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Studies of nucleon isovector structure
with the PACS10 superfine lattice
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Introduction & Lattice QCD



Computational cost roughly increases o a™"om™"1L" with power laws ¥y, 71,7, > 1
Internal structure of the nucleon
Form factor describes the internal structure : F(q?) = [ p(r) 4" d3r

low-g? quantities
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Evaluation of (rl ) or g: Model independent analysis, z-expansion
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CCF extrapolation [1] E. Shintani et al., Phys. Rev. D 99, 014510(2019), (Erratum; Phys. Rev. D 102, 019902 (2020).)
= Chiral Continuum Finite size extrapolation  [2] R. Tsuiji et al., Phy. Rev. D 109, 094505 (2019).

Nucleon structures from lattice QCD
Uncertainties in the calculation PACS2020[ 1] + PACS2023[2]:

* Statistical error J Improvement by AMA

* Excited-state contamination e l Tuning the smearing

* Model-dependence in the analysis v Model-independent method

« Chiral-Continuum-Finite-size extrapolation ~ * Large-volume at physical point
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This talk: Preliminary results towards the continuum limit 3



Numervrical results |

Preliminary results for superfine 256 lattice
: G, Gy, Fy, 84 and Lattice spacing effect



The stout-smeared O(a) improved Wilson fermions and Iwasaki gauge action. Progrash 40r BIOTRREID Researches
on the Supercomputer Fugaku

Large-scale lattice QCD simulation

Simulation details -pacsio
128* 160* 256%

L{fm] ~ (109 fm)> ~ (10.1 fm)> ~ (10.1 fm)?
m, [GeV] 0.135 0.138 ~ 0.142
my [GeV] 0.497 0.505 ~ 0.514
My [GeV]  ~ 0.935 ~ 0.947 ~ 0.959

Cutoff [GeV] 28 3] 4]

coarse Super fine

fi
Lattice spacing ~ (0.085 fm rIDeO.O63 fm ~ 0.04 fm

Fugaku co-design outcome: [ishikara et al, CPC(2023)]
QCD Wide SIMD (QWS) Library for Fugaku
Resources: Fugaku in HPCI System Research Project (np200062,hp200167,hp210112,hp220079,hp230199)  §



< v
Program for Promoting Researches
on the Supercomputer Fugaku

The stout-smeared O(a) improved Wilson fermions and Iwasaki gauge action.

Large-scale lattice QCD simulation

Simulation details -pacsio
1284 160* 256+

coarse Super fine

LiEm]  ~ (109 fm)® "~ (10.1 fm)?  ~ (10.1 fm)?

Eliminate uncertainties :
Access low-g° region

Finite Volume effect X q2 i (27[/L)2 % |n |2 = PACSI0

Chiral extrapolation

(2m,)2
10,&&&\&  —= | Good resolution in Low q:
’ \ —m3l | can be achieved by

a large-volume lattice QCD

T 6le E o o
= e ’
ale
, i.e. our simulation is the BEST
2l ) :
, to seek the low g~ region!
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Preliminary

Program for Promoting Researches
on the Supercomputer Fugaku

Simulation details -pacsio S cevaopmriof Aoy

L tsep €h1gh €10W N()rg NG Nconf Nmeas Fit range

28" 10 0B — 128 200 = 2,560 [3:7]

|
Coanser - Dayne = 956 90-= 5420 [4:8]
leai0e s oo a0 e i0eos 6400 [5:9]
16 108 — 4 512 20 10,240 [6:10]
1607 13 foe s —i ] 64 w76 4n8ed [4:8]
fine. 20 g = gy ge fAS90 UTRD0)
(908 = s 4 768 5763 583637 < [0}
25% 20 10 — | l6:: 4 384 8:12]
SUPEIIRE & o ) [6ma50 800  [I3:17]

* Nore and N;: the number of high- and low-precision calculations; V;,,,: the number of measurements (Vo = Noro X Ng)

*The low precision calculation use a fixed number of iteration for the stopping condition as several GCR iterations using tiny SAP 7
domain size with O(10) deflation fields.



