Pion and Kaon Distribution
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§ Brief LaMET Introduction with PDF Examples
§ Pion and Kaon PDFs and Pion GPD
H. Lin et al., 2003.14128; J. Chen, HL, J. Zhang, 1904.12376

§ Pion and Kaon Distribution Amplitudes
R. Zhang et al.(MSULat), 2005.13955

Thanks to MILC collaboration for sharing 2+1+1 HISQ lattices

" Mgy
LA I

’ ‘\ MICHIGAN STATE Huey-Wen Lin — Pion and Kaon Workshop @ CFNS
UNIVERSITY



PDFs on the Lattice

§ Traditional lattice calculations rely on
operator product expansion, only provide moments

_e:,Jr ;e_, most well known

(x"1 J dx x™" 1q(x)
spin—averaged/unpolarized

- O (" pg = f_lldx x"HAq (x)

spin-dependent
longitudinally polarized

1
— (x"‘l)(sq =J dx x™ 16q(x)
~1

spin-dependent very poorly known
transversely polarized

§ True distribution can only be recovered with all moments
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PDFs on the Lattice

§ Limited to the lowest few moments

& For higher moments, all ops mix with lower-dimension ops
& No practical proposal yet to overcome this problem

§ Relative error grows in higher moments

& Calculation would be costly
& Cannot separate valence contrib. from sea
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PDFs on the Lattice

§ New Strategy; Xiangdong Ji, PRL 111, 039103 (2013);
§ Adopt lightcone description for PDFs

§ Calculate finite-boost quark distribution

& In P, — oo limit, parton distribution recovered
& For finite P, corrections are applied
through effective theory

§ Feasible with today’s resources!
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LaMET Recipe

: X. Ji, PRL. 111,
Large-Momentum Effectlve Theory for PDFs 562002 (2013)
1) Calculate meson matrix elements on the lattice

r! r ’ (z dependence)
N
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Thanks to MILC collaboration for sharing their 2+1+1 HISQ lattices

See the talk by David Richard (Wednesday) for a nice overview of
other lattice x-dependent methods
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LaMET Recipe

- X. Ji, PRL. 111,
Large-Momentum Effective Theory for PDFs J..- . 013)
1) Calculate meson matrix elements on the lattice

(z dependence) _

t;
4‘ tsep ﬁ |
o

Thanks to MILC collaboration for sharing their 2+1+1 HISQ lattices
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LaMET Recipe

: X. Ji, PRL. 111,
Large-Momentum Effectlve Theory (LaIVI.ET) 562002 (2013)
1) Calculate meson matrix elements on the lattice

(z dependence)

Systematics: excited-state contamination /i
Kaon matrix element at M,, ~ 220 MeV, a =~ 0.12 fm 610
Q\q—/“@
P, = 1.3 GeV, z = 4, real (plot by Zhouyou Fan) — n -
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LaMET Recipe

Large-Momentum Effective Theory (LaMET) 7.0, 015)
1) Calculate meson matrix elements on the lattice
(z dependence)

Systematics: stability in extracting matrix elements

Kaon matrix element at M,; = 220 MeV, a = 0.12 fm
P, = 1.3 GeV

10fse O two-sim(35=2; £5i=2) |
i 0.8; R A two-sim(t3hn="1; tain=1)
506 2% O two-sm(@h=1; BH=2)
%J 0.4; 2,0 O two-sim(t5f=1; fan=3)
=
2 0.2; a0u

0.0¢ P
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Zhouyou Fan .
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LaMET Recipe

- X. Ji, PRL. 111,
Large-Momentum Effectlve Theory for PDFs 562002 (2013)
1) Calculate meson matrix elements on the lattice

] (z dependence) .

