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I ction ——

kaon semileptonic form factors (FFs) :

(z(PIVIK(P))=(p+P), f.()+(p=p), F(t) (t=(p-P)’)

(0)= L)+ gz 1)

normalization: f,(0) =f,(0)

 determination of CKM ME |V,.| through K—z/v decay rate I

« non-lattice inputs (7} / dsyyem) 0.2% = need <1% accuracy

o direct calculation @t =0 + physicalm 4, = FNAL/MILC, RBC/UKQCD, -

shape: df,,/dt, ...

« comparisonw/ exp't and ChPT = reliability of precision calc.

a different approach exploiting exact chiral symmetry



study FF normalization and shape simultaneously
by chiral extrapolation based on NNLO ChPT

light meson (z*, K*, K° EM form factors : share LECs
= chiral behavior of these light meson FFs

1. simulation set up

FFsin ChPT
EM FFs

WM

kaon semileptonic FFs



JLQCD's simulations using overlap quarks

N; =2 + 1 QCD w/ exact chiral symmetry
a=0.1120(5)(3)fm = O((aa)?)~8% error
4m's = M_=290- 540 MeV

m, = 0.060, 0.080 & m,pp,s=0.081

163x48 or 243x48 = M_L = 4 = suppressfinite V correction
extra-Wilson fermions det[H,?] / det[H,2+1?] = speed-up + fixed Q

e finite V effects o< 1/V (Aoki et al., 2007); < stat. error for F,=*(t) (JLQCD, 2009)

2500 HMC trajectories @ each simulation point

all-to-all propagator, reweighting, twisted boundary conditions



in NNLO SU(3) ChPT

LO = 1 (CVQ) NLO 1-loop f,,5 NNLO2-loopf, 45
e parameter-free w/ &-expansion
\ m,/ (4nFg)? — &= Mp?/ (4nF,)?

f e f+,0 ke f+,2,5+f+,2,|_ s f+,4,B+f+,4,C+f+,4,L I f+,6

s 6 S 5 S (2) 277

NLO, NNLO analytic, NNLO one-loop

e f.on fiar "Ap*)” couplings L; in O p*) chiral Lagrangian £,
e f.,c: OpP)couplings C; in L

chiral extrapolation = fix unknown LECs



have been studied phenomenologically

“tit 10", Amoros-Bijnens-Talavera, 2001 : Mg, x 1 Froxg Keg FFs
nellic Blihenscmos 2010 NIe 0 B K BEs mn hn

"BE14”, Bijnens-Ecker,2014 : (updated) My, k1, Fr, 1y Keg FFs, 7, K, -+

» in our analysis of f,
Ly@ NLO : shared w/charged meson EM FFs
— can be determined from EM FFs
L,.s@ NNLO = reasonably small NNLO corrections

= input “BE14" values



poorly known = have to be determined on the lattice

for f,(t)

NNLO analyticterm = 8C;'s in 4 coefficients (Bjnens-Talavera, 2003)

e foae = Conc (ME-ME) + € M2+ C ML + FF
= 8(C12+C34)

C, . =—4(2C,+4C,+C, +C;+Cy),

C,« =—4(2C,+8C,+2C,+2C,-Cy),

C, __4(C88_C90)

= 4fitting parameters ; too many to obtain a stable fit?



3 of them : determined from z*, K*, K¢ EM FFs

FAF7 =c;, M2t + ¢ M2t + ¢/ t°
FAFS =c"M2t + cf MEt + ¢t
4 KO Pei 2 2
FAFf. =c (M —M2)t

zt zt rel
G :_Z(Cm et a2t )’

at + KO
o =—2(cﬁt 96 IC )

only 1 free parameter c, ., @ NNLO + possible N3®LO = a stable fit



many additional C;'s through f.(t) (Bjnens-Talavera, 2003 = natvefit

use a quantity inspired by Callan-Treiman th. (Bjenns-Talavera, 2003)

~ t F

T

 NnoLECs@ NLO : L. does NOT appear even @ t+0

* huge cancellation b/w NNLO analytic terms

~

E P B ¢ INC N ose c JIME MO s B

VA

= only 1 additional parameter C;, @ NNLO

= simultaneousfit to f,(t) and f,(t) : a viable option



/imultaneous fit to z*, K*, KO EM FFs
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BT = TR o 2
e o 1 [GeV’]

- = " EMFF ] 7+, K*, K—7
085557 1 ® reasonable convergence

0.10 003 0.00
[ [GeV’] = dominated by NLO 2L4¢/ F2

® L9(|\/|p): 4.6(1.1)(0.5) x103 & 59(0.4) x 103 (F,*", Bijnens-Talavera, 2002)

® Ct — C88 = C9O == 64(1 o )(01) X 1 0_5 = 55(05) x 10 (BT, 2002)

+
® |C7r wt CEJFK?U

CKO| ~1-6x10° ¢ poorlyknown, C; ~ (4r) 4 =4x 10"

7 7



charge radii

I AN R L "': 0.00= | T e e
05k NNLO SU(3) ChPT + N LO analytic, L“ 5] from "BE14" ] T -
N o M =M i
i m m o~ GA)ym o i -0.02 N
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® circles/squares : value @ simulation pts. from F(t) = 1/(1-t/M\?)+ ...