Preliminary

Effective mass M, = 0.192(6), M, = 0.922(26) GeV
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Preliminary

Energy difference
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Preliminary
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[1] E. Shintani et al., Phys. Rev. D 99, 014510(2019), (Erratum; Phys. Rev. D 102, 019902 (2020).)
[2] R. Tsuji et al., Phy. Rev. D 109, 094505 (2019).

DisperSion relation Laice spacing effect is small
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[1] E. Shintani et al.,

Phys. Rev. D 99, 014510(2019), (Erratum; Phys. Rev. D 102, 019902 (2020).) lop

[2] R. Tsuji et al., Phy. Rev. D 109, 094505 (2019).
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Preliminary

AXxial-vector coupling
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Preliminary

AXxial-vector coupling

g, (renormalized)
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Preliminary

Electric form factor
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Preliminary

Magnetic form factor
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Preliminary
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Axial Ward-Takahashi identity: 0,4 (x) = 2mP*(x) + O(a)
Lattice spacing effect

Do we need the O(a) improvement of the current?

O(a) improved current A™ = A_+ c,ad, P — PCAC relation

2
1133 e mﬂfﬂ' o % T e <N sn A ()C) src>
FeaC S 00 PO 7m0 LS NG PN
. Pion mnucleon =) snk Src
* Pion 2-pt function PCAC AT * Nucleon 3-pt function
+ Zero momentum — (mIIfICO:C)‘mp (m gg‘jiecon)imp » Nonzero momentum
* Improvement is smaclllc - LA mIID)ICO:C ml‘a‘é}i‘é"“ * Improvement wo;kcs 5
(m%fé’AnC)‘mp = mIEICOA“C + ’; = ~ discretization error (mggic)lmp SECAlC _fz‘q
101 5 5
In the continuum limit, mIIjCAC and mlr)‘gfic should be identical.

— a difference can be attributed to lattice spacing effect

I8
C53(I q) { CS%(Z‘ + a; q) C53(Z —a; q) }, and dijf(t; q) = ; sm(qka)ij(t; q)

AWTI _ 24 { Cji(t e b Cﬁf(r T q)} % é Sin(qka)ij(t; Q)

Sl

25 2C(1; q)



G.S. Bali et al., Phys. Lett. B 789, 666-674 (2019).; R. Tsuji et al.,Phys. Rev. D 109, 094505 (2024).
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R.Tsuji et al.,Phys. Rev. D 109,094505 (2024) + PhD thesis 001 T T
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Numervrical results Il

Preliminary results for superfine 256 lattice

: Fp, 8;<’87zNN
! Detail:Talk by S. Sasaki July 29 [4:15~!



Preliminary Detail: Talk by S. Sasaki July 29

Induced pseudoscalar form factor

T T T T | T T T T T T T
—— 2M,FFPD 1284
160 FEPD(42) = 2MyFu(q°) N 2PD(Q), 8 ]
P 9 _—q2+m,% 2MF5™P(q), 1604
experiment (muon capture) —
experiment (pion-electroproduction)

top/a=16, 1284
top/a=14, 1284 .
toefa=19, 1604
te,/a=16, 1604
te/a=13, 1604 T
te,/a=20, 2564 —
tsp/a=16, 1284, New method
toen/a=14, 1284, New method
tsp/a=19, 1604, New method 1
toer/a=16, 1604, New method
tsp/a=13, 1604, New method
toen/a=20, 2564, New method
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Preliminary

Couplings

Induced pseudoscalar coupling :

Pion-nucleon coupling

» Continuum limit

R. Gupta, PoS LATTICE2023, 124 (2024); * Isospin-Averaged: g,%NN = (g}fONN = 2g§iNN)/ 3

g¥ = m,Fp(q*> = 0.88m;)

2 5
m;+q
P P(Clz)
27

» Continuum limit

lim
“ e

8NN
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Summary
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* Physical point simulation = No chiral extrapolation

Summary

Large-volume simulation = Access low-g? region
Fully dynamical lattice QCD simulations towards continuum limit

Clarify the nucleon structure in context of QCD
Our results:

Program for Promoting Researches
on the Supercomputer Fugaku

Large-scale lattice QCD simulation
and development of Al technology

Great advantage!