A

L t tr
' sep___ ,
:
Thanks to MILC collaboration for sharing their 2+1+1 HISQ lattices

§ Systematic uncertainty (nonzero g, finite L, etc?
& Excited-state removal; nonperturbative renorm.
& Extrapolation to the continuum limit

(m_— mPws [, -0, a—0)
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LaMET Recipe

: X. Ji, PRL. 111,
Large-Momentum Effectlve Theory (LaIVI.ET 562002 (2013)
1) Calculate meson matrix elements on the lattice

(z dependence)
2) Compute quasi-distribution via
qg(x,u, Py) = J Z—ie—i?kz <P Y(z) T exp [—ig jo Zdz’?z(z’)]l/)(O)‘P>

lattice z coordinate
x=Kk;/F, product of lattice gauge links

hadron momentum B, = {P;, 0,0, P, }
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LaMET Recipe

Large-Momentum Effective Theory (LaMET) ;.00 % Ul

1) Calculate meson matrix elements on the lattice
(z dependence)

2) Compute quasi-distribution via

_ _(dz _,, ] _ iy ‘o ,

q(x, u, Py) —Jge f <P ‘w(Z)FeXp[ lgjo dz' A,(z )]¢(0)‘p>
3) Recover true distribution (take P, —» oo limit)

Wbz ) = f 512 (5 8) a0 + o (M /P2) + (Mdeo/ P2

X. Xiong et al., 1310.7471; J.-W. Chen et al, 1603.06664
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LaMET Recipe

X. Ji, PRL. 111,

Large-Momentum Effective Theory (LaMET) 7.0, 2013)

1) Calculate meson matrix elements on the lattice
(z dependence)

2) Compute| i

P;=2.6 GeV

~——=~- quasi PDF | (Z')] l/)(())‘ P>

matched PDF

7’ 2 2
It (AQCD/PZ )
0 e —————

:_ W ; hen et al, 1603.06664

04  -02 0.0 0.2 0.4 0.6 0.8 1

G(x, u, P,)

3) Recover ti
Q(X, KU, Pz) i

§ Matching is a crucial step in recovering the true lightcone
distribution
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New Results on Meson Structure

PR

Rui Zhang Zhouyou Fan Jiunn-Wei Chen Jian-Hui Zhang
(MSU) (MSU) (NTU) (BNU)

+ HWL

H. Lin et al., 2003.14128
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Pion Valence-Quark PDF

§ Status as of Summer 2019 slide by Nikhil Karthik @ Lattice 2019
Current status of pion PDF from lattice

4 T.Izubuch!' et al, 1995.06349 .

; , 4 J.W.Chen et al (LP3), 1804.01483
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§ Single-ensemble calculation

& Non-physical pion mass, single lattice spacing, single volume
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Pion Valence-Quark PDF

§ Results from JLab-W&M/LCS method

& M,

= 278,358,413 MeV with a = 0.094,0.127 fm

& Extrapolated to physical limit (shown as blue band)
@ Renormalized Zy, in RI/MOM, matched to M_S, run to 27 GeV?

R. 5. Sufian, et al, 2001.04960 .\ _ x*(1-x)P(1 +yx)
T Bla+1,8+1)+yB(a+2,6+1)
[ #&== Physical oy (w) from simultaneous fit 0.5
o1 : § E615
® EG615 (ASV-rescaled)
g=== LCSs: Fit 1
. 0.4 - #== LCSs: Fit 2
0.06 § E % %
004??%?5:2 EO'S_
SRS =
T £=5 " B = 1-24‘(22)stat(7)sys
0.0 11 c=¢ L
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0.0 B = 2-12(56)stat(14)sys
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Pion Valence-Quark PDF

§ Results from MSULat/quasi-PDF method
& M, =220,310,790 MeV with a = 0.06,0.12 fm
& Extrapolated to physical limit (shown as pink/green band)

& Renormalized in RI/MOM, matched to MS, run to 27 GeV?
H. Lin et al. (MSULat), 2003.14128
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J. Lan, et al, PRL122, 172001 (2019),
1901.11430;

PRDI101, 034024 (2020), 1907.01509.

