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Lattice QCD

Powerful tool for non-perturbative QCD calculation
based on Monte Carlo simulation with large-scale computer

Understanding of hadron property at least quantitatively

Lattice QCD = discretrized QCD

by lattice spacing a

on finite volume L3 × T

with arbitrary mq (mπ)

L

gluon

quark

a

Real world = a → 0, L, T ≫ 1/ΛQCD, mπ = mphys
π

PACS10 project by PACS Collaboration

aims to remove main three uncertainties in lattice QCD
1. large mπ, 2. finite V , 3. finite a

three lattice spacings at physical mπ on (10 fm)4 volume
⇒ PACS10(c) configuration
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PACS10 project since 2016
Nf = 2+ 1 PACS10 configuration
L3 · T 1284 1604 2564

L [fm] 10.9 10.2 10.5
a [fm] 0.08 0.06 0.04

mπ [GeV] 0.135 0.137 0.142
mK [GeV] 0.497 0.501 0.514
Machine OFP OFP Fugaku
Node 512 512 16384
Status done done done

Nf = 2+ 1+ 1 PACS10c configuration
L3 · T 1284 1684 2564

L [fm] 10.7 10.5 10.5
a [fm] 0.08 0.06 0.04

mπ [GeV] 0.137 0.137 ∼0.137
mK [GeV] 0.498 0.497 ∼0.497
Machine Fugaku Fugaku Fugaku
Node 1024 2744 16384
Status done done running

OFP: Oakforest-PACS (KNL machine); Fugaku: since 2020

PACS10(c) configuration: More than (10 fm)4 at the physical point
aims to remove main three uncertainties in lattice QCD

Nf = 2+ 1(+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]

Fugaku co-design outcome: a−1 determined from Ξ baryon mass

QCD Wide SIMD (QWS) Library for Fugaku

[Ishikawa et al.:CPC(2023)]

Resources: Fugaku in HPCI System Research Project

hp200062, hp200167, hp210112, hp220079, hp230199, hp230199, hp240207, hp250218
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PACS10 project

precise determination of physical quantity
w/o main systematic uncertainties in lattice QCD

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

– Hadron spectrum
– Nucleon form factor Tsuji, Nagatsuka, Sasaki, Shintani

– Light meson form factor Sato

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

– Proton decay matrix element
– Hadron vacuum polarization
– Kaon semileptonic decay form factor

p2 = (2π/L)2 · n

Advantage of PACS10/PACS10c: Form factor in tiny q2 region

Results obtained mainly from PACS10 (Nf = 2+ 1) configurations
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Nucleon form factor



Nucleon isovector form factor

Nucleon matrix element

Vector current

⟨N(p′)|Vµ(q)|N(p)⟩ = u(p′)
[
γµF1(q

2) + iσµν
qν

2M
F2(q

2)
]
u(p)

Electoric form factor GE(q
2) = F1(q

2)− q2

4M2F2(q
2)

Magnetic form factor GM(q2) = F1(q
2) + F2(q

2)

Charge radius ⟨r2E⟩ = −6
dGE(q

2)

dq2

∣∣∣∣∣
q2=0

related to proton size puzzle

Axial-vector current

⟨N(p′)|Aµ(q)|N(p)⟩ = u(p′)
[
γµγ5FA(q

2) + iqνγ5FP (q
2)

]
u(p)

Axial-vector form factor FA(q
2)

Induced pseudoscalar form factor FP (q
2)

gA = FA(0) : axial charge

Axial radius ⟨r2A⟩ = −
6

gA

dFA(q
2)

dq2

∣∣∣∣∣
q2=0

important for neutrino-nucleon scattering in neutrion experiment (T2K, · · · )
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Extraction of matrix element

! = 0 ! = !!"#

!