For ga, both superfine, coarse and fine reproduce PDG within statistical error.
AWTI is satisfied in the level of the nucleon correlation function.

Fp from our new method agrees with the PPD model and LQCD results.

2+1 Ni=2+1+1

N, =

N =2

FLAG

» Continuum limit

» Continuum limit

» Continuum limit
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Form factor and cross section

Form factor describes the internal structure : F(q?) = [ p(r) €47 d°r

Point particle Composite particle
Charge dist. Form factor Charge dist. Form factor
constant
: Dipole
Point like Exponential
r q : 1 c]2
0 —_— 0 —_—
Fourier trans. Fourier trans.

e.g. Proton-electron elastic scattering

Electron Form factor
2 : momentum transfer
P & phiaa da el de Gig™) + %Gf/[(qz)
—— N — = %
asy= gkl 1+7
Proton Point

“Internal structure”

The Rosenbluth formula, 7 = — q2/4M1%, and ¢ is the polarization of the exchanged virtual photon 2



The experimental data were provided by Ulf Meissner through Rajan Gupta: hep-lat/2305.11330.

AXxial form factor -experiment

._{ T T T T l T T T T I T T T I T T T T I T T T T I -
1= vD expt. (Dipole ansatz: rms=0.67(1) fm) |+
i X Experiment J. Phys. G 28, R1 (2002). 7
i Phenomenologically difficult 1
0.8 — Lattice QCD 4
s | I -
< B 4
w [ ]
G 0.6 .
Za 1
TRl % ]
0.4] % i
[ % Y
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024 0.2 0.4 0.6 0.8 1



T2K Collaboration Eur.Phys,.C 83 no.9, 782 (2023).

Problem in T2K

1.3 —

T T T T T T T L R | T

BRRCERAFTEHIR) & D FHRIEH

» Continuum limit

D
2 .
3. Increased by 8-9% . 1|.4 — @lPrTys:call qlljarlk rr|1asls
2 +
<1 *
B + » PNDME
s 1. a
o F [ @ ETMC
209 z
2 E
s 0.8
~ o E - | _ H-eo-H PACS 2023 (fine)
7 E Before ND280 analysis : Input uncertaint ¢
E eore AR P 4 - PACS 2020 (coarse)
0.6 ? —+— After ND280 analysis ('\I" I » NME 2021 (A&B)
0.5 . A * — I
107 1 10 = » Mainz 2023
Neutrino Energy [GeV] a @ LHPC
» RQCD
Ancient(7os) expt. gives M, = 1.014(14)
S vN expt. (z expansion)
Q
x vD expt. (dipole ansatz
But,T2K ND expt. features M, ~ 1.1  d Pt (P )
| vD expt. (z expantion)
| | | | | | | | |
indeed, there are many systematic uncertainties... 06 ' 08 ' 1 ' 1.2 ' 1.4 ' 16 ' ' ' ' '

What is the problem?

% Old expts. (0s-005) give larger dipole mass M, = 1.1 — 1.2
But the targets are O or C, while deuteron is used in ‘70s...

Axial mass M, [GeV]

Dipole form:FA(qz) = gA/(l s qz/Mj)z
8



Proton radius puzzie (2010~) (expt.vs expt.)