R. S. Sufian, et al, 2001.04960

Huey-Wen Lin — Pion and Kaon Workshop @ CFNS

J. S. Conway et al., PRD39, 92 (1989).
M. Aicher et al, PRL105, 252003 (2010), 1009.2481.
C. Chen et al, PRD93, 074021 (2016), 1602.01502.
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Pion Gluon PDF

§ Pioneering first glimpse into pion gluon PDF using LaMET

& Promising results using coordinate-space comparison,
but signal does not go farin z

Fan. et al, Phys. Rev. Lett. 121,

242001 (2018)
&> Lattice calculation #1:

overlap/2+1DWEF, 0.16fm, 340-
MeV sea pion mass
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& Lattice calculation #2:

clover/2+1+1 HISQ, 0.15fm, 310-
MeV sea pion mass with increased
momenta (normalized by (x),)

1
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o= ey .
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o | ! {
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(plot by Zhouyou Fan)
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‘First Lattice GPDs

§ Pioneering first glimpse into pion GPD using LaMET
& Lattice details: clover/HISQ, 0.12fm, 310-MeV pion mass

P, ~ 1.3,1.6 GeV

J. Chen, HL, J. Zhang, 1904.12376
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First Kaon PDFs

§ The first study of x-dependent kaon PDF on the lattice
& M, € {220,310,690 (1)} MeV

& a = 0.06,0.12 fm

& MMIN ] =55

@ tsep = 0.72-1.08 fm
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First Kaon PDFs

§ We renormalized in RI/MOM scheme
@"‘UR —_ 24‘ GeV
Systematics: Continuum extrapolation a—0
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§ Mild dependence on the lattice

R

spacing and pion masses
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First Kaon PDFs

§ We renormalized in RI/MOM scheme
P ‘LLR — 24‘ GeV
& Extrapolate to physical limit (shown as pink band)

1.0H& "' M=220MeV " " 10B—_ . T T T g Mym220 MeV
v My=310 MeV | : v My=310 MeV
0.8f o Mn=690 MeV 0.8r o My=690 MeV
o — M,»135MeV | _. | — M;—135MeV |
T 0.6} 1 Toel 1
x I 1 % I
S 1= I
& 0.4 . 1 @ 04
0.2l g S
T “ @ ] I = S
OO__l . \__ 00 -----
0 1 2 3 4 5 6 0 1 2 3 4 5 6

§ Combine with matching to yield

p— (plot by Rui Zhang)
MS results g :
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First Kaon PDFs

§ LaMET steps 2 & 3: Extracting the lightcone distribution

from the physical-limit lattice matrix elements
H. Lin et al. (MSULat), 2003.14128

Kaon-to-pion ratio for up-quark PDF Kaon strange-quark PDF
L e e e L L e S
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1.0_ ] I
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v 2020)
BLFQ-NJL19: J. Lan, et al, PRL122, 172001 (2019); (, _
Phys. Rev. D101, 034024 (2020) XC[()21)7].8,)1\. Watanabe et al, PRD97, 074015

DSE’11: T. Nguyen et al., PRC83, 062201 (2011),
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New Results on Meson DA

Z + HWL

Rui Zhang Carson Honkala Jiunn-Wei Chen
(MSU) (MSU) (NTU)

R. Zhang et al.(MSULat), 2005.13955
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Pion and Kaon DA

§ The first continuum-limit study of x-dependent meson DA

on the lattice & M, € {310,690 (1,)} MeV
& a € {0.06,0.09,0.12} fm
f MPIN [ =45

COA(z, P, t) = <0 ‘ f d3y e PV, (3, )y, ysUG, Y + 2 D, (5 + 2 2, t)lﬁz(o,O)yswl(o,O)‘ 0

>

<€

i
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Pion and Kaon DA

§ The first continuum-limit study of x-dependent meson DA

on the lattice
Systematics: stability in extracting matrix elements
& a = 0.06 fm, 310-MeV ensemble example
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Pion and Kaon DA