3-point function
C3(t, tsep, q⃗) = Tr

[
P+⟨0|N(tsep; p⃗ = 0)Vµ(t; q⃗)N(0; q⃗)|0⟩

]
2-point function P+ = (1+ γ4)/2

C2(t, p⃗) = Tr
[
P+⟨0|N(tsep; p⃗)N(0; p⃗)|0⟩

]
C3(t, tsep, q⃗)

C2(tsep − t,0)C2(t, q⃗)
= α⟨N(0)|Vµ(q)|N(q)⟩+ (t,tsep dependent parts)

excited state contributions

−−−−−−−→
t,t−tsep≫1

α⟨N(0)|Vµ(q)|N(q)⟩ α : known factor

Some techniques to improve signal

- Highly tuned smearing operator

- All-mode average

[Blum et al., PRD88:094503(2013)]

Reasonably flat behavior

e.g. ratio for gA, but not for FP
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Fig. 3 A typical example of the standard plateau method: the bare axial-vector coupling

calculated from PACS10/L160 with three di↵erent values of the source-sink separation tsep

as a function of the current operator insertion point t. No visible dependence on both t and

tsep indicates that the ground state contribution is certainly dominant.

the Kelly’s fit, but appear systematically lower than the coarse lattice results. However,

a quantitative comparison is not yet possible due to remaining systematic uncertainties

associated with the lattice discretization e↵ects as discussed for the FA, FP and GP form

factors in Sec. 5.3.

Figure 10 presents summary for our results of
p
h(rvE)

2i (left),
p

h(rvm)2i (middle), and

the magnetic moment µv = Gv
M (q2 = 0) (right), together with the experimental values and

the other lattice QCD results. As in Fig. 8, the inner and outer error bars represent the

statistical uncertainties and the total uncertainties given by adding both statistical and

systematic errors in quadrature, where the systematic uncertainties are evaluated in the same

way as described in Sec 5.3. For the results of
p
h(rvE)

2i and
p
h(rvM )2i, the systematic errors

associated with the finite lattice spacing on the isovector RMS radii are rather large, as much

31
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Axial charge gA Figures from R. Tsuji

PACS10/L128 [PRD99:1,014510(2020)]; PACS10/L160 [PRD109:9,094505(2024)]
PACS10/L256 (denoted by super fine lattice) are preliminary.

Benchmark of nucleon form factor from lattice QCD
Precisely measured in experiment

Easiest calculation in nucleon matrix elements ! = 0 ! = !!"#

!
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•  Physical point simulation → No chiral extrapolation 
•  Large-volume simulation → Access low-  region
•  Fully dynamical lattice QCD simulations towards continuum limit

Clarify the nucleon structure in context of QCD

q2

Summary

   Our results:
•  For gA, both superfine, coarse and fine reproduce PDG within statistical error.
•  PCAC is satisfied in the level of the nucleon correlation function.

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

Great advantage!

0.4 0.6 0.8 1

N
f =

 2
 +

 1
 +

 1
N

f =
 2

 +
 1

0.4 0.6 0.8 1

Isovector radius <(rv
A)2>1/2 [fm]

E
xp

t.

ETMC

PNDME

PACS 2023 (fine)

Mainz 2023
LHPC

Physical quark mass

»

Continuum limit»
@

@

@

@

»

NME 2021 (A&B)

PACS 2020 (coarse)

»

νN expt. (z expansion)

νD expt. (z expantion)

RQCD»

νD expt. (dipole ansatz)

PACS 2023 (fine)

PACS 2024 (superfine)

1.1 1.2 1.3 1.4

N
f =

 2
 +

 1
 +

 1
N

f =
 2

 +
 1

N
f =

 2

1.1 1.2 1.3 1.4

Isovector axial-vector coupling
F

L
A

G

CalLat 2025

ETMC 2020
PNDME 2018

PACS 2023 (fine)

Mainz 2019
LHPC 2019 (fine)
LHPC 2019 (coarse)
χQCD 2018

»

ETMC 2020 (small)
Mainz 2017
RQCD 2014

Physical quark mass

»

»

»

»

Continuum limit»
@

@

@
@

@

»

»
NME 2021

PACS 2020 (coarse)

»

» CalLat 2018

N
f
=2+1+1 (FLAG 2021)

N
f
=2+1 (FLAG 2021)

ETMC 2020 (large)
@

@

PACS 2024 (super fine)

RQCD 2023 (z-exp.)