CODATA'06 (2008)
Bernauer (2010)
Pohl (2010)

Zhan (2011)
CODATA'10 (2012)
Antognini (2013)
Beyer (2017)
Fleurbaey (2018)
Sick (2018)
Mihovilovi¢ (2019)
Alaréon (2019)
Bezignov (2019)
Xiong (2019)

[1] Taken from Bernauer, EP) Web Conf. 234 (2020)

Recent
perspectives

| j : - T
* u-H spec. e |
* scatt. + world data set !
* e-H spec. + scatt. H
* Re-fits ! H——e—H
* e-H spec. —eo—|
b
et l ! l
0.82 0.84 0.86 0.88 0.9
rp [fm]

* Experiments with similar kinematics as the earlier ones
* Muon vs Electron — Scattering vs Spectroscopy
* Our understandings are lacking something

and more!

LQCD: NOT enough precision — A precent level is needed



Magnetic and Axial Form Factor

1101 — pppaos -~

_~-71 *Magnetic FF (expt. vs expt.)
1084 =~ Borah et al. ‘ c

Different parameterizations exhibits
clear discrepancy over all 0% > 0

LQCD: NOT enough precise

— A percent level precision
0.0 02 04 06 08 1.0 is needed

o
J— *Axial FF (expt.vs lat.)

1 Less known F A(qz) behavior
causes large uncertainties on
UN cross section

—— BBBA05
=:= 7z exp, vector

" e | LQCD: enough precise
0.3 +* T T T
0.2 0.4 1.0 4.0

wo — Theoretical prediction

* dipole ansatz with a dipole mass of 0.84 GeV [1] Taken fromAaron A. S. Mayer et al., arXiv:2201.01839 (2022). 5



CCF extrapolation = Chiral Continuum Finite size extrapolation

Nucleon form factor from lattice QCD
Uncertainties in the calculation PACS2020 + PACS2024:

« Statistical error J Improvement by AMA
* Excited-state contamination e V' Tuning the smearing
* Model-dependence in the analysis ¥ Model-independent method
* Chiral-Continuum-Finite-size extrapolation =~ * Large-volume at physical point
» Continuum limit » Continuum limit » Continuum limit
06 07 08 09 1 @Physical quark mass 0.4 0i5 0‘~6 0i7 0‘~8 0‘-9 @‘Physi‘cal qu‘ark m?ss 0.4 0.6 0.8 1 @Physical quark mass
- 1 1 T T T T 1 — [ ' ' ' ' ' ' ' - T T T 1 T 1
+ + +
: HCHH »» PNDME ) o » PNDME s —0H » PNDME
" i @ ETMC " 00— @ ETMC " HH @ ETMC
b4 =z b4
—to+— PACS 2023 (fine) PACS 2023 (fine) HeH PACS 2023 (fine)
_ HH—o—H PACS 2020 (coarse) _ PACS 2020 (coarse) _ H-—H PACS 2020 (coarse)
+ HH » NME 2021 (A&B) b 4 I > NME 2021 (A&B
V0 — S O » NME 2021 (A&B) b ——a0— (A&B)
= HH » Mainz 2023 = _ z HH » Mainz
[lm » Mainz 2021 = » Mainz 2023 m} @ LHPC
] @ LHPC u] » Mainz 2021 H——H » Mainz
. S vN expt. (z expansion)
= ep scatt. input - -
u% u% u% vD expt. (dipole ansatz)
H spec. input vD expt. (z expantion)
Lo l l l | P R R L. \ \ U S P B R B B
06 07 08 09 1 04 05 06 07 08 09 0.4 0.6 0.8 1

Isovector radius <(r't)?>"2 [fm] Isovector radius <(r%,)?>"2 [fm] Isovector radius <(r’)2>""2 [fm]

Investigate the continuum limit of our configurations! 8



Isovector quantities

If the strange contributions is ignored under the exact isospin symmetry
Proton-electron:

(plig™|p) = 2/3{p|iyulp) — 1/3{p|dy,d|p)
Isovector:
playdln) = (playu—dy,dlp) =(pli;"|p) — (nl|j;"|n)

f: A
Connected Disconnected

(pliyulp) =

d
L 4
(pldy,d|p) = i <>

q J
Canceled in isovector under the exact isospin sym.




