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Introduction

CKM matrix unitarity check ( up quark row )

A, = ]Vud\Q + \VUS\Q + | Vb 2 _1 If CKM matrix is unitary,
A, =0

In recent result of CKM matrix element (PDG 2018)

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).

from superallowed nuclear B8 decay
Hardy and Towner PoS CKM2016, 028 (2016).

V| = 0.97420(21)

from combination experiment and semileptonic
decay form factor by Nf=2+1 lattice calculations

Vis| = 0.2231(8)

from combination experiment and the ratio of
decay constants fk/fr by Ns=2+1 lattice calculations

Vis| = 0.2253(7)

from combination of inclusive
and exclusive decay

V| = 3.94(36) x 1072



Introduction

Current status of CKM matrix element of up quark parts

from combination experiment and semileptonic
|VUS‘ — 0'2231(8) decay form factor by Nf=2+1 lattice calculations

decay rate of semileptonic decays

G2 M5
(K — 7lv) = 13%?{{ CSew (1 +0pm + 0su(2))* 1| Vus|? f+(0)°
i : phase space integral

C=1, (K% C=g, (K%

SEW . short distance electroweak correction

5EM . long distance electromagnetic correction

5SU(2) . isospin-breaking correction



Introduction

Current status of CKM matrix element of up quark parts

Vus| = 0.2231(8)

from combination experiment and semileptonic
decay form factor by Nf=2+1 lattice calculations

decay rate of semileptonic decays

DK — miv) Determination

)i : phase space integral by experiment
SEwW

5w Determination by phenomenology
05U (2)



Introduction

Current status of CKM matrix element of up quark parts

from combination experiment and semileptonic
|Vu3‘ — 0'2231(8) decay form factor by Nf=2+1 lattice calculations

decay rate of semileptonic decays
2 N[5
G% M3,

K — nlv) = 023

CSew (14 6pm + dsu(2) 1| Vus|” f1(0)?

The average of five decay modes yields ‘Vus f{—hO} (O] — 0,21654(41)

K? wmev K? = muv K9 — mev f
the form factor is determined
by Lattice QCD calculation

K:l: N 7TO/L1/ K:l: SN 7TO€:|:V



the result of “unitarity”
Is assumed A, =0

and ignoring Vuo

right panel : lattice calculations of Vus
from semileptonic form factor and
result assuming unitarity (brown band)

FLAG, arXiv:1902.08191 [hep-lat]
JLQCD, arXiv:1705.00884v1 [hep-lat]
FNAL/MILC, arXiv:1809.02827v1 [hep-lat]

inner error : stat. only
outer error : total error
(stat.+syst.+exp.)

Introduction

0.222 0.223 0.224 0.225 0.226 0.227 0.228 0.229

see later

8 ETM Nf=2+1+1
FNAL/MILC Nf=2+1+1
RBC/UKQCD Nf=2+1
X FNAL/MILC Nf=2+1
JLQCD Nf=2+1
ETM Nf=2
PDG result (form factor)

€@ PACS Nf=2+1 (decay constant)

V|
0.22 0.221
T | T I T I T r
This work
Form factor H—*—
continuum limit H o H
H-B-H

X PDG result (decay constant)

Form factor —

single lattice spacing

uncertainty from lattice calculation
chiral extrapolation, finite size effect, continuum limit , etc---

suppressing the uncertainties, we could check the significance




. Results

. Introduction v - interpolation to zero momentum
transfer(NLO SU(3) ChPT + NNLO
. Construction of semileptonic ~ @nawtc)
- extrapolation to infinity time separation
form factors - Zv dependence of form factors

. CKM matrix element

. Set up
. Conclusion



Construction of the form factors
Semileptonic form factor

vector form factor (7(px)|V.| K(pk)) = (px + pr)uf+(@%) + (Px — Pr)pf-(47)

2 —q>
scalar form factor s () = £,(®) + —L—f(¢*) = £+ () (1+ ! é(q2)>

(m¥ —m3) (m2 — m2)
2 f—(q2)
£(q°) = 5
kinematic constraint  f+(0) = fo(0) ( f+(g )>

to construct form factors, we calculate
vector current 3point functions and Z2point functions
CrY W pt) = {00y (@, t5)Vu(@ Ok (5. t:)|0)

