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Introduction

Urgent task: search for signal beyond standard model (BSM)
Muon g — 2 @ FNAL 2021 : 4.20 away from SM

|Vus|: a candidate of BSM signal

Most accurate |Vys| from K;3 decay
['19 FNAL/MILC]
~ 5o from CKM unitarity (cyan band)

Vus| = /1 — [Vial® W/ |Vua| ['18 Seng et al.]

~ 30 (grey band) w/ |V,4| ['20 Hardy, Towner]

Important to confirm by
several independent calculations

[PACS, arXiv:2206.08654]
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K3 form factors with PACS10 configurations [PACS20, arXiv:2206.08654]
L >10[fm] at physical point in a = 0 with two «a
Negligible finite L effect, tiny ¢ region, without chiral extrapolation
LLargest uncertainty: fit form dependence of finite a effect
Reasonably agree with previous results




Simulation parameters [PACS:PRD101,9,094504(2020), arXiv:2206.08654]

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

Ny =2+ 1 six-stout-smeared non-perturbative O(a) Wilson action
+ Iwasaki gauge action

B L3 T L[fm] | a f[GeV] | Mi[MeV] | Mg[MeV] | Neont
1.82 | 128% | 10.9 | 2.3162 135 497 20
2.00 | 160% | 10.2 | 3.1108 137 501 20

K;3 form factors f_|_(q2),f0(q2) from 3-point function
2
Cy,(t,p) = <O|OK(tsep,O)Vu(t,p)Oi(O,pNO% p=|p| = T

—1
V.. local and conserved vector currents

, In| =0~ 6

L in periodic BC

<7T(p)|VM|K(O)> — (pK +p7r),uf—|—(q2) + (pK — pﬁ)uf_(QQ) PK jiMKyo)apw = (QEwapZ
N 5 q° 5 ¢? = —(Mg — E;)2+p
fola®) = f+(¢°) — M}Q{_M%f—(q )

f1(g?), fo(g?) at finite g2 around ¢° =0

— observable from ¢2 dependence of f+(q2),fo(q2)

Resource: HPCI System Research Project (hp200062, hp200167, hp210112, hp220079 + ---)
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interpolation + a — 0 extrapolation

Fit based on SU(3) NLO ChPT with f,(0) = fo(0) [PACS, arXiv:2206.08654]
4

fr(@®) =1- ﬁLg(u)QQ + K4 (%, M2, M7, Fo, 1) + co + i ¢* + g5 (a, ¢°)
0
38
fo(¢®) =1— F2L5(u)q + Ko(q®, MZ, M, Fo, 1) 4 co + 3¢* + g6 (a, ¢%)

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

930 = anec_fg’nma"qu, cur = local, conserved: 3 types (fit A,B,C) investigated

free parameters: Ls(u), Lo(u), co,ca,cd + e T

fixed parameters: u = 0.77 GeV, Fyp = 0.11205 GeV
F estlmated from FLAG FSU<2>/F w/ F5U<2> = 0.129 GeV
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Simultaneous fit for (fy, fo) with (local,conserved) works well.
Tiny extrapolation to physical M;- and Mgo. using same formulas



2 interpolation 4+ a — 0 extrapolation
Fit based on SU(3) NLO ChPT with f.(0) = fo(0) [PACS:arXiv:2206.08654]

4

(@) =1- F2L9(u)q + Ky (¢, M2, Mz, Fo, 1) + co + c3 ¢* + 95" (a, ¢°)
8

fo(¢®) =1— F2L5(u)q + Ko(q®, M7, My, Fo, 1) + co + c3¢* + g5 (a, ¢%)

gﬁ_ug = Zn,m e(_:i_u,g’nma”qzm, cur = local, conserved: 3 types (fit A,B,C) investigated
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f+(0) = 0.9615(10)(T*])(5)

uncertainty: 1st statistical, 2nd fit form + data, 3rd isospin breaking

0.90

Using experimental value |Vys|f4(0) = 0. 21654(41) ['17 Moulson]
[Vus| = 0.22521(24)(_ 1O9)(11)(43)



Shape of f4(q?), fo(¢?) at ¢° =

slope curvature
2 2 4 2 2
Vo= Mz dfyo0(q°) Vo — M7 d*fyo(q?)
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inner: stat. error; outer: total error = stat. 4+ sys. errors in quadrature

Larger error than our previous work, except for >\’_|_



Shape of f4(g?), fo(¢?) at ¢? =0

slope curvature
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local and conserved data degenerated at each a, except for >\’_|_

— large dependence on choice of gﬁr“r
Smaller a data will improve a — O extrapolatlon



Shape of f4(q?), fo(¢?) at ¢° =

slope curvature
2 2 4 2 2
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Large uncertainty from choice of gﬁ_“{)