Isovector quantities

e itk Bt = R 8 el
VEe = guyﬂu = Edy”d = <uyﬂu - dyﬂd> F- = (uyﬂu o d}/ﬂd) =J, + EJ“

Isovector

5 . 1 .
Proton:™ ] 2| p) = <ol | D) +§<plj(§|p>

: : | :
Neutron: (n|js"|n) = (n |]X|n) +§(n |]§|n)
. G ) S .S .|/ il .|/
Isospin symmetry: (p|j;|p) = (nlj,|n), (plj, |p) =—(nlj, |n)

(plilp)— @limn) =2(plj} p) = (pl <b‘%u - Jn,d) |p)

Isovector

= (p| iwy,d| n) Weak process



Large-volume lattice QCD

Large volume simulation (L > 6 fm) is required in FF studies

|. The finite size effect on nucleon observables

1
(L—2R)>»——>L >3 fm * R=1/(r?) ~0.85 fm
M r,~ 1.4 fm
2. The small momentum transfer Tt =5-2 Im

2
qmin=%<2mﬂ—>L > 4.5 fm

3. Exponential falls of the spatial charge distribution
L>2r.;,=64R—> L > 61im

Especially, the exponential falls of the spatial charge distribution,
which is coming from the dipole form factor, is crucial for the
high-precision nucleon form factor studies



Large-volume lattice QCD

3. Exponential falls of the spatial charge distribution

Ibge 0l o i D e i
Electric Root-Mean-Square radius: R? = 471J

~ R(ry)/R = J “ P(r)r4di/ roﬂ(r)r“dr]
0 0

100 =

107?

p(r)

1074

10~6

p(r) < e”
A =

rA

V12/R

(a)

Sick,Atoms 6 (2018) 2

Integration up to r,

p(r)r4dr

ut

=i

—98% of R in infinite volume




Larg

Computational cost roughly increases o a™"om™"1L" with power laws ¥y, 71,7, > 1

e=volume lattice

QCD

12 ' r (2m,)?
11E ES ETMC 211 13 I I : T I T I T T T T I
O ETMC2 10le N
10F . . MILC £ |
our simulation| A cis i i
of BMW-c 21 ;
%BMW-cZﬁ 81« : \
sk RBC/UKQCD 211 ! \\
z O O PACS i i O
£ 3 <> - X TWQCD E 6fe . °
— X J 1
of VEXV § v \4 . :
4te i
OO0 o \% !
5 g : ’ |
2k i
x O |
X, 2 2 2 . i
0 0.005 0.01 0.015 0.02 0.025 L1 ) L )
2 > 00 0.05 01 015 0.2 025 03 035 04 045 0.5
a“ [fm<] o2 [GeV?]
2,

The momentum is discretized as q2 )

27

el

Low ¢” data are accessible by a large-volume lattice QCD

i.e. our simulation is the BEST to seek the low ¢? region!



Excited-states contamination

Major systematic uncertainty in LQCD computation.

N e £
Two strategies in this study, ok Rt

|. Large 7. and the ground-state saturation S
g SEp g | |
t =i e e
sep snk src

<N(tsnk)0(t0p)N(tsrc)T>
<N (ank)N (tsrc)T>

(N|O(0)|N) + Ae 5Ll 4 ...

2. Checks with the generalized Goldberger-Treiman relation (GGT)
GGT: 2MyF (g% — ¢°Fp(q*) = 2mGp(g*) with quark mass 7
L 2MyFA) — 4Fea)
AWTI 26

The check of m w11 ~ Mpcac should be nontrivial
+ PCAC checks using a notation of LANL 13




Preliminary Oliver Bir, Phys. Rev. D 99, no.5, 054506 (2019).

