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



O.Tomalak, R. Gupta, T. Bhattacharaya for PNDME, Phys. Rev. D 108, 074514 (2023).
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The experimental data were provided by Ulf Meissner through Rajan Gupta: hep-lat/2305.11330.

TR AL Dipole ansatz: F,(¢?) = — 24

1 \ pole ansa (q°)
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T2K Collaboration Eur.Phys,.C 83 no.9, 782 (2023).
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» Continuum limit

06 08 1 1.2 @ Physical quark mass
T T T T T

L Increased by 8-9%

2+1+1

» PNDME
@ ETMC

Ratio to generated value

0.9 =z

0.8

0.7 ;— - Before ND280 analysis : [nput uncertainty

0.6 3 —+— After ND280 analysis x

0.5C — — Il
107 1 10 z

Neutrino Energy [GeV]

PACS 2023 (fine)
PACS 2020 (coarse)

» NME 2021 (A&B)

» Mainz 2023
@ LHPC
» RQCD

K70y DEERTIE M, = 1.014(14)

Expt/

—73T2K ND EERTIE M, ~ 1.1

vN expt. (z expansion)

vD expt. (dipole ansatz)

vD expt. (z expantion)
I IR I NI I

RAFIC (3% < ORIEZE DR © o
— AL EEZRDOD D O S

2 14 16
Axial mass M, [GeV]

1 1
06 08 1

WIBTELF () = g4/ (1 = ¢2IM2)’

% 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...
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O.Tomalak, R. Gupta, T. Bhattacharaya for PNDME, Phys. Rev. D 108, 074514 (2023).
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See R.Tsuji et al., arXiv:2505.10998, and references therein.
HEHL > b OZRFITINESR
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i b VA =gy die) BOo) = nlx)yd(x)
RETE @ F,. FEEINS—F,. BAH5—G,
4 TCEEE - P = (E,(p).p)« P=(E(p).p)
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2M\F\(q4%) — ¢°Fp(q?) = 2mGp(g?)
JA—VEE m RTEE: My




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

G G T Fﬂ 1[%Et renormalized up and down quark mass m = m, = m
Y+ — FEBEZER : 0,4,() = 2mP(x)

— (p(P)0,A,0) | n(p))
=upHilp,— P EG) — g F(q)) yau (p)et” - 71 7vohEs:

i, (p)ipyy” + My) =
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= [2MyF(a%) = ¢°Fp(q®)| @,(p")rsu,(p)e™™ s Mool 50

— {(p(p") | P(x) | n(p))
= [Gp(g)] @,(p")rsu,(p)e'™

3> OIRET ORICRD TOBRR (3 DT T :
- —fitEhicd—=ILRN—H—+ F 1YY (GGT)ERK
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See R.Tsuji et al., arXiv:2505.10998, and references therein.

BEIXRILX—BERFRA

3
N1 AV IBIEEY (Pion-pole dominance) (h+ZLBRTOH ) /GGTA:D
2M\F(q?) M?
PRIDZ el N~ A PPD/ 2 2
Fpo(g”) = 72+ M2 & 2mGyp (Q)—ZMNFA(Q)W
Gr™P(q°)
=== BO % Gell-mann-Oakes-Renner relation: M? = 2Bym
FEPP(g?)
\_ &,
00 2MyF, (g% — ¢°Fp(g?) = 2mGp(g?) icovtm—oeq » 05223
1
lim [hm 2M\F4(q )] = lim [q lim F P(qz)] S hm Fp(qz) 5 s
q*—=0 0 q>—0 m—0 q
lim | lim 2MyF, (g?)| = lim |2m hm Gpo(g®)| — lim Gp(q?) L ~ o
m—0 | g>=0 Sinld m—0 -0 & q>—0 m m,%
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See R.Tsuji et al., arXiv:2505.10998, and references therein.
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Read off the ground state

Ground state can be read off from a correlation function C(¢) in large-f region

e.g. Hadron mass

Gl LR T Z A R L A e Eot_l_ A e —E;t SR Jrinterpolating operator of a hadron H
( ) < H( ) H( )> | | | | | | E;: Mass of i-th state (B, < E; < --+)

ground state Excited states

1 3 1
m*(t,7) = —In < - > —Ine") =M Mass of the ground state

T Ct+1)) o0 7

1.8‘é‘”HH‘HH‘HH‘HH_H O I L B e e B
1.6 D, meson with JLQCD 4  o3sf Nucleon with PACS+
141 [S) — 0.36 _
25 o 71 o034t 5
o S] 1 = S |
= eeeeee {= o032 _
© 0.8 SICICICISICISISISISICIS SIS ICIcTE) 3 ©0006s 7
087 © 6 0-3*96 9966%@@@@@@@{]}4}@@%%%% i
0.6 - L ]
i 1 0.28 —
0.4 — i 1
0.2 1 oz2ef _

| Simulation details in Phys. Rev. D 109, no.7, 074503 (2024). | r R Tsuu et aI for PACS Phys Rev D109 n09 094505 (2024)

