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Purpose of PACS10 project
Removing main systematic uncertainties in lattice QCD

three Ny =2+ 1 ensembles at physical my on (10 fm)* volume
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PACS10 project since 2016

PACS10 configuration
L3.T 1284 | 1604 2567
L [fm] 10.9 10.2 ~10
a [fm] 0.08 | 0.06 0.04
my [GeV] | 0.135 | 0.138 ~0.135
my [GeV] | 0.497 | 0.505 ~0.497
Machine OFP | OFP | OFP—Fugaku
Node 512 512 2048—16384

_ ) OFP: Oakforest-PACS (KNL machine)
PACS10 configuration

N¢ =2+ 1 nonperturbatively O(a) improved Wilson clover quark action
with 6-stout smeared link + Iwasaki gauge action
same actions as HPCI Field 5 project using K computer [PoS LATTICE2015 (2016) 075]

a—1 determined from = baryon mass

Fugaku co-design outcome:
QCD Wide SIMD (QWS) Library for Fugaku [ishikawa et al.:CPC(2023)]



PACS10 project since 2016

PACS10 configuration

I3.T 1284 | 160% 256 644

L [fm] 10.9 | 10.2 ~10 5.5

a [fm] 0.08 | 0.06 0.04 0.08
mrx [GeV] | 0.135 | 0.138 ~0.135 0.138
mp [GeV] | 0.497 | 0.505 ~0.497 0.498

Machine | OFP | OFP | OFP—Fugaku | OFP

Node 512 | 512 | 2048—16384 | 128

_ ) OFP: Oakforest-PACS (KNL machine)
PACS10 configuration

N¢ =2+ 1 nonperturbatively O(a) improved Wilson clover quark action
with 6-stout smeared link + Iwasaki gauge action

Removing main systematic uncertainties in Nf = 24+ 1 lattice QCD
e chiral extrapolation

e finite volume effect

Coarsest lattice spacing: finite volume study using 128% and 644
e finite lattice spacing effect



Results of PACS10 project

precise determination of physical quantity from lattice QCD

I. quantitatively understand property of hadrons
reproduce experimental values in high accuracy

— Hadron spectrum
— Nucleon form factor Sasaki
— Light meson electromagnetic form factor

II. search for new physics beyond the standard model
discrepancy between theoretical calculation and experiment

— Nucleon charge T suji

— Proton decay matrix element

— Hadron vacuum polarization

— Kaon semileptonic decay form factor



Finite volume study of m [PACS:PRD99(2019)]
Comparison with 1284 (10 8 fm)4 and 644 (5.5 fm)*4

- ‘ | | 0.0015

| ' AWI
0.061 - “\H Eﬂ:eCtlve (L% | I mUd B 64 (original

| A 54 (reweighted)
0.060 — | 0.001451- + o b |
0.059 |- i
Ity 0.0014 | |

0.058 - ' I
0.057 - ) % }

L —e 1284 _ 000135 i _
0.056 — . 641 (original) 1

A—4 64" (reweighted)
1 | 1 | 1 | 1 | ) | | |

0.055 5 10 20 30 20 = L 0.0013

fixed Kk q: 1284 and 644 (original)
my on 644 (original) is 3 MeV larger than 1284
similar behavior in m/JV!

fixed m/YVl: 1284 and 64% (reweighted)
discrepancy disappears

— discrepancy not physical finite V effect, but due to shift of k¢
less than 0.7(3)% finite V effect in my and fg [PACS:PRD99(2019);PRD100(2019)]
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Ratio of decay constants [Preliminary result]

12| T T T T T

£ I ® PAGSIO L3.T 128% | 1604
K M I a [fm] 0.08 | 0.06
106k | i myx [GeV] | 0.135 | 0.138
T® mp [GeV] | 0.497 | 0.505
"1 Short my and my extrapolation
1.192 — . .
to physial point
using m,; and mg dependences
188 | | | . | . | determined from 64% reweigted data
| 0 0.002 0.004 0.006 0.008

a’[fm"]

Two a results are consistent with FLAG'21 value
Slight upward dependence towards a — O