10 11 12 13 14 15 16 17

N
f =

 2
 +

 1
 +

 1
N

f =
 2

 +
 1

10 11 12 13 14 15 16 17

gπNN (renormalized)

E
xp

t.

ETMC 2023

PNDME 2023

PACS 2023 (fine)

RQCD 2019/2023

Physical quark mass

»

Continuum limit»
@

@

@

»

PACS 2020 (coarse)

» NME 2021

Isospin-Averaged

PACS 2024 (super fine)

Uppsala Neutron Research group for 
g2
π±NN /4π

Preliminary
PreliminaryPreliminary

38

Mild tsep and a dependences

Consistent well with experiment within roughly 2%

Future work : a → 0 limit after finishing PACS10/L256 calculation
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Isovector electoric form factor GE(q
2) Figures from R. Tsuji

PACS10/L128 [PRD99:1,014510(2020)]; PACS10/L160 [PRD109:9,094505(2024)]

PACS10/L256 (denoted by super fine lattice) are preliminary.

Related to proton size puzzle, but isovector GE(q
2)

0 0.05 0.1
q2 [GeV2]

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

G
v E(

q2
)

Kelly
tsep/a=20, super fine
tsep/a=29, super fine
tsep/a={16,19} , fine
tsep/a={12,14,16}, coarse

0.6 0.7 0.8 0.9 1

N
f =

 2
 +

 1
 +

 1
N

f =
 2

 +
 1

0.6 0.7 0.8 0.9 1
Isovector radius <(rv

E)2>1/2 [fm]

Ex
pt

.

ETMC

PNDME

PACS 2023 (fine)

Mainz 2021
LHPC

Physical quark mass

»

Continuum limit»
@

@

@

@

»

NME 2021 (A&B)
PACS 2020 (coarse)

»

ep scatt. input

µH spec. input

» Mainz 2023

PACS 2024 (Superfine)Preliminary

experimental ⟨(rVE)
2⟩ = ⟨(rpE)

2⟩ − ⟨(rnE)
2⟩

Comparable to experimental form

Approaching to experiment as a → 0

Similar trend seen in ⟨(rVE)2⟩
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Axial-vector form factor FA(q
2) Figures from R. Tsuji

PACS10/L128 [PRD99:1,014510(2020)]; PACS10/L160 [PRD109:9,094505(2024)]

PACS10/L256 (denoted by super fine lattice) are preliminary.

Important to understand neutrino-nucleon scattering
in neutrio experiment

15

Axial form factor
Preliminary
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•  Physical point simulation → No chiral extrapolation 
•  Large-volume simulation → Access low-  region
•  Fully dynamical lattice QCD simulations towards continuum limit

Clarify the nucleon structure in context of QCD

q2

Summary

   Our results:
•  For gA, both superfine, coarse and fine reproduce PDG within statistical error.
•  PCAC is satisfied in the level of the nucleon correlation function.

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

Great advantage!
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Slightly smaller ⟨(rA)2⟩ than νD expt. insisted by rencent experiment

Comparable to experimental dipole form

Approaching to dipole form as a → 0

Similar trend seen in ⟨(rA)2⟩
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Reduction of leading πN contribution in FP , GP [PRD112:7,074510(2025)]

Large πN contribution in FP , GP
[Bär, PRD99:054506(2019); Meyer et al., PoS(LAT2018)062; RQCD, JHEP5:126(2020), · · · ]
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clear t dependence = large excited state

FP : largely underestimated and tsep dependent

Simple assumption of leading πN contribution inspired by Bär’s results

RAi
(t, q⃗) = K−1[(EN +MN)FA(q

2)δi3 − q3qi(FP (q
2)−∆+(t, q⃗))]

RA4
(t, q⃗) = iq3K

−1[FA(q
2)−∆ENFP (q

2)+Eπ∆−(t, q⃗)]

∆±(t, q⃗) = B(q)e−(Eπ−∆EN)t ± C(q)e−(Eπ+∆EN)(tsep−t)