L L L L L L ! TR R RS

05 5 o520 25 Y S R R R

t t/a |9



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

Correlation functions: tie together quark propagators with operators in

all possible ways to get quark line diagrams
J:b

1
Propagator: S = (0| ¢(¢,x)3(0,0)|0) = =
i,a/\/{:‘x} — Quark propagator obtained using Krylov Solvers
for DSp =
(0.0) i

Nucleon two-point correlation function:
(NON()) = (0] Y, Nx, HN(0,0)|0)

= Wick contraction
= (01} |e {uTCpsay ue| 0y [e{uTCrsd} | 0,0)10)
x | |

)

A A

.

|:€ubg {u Cyyd?) u<] .0

1 {40 11} 1oy

00|

20



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

Nucleon correlation functions

Nucleon two-point correlation function

e R Y e e
BT s(0)Zs(p) »(t;p)

Nucleon (connected) three-point correlation function

N(O; p)

~ £ 493
~ Cy(t;q)e s, FA(QZ)éig—

M B
ey >t E(p)+ M L

% disconnected contribution

&

Very noisy and computationally challenging...
But they are canceled in isovector under the exact isospin sym.
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Computational cost roughly increases o a™"om™"1L" with power laws ¥y, 71,7, > 1

Nucleon matrix element (NME)

Extract NME from a ratio of the nucleon correlation functions

€& (N0 )Ny X, e 5 a@(0| N(©0) | )i ] O(0) | /){ | NT] O)e B

<N(tsnk)N(tsrc)T> Zi I <0 | N(O) | l> |2C_Ei(tsnk_tsnk)
tsep > top = Iy > i <N | 0(0) | N> + mep + %1%
NME Excited-states contamination

e.g.ga with PACS10/L160

T T T T T T T T T T T T T T T T O
141 ' ' | ] B
zo§‘1'3__ Il n N0 0000 00ommmm Lok Lorc
120 4 ja=19 B
sep
1-1 B | | | | | | | | | | | | | | | | | | | | | N
10 5 0 5 #0 2
NT(t,.) (Hep/2)a N(t) tsep T | Link — Lsrc |

Plateau = Ground state dominance 22



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

Nucleon form factors

Cga(t;p/’p) CLS(tsink o t;p)CSS(Z 3 tsrc;p,)CLS(tsink o tsrc;p/)
CSS(tsink . tsrc;p/) CLS(tsink i t;p/)CSS(t At tsrc;p)CLS(tsink e tsrc;p)

For A; and P currents,

R, (1:p',p) =

Ey + My Pl 939
i G LR e

Ev+M, .
TNt 4y = (415 420)) = ¢ [ —— [Fo(@?)] + -
3 9T

Rt q) = g

Rt q) = Bt q) — 5., R4, i sl F.(a?
N(t.q) = R, q) — 53R (1.90) T T [Fp@®)] +
iq 3
Rt q) = 2 [Gp(@?)] + - : .
V2ENEy + My) Traditional analysis

FA, FP can be obtained by the %Z(r; q), while Gp can be extracted from %ff(t; q)
%The temporal ratio @fé(t; q) is not used in the traditional method due to the strong excited-state contamination

« Recently, some collaborations have proposed new method which utilizes the %f‘i(t; q) 23
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Q2
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(N(P) | qr,rsa| N(p)) ~ (B 0a = FyO), gy = lim =L Fg?)

