> Second moments:

_ AE Ca;,p(P:1)
Lo 3E24 p2 Cy p(p.1)

3 3
. _1 ) CAjU.P(P, r) RE l p; CA]i23P(p, 1)
B 3L pip; Cuppt)” P2 3 & pipypy Cy p(p. 1)

Co,0,P.1) = Z e'PX(O)(x,1)9,(0,0))

X
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Moments form local operator

Lattice Set up:
MILC 2+1+1 (HISQ)
Ensembles | a (fm) I°PxT my my | my®  m3* | Neont X Nisre X Nmultisre
[a04m310 || 0.0425(5) 64° x 192 | 300 636 | 315 693 187 x 4 x 2
Four lattice |206m310 || 0.0574(5) 483 x 144 | 322 656 | 329 725 83 x 4 x 4
spacing 162 718 176 X 4 x 2
a09m310 || 0.0882(7) 323 x96 | 313 647 | 316 697 129 X 6 x 2
152 690 129 x 12 x 2
al2m310 || 0.1213(9) 243 x64 | 310 612 | 305 676 200 X 2 X 2
190 659 200 X 8 X 2
Finite volumel 212m220S| | 0.1213(9) 243 x 64 | 222 220 675 86 x 8 x 2
‘alQmQQQ \ 0.1213(9) 323 x64 | 225 220 675 85 X 8 x 2
Physical pion [al2mi30 || 0.1213(9) 483 x64 | 131 679 | 132 675 165 x 32 x 2
mass

1-step HYP-smeared clover fermion for the valence quark
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Moments form local operator

Extrapolation form for moments:

» First moments:
() p (M a,) = (51 +|5 ) |1 — ey, )0mY + i) omee] /smPhyS,

g @ 1/2, M@

> Second moments:
(€as (m22,0) = (€20[1{ 8%, 0]}

Continuous extrapolation Partially quench

Z [c.f,?) m + Ny CEL) 6m§],

X —=v.seca

6(61/2/3, a, 1/L) = cldSAxa + CQA?(CF
as = —2lnug Ay =1GeV
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Moments form local operator

2 v,sea _/e2 1+ (2) (2).X 5 X
Moments from MILC ensembles: ¢/ (7w @) = {€70l1 +0(¢ 57,0 +X§ea Tmi gl omy ],
-~ Ez
(2) (1) ag) e e N }  This work
RBC/UKQCD [22]]0. 25( )(6) 0056( )(2) 0.18(3)(6) \ I RQCD
RQCD [24] 0.11611%  0.0525%3L 0.106115 0.30 :'
This work 0.187(15) 0.0481(23) 0.158(14) 0282_‘\ p
e e @ e 280 .i..T
RBC/UKQCD [22]|0. 20( 3)(6) 0.037(1)(2) 0.15(6)(6) 0.15(6)(3) 0.26f : ‘ 1 Fg
RQCD [25] 0.132(27) L 1 i
This work 0.102(18) 0.0609(15) 0.085(17) 0.069(17) 024f | [ }
_@T T )T ey o | }
" K K ¢ 0.22F |
RQCD [25] 0.101(22) 2
This work 0.133(20) 0.0301(16) 0.087(19) 0.041(19) .

0.4960"—0.02 004 [ 006 008 010 012 014
m? (GeV?)
* Higher precision compared with RQCD.

* Consistent with RQCD within 20 (except for a,zt/K) '
More accurate pion mass dependence
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Moments benchmark for Quasi-DA

asi d —1x P,z 1
Quasi-DA:  i/uf ™ (e, m) = | 5= e P (01(2) 735 W(z,0) 45 (0)| M (P))

@ P, — oo and perturbative matching

] _ A&~ .o pte— 7 . _
LA ifuom(op) = [ G e ORAET) 795 WIE.0) (O M(P)
' t
N y »
> LA
//// /z/j zZ
‘ \ |
PDF: N\ |
light-cone Quasi-PDF :
separation; — @ K Qﬁ Equal-ﬂme
Cannot be calculated correlation;
on the lattice _~Lorentzboost Directly calculable on
the lattice 10/20




€ = [ o -0 oulep), §=20-1

Moments benchmark for Quasi-DA [t oo

TES pUED dn g 2
:f f dad\(—2i)" — (e2 2=~ DX 2 T(A, 1)
o S dA"
oo pEee i (2 —1)A a" 2
= drd(2i) e 2* VA (i3 T(\
[ [ waire ST )

+00 m
-y [ N3 0 (T )