Zy(p:)Zx(ﬁ) 1 Y () [Vi| X (7)) e By 060 = Bx (P)(t=t:)
AEy (p')Ex (p) 4v

<ttty XY =m K
CX(B,t,ti) = (0|0x (5, )0 (7, t:)|0)

and construct ratios by 3(or 2)point function



the ratios (combination of Z2point and 3point functions)

JLQCD, arXiv:1705.00884v1 [hep-lat]

CTX(0,0)CE™(0,0 My + my)?
b= SOOI, et e g )
Ginin = —(mxc =)’
Cb:@“@@UWB><&@Mmm+lmﬂ—mﬂm5>ﬁ@%
CTE(0,0)C™(p) My + Mg My + Mg Jo(@in

~ CrE(0,p)CEE (0, p)

Pi — pz’€<q2)

3

- CEE(0, p)CTE (0, p)

_ <E7T(ﬁ) + Mg
Pi

Er(p) + mg + (Mx — Lx(p

)€ (q2_)‘)

0O<<t<<ty,i=1-3)

construct the form factors from the ratios

dl — fO (qgrnfn)

ds — £(q°)

_ =)

f+(q

2

)

— do = f1+(¢°)

= fo(@®) = £+ (@) (1 ;

—q

(m

2
K

f(q2)>

mz)



Simulation detaills

configuration parameter

PACS10 configuration (HPCl System Research project)

arXiv:1807.06237v1 [hep-lat]

L3 xT =128 x 128 m, L ~ 7.5 (kua,ks) = (0.126117,0.124902)

B=1.82Ngtour = 6,p =0.1,c5, = 1.11

a~ ' =2.333(GeV) — a = 0.084(fm)

N, =2+1 lwasaki gauge + stout smeared link Wilson clover action



Simulation detaills

measurement parameter

directions of ? 2T
= —1n
source momenta L

ity — 4] 36 42 48 - — -
|7°| =n | #dir. of @ | perm. of 77 =
‘tf — tz“ (fm) 3.05 3.99 4.05 0 1 (0,0,0)
# of config. 20 20 20 L 6 (1,0,0)
. : 2 12 (1,1,0)
# of time slice 8 8 8 3 3 (1,1,1)
# of temporal dir. 4 4 4 4 6 (2,0,0)
5 9 (2,1,0)
# of rand. source 1 2 2 5 5 2.11)

sink momentum : O

periodic boundary condition in temporal direction

without twisted boundary condition in spatial directions

Jackknife analysis bin size:10 traj.

resources : Oakforest-PACS (JCAHPC)
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Interpolation to zero momentum transfer
(NLO SU(3) ChPT + NNLO analytic)

NLO SU (3) ChPT JlN_|uECPI.55555.8(6]23:2;?};62,2003 p=m,=0.77GeV

: ) ) ) fo = 0.074GeV
fe(@®) =1- 2 + %F(A(miau) + A(mZ, 1) + 2A(m, p)) ’
3 o
+ﬂ A7 Ba Bzg

loop integral of ChPT

35 L T one fit parameter is
+—(B22(m7r7mK7q 7/~L) +B22(mK7mn7

2 -
2o in each form factor
+f—02(1/2A(m,27) — 5/12A(m2) + 7/12A(m3%)
+B(m2,m3%, q*, 1) (—m?2 /12 — bm3 /12 — 5¢°/12)
+B(mg, mp, q%, p)(mz /12 — Tmi /12 — ¢° /4)
+B1(m2,m3, ¢%, u)(—Tm2 /12 — 19m3% /12 — 5¢% /12) . _ J
_ a meson mass | m
By (3, m2, g ) (—1m2 /124 B /12 + g2/4)  C o MOSON MAss Is compose
_ 5 o o ) ) ) of pion’s one and kaon’s one
+Ba1 (mie, mi, ¢, u)(_3m3r/2 —3m% /2 +q°/2)
+Boa(mz, mic, q%, 1)(—5/6) 3m; = 4mik —m3
+Bag(mie, my, ¢°, 1)(=1/2))



Interpolation to zero momentum transfer
(NLO SU(3) ChPT + NNLO analytic)

NLO SU(3) ChPT

Fo(@) = 1= 25 Lo(u) + > (A2, 1) + A2, 1) + 2A(m2, )