RA: ratio of 3-pt function with Aµ current to 2-pt functions, K =
√

2EN(EN +MN),∆EN = EN −MN ,

B(q), C(q): unknown coefficients, tsep: source-sink separation

well describe t dependence of our data
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Reduction of leading πN contribution in FP , GP [PRD112:7,074510(2025)]

Simple assumption of leading πN contribution inspired by Bär’s results

RAi
(t, q⃗) = K−1[(EN +MN)FA(q

2)δi3 − q3qi(FP(q
2)−∆+(t, q⃗))]

RA4
(t, q⃗) = iq3K

−1[FA(q
2)−∆ENFP(q

2)+Eπ∆−(t, q⃗)]

∆±(t, q⃗) = B(q)e−(Eπ−∆EN)t ± C(q)e−(Eπ+∆EN)(tsep−t)

RA: ratio of 3-pt function with Aµ current to 2-pt functions, K =
√

2EN(EN +MN),∆EN = EN −MN ,

B(q), C(q): unknown coefficients, tsep: source-sink separation

∆±(t, q⃗) can be removed by linear combination with RA and ∂tRA

FP (q
2) = αRAi

+ β∂tRAi
+ γ∂tRA4

α, β, γ: appropriate coefficients

standard new
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independent of tsep, consistent with pion-pole dominance model
Similar analysis performed with GP data
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Light meson form factor



Electromagnetic form factor Figures from K. Sato’s Doctral Thesis

Light meson electromagnetic form factor

calculated by similar way to nucleon form factor; ratio of 3-,2-point functions

ex) π matrix element : ⟨π(0)|V4(Q)|π(Q)⟩ = EπFπ(Q
2)

Preliminary results from PACS10/L128 configurations (a = 0.08 fm)
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Figure 15: Form factors obtained from 1D and 3D data.
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Clear data in tiny Q2 region

Charge radius obtained from fit with fit assumption

Better to remove systematic error from fit assumption
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Charge radius w/o fit assumption cf. Sato et al., PoS(LATTICE2024):324(2025)

Model-independent method w/o fit assumption of form factor

Basic idea in infinite volume

dC̃(p)

dp2

∣∣∣∣∣
p=0

= −
1

2

∫
dx x2C(x), C(x) =

∫
dp

2π
C̃(p)eipx

Lagre finite volume effect observed in lattice QCD calculation
UKQCD, NPB444:401(1995), · · ·

Significant reduction of finite volume effect in ⟨r2π⟩ calculation
Feng et al., PRD101:051502(R)(2020)

R(t) = α0 + α1C
(2)(t) + α2C

(4)(t) ∝ ⟨r2π⟩+ · · ·
C(k)(t) =

∑
x
x2kC3pt(x, t), C̃3pt(p, t) ∝ Fπ(Q2), known parameters α0, α1, α2

Result
✓  Model-independent method

(without fit ansatz)

5/8

⟨r2π⟩ obtained from flat region

w/o fit assumption of form factor

figures from Sato’s slide at EINN2025; https://agenda.infn.it/event/45343
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Charge radius

Preliminary results from PACS10/L128,L160 configurations

✓ Calculated charge radii of 𝜋+, 𝐾+, and 𝐾0 on PACS10/L128 and L160 

configurations.
✓ Used the model-independent method.
✓ Although preliminary, the results are consistent with the experimental 

value(PDG) and the results of the previous lattice calculations.
✓ Some of our results exceed their precision.

Summary

Model-independent

Traditional

Model-independent

Traditional

Model-independent

Traditional𝜋+ 𝐾+ 𝐾0

7/8

figures from Sato’s slide at EINN2025; https://agenda.infn.it/event/45343

Reasonably consistent with experiments less than 2σ

K+ : smaller error than experiment

Comparison with precise experimental value in near future

Phase-2 of AMBER experiment at CERN: kaon charge radius with factor 10 better precision

14



Kaon semileptonic (Kℓ3) decay form factor



|Vus| through kaon decay

Urgent task in particl physics
Search for signal beyond standard model (BSM)