® radii are consistent with experiment
s 5 K > K 5
(r*), =0458(15)(38)fm’, (r*) = =0380(12)(32)fm?, (r*) ~=-0.055(10)(45)fm

KO

& PDG'14: <r2>j+ = 0.452(11)fm?, <r2>:+ =0314(35)fm?, (r*)  =-0.077(10)fm’



conventional analysis :

® estimate f,(0) @ each (M2, M2 by f, o(t) = .(0)/ (1-t/Mpge?) + ...
® extrapolateto physical pointbased on (NNLO) ChPT

T T I T | I I T T | I T I I T T I .
- NNLO SU(3) ChPT, L, from "BE14" | @ reasonable fit
I 2 -
(G e O
@ 0.98 & mshms,ph}rs N — 0-52(7)stat(6)Li
wf m m ~ (2/3) o A
5 ETM, N,=2 I = ° o
» ENAL-MILC, N,=2+1 |
09617 v RBC/UKQCD, N,=2+1 & 040(4)(9)
@ FNAL-MILC, N,=2+1+1 . \ENAL/MILC NE=3,2012)
: & ETM, N,=2+14] =
| | | | | | | | | | | | | | | | | | . = 5 4 4 +4 =
0.94' L e = +(0) (4)(+4)

M_ [GeV']
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a global fitof f,(t) vs M % an

L NNLO SU(3) ChPT, L|:_ from "BE14"

M_~540 MeV, m_~m
M_~450 MeV, m_~m
M_~380MeV, m _~m
M_~290MeV, m_~m

s, phys
s, phys

s, phys

v 4 A P

s, phys

20.05
t [GeV]

consistent w/ conventional analysis

0.05

dt

® reasonable fit
2/ dof =~ 0.2

® C, x10°

= 043 (7)stat(7) Li

® 1,(0) = 0.969(4)(+5),,



/|

simu

taneous fitto f,(t) a

nd fy(E) vs

].].{:l T | T T T T | T T ! I |
" NNLO SU(3) ChPT, L from "BE14"

- A M ;
- 4 M_~450MeV, m_~m
LOSF v M_~380MeV, m_~m
: p M_~290MeV, m_~m

~ 540 MeV, m ~m

=

] s, phys
s, phys
5, phys

5, phys

LOOEH =

0.95-

® no NLOanalytic = mild dependenceont

M{TC,K} ,t
® reasonable fit
x2/dof =~ 0.7

® C, ., x106

= 0.52(6)(-7)u

C12 X 106 o '23(07)
C34X 106: +76(11)

® 1,(0) =0.964(4)(+5),,

® mainly use thisfit to study FF normalization and shape



f, (0)=0.9636(36),,(

® systematics

+0
—45

L

e N3WLO: fitsincl. various N3LO terms

{L,, ..., Lg}input: fits w/ different {L;}
a+0: order counting O((a4)?)
finiteV: < 0.2% (neglected)

£,(0) -1 = NLO + NNLO + -+ (510%)

exp[-M,L] = 2% effectsto these corrections el

stat., chiral fit, a # 0 give equally large errors

-3

e =0
Lj a=0 —65
I | T ! | ! ! ! | ! ! !
H+H ETM ’14
N, =4
FNAL-MILC 13
] | | | | | ] | | | ] | |
! | ! | ! | ! ! ! | ! ! !
H®H  this work
N =3 HH RBC/UKQCD 15
HOH  FNAL-MILC "12
| | ] | | | | | ]
| T | ! | ! ! ! | ! ! !
N, .= 2 HH ETM "09
| ) ] | 11 | | 1| | | ] | | | | | |
094 09 098 1.00
£,(0)

® independent calculation of f,(0) w/ sub-% accuracy




slope of f,(t)
40 L T T T T T T T T T T T T |
E L ms - ms. phys
5 m oM~ (2/3) o ™
- g * CKM2014 :
cXI1ES., RO e St = N
25
T+ L
< [
2.0
L5F R .
B | | | | | | | | | | | | | | | - | i
l'%.O 0.1 0.2 0.3 0.4

M [GeV']

® consistency alsofor 4y'x 102=

® largest uncertainty = discretization (8%, 1.'),

(- f+<o>{

+

=)