Gl /3
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Computational cost roughly increases o a™"om™"1L" with power laws ¥y, 71,7, > 1

IET:EL ’rﬁ?’%h&bk . EX&IR
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11E * 06 ETMC 211 3 — :
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% BMW-c 211 8« n2=4
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00 PACS i i 1
3 <> - X TWQCD T 6le i
= X J
of VIV & v v .
4te
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e.g. Callat Collaboration: C. C. Chang et al., Nature 558,91 (2018), 1805.12130.
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Computational cost roughly increases o a™"om™"1L" with power laws ¥y, 71,7, > 1

=5 ERAE

1.25

_| Model average

952 e, a = 0)

T ghPe=1.2723(23)

f ~~~~~~~~~~~~

Callat2018

1.20 e
159 g .a=015fm) | & a=015fm
— galep,a=012fm) | #a=0.12fm
1109 g (,a=009fm) | & a=~0.09fm
T I T T T T
000 005 010 015 020 025 030

e, =m_J(4nF))

2+1 Nf=2+1+1

N, =

FLAG

HEITBRHIC 11L.YE

Bl) ZFHEBEDOFE

1.1
I

ZHC

= =V 21\
» Continuum limit
1.2

1.3 1.4 @Physical quark mass
T I T I T I T

» CallLat 2025
@ ETMC 2020
» PNDME 2018
» CallLat 2018

PACS 2023 (fine)
PACS 2020 (coarse)
» RQCD 2023 (z-exp.)
» NME 2021
» Mainz 2019
@ LHPC 2019 (fine)
@ LHPC 2019 (coarse)
» xQCD 2018

@ ETMC 2020 (large)
@ ETMC 2020 (small)
» Mainz 2017
» RQCD 2014

N=2+1+1 (FLAG 2021)

N=2+1 (FLAG 2021)
IO I PR N S B R A

1.2 1.3 1.4
Isovector axial-vector coupling

Y % i U CEHm
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R Tsuiji et al., PoS LATTICE2024 (2025) 318.R.Tsuji et al., arXiv:2505.10998, and references therein.
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» Continuum limit

1BZEPACS2020/2023DEHE
VAll-mode- -averaging|C & Dt ET DNE
l STE/INOA—TDRBE
v&ﬁwwmrbammm%awaﬁ
EXGETICEITP2YERGE

» Continuum limit » Continuum limit

1.1 1.2 1.3 1.4 @Physical quark mass 0.4 0.6 0.8 1 @Physical quark mass 10 11 12 13 14 15 16 17  @Physical quark mass
_ T T 7T T T T T ] ._ s L s s U L B L L B L L L B L L B L B
* = » Callat 2025 * :
+ HH @ ETMC 2020 + - » PNDME c: » PNDME 2023
iy H-OH » PNDME 2018 N
1 " HH ETM i ETMC 2023
= ol » Callat 2018 = @ ETMC > @
Preliminary |4 PACS 2024 (super fine) . ]
nT‘ PACS 2023 (i) Fo| Preliminary  PACS 2024 (superfine) 1 Preliminary ~ PACS 2024 (super fine)
T [ P %SD 2020 (coarse; HeoH PACS 2023 (fine)
o H—_?—I_—l-'_l 3N Mﬁ 220012; (z-exp I H-o—+H PACS 2020 (coarse) | 1] PACS 2023 (fine)
a HH » Mainz N i » N
z FoH @ LHPC 2019 (fine) " ;7 NME 2021 (ASB) " g PACS 2020 (coarse)
I|_—|-Dl-5!-l g;gg%%%}%(coarse) = a ;; LM:gwé 2023 =z —— » NME 2021
HH @ ETMC 2020 (large) —H » RQCD o » RQCD 2019/2023
[aV)
h o @ ETMC 2020 (small)
= ——a— » Mainz 2017 o . Uppsala Neutron Research group for g2, . /47
| " | » RQCD 2014 = N expt. (z expansion) . +V. Limkaisang* Prog, Theor, Phys.los,fsz (%on.
[o% ) a .
2 (g N=2+1+1 (FLAG 2021) af vD expt. (dipole ansatz) ﬁ Isospin-Averaged
T FOH N=2+1 (FLAG 2021) ‘ ‘ ‘ vD exp‘!- (z eXPan‘tion)
\ L1 N R N ‘ ‘ ‘ ‘ ‘ ‘ PRI O 1 N AN O I AN AN PO AN NP PO O
1.1 1.2 1.3 1.4 0.4 0.6 0.8 1 10 11 12 13 14 15 16 17

Isovector axial-vector coupling

IRTE | EHEBRICAITTEEH3I2DAY hA T TEE

Isovector radius <(r4)?>"2 [fm]

g.nn (renormalized)

27



. HMEE AR
ST HIEET

28



Program for Promoting Researches

on the Supercomputer Fugaku

%—I—% 0) -tz W I\ 7 W 7 -PACS 107" — J (i e vekea e dciony

20 DRifLERE T FRE (EESBRTEHACOHE .
MR A D S
1282 160* 256%

LREE > ZFYIX ~ (10.9 fm)® ~ (10.1 fm)® ~ (10.1 fm)?