Muon g − 2 @ FNAL, White paper 2025 : 5σ away from SM(?)
important contribution from lattice QCD

|Vus|: a candidate of BSM signal

Three determinations of |Vus|

1. CKM unitarity |Vud|2 + |Vus|2 + |Vub|2 = 1

constraint in SM (grey band)

|Vus| ≈
√

1− |Vud|2 w/ new |Vud|
[’18 Seng et al., ’20 Hardy, Towner]

2. Kℓ2 K → ℓν decay

3. Kℓ3 K → πℓν decay
Most accurate value [’19 FNAL/MILC] 0.222 0.224 0.226 0.228 0.230

|Vus|

FNAL/MILC19
ETM16
JLQCD17
RBC-UKQCD15
FNAL/MILC13
PDG22

Kl3 Nf=2+1+1

Kl3 Nf=2+1

Kl2

CKM unitarity

|Vus|1. ̸= |Vus|2. ̸= |Vus|3. ∼< 3σ differences

Important to confirm by several independent calculations
Calculation using PACS10 and PACS10c configuraionts
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Simulation parameters
PACS10/L128[PRD101,9,094504(2020)]; PACS10/L160[PRD106,9,094501(2022)]

PACS10 PACS10c

L3 · T 1284 1604 2564 1284 1684

L [fm] 10.9 10.2 10.5 10.7 10.5
a [fm] 0.08 0.06 0.04 0.08 0.06

mπ [GeV] 0.135 0.138 0.141 0.137 0.137
mK [GeV] 0.497 0.505 0.514 0.498 0.497

Nconf 20 20 20 40 40
Nmeas < 2560 1280 5120

PACS10/L256, PACS10c/L128,L168 are preliminary.

<latexit sha1_base64="dwLbkvlcW0ibAOolVYST8d0CcXI="></latexit>

K
0

<latexit sha1_base64="AVUpHVNjYxqotTeTspDWGvnIzG0="></latexit>

⇡+

<latexit sha1_base64="UcdrtUWsVt7/C3tPh9foW+vpXic="></latexit>

W� <latexit sha1_base64="GTRk7ebZyyX7bZf0sfM304KJIiY="></latexit>

`�

<latexit sha1_base64="CiaIdYqkHqo4s9ERN6ypcfeaI54="></latexit>

⌫`

<latexit sha1_base64="0jyANboPAAb4YRzXMeeD1nPc7Tg="></latexit>

d

<latexit sha1_base64="Lwww6X/67LN4Z2pFAxutdH92mg4="></latexit>u<latexit sha1_base64="4nept4I/aF2zzCWOJcSnr1nlpJk="></latexit>s

<latexit sha1_base64="88RJfei8WobEUlHtpfeYdSFDz1k="></latexit>

Vµ

<latexit sha1_base64="w8maaVwfGpRlfslB+gvXLtqZmyc="></latexit>

(a)

Simulation parameters

PACS10 PACS10c
L3 · T 1284 1604 2564 1284 1684

L [fm] 10.9 10.2 10.5 10.7 10.5
a [fm] 0.08 0.06 0.04 0.08 0.06

mπ [GeV] 0.135 0.138 0.141 0.137 0.137
mK [GeV] 0.497 0.505 0.514 0.498 0.497

Nconf 20 20 20 40 40
Nmeas < 2560 1280 5120

PACS10/L256, PACS10c/L128,L168 are preliminary.

<latexit sha1_base64="dwLbkvlcW0ibAOolVYST8d0CcXI="></latexit>

K
0

<latexit sha1_base64="AVUpHVNjYxqotTeTspDWGvnIzG0="></latexit>

⇡+

<latexit sha1_base64="UcdrtUWsVt7/C3tPh9foW+vpXic="></latexit>
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d

<latexit sha1_base64="Lwww6X/67LN4Z2pFAxutdH92mg4="></latexit>u<latexit sha1_base64="4nept4I/aF2zzCWOJcSnr1nlpJk="></latexit>s <latexit sha1_base64="88RJfei8WobEUlHtpfeYdSFDz1k="></latexit>

