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K — = decay form factors

(w7 VUK (P)) = (p+ P ) £+ (@) + (p — P - (%),

- P _ /=@
Fold) = 1o @) + 3y I @) 8@ = o

o vector form factorat ¢>=0: f+(0) < determination of |V,s|

o My am < Mg @ Np=3:RBCIUKQCD, 2008,2010, Ny =2: ETM, 2009
(see also MILC/FNAL/HPQCD, 2005; FNAL/MILC @ Lat'11)

o T = |Vus|fr(0) =0.2163(5) (FlaviaNet,2010) < f4(0) w/ < 1 % accuracy

o otherinformation of ME: f_(0), /", < consistency with ChPT, exp't



this talk
report on JLQCD's calculation of KX — = form factors in Ny =241 QCD

o overlap quarks =- straightforward comparison w/ ChPT (a=0)

o all-to-all quark prop. = precise calculation of relevant meson correlators

outline
@ simulation method
o ¢? interpolation

o chiral extrapolation



configurations

o N;=2+1QCD
o lwasaki gauge + overlap quarks + det[HZ,]/det[H3, + 2] = speed up, fix Q

0 a=0.1120(5)(3) fm (Mg as input) < O((aAqcp)?) =~ 8% error



setup ratio method reweighting
2.1 simulati

configurations

o Ny=2+41QCD
o lwasaki gauge + overlap quarks + det[HZ,]/det[H3, + 2] = speed up, fix Q

0 a=0.1120(5)(3) fm (Mg as input) < O((aAqcp)?) =~ 8% error

measurements of meson correlators

O 4 myq's = M, ~ 290 - 540 MeV; ms=0.080 < ms pnys= 0.081
0 163 x 48 or 243 x 48 (depending on m.4) = M,L >4

o inQ=0sector = fixed Q effects x V~'; sub-% for Mz Ky fin K}

© 50 conf x 50 HMC traj. for each (myq4,ms)



setup ratio method reweighting
2.1 simulations : s

configurations

o Ny=2+41QCD
o lwasaki gauge + overlap quarks + det[HZ,]/det[H3, + 2] = speed up, fix Q

0 a=0.1120(5)(3) fm (Mg as input) < O((aAqcp)?) =~ 8% error

measurements of meson correlators

4myug's = M, ~290 - 540 MeV; m;=0.080 < mg pnys= 0.081
16® x 48 or 24% x 48 (depending on m,g) = ML >4

inQ=0sector = fixed Q effects x V~!; sub-% for Mz Ky fin K}

¢ ¢ © ©

50 conf x 50 HMC traj. for each (mqq,ms)

©

w/ all-to-all propagator = 160 - 240 low-modes + noise method
o twisted boundary conditions (TBCs) = ¢*€[-0.1GeV?, ¢2..]

o reweighting = additional m,=0.060



setup ratio method reweighting

2.2 simulations : ratio

ratio method  (Hashimoto et al., 1999)

CH200) = (oW Ohe)) ~ LTEEIR ((p! vy Plp))e P~

cP(p) = (Op(P)OL(P)) ~ %6_’5@”/ (P,Q =K orr)

(partially) cancel Zy, exp[—Eq)At], fluctuationin C‘};“Q(p,p') and C (p)

C{7(0,0)C7E(0,0)

_ _ (Mg + Mx)? 2 2 2 _ _ 2
= GER0,0)¢57(0,0) A0, IO )™ (= (M= M))
- C{T(p,p)CK(0)C7(0) . { +EK(P)—E7r(P')£( 2)} f+(4%)

=~ CE7(0,0)CF (p) () Erc(®) + Bx(®) " S Fol@e)

CEm(p, ') O35 (p, ')
.

— afunction of £(¢?
CET (P, P) O X (0, P) )

all-to-all prop. + ratio method = A[f+,0(¢?)] S1%, A[£(¢%)] ~10 - 30%



setup ratio method reweighting

2.3 simulations : reweighti

reweighting = can impair stat. accuracy

A 4ok Mn~540MeV,‘ mem ms'-mSJ»ZSMeV J
~ =)
(CE@Y 0 = (CEQ w(ml, ms))m Eor
H s m £" 30k
(mf, ms) L
oy _ w(mg,ms AP
) = ot ) 2|
£ 101
w(m,,ms) = det[D(m})]/ det[D(ms)] E
00 L —t
2
N D(ml) HMC trgj
Hk 1 Ak(mS) 1 Ze*Q‘fl D(ms)gr 3
1 Mke(ms) NT r=1 M, ~540 MeV, 6=160, & =0.00
1.05 1 [ 1.002
o @m
O 243(163) x 48, ~ 200 low-modes - on L 1001
= do not need large N,
Q largely increase A[C‘IZLQ]
@ at most x 2 for ratios o i 0%
0855 000 ‘0002000
HMC traj.
all-to-all + ratio + reweight = A[f1.0(¢%)] <1.5%, A[¢(q%)] ~20 -40%