3rd PACS10 configuration is importand for a — O extrapolation

Preliminary result: Central value and statistical error from 1604
systematic error from difference between 1604 and 1284
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Hadron vacuum polarization [PACS:PRD98(2018):PRD100(2019)]

| | T | : |
This work —eo—
3 2 B T T T T I T T T T I T T T T I T T T T I T T -: --I _-I I-- LQCD
3L Light T 1] (N=2+1)
2.8 e RBC-UKQCD ——
26 ) il
241 T L il
2'3 B ~ T T 1 ETMC —o—
[ 3
=5 181 oY) >
UQLL‘ 1.6 i OO D 0¥ 9 T
> 14F ITT T4 1 LQCD
gz 5L ® T NI (N=2+1+1) BMW -
Py 1.2 lL+4+T] £
1 ==t --F-~t-F--t--F- S it S NS L.
0.8 il
0.6 x  [L/a=128,T/a=1281F;182 - [L/a=64,T/a=64]P;152, il HPQCD +—o—
0.4 O [L/a=128T/a=1281P182% - [L/a=64,T/a=128]P5182, 3
02 - 3
0 P Phenom. %
oal i +LQCD  RBC-UKQCD 2
_() 4 1 M T R P T l . PRI T 1 54 =4
0 0.5 1 1.5 2 2.5 N
T (fm) KNT =] gt
reut: Ccut of coordinate space summation Phenom.
DHMZ =
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
550 600 650 700 750
hvp 10
a, 10

About twice larger finite volume effect than NLO ChPT
comparing between 1284 and 644

Linear continuum extrapolation using 1284 and 160% w/o disconnected, IB effect

comparable with other groups and consistent with experiment
also consistent with BNL+FNAL result [Snowmass 2021:arXiv:2203.15810]
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Electromagnetic meson form factors [Preliminary result]

1 T 1 !
-- PDG 21
0.98- O 128* - 0.98-
0 160* i
0.96 - 0.9
) NQ 0.94
L5 0.94F - uXx
o 0.92|
0.92|- preliminary : preliminary
- 1 0.9+
0.9F il I
Il | Il | Il 088 Il | Il | Il | Il
0 0.02 0.04 0.06 0 0.02 0.04 0.06 0.08
q°[GeV] q°[GeV’]

[blue lines: PDG'21 values with monopole form]

Access to tiny q2 thanks to huge L
Two a data reasonably agree with PDG w/o chiral extrapolation

Seem to be small a effect in Fx(g?)



Pion and kaon charge radii [Preliminary result]

: 2 15 5
Charge radius F'(¢©) =1 — gq (re) 4+ -+
F:(¢?) with SU(2) NLO ChPT fit Fr(g?) with Monopole fit
0.45
0.52 T PDG 21 reliminar
i preliminary ETMC Ni=2+1+1 P y
0.5+ [] JLQCD N=2+1 PDG 21
I /\ HPQCD N;=2+1+1 0.4 E Jngstf
0.48 . a=0. m
— < Menzf2 o O u B 2-0.065fm
046 0 7/ PACS-CSN=2+1 E
= ETMC N=2 — 0.351 -
r0.441- v * ¢ RBOUKQCDN=2+1[ = | ]
i Gao etal. N=2+1 ||
042 + L > * |
i %QCD N=2+1 | 0.3 |
04 1 [] Fengetal N=2+1
i - B 2-0.065fm i :
0.38- @® 2-0085fm N 0.95

only statistical error in our results

Good agreement with other lattice results and PDG values

(gray bands)
(r#.): smaller error than PDG value

Direct calculation of derivative of form factor
model-independent calculation: [Sato et al.:PoS(Lattice2022)]; cf) [Feng et al..PRD101(R)(2020)]
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Kaon semileptonic (Ky3) decay form factor



Introduction

|Vus|: =20 discrepancy between experiment and standard model

~ 20 from SM (gray band)

~ 20 from Ky, (green star)

— .
_ tarty [
Most accurate |Vys| from K3 decay Ko N=211 - Cilumiany 2
H—B—H 2%,
[FNAL/MILC19] Ay 9%,
/L‘A
o T
Ky N=2+1
using CKM unitarity |Vis| &= /1 — |Vyal? O FNALMILC19
H ¢ A ETM16
~ 50 from SM W/ new |Vud| (cyan band) :I‘;aLBQCC-;B}lngs
[Seng et al.:PRL121,241804(2018)] | ____ 0 & V FNAUMILC13
K % PDG21
12
—¥—
| | | | | |