Oliver’s formula

160

140

‘ ‘ \ ‘ : . T T 0.45 T r -
| i 2MFEPP(q), fine L] T — . m,=0.138 GeV
2k experiment (pion-electroproduction) O g fa=13 1
i € experiment (muon capture) 7 0.4 [0 tefa=16 ]
— O tyepfa=19, fine H C Q  tegla=19
| O tsep/a=1 6, fine | 0.35 r @ t/a=13 OI!ver's formula @ ]
O teepla=13, fine C BB t,/a=16, Oliver's formula @ o
— sep T Y . r teep/a=19, Oliver’s formula
@ t.,/e=19, fine, Oliver's formula | 0.3F 0 ‘v 0] & ¢ = o
| |t /e=16, fine, Oliver's formula ] ';‘ C @ @ m o
@ 1,,/a=13, fine, Oliver’s formula 8 0.25F % &l]) [0} ) 0] o .
10, - o
— 4 @ L
e g o2f E
(o) ® E g i
B 2 L4 1 oi5p ]
- % % @ 4 oif L I B $ i E
| 8 g . ¢ '
- @ 4 0.05F -
| . | ) | ) | ) | ) | ) 1 0 i | | | | | | | | | | | | | ]
0 0.02 0.04 0.06 008 0.1 0 0.02 0.04 ) 0.06 ) 0.08 0.1 0.12
o [GeV’] q° [GeV]

E Lo
Fgata(q2) = Fp(g®) |1 —exp {—#tsep} cosh % Szep :amplify our data
N

We can qualitatively expect that the excited states should be a source of uncertainty.

We KNOWY there should be excited-states contamination that are
not negligible in our statistical precision, the analyses are proceeding 30



Computational cost roughly increases o a™"om™"1L" with power laws ¥y, 71,7, > 1

Physical point simulation

e.g. Axial-vector coupling F,(0): Bench mark 112 13 14 @Physialquark mass

H @ ETMC 2020
» CallLat 2020
» PNDME 2018
» CallLat 2018

2+1+1

1 35 | Model average gkl (e ,a=0)

T ghPe=1.2723(23)

N,

PACS 2023 (fine)
PACS 2020 (coarse)

agl
—1+—H > NME 2021
» Mainz 2019

H
d
HH
IC
"
]
H-H .
O @ LHPC 2019 (fine)
1 @ LHPC 2019 (coarse)
HHH » xQCD 2018
—+— JLQCD 2018
H
——
i
O
HOH

2+1

i

Callat2018 —
Lattice

1.25

9a
Nf =

1.20

1.154 @ ETMC 2020 (large)

2

— galep,a=0.15fm) | # a=0.15fm
— galep,a=012fm) | #a=0.12fm =
1109 g (,a=009fm) | & a=~0.09fm

T T T T T T N;=2+1+1 (FLAG 2021)
0.00 0.05 0.10 0.15 0.20 0.25 0.30 N=2+1 (FLAG 2021)

E.=m (41[F) | | | 1 | | | | | | | |
x = M 1.1 12 1.3 1.4

e.g. Callat Collaboration: C. C. Chang et al., Nature 558,91 (2018), 1805.12130. Isovector axial charge

@ ETMC 2020 (small)

o
— » Mainz 2017
+— > RQCD 2014

FLAG

Conventional: Extrapolate the unphysical data into the physical point
= Systematic uncertainty, Historically underestimated...

— Ours: Physical point simulation, exclude the systematic uncertainty
19



Error Budget
Examine the error budget based on HBChPT

» Gap from physical: Heavier mass m_ = 138 MeV at 160* lattice

84 = & { L+ <% In % +ﬂ2> my +aym;  |loop: Kambor-Mojzis JHEP 9904, 031 (99)

%y Sk i o 1y 4 5 6
+ In“—+———In"—+ m; + asm +O0(m
< (47TF)4 7 (4JZ'F)2 2 ﬂ4> g4 5) ﬂ} ( n')

2loop: Bernard-Meissner PLB639, 278 (06)
—2loop correction is less than 1%

* Finite size effect: L=10 fm is huge but not infinite

—m, L
o) —L=5 fm & L=10 fm data show the correction is less than 0.1%
A A ﬂ\/m

/3

Error budget Stat.