12 815
+ﬁ<322(m2 mKaq M)+B22(mK mn,q2,,u))
2
fo(@®) =1- 4f0 5 Ls () + %(A(m L)+ A(mZ, p) + 2A(m, p)) However
+F<Bz2<mi,mf<,q )+ Bua(mim? g2 y)  HNETE 1S noanalytic
0 term in NLO of f+,0;(0)

f (1/2A( o) —5/12A(m2) + 7/12A(m%
0

)
+B(myz, mic, ¢*, p)(—m3 /12 — bmi /12 — 5% /12)
+B(mg, mp, q%, p)(mz /12 — Tmi /12 — ¢° /4)
+B1(m2,m3, ¢%, u)(—Tm2 /12 — 19m3% /12 — 5¢% /12)
+B1(mF,m;, q°, p)(—1m2 /12 4 23m7% /12 4 ¢° /4)
+Ba1(mz, mic, ¢*, 1) (3m3 /2 — 3mi /2 + 5¢° /6)
+Ba1 (mic, my, q%, 1) (3m7 /2 — 3mi /2 + ¢°/2)
+Bas(m3, mic, ¢, 1) (—5/6)
+Bao(mie, my, ¢%, 1) (—1/2))



Interpolation to zero momentum transfer
(NLO SU(3) ChPT + NNLO analytic)

NLO SU(3) ChPT + analytic terms

2

fr(@®) =1~ 2;{—3L9(u) + 8—%(4(7%?7, p) + A(mZ, p) + 2A(mi, 1))
3

+W(B22(m72ﬂm%(7 q27:u) + 322(m%(7m%7 q27 ,LL))
0

2

fola®) = 1= 4% Lo(u) + o (Amd ) + Al ) + 2A (1) 5o
3 D 2 2 2 D 2 2 2 + CO —I_ (_q ) 62
+%(B22(m7r7ml{7q nu) +B22(mK7mn7q nu))

+%(1/2fl(m%) — 5/12A(m2) + 7/12A(m%
0

)
+B(mz, mic, q°, p)(—=m3 /12 — 5mi /12 — 5¢° /12)
+B(mg, mp, q%, p)(mz /12 — Tmi /12 — ¢° /4)
+Bi1(m2, my, q*, u)(—7Tm2 /12 — 19m3, /12 — 5¢° /12)
+B1(mF,m;, q°, p)(—1m2 /12 4 23m7% /12 4 ¢° /4)
+Bay (m7, m¥, ¢%, 1) (3m3 /2 — 3m% /2 + 5¢° /6)
+Ba1 (mic, my, q%, 1) (3m7 /2 — 3mi /2 + ¢°/2)
+Bos(mZ, mi, q°, n)(—5/6)
+Bao(mie, my, ¢%, 1) (—1/2))



Result : interpolation to zero momentum transfer

(NLO SU(3) ChPT + analytic terms)

uncorrelated fit in n=1-6

2
f{_\\_,o}(q )

-0.05 0 0.05

q’[GeV’]

the fit with the momenta
in Nn=1-6

0.97

0.96

0.93

0.92

-0.005

5 free parameters

£ (0)=f,(0) , It,
@ (0=, I
A 0= .1t

e~
-~.

T~
-~
~ .
. . ~.
~ i~

0 0.005 0.01 0.015 0.02
q’[GeV’]

near g=0 region,
between n=4 and n=5 mom.

the parameters’ errors from FES.E. O(e™™ %) = 0.06%

—form factor’s error from FSEE.  O(107°)




Result : extrapolation to infinity time separation

|tf—ti|=36 |tf—ti|=42 |tf—ti|:48
Fr0(0) | 09551 (26) | 0.9582(21) | 0.9606 (29)
X2/d.o.f 0.05 0.09 0.19
Fit form
097 _
C
0.965 - f{—i—,O} (O) + ‘tf — ti‘g
S
q_:t 0.96 —
Central value :
0955 —
fi1.01(0) = 0.9606(26)
095+
S (Ity —t:| = 48)
Itf-til'1

The difference between central value and the extrap. : 0.40%



Result : Zv dependence of form factors

Zv IS related to weak current

/v does not appear explicitly in the other ratios (d2,d3)

_ G O0peT(0) | [ CIF@ACEEO.#)

CTR(0,0)C07 (p) - CEK(0,p)C5(0,p)