Light-cone correlation (LCDA in coordinate space):
ifm Py Z(\ 1) = (Q1(0) 14750 (0,67 )2 (€)M (P)), A=¢ Py

an A s
= (2i)" = (e 3T\ 0))azo

1 n
€)= [ - 1ot (€0 = ()" S (3T ) aco

Integral in momentum space <:> Derivative in coordinate space
» Renormalization: » Renormalization:

Different renormalization schemes can lead to Moments only depend on the short-distance

different long-distance behavior. behavior.
» Matching : » Matching :

Large power corrections near x=0 and x=1 Power corrections is small in short-distance
> A Extrapolation and Fourier transformation : » A Extrapolation and FT:

The shape cthe model used in A Extrapolation an Without A Extrapolation and FT

depend on

We can check the moments on coordinate space! 190



Moments benchmark with non-local operator

Extract Light-Cone correlation on lattice:

Quasi correlation from 2pt

Cg(t,Z,Pz)
unasi(zapz:t) — OQ(t,O,Pz) unaSi(Z? PZJt) H—OO> H(ZJPZ)

¢

Self renormalization

unasi(za Pza t)
Zself(z)Hm(Z)

¢

Matching in coordinate space

RE (z, P,,t) =

quasi

R
unasi

A
(A, P.,t) = / d\' C(\ N, Py, ) Riight-cone(N's Pz, t)  where A = 2P,
0

A
ileig;ht-cone()\a Pz: t) - / d\' 0_1 (/\7 A,a PZa M)Rc?uasi(/\la PZ? t) 12/20
0



Moments benchmark with non-local operator

Gamma structure: (dynamical enhance considered )
> e Wi(x + 2, ) Tae W + 2, @) (2, £)2(0, 0) Tt (0, 0))

. X .
D : previous choices

IMspk sye I'snk I'sre

Pseudo Saclar | v;ys[275 174755 Vo555 | ey | Y15 | VeV5, V2750

Vector L M’Yz Yt |E:2 | ZZ’)/t Yz Yty Yz
Vector T y’)/t Oyzy "}’y"}/tm Oyzy Yyt Oyzy Yyt

* 6 choices for each case to find the better choices
* Take the self renormalization from Wilson lines (to avoid zero-momentum matrix

elements in some cases)
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Moments benchmark with non-local operator

Excited contamination and Pz dependence

of DA on coordinate space:

» The imaginary part show a
excited state contamination

» Different gamma matrix can

have very different Pz
dependence

ai(t)

ai(t)

Z e (i (x4 2,t) Tgne W(x + 2, ) Y (, t)20(0,0)Tgret0 (0, 0))

src:gbgt sink:g5gt

src:g5gt sink:g5gz

0.15f ? P,=0.43 Gev N § P,=0.43GeV
- P,=0.85 GeV - P,=0.85 GeV
[ I P,=128Gev [ I P,=128GeV
0.10f $ P,=171Gev - $ P,=1.71Gev
[ ; I ; i P.=213Gev X § P,=2.13Ge\
i . (I ’
L st 4
S-SR S-S O T 1|5 e & @
000 * ¥ 7 7 : g 2 7 L . i ‘
-0.05 -
_010 PR (T T N T (NN RN TN TN NN RN NN TN NN TR S SN | 1 1 1 PO [ TR S N [ TR T M AT T SR M | |“
t[fm] t[fm]
src:g5gz sink:g5gt src:g5gz sink:g5gz
0.15 - § P,=0.43GeVv - § P,=0.43GeV
- P,=0.85 GeV - P,=0.85 GeV
[ I P,=128Gev [ I P,=128GeV
0.10 N $ P,=171Gev - $ P,=171GeV
L ¥ pP,=2 3Gejmr - ¥ P,=2.13GeV
[ T [
0.05F R T S . .
[ P o= =« 3 & ﬁ 11 1=t i
R U W S L ©'f s & & & {4
0.00F HoOF F & 5 & & 5 1 |
-0.05F "N F
[ 2
_018- a1 [ | a1l 1 | I 1 E g a1 . PERE [N TN TN R NN TN TN M NN TR NN TN NN TR SN R |
.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 14/20.0 1.2

t[fm]




Moments benchmark with non-local operator

benchmark with a, by the curvature of real part of non-local quasi-DA in
a— 0,P, - o limit (kaon) coordiante space
R<§2)M (t, Pz) = —8Re (e%Rlightcon 2] t) - R]ight—cone(oa Pm t)) /)\2
7
Raz (ta Pz) - E(5R(52>M (t, Z) - 1)