— a candidate of BSM signal

Vsl

Important to confirm by several independent calculations

1 I 1 1 1 1 1 1 1 I 1
0.221 0.222 0.223 0.224 0.225 0.226 0.227 0.228 0.229 0.230
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Introduction

|Vus|: =20 discrepancy between experiment and standard model
— a candidate of BSM signal

— T T T T ' I e
Most accurate |Vys| from K3 decay K, N2+ 141 %
[FNAL/MILC19] H—E—H %‘%,,;
! A H %/%é
using CKM unitarity |Vis| = /1 — |Vial? S ——
~ 50 from SM w/ new |V, 4| (cyan band) Kig Ni=2+1 recen'uy ey
[Seng et al.:PRL121(2018)] — I Nt
H—<—H € JLQCD17
~ 30 from SM w/ recent |V, | (gray — < RBC-UKQCD15
______________________________ ¥V FNAL/MILC13
band) [Hardy and Towner et al.:PRC102(2020)] K % PDG21
12 K
~ 20 from KEQ (green star) | | | | | | | |

0.221 0222 0223 0224 0225 0226 0227 0228 0229 0.230
V.
us

Important to confirm by several independent calculations

Ky3 form factors with PACS10 configurations [PACS20,21]
L = 10.9[fm] at physical point
Negligible finite L effect, tiny ¢ region, without chiral extrapolation
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Simulation parameters

PACS10 configurations: L >10[fm] at physical point

[PACS:PRD101(2020);PRD106(2022)]

B | L>-T | L[fm] | a[fm] | a=1[GeV] | Mr[MeV] | Mi[MeV] | Neonf
1.82 | 128% | 10.9 | 0.085| 2.3162 135 497 20
2.00 | 160% | 10.2 | 0.063 | 3.1108 138 505 20

Parameters for K,3 form factors f1(g?) and fo(q?)
IG; source tsep[fm] current
1.82 | R-local 3.1, 3.6, 4.1 local, conserved
2.00 | R-local 3.2, 3.7, 4.1 local, conserved
R-smear | 2.3, 2.7, 3.1, 3.5 | local, conserved

R-local: Z(2) x Z(2) random source spread in spatial volume, spin, color spaces

R-smear: R-local 4+ exponential smearing

[RBC-UKQCD:JHEPO07,112(2008)]

Combined analysis with two source data at 5 = 2.00

Matrix element from tsep dependence

Two vector currents at each g3
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K3 form factors f1(¢?) and fo(q?)

K3 form factors f1.(q?), fo(q?)
(m(p)|Vu|K(0)) = (pk + §W>Mf+<q2> + (px — pr)uf—(a?)

q 2 _ _ .
fo(q2) — f+(q2) — f—(qg°) pk = (Mk,0), pr = (Er, D)
T

¢> = —(Mg — Ez)? + p?

g®> — 0 interpolation 4+ a — 0 extrapolation for fy (¢?), fo(q?)
with two current data at two a

Physical quantities from fy (¢2), fo(q?)
1. f4(0) (= f0(0)) — |Vus| [Vuslf4+(0) = 0.21654(41) [Moulson:PoS(CKM2016)]

2. slope and curvature
() _ Mz d"f4(0) N _ M2 d"fo(0)
T 0)d(—=g®" Y £ (0)d(—¢?)"
3. Phase space integral
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f1(g?) and fo(g?) at two lattice spacings

2 2
f+(q%) fo(g*)
1.10- | | | | ; | 1.10 | | |
® : 2 2
- f@) 3 fol@)
1.05- 1.05
"o ®
1.00F m 1.00 Ea
® :
' "o
095 |O a=0.063 [fm] ; 095 | O a=0.063 [fm] -
0 a=0.085 [fm] . m 0 a=0.085 [fm] &
: ®
local current : ®m local current
0.90+ : 0.90
| L | L I | ® | | L |
-0.1 -0.05 0 0.05 -0.1 -0.05 0.05
2 2 2 2
g [GeV] q [GeV]