IAF VEE ~ mSP 135 MeV 138 MeV ~ 142 MeV
HTHE 935 Coy - 0047 Gev. - 0852 GeY
Bl 0085 0063 U4t

Fugaku co-design outcome: [ishikara et al, CPC(2023)] Prellmlnary

QCD Wide SIMD (QWS) Library for Fugaku
Resources: Fugaku in HPCI System Research Project (np200062,hp200167, hp210112, hp220079, hp230199)

The stout-smeared O(a) improved Wilson fermions and Iwasaki gauge action. 29
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Plateaux

RL60) = Fy0) + - =4 +

Plateau = Ground state dominance

14T e - T T T T T T
13 @@@@@@@@@Em ]
12 1
1'17|----I---.I....I....|7
14—_1'0""""' %%"I""“O
c<’(1.3ts.ep/a=14@ @@@§% @@@ 1
12F 1
1'17|----I---.I....I....|7
10 5 0 10
1'4Itl/al1éslII'I""%%%%%"'
13f .
sup T gRbbbpg e
R
-10 -5 0 5 10
PACS10/L256 (t,/2)a
T L N LR BRI IR B
13 AN L ]
“ 12 T tee/a=20 .
1'17"'---'----I----I....|....|....|ﬁ
PRERS G g
zm1.2j¥§§%% {
e ]
45 10 5 0 5 10 15
(1,2
30



Preliminary

AXxial-vector coupling

1.4

1.35

—h
w

—
N
O

g, (renormalized)

—_
)\

1.16.

Zscp S | Link — Lorc |

4 .
| | & 128" (Coarse lattice) 2% deviation

] 64" (Coarse lattice)
- | O 160" (Fine lattice)

D 256" (Super fine lattice)
— - Expt. 1.2754(13)

1% deviation

¢ and o : Finite volume effects < statistical error (2%)
- © and < : lattice spacing effects < statistical error (2%)

withI physical quark n|1asses only and ﬁIJIIy dynamical simlulation

6 0.8 1 1.2 1.4

tgp [M]

1.6
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Preliminary

AXxial-vector coupling

1.35 T T T T T T

1.25 —

g, (renormalized)
P
T
*
F =
b
1Ot
|

% PDG(2022) 1.2754(13)
& Coarse lattice (128%)
O Fine lattie (160%)

D> Super fine lattie (256 |

. I . |
115 0 0.02 0.04 0.06 0.08

Lattice spacing [fm]

Reproduce the PDG value within
the statistical precision for every
PACSI0 ensembles

Further calculation is on-going!

2+1+1

Ne=i2 + 1

N, =

f

N =2

FLAG

1.1

1.2

1.3

» Continuum limit

H-H

1.4 @Physical quark mass
T | T T

» CallLat 2025
@ ETMC 2020
» PNDME 2018
» CallLat 2018

PACS 2024 (super fine)

PACS 2023 (fine)
PACS 2020 (coarseg
» RQCD 2023 (z-exp.

» Mainz 2019

@ LHPC 2019 (fine)

@ LHPC 2019 (coarse)
» xQCD 2018

|_

'
|_|_
B
1
HH;
|_
HH

——

@ ETMC 2020 (large)
@ ETMC 2020 (small)
» Mainz 2017
» RQCD 2014

FOH

A
M
L e 1 SSHNME 2021
_|
_|
o
—
1—
.

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

N,=2+1 (FLAG 2021)
I | I | I |

1.1

1.2

1.3

1.4

Isovector axial-vector coupling 32
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G.S.Bali et al,, Phys. Lett. B 789, 666-674 (2019). R.Tsuji et al., Phys. Rev. D 109 (2024) 9,094505. R.Tsuji et al., arXiv:2505.10998

PCAC relation on the lattice

Axial Ward-Takahashi identity (exact in the continuum limit) on lattice
0,A,x) = 2mP(x) + O(a) ( Finite lattice spacing effect: O(a))

— Can we check this identity in the context of the correlation functions?

Introduce a candidate of a PCAC quark mass accompanied with correlators

P

mpion = mﬂf;l' 3 A <N snka/,tA,u(x)N src

BEAG: = BEAC =
2(0| P*(0) | ) 2(N, . P(X)N...)