Source: I'y A =0
Sink: I, However discreate effects 1

at small z(A)

Second Moments:

Extracted a, at fixed t =~ m, P, — oo, with different z(A) t dependence of a, using A = 2

1.5 5
' twist-2 operato F1=VYz¥s, [2=YsY: I twist-2 operator F1=Yz¥s, [2=YsVe
M1=ysYe, L2=ysye & N=ys, T=ysye of © Ti=vsye M2=ysye b Mi=ys, M=ysy:
1. { [
S

0.5p

" .
& Iacgl
@

i gl
= o

e
o
Hel
=
BARRRSE
oot
et
ot o

0o | S ; co°*®eoaag b
Take).zz oF ‘__' ‘(_lu_(_‘nﬁﬁ;:r;"!: !
—-0.5F F -
5F o
-1.0 1 1 1 f L ' L . l P l P l e .
5 3 5 L ) = 80 0.2 0. 0.5 0.8 1.0 1.2 o

A=2zP,



Moments benchmark with non-local operator

o benchmark with a, by the slope of imaginary part of non-local quasi-DA in
a— 0,P, > oo limit(kaon) coordiante space

First Moments: R(f)M (ta Pz) =2Im (6% Rlight-cone()\: Pm t) - Rlight-cone(ﬂa Pza t)) /)\
5)
Ru,(t,P) = 2 Rigy (1, P2)

Source: I'
Sink: I; t dependence of a; using 1 = 2

015 RP: 1 (t) P~ (a2 extrap.)
[ B twist-2 operator M=YzV¥s, 2=VsV:
L b Mi=ysyn Ma=ysy: b Ti=ys, N=ysy:

0.10F | I’y = ys suffer a large excited state
i contamination.

0.05}

I’y = y:Ys orysy, are better

0.00F © )
- choices.

—0.05F

00 02 04 06 08 10 12
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Moments benchmark with non-local operator

Extract LCDA on lattice:
bare correlation R ..i(z, P.,t) =

&

self renormalization with Wilson line HT(z, P,) =

@ Zself(Z)H_S(Z)

A
coordinate space matching HR()\,PZ)=/ dN C(\ N, P, p)h(N, P,)

U |
extrapolation (a, P,) in coordinate space |:> benchmark with OPE moments

¢

large lambda extrapolation h(\) ~ (N - e_i’\(_i—)\)b A — 00.

¢

FT to final results
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Moments benchmark with non-local operator

Final numerical results of pion DA in momentum space

Pion
1.4p :
F— new previous Previous:
12 a; el — 0.258(70)(52)
1of ay R = 0.116+13
A0.8:- New: o
30.6: a;iTMET,derwatlve -0 174(62)
0.4:- a;aﬂMET,intgral — 0. 186(46)
F a?F = 0.187(15)
0.0F - ~ -
ey I R N Y S o H IR W R Consistent
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Moments form non-local operator

Final numerical results of kaon DA in momentum space

Kaon

1.4

- —— new previous

1.2F
1o
0.85—
-e.O.GE-

0.2

0.0~

_-O.i 1 IOIOI 1 I0.2I 1 I0.4I I0.6I 1

I0.8I 1

I1.OI 1

17

Previous:
alz,a;?dET,intgral —0. 170(14) (44) aiaI?/IET,intgral —-0. 108(14)(15)
ayr " = 0.106113 aOPERAD) _ ¢ 05253

New:

a;z;rMET ,derviative —0. 158(38) Lali\./[ET jintegral — 0 037(10)

aLaMET,integral —0 126(11) aiall(\’[ET,,integral —0 034(26)

2K
OPE _

a?y = 0.158(14) a?i =0.0477(23)

Consistent
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Summary

:The results of OPE and LaMET are consisent(within 20)
X: The results of OPE and LaMET are not consisent

« We calculate the Pseudo scalar and Vector meson 15t and 2nd a(2) a(l) a(2)
moments with MILC ensembles U K K
* With the benchmark of lower moments, we systemically control af) a%l aﬁ?l CLE;)
the excited contamination and Pz dependence of Quasi-DA in %
coordinate space 2T T 2T 2T
*  With dynamic enhanced operator, NNLO matching kernel, we X X X

update most precise light meson LCDAs

* Some tensions still exist in vector mesons due to possible
heavier masses of K*, ¢

O LRR & RGR may be tested, new extrapolation will be adopted in

next step o)t
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