§ The first continuum-limit study of x-dependent meson DA
on the lattice
Systematics: Continuum extrapolation a—0

Pion Kaon Eta-s
1.00 A além310 4 1.0H& A a06m310 & além310
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= S VL
T 00 T 00 s
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R. Zhang et al., 2005.13955
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Pion and Kaon DA

§ The first continuum-limit study of x-dependent meson DA

on the lattice

Systematics: Continuum extrapolation m_— mphvs

e

Pion

Kaon
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Pion and Kaon DA

§ Extract the DA distribution from the physical-continuum

matrix elements R. Zhang et al. (MSULat), 2005.13955
R 2
B, P,
h(z,uR,pz,P) J dx et(1- x)zpzf dyC| x,y, <# ) —=, =% | fmn(y)
) pR ) "uR’ px
fn(x) = x™(1—x)"

Bm+1,n+1) B(m+1,n+1)=f0dxxm(1—x)”

& 1t method: fit to the functional form

"""""""""""""""""""" (o 05 ™ L L L B
s F — ME data i
Pion 0.0
H — Zpax=0.72fm i
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= 05 — Zmax=1.2fm = a4l
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cE — Znax=1.44fm e i
= s 06+
D E L
1'd - L
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-0.8f 2c=0.96fm
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-1.2
............................
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Pion and Kaon DA

§ E Machine Learning - A Promising Solution? |

Y 955
Machine learning models are effective in extracting complicated

h(z dependence of the output data on input data.

Hidden
Layer 2

Hidden
Input ‘
Layer ’
> = ’A\
./ //IV
N \\‘.(l//jﬂ\\ .
pi =<, 75 ARA & N ). > !
1003 = 7 "/ \\.‘»‘.‘1 'l’/ “\“"/ il
o “A”‘ ‘o‘\o' (" §\‘0, ,
- N ORI S )- . ¢(x)
= AN
. N XX\ KA 9‘\\“/ T2
§ = SOOI 7). >
= b S/ATA N 7
g 2 s \“/".“}\\w/,
o A‘\\\ Output
BE g ww LN
[N,4] 451 f - ‘ [7,13'] ;
Slide by Rui Zhang 57 1. i
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Pion and Kaon DA

Machine Learning - preliminary attempts

Slide by Rui Zhang

Training: 10,000 Pseudo-data from functional form

x?(1 — x)?/Bla+ 1, b+ 1] with a, b > 0. With random relative noise
added.

Extrapolation test: Generate h(z) from f(x) = Nsin?(7x) with
a=0.5,1,2. Add 1000 random noise o(z) = 0.1e%1?h(z) to h(z).

Estimate mean and error of the prediction on 1000 samples.
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Pion and Kaon DA

§ Extract the DA distribution from the physical-continuum
matrix elements R. Zhang et al. (MSULat), 2005.13955

R\ 2

2 P, P,
h(z, u®, ,P j dxj dy C| x, ,< >, )
( Pz ) Y ypz uR’ pk

& 2" method: use machine learning to determine f

fm n(y)ei(l—x)zPZ

Pion 10]

0.5r

Re[h(zP;)]

0.0

-0.5L
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Pion and Kaon DA

§ Extract the DA distribution from the physical-continuum

matrix elements

R. Zhang et al. (MSULat), 2005.13955

R\ p p
R H Z Z i(1-x)zP
h(z,,u ,pz,P) j dxj dy C xy,< ) TR fm,n(y)e( )ZPZ
Pz u" pz

Pion Kaon
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/ fit i | y @ fit %
| | ool
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Pion and Kaon DA