ﬂphys df ( )

dt

t=0

1 ® NNLOis significant

T @ x102= 3.08(14)31)

consistent wit exp't

2.58(7)

1.98(15)(44) < 1.37(9) (CKM 2014)

(CKM 2014)

N3HLO (21%, Ay)



- JLQCD's study of light meson FFs

» exact chiral symmetry + chiral fits based on NNLO ChPT

normalization and shape of K—z FFs from a unique fit

small model dependence through small N3®LO corrections

» precision calculation of f,(0)
independent determination with sub-% accuracy
» reliability check
different fits (f,(0), f.(t) and f,(t)) yield consistent results for f.(0)

chargeradii, 1./, 4, : inreasonable agreement with experiment

» future directions
heavy flavor physics = T. Suzuki, Thu 16, D semileptonic decays
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~NNLO

PR P P P P BN P P
E =F + Fz,L 0 Fz,B . F4,B H F4,C + F4,L B

» NNLO analytic terms

symmetries = 11 parameter dependences of F¥', FX", FX°, f,

FAF. =ci, M2t+cg M2t+ch t? R

Bl NEE e E e Lsvertex
0 0

FARC =c (Mg -M2)t,

T

2
Fif,c =i, (ME —M2) +cf, M2t +c Mit+c t?

T

11 coefficientsinvolve 8 LECs €y, Cy3, C34, Co3, Cea, Ces, Cgg, Cop

eg ¢ -—de e I9E i C 1€ |[JC

it



va = |:op o FzF,)L i FzF,)B o F4F,)B F4I,DL . FGP

» NNLO analytic terms
can be written by using 5 independentlinear combinations
C® —4C_+4C +2C +C +C. +2C, ?
C77Z'Tt+ =4C;; +Cq,, Ctz = Cgs —Cqo. L, vertex
CKO = 2C63 b C65’ C+ i C12 s C34

+

+ + + + 0 +
eg. ¢, =C>, C: =C7 +C" /3, ¢} =c;, =c;=C,

these combinationsare poorly known in general

= treated as fit parameters
= fix by fitting lattice data to ChPT formulae



correcri(
P _ P P P P P P
ET T ET E G E O E G F
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°f,  =d, M, d d

7r +7rt ) +,7Z'K'[M7§M|§t’ d+7zKM (M2 Mﬂ')z

f—d M, d;

7r 0,7t O7zt

2
dO,ﬂKtMiMét’ dOﬁKM (M2 M;r)
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neutral kaon

A M _-540MeV, m ~m — NLO
Froic, 4 M_-450MeV, m_~m_ phys 7 - - it ﬁﬁkg .
ey 5:‘“\\“ v M_~ 380 MeV, LR i g L w. NNLO: C
46 % R » M_~290MeV, m_~ W 1 bl S - w0202 NNLO, B B
' — : . b = N3L0
ks N
R
Q00| e e

" NNLO SU(3) ChPT + N'LO analytic, L _ from "BE14" | M NNLO.SUSFCHPT+ N'LO, L _ from "BE14'
| L L L 1 | L P i I | ) _|_-]-""2"_|"_.Fd ! ! L | I HI I 1
-0.10 -0.05 0.00 -0.10 -0.05 0.00
t [GeV] t [GeV]

FX° o (5ys—dyd) : FX°, FX, vanish = poor convergence
simulated M. : NNLO < NLO, N3LO
physical M, : NLO > NNLO ~ N3LO



N3LQ is significant?

N 0 L
B _8C+(Ml§ = Mfi)z T ! o J:?Ix-lmslph)-sl .
_8C, ,(M2-M2? i -abm,,
ma e e e gl ) B !

® if N3LOis small

= C, off IS constant

5
C ﬂrxlO

S L. | .

® M¢, ., dependence ol 1 :

= N3LOis not small 0 0.1 02 03

® ourdata: smalldependence on M¢, ,, = N3LO can be neglected
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convergence of NNLO fit

0.05 0.00
t [GeV]

® reasonable convergence

total nontrivial correction = dominated by NLO 2Lq¢/ F?

® analytic terms dominate NLO and NNLO contributions

cancellations b/w loop corrections ?



?Lﬂ x 10~

slope of fy(t)

3.0

L
O
*
X

1.~ m
5 5. phys

ot (2/3) B, phys

CKM 14 (dispersive) -
Flavianet * 10 (linear) 7

09—

1 | 1
0.2
M_ [GeV']

| 0-3 |

| 0.4

T

1f,(t) = f+(0){1+|\/;—°,2t+0(t2)

y) A M;,phys C“:0 (t)
S
f.(0) dt

t=0

1 @ 1, x102= 1.98(15)(44)

consistent wit exp't
1.37(9) (CKM 2014)

® uncertainty largerthanA,’: L; (T), NN3®LO ()

|
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