Vµ

• 2-, 3-point functions w/ Z(2)⊗ Z(2) random source [’08 RBC-UKQCD]

Cπ,K(t, p) = ⟨0|Oπ,K(t,p)O†
π,K(0,p)|0⟩

CVµ
(t, tsep, p) = ⟨0|OK(tsep, 0)Vµ(t,p)O†

π(0,p)|0⟩
Vµ: Local vector current renormalized by ZV

Conserved vector current

• finite p2 = (2π/L)2n, n = 0–6, for q2 interpolation

• several tsep for investigation of excited state contributions

11

• 2-, 3-point functions w/ Z(2)⊗ Z(2) random source [’08 RBC-UKQCD]

Cπ,K(t, p) = ⟨0|Oπ,K(t,p)O†
π,K(0,p)|0⟩

CVµ
(t, tsep, p) = ⟨0|OK(tsep, 0)Vµ(t,p)O

†
π(0,p)|0⟩

Vµ: Local vector current renormalized by ZV

Conserved vector current

• ⟨π(p)|Vµ|K(0)⟩ extracted from ratio of 3- to 2-point functions

Kℓ3 form factors f+(q2), f0(q2)

⟨π(p)|Vµ|K(0)⟩ = (pK + pπ)µf+(q2) + (pK − pπ)µf−(q
2)

f0(q
2) = f+(q2)−

q2

M2
K −M2

π

f−(q
2) pK = (MK, 0), pπ = (Eπ, p⃗), q2 = −(MK − Eπ)2 + p2

f+(0) → |Vus| through |Vus|f+(0) = 0.21654(41) [Moulson:PoS(CKM2016)033(2017)]
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q2 interpolation and a → 0 extrapolation

Fit based on SU(3) NLO ChPT with f+(0) = f0(0) [PACS:PRD106,9,094501(2022)]

f+(q2) = 1−
4

F 2
0

L9(µ)q
2 +K+(q2,M2

π ,M
2
K, F0, µ) + c0 + c+2 q4

f0(q
2) = 1−

8

F 2
0

L5(µ)q
2 +K0(q

2,M2
π ,M

2
K, F0, µ) + c0 + c02q

4

K+,K0: known functions [’85 Gasser, Leutwyler] with µ = 0.77 GeV, F0 = 0.11205 GeV

free parameters: L5(µ), L9(µ), c
+
2 , c02, c0 F0 estimated from FLAG FSU(2)/F0 w/ FSU(2) = 0.129 GeV

-0.1 -0.05 0 0.05
q2 [GeV2]

0.90

0.95

1.00

1.05

1.10

f+(q2)

f0(q
2)

f+(0)

local current

a=0.08 [fm]  PACS10c

Preliminary

0 0.002 0.004 0.006 0.008
a2 [fm2]

0.960

0.965

0.970

0.975

0.980 PACS10c local
PACS10c conserved
PACS10 local 
PACS10 conserved
PACS10 a=0 limit

f+(0) Preliminary

Simultaneous fit for (f+, f0) works well. a → 0 limit only for PACS10 result
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f+(0) and |Vus| from PACS10 configs.

0.940 0.950 0.960 0.970 0.980
f+(0)

FNAL/MILC 19
ETM 16
FNAL/MILC 14
This work (preliminary)
PACS 22
PACS 20
JLQCD 17
RBC-UKQCD 15
FNAL/MILC 13
RBC-UKQCD 13
RBC-UKQCD 08
ETM 09
Dawson et al. 06

Nf=2+1+1

Nf=2+1

Nf=2

Preliminary

0.220 0.222 0.224 0.226 0.228
|Vus|

FNAL/MILC 19
ETM 16
phase space (prelimnary)
This work (preliminary)
PACS 22
PACS 20
JLQCD 17
RBC-UKQCD 15
FNAL/MILC 13
PACS (preliminary)
PDG 22

Kl3 Nf=2+1+1

Kl3 Nf=2+1

Kl2

Preliminary

inner, outer = statistical, total(stat.+sys.) inner, outer = lattice, total(lat.+exp.)