Access tiny ¢2 region thanks to L ~ 10 [fm]

f1(g%): No visible difference in all ¢°
fo(g?): Little difference in small ¢2
— Small a effect in ¢ ~ 0 in local current data



f1(g?) and fo(g?) at two lattice spacings

1.05

1.00

0.95

0.90

2
f+(a°)
B ' ' ' ' ! ! 4 1.10
® : 2
@)
L - : — 1.05
® z
m |
o e | 1.00
;|
. [0 a=0.063 [fm] % g 1 o9
0 a=0.085 [fm] ®m
conserved current : @
| | . i . |
-0.1 -0.05 0 0.05

q° [GeV]

2
fo(q?)
. | : |
2
- ERACY
®
Be
&3] :
@ :
>
O a=0.063 [fm] @ oo
0 a=0.085 [fm] : ®
conserved current
| ) | |
-0.1 -0.05 0.05

q° [GeV]

Access tiny ¢2 region thanks to L ~ 10 [fm]

Larger a effect in conserved current data
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interpolation + a — 0 extrapolation

Fit based on SU(3) NLO ChPT with f.(0) = fo(0) [PACS:PRD106(2022)]
4

f+(a®) = 1 = —5Lo(m)q” + K+(¢%, Mz, M, Fo, i) + co + 3 q* + 95" (a, ¢%)
0
3
fo(q®) = 1 = —5Ls(1)q” + Ko(a®, Mz, M, Fo, ) + co + 24" + 95" (a,4%)
0

K4, Kg: known functions ['85 Gasser, Leutwyler]

QEI_UB = an i’gnma”QQm, cur = local, conserved: 3 types (fit A,B,C) investigated

free parameters: Ls(u), Lo(u), Co,62 ,02 + e

fixed parameters: u = 0.77 GeV, Fyp = 0.11205 Gev
F estlmated from FLAG FSU<2>/F w/ F5U<2> = 0.129 GeV

CUI’ nm

110 \ - 1 110f | ; ]
: 2 : 2
I % - La@) 1 g;\ N ERACY ]
1,051 R L 4 105 SN L -
\%\ - fitA NGNS C fitA
| Wa 1 B, A
1.00 %Qg -4 1.00f- \\\E@;\ .
L \\\\& | | \‘!;&\\A\ |
LN 3
0.954 O local a=0.063 [fm] @A -4 0954 O local a=0.063 [fm] ;‘aﬁ\\. & .
O local a=0.085 [fm] : %\% O local a=0.085 [fm] : ‘\ggg:;\:
| <& conserved a=0.063 [fm] g \&gi}' | | <& conserved a=0.063 [fm] : \g ]
0.90H A conserved a=0.085 [fm] : \;g - 0.90H A conserved a=0.085 [fm] § 4
| L | | | | L | L t L |
-0.1 -0.05 0 0.05 -0.1 -0.05 0 0.05
2 2. 2 2
q [GeV] q [GeV]

Simultaneous fit for (fy, fo) with (local,conserved) works well.

Tiny extrapolation to physical M,- and Mo using same formulas
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g2 interpolation + a — 0 extrapolation

Fit based on SU(3) NLO ChPT with f,(0) = fo(0) [PACS:PRD106(2022)]

4
fe(@®) =1- ﬁL9(/~L)q2 + K4(q?, M2, Mf, Fo, ) + co + 3 ¢* + 95" (a, ¢°)
0

3
fO(q2) =1- _2L5(,u)q2 + KO(CIQ, Mga MIQO F07 ,u) + Co + ng4 + ggur(aa q2)
F,

cur cur,nm n 2m . _ . . )
950 = Zn’m elg a"g=™, cur = local, conserved: 3 types (fit A,B,C) investigated
T [ [ T I T [ T T T T T : I
1151 : (o 7 fit A @ a—0Ofitform
+(q2) fit B o
110 =) 4 itc  +e—f
\\ monopole —@— ,
1.05 N . quadratic —@— q —0 fit fO/I’Ii':T.'][ A
______ zexpansion ___|—@—p """
10017 B local T data set
—'
smeared ' w/ NLO ChPT, it A
A2 —@
0.951 . . -
continuum limit narrow q° H-@—
| i only f (q2) —@—
fit A - 9,
0.901 | | ; o only 1.(@) N
I I I L ) l ‘ | | ‘ |
01 00 0 0.05 0.955 0.960 0.965 0.970
q [GeV] f (0)

f4+(0) = 0.9615<10>(+f§><5>+

uncertainty: 1st statistical, 2nd fit form + data, 3rd isospin breaking w/ NLO ChPT
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Continuum extrapolation at ¢2 =