§ Extract the DA distribution from the physical-continuum

matrix elements R. Zhang et al. (MSULat), 2005.13955
0o 1 R\ 2 P. P
R R — K Zz _Z i(1—x)zP
h(z, u »pz»Pz)_j dx | dyC x,y,< R) 5 & | fmn ()t TH2Fz
—00 0 pz U pz
[ T T '. T T T T T T T T T T T T T N T T T ] [ T T —f T T T T T T "_-I_“; T T
. Pion .. | | Kaon
1.5} 1 15} .
.:;-:"::-.- — — ::-"":::::& L
1.0} 1 1.0} N
B 2— DSE'13 e, _ VS A— DSE'14-1 AN
R o 2 — Belle'12 e TR T R/ — DSE'14-2 \ i)
I A - LFCQM'15 A Y A— LFCQM'15 i
i/ --- RQCD'19 B 7/ ~-- RQCD'19 3
L1/ ——MSULAT'20 N Ny —— MSULAT'20 i
oot . Aigp :
0.0 0.2 0.4 0.6 0.8 10 00 0.2 0.4 06 08 1.0

DES’13: L. Chang et al., Phys).( Rev. Lett. 110, 132001 (2013); C. SIJ'ﬁ et al., Phys. Lett. B73X8, 512 (2014)
Belle’12: S. Agaev et al., Phys. Rev. D86, 077504 (2012);

LFCQM’15:). P. B. C. de Melo et al., AIP Conf. Proc. 1735, 080012 (2016);

RQCD’19: G. S. Bali et al.,) HEP 08, 065 (2019); DSE’14:
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Summary & Outlook

Exciting time for studying meson structure on the lattice

§ Overcoming longstanding obstacle to full x-distribution
& Most importantly, this can be done with today’s computer

§ Progress made in pion and kaon structure
& First look at kaon PDF and pion GPD
& Continuum-limit pion and kaon DAs

§ Future improvement

& Lighter (or physical) pion-mass and larger momentum

& Explore more ways to reduce the parameter-dependence of
distribution functions

Thanks to MILC collaboratloﬁ for sng lattices nd NSF CAREER Award under grant PHY 1653405
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Jirst Lattice Strange PD’F
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§ Large uncertainties in global PDFs

ot (7 =10 & Assumptions imposed due
E CJ15 (T =1) « .
— MMHTI4 to lack of precision data
— HERAPDF1.5 _ . —
— NNPDF3.0 S =S = K(u 4 d)
CTEQ-JLAB

https://www.jlab.org/theory/cj/

§ Results by MSULat/quasi-PDF method
& Prehmlnary calculatlon Clover on 2+1+1 HISQ M. = 310 MeV

0.15/

A P,=0.44GeV

v Pz=1.31GeV
0 P,=1.75GeV
* P;=2.18GeV

-------- P;=2.18G VCT18

. 0.15- A P,=044GeV T P,=2.18Ge VCT18

o P,=087GeV """ Pz=2.18CeV NNPDF3. 1I)1"Ellrrllrlar},EI p.-087GeV ~=" P,=2.18GeV NNPDF3

010L v P,=131GevV
o P,=1.75GeV

* P,=2.18GeV
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Systematics Study

§ First finite-volume study in quasi-PDFs

&= Clover on 2+1+1 HISQ, M,

& M L =

T T T T T T T T

~ 220 MeV, a =

3.3,44,5.5P, = 1.3 GeV
HL, R, Zhang Phys Rev.D 100 (2019) 7, 074502
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§ Approaching continuum limit

& Important for all x-dependent methods
Large momentum required to reach x < 0.1 reliably
(aP,)™ systematics should be small

& First work done with superfine lattice spacing, a = 0.042 fm

Unpolarized ME Preliminary Polarized ME
Ly =
1-OEEE§E [][][] I l'OEEEEmlIIm P, = 2.31 GeV
ol @@ fmf __osf ik
=~ P, = 2.31 Ge %%% Y @%
Q. 00(8 4 1117 5 0% %
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N —05F §¥% N —05T m@
- ) >y
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(plot by Xiang Goa )
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Machine-Learning Prediction

Input
[ X, = (01 02 ) i 2

Output
0;

—

R. Zhang et al (MSULat), Phys. Rev. D 101, 034516 (2020)

Training (tr) Data
Labeled (Ib) Data {
Bias-Correction (BC) Data
All Data

Unlabeled (ul) Data

Prediction with bias correction Yoon et al., PRD 2018:

(Cpred,BC> — (Cpred) T (CBC — Cpred>BC

ul
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https://arxiv.org/abs/1807.05971

Machine-Learning Prediction

Output
0;

Input m
X, = (04,07, ...)