Standard model (SM) prediction using |Vus| ≈
√

1− |Vud|2, grey band: [’20 Hardy, Towner]

f+(0): Reasonably agree with previous lattice calculations ∼< 2σ

|Vus| using |Vus|f+(0) = 0.21654(41) [’17 Moulson]

agree with |Vus| from Kl2 using fK/fπ
|Vus|
|Vud|

fK

fπ
= 0.27683(35)

[’19 Di Carlo et al.]
2 ∼ 3σ difference from CKM unitarity (grey band)

Future work: a = 0 limit with PACS10c results + IB correction
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Summary

PACS10 Project

calculation w/o three main systematic uncertainties in lattice QCD

PACS10/PACS10c configuration

V∼>(10 fm)4 in physical point at three lattice spacings

Various physical quantity calculations

Nucleon form factor

Presise calculation of isovector form factors obtained at physical mπ

Calculation method of FP(q2) and GP(q2)

Light meson form factor and charge radius

Presise calculation of electromagnetic form factors for π+, K+, K0

Charge radii for π+, K+, K0 using model-independent method

Kaon semileptonic decay form factor

Precise calculation for f+(q2) and f0(q2) to determine |Vus|
Comparable result of |Vus| with those from other groups
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Isovector magnetic form factor GM(q2)
PACS10/L128 [PRD99:1,014510(2020)]; PACS10/L160 [PRD109:9,094505(2024)]
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Fig. 9 Results of the isovector Gv
E (left) and Gv

M (right) form factors as a functions of

four-momentum squared q2 for each combined data of tsep/a = {13, 16, 19} for PACS10/L160

and tsep/a = {14, 16} for PACS10/L128. The orange band represents Kelly’s fit [153] as their

“experimental data”.
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Fig. 10 Summary plot for our current status with the experimental values and other

lattice QCD results: the isovector electric radius
p
h(rvE)

2i (left), the isovector magnetic

radius
p
h(rvM )2i (middle) and isovector magnetic moment µv (right). The inner error bars

represent the statistical errors, while the outer error bars are evaluated by both the statistical

and systematic errors added in quadrature. The violet lines and brown bands appearing in

each panel represent the experimental values. These figures are from Ref. [56].
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Reduction of leading πN contribution in FP , GP [PRD112:7,074510(2025)]

Simple assumption of leading πN contribution inspired by Bär’s results

RAi
(t, q⃗) = K−1[(EN +MN)FA(q

2)δi3 − q3qi(FP(q
2)−∆+(t, q⃗))]

RA4
(t, q⃗) = iq3K

−1[FA(q
2)−∆ENFP(q

2)+Eπ∆−(t, q⃗)]

∆±(t, q⃗) = B(q)e−(Eπ−∆EN)t ± C(q)e−(Eπ+∆EN)(tsep−t)

RA: ratio of 3-pt function with Aµ current to 2-pt functions, K =
√

2EN(EN +MN),∆EN = EN −MN ,
B(q), C(q): unknown coefficients, tsep: source-sink separation

∆±(t, q⃗) can be removed by linear combination with RA and ∂tRA

FP (q
2) = αRAi

+ β∂tRAi
+ γ∂tRA4

α, β, γ: appropriate coefficients

gπNN coupling

0 0.02 0.04 0.06 0.08 0.1 0.12
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gπNN ≡ lim
q2→−m2

π

m2
π + q2

2Fπ
FP(q2)

 * Isospin-Averaged: g2
πNN = (g2

π0NN + 2g2
π±NN)/3
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N
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 +

 1
 +
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f =
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E
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@

@

@

»
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» NME 2021

Isospin-Averaged

PACS 2024 (super fine)

Uppsala Neutron Research group for 

+ V. Limkaisang+ Prog. Theor, Phys. 105,233 (2001).

g2
π±NN /4π

49

n

π

p
FP

See Y. Aoki et al., arXiv:2505.06854, and R. Tsuji et al., arXiv:2505.10998, and references therein.

gπNN = lim
q2→−m2

π

m2
π + q2

2Fπ
FP(q

2)
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