* Pion 2-pt function * Nucleon 3-pt function

e Zero momentum * Nonzero momentum

$ S pion nucl - i
In the continuum limit, Rty s and Mpeac should be identical.

— a difference can be attributed to lattice spacing effect
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G.S.Bali et al,, Phys. Lett. B 789, 666-674 (2019). R.Tsuji et al., Phys. Rev. D 109 (2024) 9,094505. R.Tsuji et al., arXiv:2505.10998

PCAC satisfying correlation functions
(N AN GGG @
LoCig)

UG]S

m = ==
B 2 <N snkP (X)N src>

Use finite differences,

1
0C () = e {cjj(t Lasg)- CEe—al q)}

2 . 2n
Gyt @) = —sin(qa) Gt @) = ig Gyt @) o=

a

Therefore, the PCAC among the correlation function is

1 % {Cgf(t tag)- Cre-a, q)} — ig,C34(1; q)
nuc ik

m =
PCAC ZC%(Z‘, q)

TABLE III. Choices for the nonzero spatial momenta: g = (2r/160a) x n. The bottom row shows

the degeneracy of n due to the permutation symmetry between £z, =y, +2 directions.

Evaluate mf,’éfic at the all case =~ o 9@ o o @ @ @ =
of the finite momentum conf. n 000) (100) (LL0) (1,1,1) (200) (21,0 (2L1) (220)

= In2 0 1 2 3 1 5 6 8

Degeneracy 1 6 12 8 6 24 24 12
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G.S. Bali et al,, Phys. Lett. B 789, 666-674 (2019). Y. C. Jang et al., arXiv:2305.11330. R. Tsuji et al., Phys. Rev. D 109 (2024) 9, 094505. R.Tsuji et al., arXiv:2505.10998
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G.S. Bali et al., Phys. Lett. B 789, 666-674 (2019). Y. C. Jang et al., arXiv:2305.11330. R. Tsuji et al., Phys. Rev. D 109 (2024) 9, 094505. R. Tsuji et al., arXiv:2505.10998

PCACEHRI 0@ DYER U ICERBROYIE%E BENTHHE

0-004 1 I 1 I 1 I 1 I 1 I 1
= | PACSI0/L160 .
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Q
S Tt =13 Pion 2-pt functions T
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S B Pion 2-pt functions 7
£ 0.002 tpfa=19 O Nucl 3-pt functions —
] | ] | ] | ] ] ] ] ]
0 0.02 0.04 0.06 0.08 0.1 0.12

g2 [GeV?] 37



V. BUERTFERER

- ERTERZIR

A

?

38



BHETRE T

FA(@®)/FA(0)

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

T T T I T T T T I T T T T I T T T T I T T T T I =
vD expt. (Dipole ansatz: rms=0.67(1) fm) |
X  Experiment J. Phys. G 28, R1 (2002). 7

& 128" (Coarse lattice): t,, /a={12,14,16)
O 160" (Fine lattice): t,,/a={16,19}

0.6 |

0.4+ .

02 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 |
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The experimental data were provided by Ulf Meissner through Rajan Gupta: hep-lat/2305.11330.
IS
IERAREF
B IRE
I T T

1_

vD expt. (Dipole ansatz: rms=0.67(1) fm)
x Experiment J.Phys. G 28, R1(2002).

06k | 128* (Coarse Iattice):tsep/a={12,14,16} _
O 160" (Fine lattice): t,q/a={16,19)

l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
05— 0.05 0.1 0.15

q* [GeV?]
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F,0) dg?
q*=0

BWBETHETETWS
EHMEEE &K D K E GBI FERR
KF D HERR

K DEEBERDOIRIALD =8
S 5RBETENETH

2+1+1

N, =

N;=2+1

Expt.

» Continuum limit
1 @Physical quark mass

» PNDME
@ ETMC

Preliminarypacs 2024 superfine)
PACS 2023 (fine)
PACS 2020 (coarse)

2> NME 2021 (A&B)
T 1

» Mainz 2023

@ LHPC

» RQCD

I vN expt. (z expansion)

vD expt. (dipole ansatz)

| vD expt. (z expantion)
I ! I ! I ! I !