Gap from Physical  Finite size  Discretization Reno.

1.264(10)50 3Dy, 1.1% S 1% <$0.1% ? 0.2%

22



Axial Ward-Takahashi identity: 0,4 (x) = 2mP*(x) + O(a)
Lattice spacing effect

Error budget gs. o) ) e

Statistical: 1.9% 5.6% 8.3% 10.5%
Discretization: |.6% 8.3% 9.0% 1 1.3%

Statistical error < Lattice spacing effect
Check

|. Dispersion relation of nucleon

2. O(a) improved current A™ = A_+ ¢,ad P — PCAC relation

2
mpion it mﬂf T . el <N snka,uAﬂ(x)N src
U OB RO ) LA O PN
SRR U Gt )imp snk SIC
* Pion 2-pt function Al e PO AT PCAC * Nucleon 3-pt function
* Zero momentum — € X mAP%}r? - (mKSVAT(I:)Imp * Nonzero momentum
* Improvement is small S DEAGE R * Improvement works
mpion s (mpion )imp Ay Eeag (mnucl )imp s mnucl —ac 2/2 16
PCAC PCAC PCAC) - == pGAe A4



Axial Ward-Takahashi identity: 0,4 (x) = 2mP*(x) + O(a)

Lattice spacing effect
Errorbudget 97 /(0D {0 /(D))

Statistical: 1.9% 5.6% 8.3% 10.5%
Lattice spacing:  |.6% 8.3% 9.0% 1 1.3%

Statistical error < Lattice spacing effect
Check

|.What about others? — Dispersion relation of nucleon

2. O(a) improved current A™ = A_+ ¢,ad P — PCAC relation

2
mpion it mﬂf T . el <N snka,uAﬂ(x)N src
PCIAGE 3 + PEAC == =
2(0[P+(0) | =) | . 2(N, . P(X)N...)
R Ve Y SR
* Pion 2-pt function PCAC PCAC * Nucleon 3-pt function
v = PCAC _ (,,,PCACyimp
* Zero momentum — Cy & Mywrp — (M) * Nonzero momentum
* Improvement is helpless PCAC * Improvement works
mpilzn R (mpion )imE ™~ Mawtt ~ Mpcac ( nucl )1mPp e Clisiat. 2 B4
PCAC — V'PCAC Mponclos e legen: 999



4

3.5

2.5

Gp(q?)/Fp(q?) (GeV)

— m¥/2mEg,c)
> tsep/a =20
| | . | . | . | . | . |
0 0.02 0.04 0.06 0.08 0.1 0.12
2 2
g [GeV]

K.-I. Ishikawa ei al., Phys. Rev. D 98, 074510 (2018).
Pion-pole dominance (PPD)

| Combining PPD and GGT,

1 FEPD(g?) = 2MyFa(q?)
: q> + m?
GFPD(g2) = m;  2MyFu(q®)
2mpcac 4%+ my
SRR e e
B EPD(g2)  2mpcac o

| The data shows
1 v Flat g>-dependence

v Agreement with (1)

— Fp(g?) and Gp(g?) are supposed to share the same pion-pole.

2



Preliminary

Generallzed Goldberger-Trelman (GGT)

1.6

1.4

1.2

Y. C.Jang et al., Phys. Rev. Lett. 124, no.7,072002 (2020).

> t

< tsep

/a 20 superflne —
/a=20, super fine, New method| -

L 1 Fp(q2)New - G})(C/2)()1'g, +q2 _
] [~ 2my Fagdoe | 7 E 0T [
R e 9o
[ |Large deviation > p> P B
L > B> > i
L 2\0r, 2101 N
_ ¢ L E@ [ G )
. 2My Fx@0 | 7Aoo
| ! | | ! | ! | ! | |
0 0.02 0.04 0.06 0.08 0.1 0.12

q° [GeV]
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