q2 dependence
3. ¢>-dependence

fo(g®) vs ¢°

T T T T T T
T T T T T T
b M, ~540 MeV, mm | r M, ~540MeV, m_ ~(3/4) M s
- 2
100 m @qzm _a_| 100~ m @c
2 2
I o ¢’<d 1 [ @ ad<d.,
— linear L e
[ — Qquadratic 1 “— — quadratic
S — free-pole T | — freepole
) [ 1 ) P
phc =0
0.95 - -
. . . . | . . . . 1 L L L L L L
-0.10 0.05 0.00 R -0.05 0.00
q [Gev] o [Gev]

o reweighting = slightly larger error

o small curvature in simulated region of ¢°
& Mpoe=1.2—-1.3GeV @ mgphys (P0G, 20100 = ¢*/M},, < 0.6%

@ well described by any of
fo(0)
1—q2/M?

fo(@®) = fo(0)(1 +a16?), fo(0)(1+ a1q® + a2q?),
pole



q2 dependence
3. ¢>-dependence

fo(g®) vs ¢*

1,05

r 3
L Mn~290MeV. ms~msphys, 247 x 48
[ = @d,,

2 2
100~ @ q'<q
[ — linear
r — quadratic
r — free-pole
r 4 interpolatedtoq
0.95— A 16°x 48

(@)

0.90

A
2
o’ [Gev]

fit results for f{4 0y (0)

Mn~ 290 MeV, m,~m,

sphys

linear fitto f; —e—
quadraticfitto f; ——
polefitto fy —eo—
linear fitto f, —a—
quadraticfitto f, A
polefitto f, [ —
K*-pole + linear fit to f, P
simultneous fit to fo and f+ ——

I R I

0.96 0.97 0.98

£,0)=1,0)

@ small finite volume effects < lattice boundaries + fixed Q

163 x 48 <> 243 x 48 :

0 f+(0) (= fo(0), fi1.0y(0)

<08% (<210)

stable against choice of fit form

= 243 x 48 & V = oo : even smaller

© employ simultaneous fit to fo(¢*) and f+(¢*) = f+(0), f{y0y(0)




chiral expansions  (cf. LQCD, 2008)

f+Q) =1+ fot fut =14+ o+ Af
O Tn(r) = M7 /(4nFp)?  (“z-expansion”)
small Fo=52.5(5.1) MeV < Fr = enhanced chiral corrections Os,, = (M /Fo)?"

9 &) = Mfr(K) /(4nFr)? (“¢-expansion”)

better convergence for M iy, Fix, k) (ILQCD, 2008 (Ny=2); 2009 (Ny =2+ 1))



£ (HE™ £0)

4.1 chiral fit: f,(0)

chiral expansions  (cf. JLQCD, 2008)

f+(0) =1+ fot fat+ =1+ fo+Af
O Tn(r) = M7 /(4nFp)?  (“z-expansion”)
small Fo=52.5(5.1) MeV < Fr = enhanced chiral corrections Oz, = (M /Fp)?*"

9 &nk) = Mfr( K) /(4mFr)?  (“6-expansion”)
better convergence for M iy, Fix, k) (ILQCD, 2008 (Ny=2); 2009 (Ny =2+ 1))

fitting w/ £-expansion
O NLO (Gasser-Leutwyler, 1985) w or T | P 1
I3 TR
Ademollo-Gatto = fa(Fr, M{r k,n}) = f [ e !

“‘2! 2 fit curves @ m, = 0.080

O NNLO and higher orders S b ey
i ‘a4 ‘4 us _
(Post-Schilcher, 2001; Bijnens-Talavera, 2003) = 27 e m=0080-m, —etes g ]
[ = m=0060 - Gt ot Cox & |
Af(Fr,{L;},{Ci}, M I N T B AN
J(Fr AL} G {K'K'n}) ~0 o1 02 03 04

. M 2 [Gev7]
O modeling Af (asin previous studies)

Af = (Mg —M2)*(cs +ciln[é], cfIn’[€], conén, cokéx)



f40) (HE™ £0)