R. Zhang et al (MSULat), Phys. Rev. D 101, 034516 (2020)

§ Multiple quasi-PDF data sets studied (meson DA, gluon/kaon PDFs)
& Example kaon PDF at 220-MeV ensemble

linear GBT
0.30 0.30
§ Rtr § RU
. — — Rpre : = 3 == 4‘ Rpre
020 Pin = 3,Ppred = 4 ¥ R 02s| Pin » Ppred ¥ R
! IRul ! R|
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3 ST 4

uonoipaad-d

0.22 4
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(plot by Rui Zhang)
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FIG. 13. Solid green curve — kaon’s valence s-quark distribu-
tion defined at (g by Eq. (45) and Table I1I-middle, evolved
(i — (5 using the procedure explained in Sec. IV A, including
the splitting function modification in Eq. (58a) with oss = 1.
Dot-dashed blue curve — kaon’s valence u-quark distribution,
unchanged from Fig. 11. Dashed black curve — central s-quark
distribution from Fig. 11, i.e. obtained with mass-independent
evolution. (The bands bracketing the central DFs reflect the
uncertainty in the k? = 0 value of the PI charge, Fig.1.)
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Pion and Kaon DA

§ Extract the DA distribution from the physical-continuum
matrix elements

R R ” ' 'uR PZ PZ (1 P
a(n it b 2) = | dx [ ayclxy (L) 552 | fnGeiC
—0o 0 zZ U Dz

References Sea quarks |Valence quarks| (£%), (*Vk  |Renormalization| a (fm) |M, (MeV)| M,L
MSULat’20 (this work)|2+1+1f HISQ clover 0.244(30) | 0.198(16) RI-MOM 0.06-0.012 | 310-690 |4.4-10
RQCD’19 [106] 9+1f clover clover  0.234(6)(6)]0.231(4)(6)| RI-SMOM |0.039-0.086] 130-420 3.6-6.4
RQCD’17 [105] 2+1f clover clover 0.2077(43) N/A RI’-SMOM 0.086 222-420 |3.9-5.8
RQCD’15 [104] 2f clover clover 0.236(4)(4) N/A RI'-SMOM 0.06-0.08 | 150-260 |3.4-4.8
RBC/UKQCD'10 [103]| 2+1f DWF DWF 0.28(1)(2) | 0.26(1)(2) | RI’/MOM 0.11 330-670 |4.5-9.2
QCDSF’07 [102] 2f clover clover 0.260(39) | 0.260(6) RI/MOM 0.06-0.085 | 580-1170 |4.6-9.6
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Physical Pion Mass Results

§ Exciting! Two collaborations’ results at physical pion mass

& Boost momenta P,

< 1.4 GeV

& Study of systematics still needed
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Physical Pion Mass Results

§ Exciting! Two collaborations’ results at physical pion mass
& Boost moammanta D« 1 A CaVY

@ StUdy 4_— —_ T T r ry LT ®°tC°r7[ ™ T 7?
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Physical Pion Mass Results

§ Exciting! Two collaborations’ results at physical pion mass

& Boost P ~ 1 4 CAU
& Study 41

6

R
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Au(x) —Ad(x) 5

- Helicity
"long. polarized

Updated results at
physical pion mass

Lin et al (LP3),
Phys.Rev.Lett. 121,
242003 (2018)
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Physical Pion Mass Results

§ Exciting! Two collaborations’ results at physical pion mass
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