! T T I T
O local f (0) e
0,975 O conserved + e
| * fit A -
x_fit B %/‘/ -
09701 pad s
,-4/’

0.965 |- Tt :;:-/—’-: ....... _ |
0960 - % \'\é\ .
l ) | ) | ) | ) |
0.955 0 0.02 0.04 0.06 0.08 0.1

a [fm]

local current: almost flat
conserved current: clear a dependence
Similar trend seen in HVP calculation ['19 PACS]

fit form local conserved
fit A Ch Co + C’la
fit B | Co+ Coa? | Cp + Cha?

— large systematic error from a — O fit form
Smaller a data will improve a — O extrapolation.
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f+(0) and | Vi

‘ ‘ \ ' I ' I I I I
H—lH K|3 Nf=2+1 +1
N.=2+1+1 —h— B FNAL/MILC19 H——H
f A
i ETM16 \ . .
______________________________________ B FNAL/MILC14 B FNAL/MILC19
FOA—— @Thiswork | [~~~ TTTTTTTTTTTTTTTTTTTE T T AT A ETM16
Nf:2+1 ——O—+—— O PACS20 KIS Nf=2+1 H——@+H @ This work
L $JLQCD17 " o H O PACS20
Y —— « RBC-UKQCD15 ' o ) < JLQcD17
—— B FNALMILC13 <« RBC-UKQCD15
———g—H <« RBC-UKQCD13 — B FNAL/MILC13
ot </ RBC-UKQCDO08 H—&—H O PACS N=2+1
—————————————————————————————————————— A ETMO9 e m e —— -1 X PDG2T
A — <] Dawson et al.06 KI 5 HO—H
Nf=2 1 L | 1 1
N —k—
Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ 1 I 1 I 1 I Il
0.940 0.950 0.960 0.970 0.980 0.221 0.222 0.223 0.224 0.225 0.226 0.227 0.228 0.229 0.230
f,(0) Vil
inner, outer = statistical, total(stat.+sys.) inner, outer = lattice, total(lat.+exp.)

Standard model cyan band: ['18 Seng et al.]; grey band: ['20 Hardy, Towner]
f+(0): Reasonably agree with previous lattice calculations < 20
|Vus| using |Vis|f+(0) = 0.21654(41) ['17 Moulson]

agree with |Vys| from Ky, using fx/fr
2 ~ 30 difference from CKM unitarity (grey and cyan bands)

Future work: a — 0 extrapolation with 3rd PACS10 configuration
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Shape of f4(q¢?), fo(¢?) at ¢> =0

0.027

0.026

0.025

0.024

0.023

0.018

0.016

0.014

0.012

local and conserved data degenerate at each a, except for >\+

local TN
- | O conserved RN 7
* fit A i,
X fit B S
, Ny
L |+ fitC N
i | | | .\.\\.\.T
! : : : : : : : :
: 2 O local
- 0 O conserved| -
' * fitA
i x fitB
SIT---l - + fitC
L ;"—---—.:r_~,\*\:\::\\\\ |
{—----.-.===.-=.-:=:.-=.-:::.-::::::::::%%:;;::::::;;:;;:
I *\-:\\% g
. NS
. NN S~
. NS N
. N N, .
: AT T
. SN M
. N AN
. N
i | | | s | LN
0 0.02 0.04 0.06 0.08 0.1
a [fm]

0.0020

0.0016

0.0012

0.0008

0.0012

0.0008

0.0004

() _ M d"f10(0)
O f1(0) d(—¢?)"

curvature
I T I T I T [
’ O local
= 7\+ O conserved |
e * fit A
S T~ X fitB
b ~ b '\,'\ + fltC

‘ ‘ \ ‘ \
R 2’ O local
R N 0 O conserved
. x fitA
X fit B
+ fitC

i I | | I N

|
0.04
a [fm]