0.4 0.6 0.8 1
Isovector radius <(r%y)%>"2 [fm] 4|
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Strong excited-states contamination

% B 2M, FEPP(q), coarse I
PACSIO/LI60 & typla=13 o ] 160 M EPPD) T
o t,/a=16 <. L & - 2M\F£™(q), fine |
tsep/ 19 o*r i 140 & experiment (muon capture) I
O lsep'?= N | | | 7 | % experiment (pion-electroproduction)||
o PN S B t Ja=16. coarse
o ] e e e e 120F O leep® 1
wf wf ] | toep/a=14, coarse I
Gel 3205 1 100 tsep/a=19, fine |
o ] U ] gn_ L tsep/a=1 6, fine L
co b by by s b b Py
“10 5 0 5 0 0 5 0 5 0 L L t.. /a=13, fine i
“ P ), S ], s 90 P sep
s0 |- - @ |- - N - L b
g-f 1 8| 1 o 3 :
I S AR IS AETIET N SR SR AR A I 1
-10 5 0 5 10 -10 5 0 5 10 40— —
507\ L ‘ L ‘ L ‘ L \7 ‘u,‘ L ‘ LI B ‘ L ‘ L \7 L |
4077@ i o ] | |
Nln 1 8°ecepg8essssss ] 20
I S SN RN BRI N S A R BN oL \ \ \ \ \
-10 5 0 5 10 10 5 0 5 10 0 0.02 0.04 0.06 0.08 0.1
(tHeep/2)Va (tHHeep/2)la

l,p-dependences > statistical error

= Large excited-state contamination remains

43



SeeY.Aoki et al., arXiv:2505.06854, and R.Tsuiji et al., arXiv:2505.10998, and references therein.

O. Bir, Phys. Rev. D 99, 054506 (2019).
G.S. Bali et al. (RQCD), JHEP 5, 126 (2020).

Te m p o ral c u rre nt Meyer-Ottnad-Schulz, PoS LAT2018 062.

2 : S/
2M\F »(g?) (from the spatial current) o« F(t;q) (from temporal current)
INF Ay
PACSIO/LI60| 0ty fa=13 Lo T o typfa=13 e
Ot la=16 i 1 O tela=16 3 F
o tsep/a=1 9 o) tsephl:1 9 j ::
80 721;]‘ |
5 60 C -0 ; r‘:"':u 8 Ao ; ‘.~.,:.’
Wl ! ! ! f . ! Ll ! :}‘ ! Ll ! B ::}H ! T e
e(;10 5 0 5 10 -10 5 0 5 10 5-10‘ 5 : 0 : 5 10 9-10‘ : 5 0 : 5 : 10
ol * B N Se. B :F T T =
o r -E B ER TeB0e8ae |
WL ! ! ! N L ! ! ! B ! Ll ! 4 E ! Ll ! A
-10 5 0 5 10 -10 5 0 5 10 -10 5 0 5 10 -10 5 0 5 10
® \ \ \ ] \ \ \ ¢ \ T \ ] °F \ T \ ]
5 ‘;0 ‘

0 0 0
(tteep/2)la (ttoop/2)/a (tteep/2)la

Above convex Mostly linear

Indeed, HBChPT and Disp. indicates ~ cosh and ~ sinh, respectively

Use the temporal information to reduce the excited-state effects i



SeeY.Aoki et al., arXiv:2505.06854, and R.Tsuiji et al., arXiv:2505.10998, and references therein.

Leading 7/ N-state contributions

Leading contributions

when pion goes on-shell
See R. Gupta, PoS LAR2023 124 and
references therein for recent reviews.

Suggested by
* ChPT (tree+lloop)

O. Bar, Phys. Rev. D 99, 054506 (2019).
G.S. Bali et al. (RQCD), JHEP 5, 126 (2020).

7(q) + N(—q)| - Pion-pole of F,

Ground-state contribution Leading #/N-state contributions
At q) At q)
S
i”(q)
N(-q) N(0) N(—q)
| 2(—q) + N(0) N(0)

Meyer-Ottnad-Schulz, PoS LAT2018 062.

J

Three point function

Two point function

3

ey =, / /

Pk (t;p.p) = C@a(t’p ’p) CLS(tsink 2 t;p)CSS(t — Iy’ P )CLS(tsink L 4 )
fais CSS(tsink i tsrc;p/) CLS(tsink T t;p/)CSS(t % tsrc;p)CLS(tsink s tsrc;p)

1
R, q) = Ey + M\)F,(qg*6; — g (Fp(gH)—-A.(t;
i A Y mreye |(Ex + My)F (a5 — 430(Fp(g>)— A (1. 9)]
Liink > ¢ 2> lge iq3

P7 t,q) —>
a0 2E(Ey + My)

[Fa(@®) — (Ey — My)(Fp(g)+E,A_(1;9))]

with A, (t;q) = Be~EAMy—ENt 4 o (ErtEy—My)(tsep=1) =



SeeY.Aoki et al., arXiv:2505.06854, and R.Tsuiji et al., arXiv:2505.10998, and references therein.