4.1 chiral fit: fi

I & - expansion 1 fit results
e s O parameterizations of A f/(M% —M2)?2
h 9 ¢y +ce,xEx = central value
@ 0.98 @ cq
- = m=0060 9 ca + ¢} . In[éx] (ill-determined cx)
F — NLOSU(3) ChPT + (N)NNLOanly. 1 o catcf In?[¢,] (ill-determined cx)
vt - b (m=0080) i 9 ¢4+ ce,néx + ¢,k EK
I 4 RBCIUKQCD, 2008; 2010 (N, = 2+1) | ST '
| v ETM, 2009 (N=2) | ) _
09—l O assume O((aA)?) errorin fo + Af
M 2 [Gev?]
L T T
parametrization of Af/(MKZ-MT(Z)2 f+ (0) = 0'959(6)513&'3(4)‘3}111"31(3)0?50
e . =1 —0.024[f2] —0.018(8) [Af]
c, ro-
¢+, In[E, ] i [Vaus| = 0.2256(19)
c,+¢c,” Inz[ &l —e——
CA‘$+CGJ(EHTC6.KEK ‘ ‘ ’_‘H ‘ AckM = |Vud|2+ |Vus|2+|vub|2 -1
T T T T 0w os 0% . 4
‘o) =—1(9) x 10



f40) (v2HE™ £(0)

4.2 chiral fit: (

slope of /; (¢°)
0 fi(g?®) = f+(0) {1+ 1/6)(r2)Emg® + .-}
© SU(3) NLO ChPT (Gasser-Leutwyler, 1985) + NNLO analy., £-expansion,

(r?)E™ = 12L5/F2 — (1/F2)"l0gs” + cxér + cxéx

9 significant NNLO @ 72,4(s),sim

0.40

= milder m,4-dependence

< (P, (rHE (lacp Ny = 2,3)

@ Lg(M,) : consistent w/ pheno.

e
- o Lb =4.3(0.6)(0.3) x 1073
020 e m~0080~m . ~
. M-0060 2 pheno. : 5.91(4) x 10
® PDG 2010 (Bijnens, 2007, &£-expansion)
— NLO + NNLO anaytic
-~ NLO
Qe 9 (r2)yK7 : consistent w/ exp't
M ? [Gev?]



f40) (r2H)E™ ¢(0)

4.3 chiral fit: £(0)

2 2 2 2
£(g7) vs g £(0) vs My — M7
— —— 000
[ M, ~540 Mev ] i 1
[ — linear 1 8 R
002 E L 1
| ] 005 -
[ ) T L 4
e - 1 g 0 ]
= g I ]
. Ui g o0k ]
%7 L] 010
I [ )
006 S 015 o prG, 2004 7
| L L L L | L L L L | [ 1
-0.10 , 005 0.00 e T
o [Gev] MM 2 [Gev?]

o mild ¢> dependence w/ our statistical accuracy

cf. f—,analy(qz) = (M% — M2)(4LL/F2 — 2L5/F2)  (Binens-Talavera 2003)

o (for simplicity) fit form linear in (M7 — M2) : £(0) = co + c1 (M2 — M2)

2 vanish in SU(3) limit as expected : c¢o=—0.0022(25)
o consistent w/ experiment : £(0)=—0.125(23) (PDG 2004, K,})
@ one-loop chiral log.s (and two-loops?) should be included (Bijnens-Talavera 2003)



summary
5. summary

kaon semileptonic form factors in Ny =2 4+ 1 QCD with overlap quarks

o techniques
9 all-to-all propagators = precise determination of f_ho(q?)
2 TBCs = precise determination of f.(0), £(0), (r?){'%

2 reweighting = additional m

@ chiral fits
9 er(O) = 0~959(6)stat (4)chiral(3)a;ﬁ0
= |Vus| = 0.2256(19),  |[Vial|? + [Vus|? + [Vap|? =1 = —1(9) x 10~

o (r2)Em £(0) : reasonably consistent w/ exp't

o future directions
o further refinements < more rigorous treatment of NNLO < overlap quarks
9 m, K EM form factors < test of ChPT

2 D, B meson decays < flavor physics



Fo

6.1 appendix: Fy

F

. ) 0.15
O phenomenological estimates i

(Bijnens @ Lattice’07; u=0.77 GeV)

1031} =0 [ =05 ] =02

103L% =0 | =01] =0 s

FolMeV] | 87.7 | 704 | 80.4 8 010
LL¥

F, = 87.7MeV

@ JLQCD’s analysis (Noaki @ Lattice'10) u* ® Fmg=m) |
‘ F,=70.4MeV ® Tr MM | ]
3 : o= (04 Me ® Fom~GAm .
2 NNLO fit to M{,nK},F{ﬂ.,K} { . F:,m-—m sphys| |
s sphys
o chiral expansion w/ M2/F?2 0'051 ‘ m Fo m-GAMg, ) 7

instead of M2/ Fo 00 02 , o4 06
M 2 [Gev?]
= better convergence "

2 single lattice spacing ~ 0.11 fm
@ Fp=52.5(5.1) MeV

small F; = enhance chiral corrections : NLO  1/F§; NNLO o 1/Fg
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