0 0.02 0.06

/

— large dependence on choice of gSLUB
Smaller a data will improve a — O extrapolation.
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Shape of f4(q¢?), fo(¢?) at ¢> =0

slope curvature
2 2 4 2 2
N, o= Mz dfyo0(q°) N o = M d*fyo(q®)
0 — > 0 — 232
f+(0) d(—¢?) f+(0) d(—g¢?)
L I | | — T T T T T ' | ' | ' ' | ' | ' |
@ This work N;=2+1
® O PACS20 N=2+1 P
O JLQCD N=2+1
HOH | ¢ ETM Nf=2f+1+1 HOI — i
A ETMN=2
HO+H HoO+—
= =+
@ This work Ni=2+1
O PACS20 N=2+1
HOH (2 g HEH Hl Dispersive HIH
H—A—H ——A—
1 I 1 I 1 I 1 1 I 1 I 1 I 1 1 I 1 I 1 1 I 1 I 1 I
0.015 0.020 0.025 0.030 0.010 0.015 0.020 0.025 0.001 0.002 0.0005 0.0010 0.0015
N I N Ny

Large uncertainty from fit form of a — 0O

Comparable with experiment (grey band), dispersive representation,
['10 Antonelli et al.; '17 Moulson; '09 Bernard et al.]

and also previous lattice calculations [09, '16 ETM; '17 JLQCD, '20 PACS]
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Phase space integral I%

I_Ke3 — CKg3(|VU8|f—|—(O))21§{ [ k,.,. decay width, Ck,: known factor, £ =e, u
|Vus|f_|_(0) = 0.21654(41) ['17 Moulson]

<— If( from dispersive representation of experimental F+,O(t)

(Mg —Mr)? ;
%= [ dat(J . @)F> Jo(t)F2 F _ J+o(=h)
K= t(Jp@FL(t) + Jo(t)Fo(t) ), Fyolt) =
m% f—i—(o)
Jy.o(t): known function ['84 Leutwyler, Roos]
115+ IIIIE“LI'I'I'I T T T T 1
i integral range — 1,(0%)
110 - fo(qz) -
~ Lot 5 Lo &
1.051- _
O This work
1.00+ - 0 experiment
0.95F . imi -
continuum limit § ™ S £, @
fit A : K = K H
0.90F : ~
o1 00 0 o0
2 2 | L | L | L | | L | L | L | L |
q [GeV'] 0.100 0.102 0.104 0.106 0.152 0.154 0.156 0.158 0.160

inner: stat. error; outer: (stat.4sys.) error
Reasonably agree with experimental values ['10 Antonelli et al.]
LLarge uncertainty from fit form of a — O
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Ky :
| Vus| = Two parts calculated from lattice QCD
Creps (f4(0))21]
Kpz\J+ K Tk,.,Ck, ['10 Antonelli et al., '18 Seng et al., '20 Seng et al.]
I T I T T I T I T I T I T I T I T I T I
H—OH K.e Kig N=2+1+1
H——H
© Kse " A " B FNALMILC19
___________________________________ A ETM16
H—or—  K'e This work
Kig N=2+1 H_'_H. :Thi xz:k (b
K
S Kiu H O H O PACS20
o H o H < JLQCD17
> Kgut H—€——H <« RBC-UKQCD15
= B FNALMILC13
—e—  K'w | | O PACS N=2+1
—@H average Kio HO—H * PDG20
—%—
1 I 1 I 1 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
0.215 0.220 0.225 0.230 0.221 0.222 0.223 0.224 0.225 0.226 0.227 0.228 0.229 0.230
Vsl Vsl

inner: lattice error, outer: (lat.4-exp.) error

Weighted average of 6 decay processes using experimental errors

Good agreement with |Vys| using only f4 (0)
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Summary

PACS10 Project
calculation w/o three main systematic uncertainties in lattice QCD

PACS10 configuraiton:
V%(lOfm)4 in physical point at three lattice spacings

various calculations w/ 2 lattice spacings
— Hadron spectrum
— Nucleon charge and form factor
— Light meson electromagnetic form factor
— Proton decay matrix element
— Hadron vacuum polarization
— Kaon semileptonic decay form factor

Future works

Calculations with 3rd PACS10 configuration
more reliable a — 0 extrapolations
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