Reduce leading 7N contributions for I

R (t:q) — [(Ey + My)FA(q)85 — 4:4:F p(gD)— A, (5:.9))]

2EN(Ey + My)

iq;
2EN(EN + My)

with A (t; g) = Be EMv—En! + CeErtEy—My)(tep=1)

R (1) — [Fu(g?) — (Ey — My)Fp(q)+E,A_(t:q)]

— 0,A,(1:q) = — E,A_(t:q) + (Ey — My)A,(t; q): SIGN FLIP!

The leading zN is reduced by linear combination of time-derivative correlator

Ground-state + Leading 7N Terms for reducing the leading 7N in the Ist term
S R (t,q)° K 0, F5(1,q) 0, Rt q)
Fplg?)=-K -+ s N ik :
995 i (AEy) —EZ 4993 iq3
N < :

Traditional method Our new method

with R3(t,q) = Ryt q) — 53R (1, q0). AEy = Ey — My, K = \/2E\(Ey + My)
and the PCAC relation for the correlation function
New analysis
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SeeY.Aoki et al., arXiv:2505.06854, and R.Tsuiji et al., arXiv:2505.10998, and references therein.

Reduce leading 7N contributions

Traditional method New method
PACSIOLIG0[ 0 tiefa=13 . o toa=13 i
O tsep/a=16 o tsep/a=16
o tsep/a=19 o tsep/a=19

3 8

Q1

g&,8 8 & 88 3.5 8 3
LI I e T

=
o
o
o
>
>
of
o
(¢}
>
=)
(4]
o

Q2

Above convex Flat dependence

The systematic uncertainties stemming from the excited-state contamination

are negligible within the present statistical precision by using our new method
D7



SeeY.Aoki et al., arXiv:2505.06854, and R.Tsuiji et al., arXiv:2505.10998, and references therein.

E% kﬁz jJ 7 R ﬁ/ 'Ik * %(induced pseudoscalar form factor)

180 T | T | T | T |
| ion-Pole-Dominance mode PPD i |
160 P o 2MNFA(q2)d | MyFp™ (@), fine n
i +  FEP¢H=——5- | ¥% Expt. (muon capture) i

q* +m? : :

1401 x o Expt. (pion-electroproduction)| |
i O 1sep/a=16, coarse |
1201 t /a 14, coarse B
. | At /a 12, coarse i
S 100~ @ O te /a 19, fine -
LL - B >t /a 16, fine 1
80 —
% [ & 4 e /a 13, fine _
60 — —
i % B 5 |
40 % B & —
[ Our numerical simulation reproduce 8 1
20+ : : : : —
0 | the pion-pole dominance model in low-g* region |

O | 1 | 1 | 1 | 1 | 1 | 1 |

0 0.02 0.04 0.06 0.08 0.1 0.12
q° [GeV’]



SeeY.Aoki et al., arXiv:2505.06854, and R.Tsuiji et al., arXiv:2505.10998, and references therein.

0
l \ ? * Isospin-Averaged: g = (g Xl D2 Y3
aNN — \OzONN 7NN

» Continuum limit

INA AV ERFOHEAEER 10|11|12|13|14|15|16|17I @Physical quark mass
- UL LA L L L I B L L B BN L
L : H——H » PNDME 2023
- IIVP - Z* H-H @ ETMC 2023
n P
FA PACS 2024 (super fine)
i m2 + q° S TS PACS 2023 (fine)
EaNN = qzl_l,lzlmg 2Fﬂ Fp(q ) ‘;I‘T o~ PACS 2020 (coarse)
zZ| A »> NME 2021
2 TOHETEEREE T » RQCD 2019/2023
MatirE DEEAN THIR
HREESKEDREE CEtER l% ()] Isospin-Averaged
KOREBHEROREDS || TSRS
S 5R5EEHNETE 10 11 12 13 14 15 16 17

dxnN (renormalized) 49
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GGT relation