Investigation of systematic error from choice of Zy



Result : Zv dependence of form factors

pattern 1 : obtain from EM current

- | 3-pt functions and correlators
097} o -
—— SF(stat.) i
— sqrt(ZVKKZVM) KK
oss|- 1 |z, = \/ Zmm 7KK — (0.95598(26
_ | v 4y (26)
N> 0.96 — 1 T 4
I X ] ] fit range 1=7-34
0ossE
_| 1 |¥ TT T T I T T T I T T T T T T T T T T T T l[| | |_ pattern 2 : SF SCheme
I e PoS LATTICE2015 (2016) 271
L Zv = Z5F = 0.95153(76)(1487)

Systematic error by choice of Zv : 0.47%
f+.03(0) = 0.9606(26) () (45)

—0

Note that our result is single lattice spacing calculation



Result : CKM matrix element

In the experimental result

A

us
0.22 0.221 0.222 0.223 0.224 0.225 0.226 0.227 0.228 0.229
T

This work ——

ETM Nf=2+1+1
FNAL/MILC Nf=2+1+1

RBC/UKQCD Nf=2+1

Form factor

continuum limit H

o—H
N~ X FNAL/MILC Nf=2+1
=g JLQCD Nf=2+1

ETM Nf=2
PDG result (form factor)

@ PACS Nf=2+1 (decay constant)
X PDG result (decay constant)

Vus| fra.01(0) = 0.21654(41)

our results of CKM

Vius| = 0.22538(68)( ") (105)(43)

A 1
Form factor T '
single lattice spacing M
Decay constant ratio ——
—>—

our result covers SM
and also previous continuum
limit results

1st error : stat.

2nd error : time sep.
3rd error : Zv dep.
4th error : exp.

inner error : stat. only
outer error : total error
(stat.+syst.+exp.)

important to reduce
systematic errors




Summary

We calculated vector meson form factors and semileptonic
form factor in N=2+1 Lattice QCD

our result of semileptonic form factors

(.03 (0) = 0.9606(26)( ") (45)

—0

(NLO SU(3) ChPT fit + analytic terms)

our result covers the SM and also previous continuum limit results

Vas| = 0.22538(68)( " )(105)(43)

It is important to reduce systematic errors

Next step

- continuum limit (finer lattice spacing)
- (partially) conserved current analysis



back up



Calculation 3-point function

connected 3-point function is ¢xv(p p) =z, (0|0 (t, PVl )0k (81, P)o)
consist of 3 quark propagators l

1 random wall source

%
Pi=0
2 sequential source S
% ranaom wa
?f — O source
3 random wall source _, , 0.
pi7 0 :
random wall SOUI'CE(A,B : color&spinor index )
14+i 1—i =144 —1—34 | N |
ns(Y,t:) = {ﬂ N RN IS } Jim > (@t (7, 1) = 6(F — §)das
=0

€ Z(2) Z(2)

calculation cost is reduced by random wall source
RBC&UKQCD:JHEP( 0807 (2008)112)



Preliminary result : momentum transfer dependance
of KI3 form factor

1.15 . . . | constant fit
' from all the ratios
Bls moving Pion | 4 Mmi=lo—2l
- i1 | 1 _
| there is target
- T % . | momentum (q=0)
2 ] v i between mom. of
1+ i -
/ ? T i n=4 and n=5
i ) | .
oss - OV "o - n =0 Grim = —(Mx —mx)?
Kaon NG ~ —0.132(GeV?)
i 0
0.9 - | | | | | N - 2
T A L L = square symbols: f+(g?)
o’[GeV’] circle symbols: fo(g?)
the form factors of Kaon with mom. are noisier than orange circle: fo(g?min)

Pion’s with mom. and too far to extrapolate to the target
the data of Kaon with mom. is NOT included in the next
analysis



Result : slope of form factor

2 2

— )2+...

+ X4 ol

IS measured in KI3 decay experiment

slope of form factor can be used for the
consistency check with experiment

. M. Moulson, PoS CKM2016, 033 [arXiv:1704.04104 [hep-ex]].
experlment JLQCD collaboration, arXiv:1705.00884v1 [hep-lat]

(1) = 2.58(7) x 1072 (g, = 1.36(7) x 1072
our result

(1) = 2.44(6) x 1072 Ay, = 1.36(7) x 1072

our results are consistent with experiment