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%

MKy = CK£3(|VuS|f_|_(O))21§< [k.: decay width, Ck,: known factor, £ =e, u
averaging 6 decay processes — |Vys|f4(0) = 0.21654(41) ['17 Moulson]

(MK—Mw)Q_Q 5 - f+o0(=t)
1% = /mgdt <J+(t)F+(t) + Jo(t)Fo(t)) , Fyol) = L+f-’|-(0)

Jy.o(t): known function ['84 Leutwyler, Roos]
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inner: stat. error; outer: total error = stat. + sys. errors in quadrature

Reasonably agree with experimental values ['10 Antonelli et al.]
Large uncertainty from choice of gi“g
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K3 . .
| Vus| = 577 Two parts calculated in lattice QCD
CK£3(f‘|‘(o)) IK k.., CKk,, ['10 Antonelli et al., '18 Seng et al., '20 Seng et al.]
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inner: lattice error, outer: total error from lattice + experimental errors

Weighted average of 6 decay processes using experimental errors

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



Summary

Observables from q2 dependence of K3 form factors with PACS10 confs
L >10[fm] at physical point with two a [PACS:'20 + arXiv:2206.08654]
e Reasonably agree with experiment and previous lattice calculations
— Slope and curvature
— Phase space integral I%
° |Vus| using If(: Good agreement with |V,s| using f1(0)
Lattice QCD is useful to determine 1’%{ as well as f4(0).

Future works

— Reduce uncertainty in a — 0 extrapolation
Calculations with 3rd PACS10 configuration in smaller a

more reliable a — 0 extrapolations
— Nonperturbative estimate of systematic uncertainties
e.g., isospin breaking
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Back up



fit forms gi“[)

fit A

9'°%(¢?, a)

- O gbOC(QQ, CL)

e10a + €17aq? 9§°"(¢?, a)

fit B all errors in a2
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+ 2 2
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Result of f4(0)
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Stability of slope and curvature
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Phase space integral I%

, tmax 23/2 2 mg 2 mQAQ
Ik = zdtm 1+2t L= +()+(2t—|— 2)>\ F3()

14

C=e,p, tmax = (Mg — Mz)?, A= (t — (Mg 4+ Mz)?)(t — tmax), Dxr = M2 — M?2,
Fio(t) = f+o0(—=t)/f+(0)

It KO — Ty,
Mg = mgo = 0.497611 GeV, Mz =m_- = 0.13957061 GeV

It Kt — 70Ty,
My = m gy = 0.493677 GeV, My =m_o = 0.1349770 GeV
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Calculation method R-local source with local current

3 int f ti " Details in PACS:PRD101,9,094504(2020)
-point tunction

2
CVM(tap) — <O|OK(t5ep, O)Vu(ta p>O7TT(Oa p>|o> p = |p| — Tﬂ-n ) |Il| = 0-6
— 4nlK M'U’(p) e_EWte_MK(tsep_t) 4+ .- with periodic boundary

Zv AE<Mp

2-point function* X = n, K
Z% ; _ _ _
Cx(t:p) = (010X (£ PO (0.p)[0) = 2 (7 X! e EXCIT0) 4

*Averaging ones with periodic, anti-periodic temporal boundary conditions
reducing wrapping around effect in 3pt, and doubling periodicity in 2pt
Zy = \/Z5ZL from electromagnetic form factor Fy (0) =1

Ratio Ry (t,p)

ZrZ i ZyCy, (t,p)
R t, — H = M « o
nlhP) = o ) O Ctsep — 1,0y P+

Constant in Ry, (t,p) corresponds to My (p) = (w(p)|Vu|K(0))
Conserved current case: V, — XN/M and Zy =1

R-smear source case: Z,, Zx — Zz(p), Zx(0)
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Calculation method Details in PACS:PRD101,9,094504(2020)

Constant in Ry, (t,p) corresponds to M (p) = (w(p)|Vu|K(0))
K;3 form factors £y (g?), fo(q?)

<W(p)ﬂﬁﬁf((0)>==(pkr+-gw)uf+(q2)-F(fvf—-pw)uf—(qz)
fo(a®) = fi(¢®) — A2 q_ Mz f_(q°) pr = (M, 0), pr = (Ex, )

¢*> = — (Mg — Ex)* + p?

Calculation of physical quantities
Ra(t,p), Ri(t,p) — Ma(p), M;(p) — f1(q¢?), fo(¢?) at each ¢

except for p = 0, where only fo(q?)
— ¢ interpolations to ¢ = 0 for fy(q¢?), fo(q?)
1. f4(0) (= fo(0)) — |Vus|
|Vus|f4-(0) = 0.21654(41) [Moulson:PoS(CKM2016)033(2017)]

2. slope and curvature
) _ M d"f4(0) O M2 d" fo(0)
T f4(0)d(—g2)™ f4+(0)d(—g2)™
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