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

O New analysis

PACSIO/L160 -~ )
O Traditional analysis
' I ' I I ' I ' I ' I
N 1.2 ’rsep/ﬂ=13
L = e =t =
t 08
C 06 =
0.4 = R r— |
0 0.02 0.04 0.06 0.08 0.1 0.12
' I ' I I ' I ' I ' I
12|t fa=16
£ BB D--- BB &
*t 08
@ 0.6 & = =! = =
0.4 i i — |
0 0.02 0.04 0.06 0.08 0.1 0.12
' I ' I I ' I ' I ' I
N 1.2 Tsep/n=1q
ol BB BB e
+
0.8
— =]
cosf _ g = = 8 5
0.4 R R [
0 0.02 0.04 0.06 0.08 0.1 0.12

= 612 Fp(qz)
2My F (g%

1

1 2mPCACG~P(q 2)

R, :
My Z,F4(g?)

if the GGT is satisfied,

Our results show
+ Flat g*>-dependence

* Reproduce unity
for g* $ 0.1 [GeV?|

New analysis works!
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Pion-pole dominance for Fj

PACSI0/L160 O New analysis
O Traditional analysis

™

[3p]

1.2

0.8
0.6
0.4

1.2

0.8
0.6
0.4

1.2

0.8
0.6
0.4

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

o2 [GeV?]

t . Ja=13
s6p
<= - © © < ‘A S
g By B % 5 | i | ) |
0 0.02 0.04 0.06 0.08 0.1 0.12
/4216 | | | | |
sep
= - =) < < & <)
=]
- o = B = =
I [ ! [ I | ! [ I [ ! |
0 0.02 0.04 0.06 0.08 0.1 0.12
*ep/a—l‘!g | | | | |
[ Y = W — - ———1
= = = = =
= = =
I [ ! [ I | ! [ I [ ! |
0 0.02 0.04 0.06 0.08 0.1 0.12

gt + M?Fpg?
B ~
2MN FA(Clz)

if the PPD for Fp works,

Our results show

+ Flat g*>-dependence
* Reproduce unity
for g* $ 0.1 [GeV?|

New analysis works!
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Pion-pole dominance for G,

PACSI10/L160

<t

o

<t
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<t
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\)

1.
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— —h
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1.1

1
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0.8
0.7
0.6

1.2
1.1

1
0.9
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0.6

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

O New analysis
O Traditional analysis

= (E)
ED

0

0

0

0.06
g2 [GeV?]

0.08 0.1 0.12

R, = M2 ZAFP(qz)
4 =

" 2mpeacGp(g?)
if the PPD for Gp works,
R, =1

Our results show

* Flat qz-dependence
- “Reproduce” unity
for g* < 0.1 [GeV?|

Both analyses work!

The excited-state contamination

is cancelled by making the ratio
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See R.Tsuji et al., arXiv:2505.10998, and references therein.

Pion-pole structure

O New analysis

PACSI0/L160 “ .
O Traditional analysis
1 2 T | | | T | T | T |
1.1
- f
o 0.9 % H % #
0.8 tsep/u=1 3
0.7
0l | | I AR BRI
] 20 0.02 0.04 0.06 0.08 0.1 0.12
: ' I I I ' I ' I ' I
1.1
1
H
0.9 B 8 8 g &
0.8 |t fa=16
0.7 o
0L | | I R BRI
] 20 0.02 0.04 0.06 0.08 0.1 0.12
: ' I I I ' I ' I ' I
1.1
1 BE o m
= 09 ] B [ex]
0.8 tsep/“=1 9
0.7
0L+ | | I NR BRI
0 0.02 0.04 0.06 0.08 0.1 0.12

g2 [GeV?]

Why both work?

A (x) = 2mP(x)
for the 7N-state yields

Ap(®) = Z,ByA,, (1)

This indicates
G (¢*) - Gp™(q”)
F}I;Iew(q2) e Fgrad(QZ)

0:

and finally

Trad( q 2)
Fgrad( q 2)

as long as R, = 1 for New
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Neutrino Interactions for Current and Future Experiments

27-29 Oct 2025
KEK Tsukuba Campus Q
Asia/Tokyo timezone

L International workshop "Neutrino Interactions for Current and Future Experiments" will take place
at KEK, Tsukuba, Japan from October 27 to 29. This workshop is intended to provide an opportunity
where theorists and experimentalists get together and intensively discuss the neutrio-nucleon

and neutrio-nucleus interactions and their applications to current and future neutrino experiments.

Timetable

Starts 27 Oct 2025, 13:00 KEK Tsukuba Campus
Ends 29 Oct 2025, 18:00
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