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1. introduction

light meson form factors

introduction

o pion form factors : F}(¢*) and F3(¢%)

2 good testing ground for consistency with ChPT
o determination of LECs :  F{*(¢%) — Lo,

FZ(¢?) —2Ls+ Ls
o kaon EM form factors : F¥" (%) and FE (¢%)
2 share (many) LECs with F",‘+ (¢?) (at NNLO)  (cf. Bijnens-Talavera, 2002)

2 only old experimental data (~ 1980) are available =- calculate on lattice
o K — form factor : f1(0)

o determination of CKM element | V|
lattice calculation

= test of SM
@ 3-pt. function : (much) noisier than 2-pt. functions

@ calculation with various choices of initial / final mesons; meson momenta; ...
. . 2
O disconnected diagrams for F (¢*)
_ Light meson form factors in Nf=2+1 QCD with dynamical overlap quarks

[m]

=

PLN G4



this work

calculate light meson form factors in Ny =2+1 QCD

o overlap quarks =- straightforward comparison w/ ChPT (a=0)
o all-to-all quark propagators

= precise calculation of various 3-pt. functions

measurements are on-going

this talk : preliminary analysis of currently available data
outline

@ simulation method

o EM form factors

@ scalar form factors

o weak decay form factors
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_ configuration generation measurement
2.1 simulation method: configuration

configurations

o N;y=2+1QCD

o Iwasaki gauge + overlap quarks w/ std. Wilson kernel Hy,

O determinant to suppress zero modes: det[HZ,|/det[HZ, + u?] (u=0.2)
0 $=2.30: a=0.1085(15)fm <« Mg as input (alk by Noaki)

0 16% x48: L ~1.74fm

for form factors

9 4 myq: My ~310-560 MeV; m,= 0.080: ms pnys= 0.081
9 in Q=0 sector

effects of fixed topology to F;* : small for Ny = 2 (JLQCD/TWQCD, 2009)
© 50 conf x 50 HMC traj. for each (myq4,ms)
0 local and smeared operators :  ¢(|r|)=dr,0, ¢s(|r|)=exp[—0.4|r|]
o periodic boundary condition = 0.5 GeV? < |¢?| < 2.0 GeV?

on-going: 24°x48, reweightingw.r.t. ms, twisted boundary conditions (TBCs) ...
_ Light meson form factors in Nf=2+1 QCD with dynamical overlap quarks



i ion generation
2.2 simulation metho

all-to-all quark propagator (tinLat, 2005)

o exact low-mode contribution : Du® =AMy ®) (1 < N, =160)

o noise method : Dz = n® (single noise vector diluted w.r.t color/spinor/t)

1 o u®) k d No=JetNa k
p-l - Z ST+ (1= Bow) Zx(d) @F = S8 B
d=1 k=1

o™ = WO Dy W™ = W gD
connected 3-pt. functions

At : temporal separation src < opr
At’ : temporal separation opr < snk
p : initial meson momentum

p’ : final meson momentum

MEDtp) = e wx+r, )P T (x, ) exp[—ipx]
x,r
1
Ot conn (At A5, = =37 Z MUD (4 At At p)
t

t=1 k,l,m=1

Ml(f;fl)(t-i-Atp p) M (15 —p)
E DaAx



i ion generation
2.2 simulation method:
pros and cons

@ low-mode contribution :

dominates low-energy dynamics and is calculated exactly

O time-consuming steps : Lanczos and overlap solver
2 multi-shift solver for different m a1

2 do not have to repeat to calculate 3-pt. functions with different p(*), (),

CEler aise(At, At'sp, p)
1 Nt Ny
" (p<> "

k)

S > MEDa+arrarsp)y MUY (t-p)
ti=1k,1=1

Ny
x> M (t4+Atp - p')
m=1
but, have to repeat for different boundary conditions
accuracy

o take average over source location (x, ¢) to (remarkably) improve statistical
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pion EM form factor kaon EM form factor
3.1.1 pion EM f
(7 @) ula @) = (0 + ) FE (62
ratio method

(S. Hashimoto, et al., 2000)

C\Zr,doqs/ (At,At/§P,P,)

Z:—,qs(lpl) Z1r,¢’ (|p’|) e*E(p)At efE(p’)At’
4E(p)E(p') Zv
CFpr (At;p) —

(m(p’) [Va| =(p))
Zx 4P Z, 4 (IP'])
b x, CBA
- 2E(p)¢ e HmAL, Zr,3(IP]) = (Or, 6 (P)|7(p))
VT pape (AL, At'sp, D)
Ra(At,At';p,p') = _ Vi s ds
C¢s¢1 (At;p) C

b1bs (At';p’) -

ks

P
Z31a

Zr el Zv
2M

(m(p') [Va| m(p))

Fy (At, At'; q2)

R4(AL, At';p, p')
Ex(p) + Ex(p') Ra(At, At’;0,0)
in this preliminary analysis

O use correlators W/ (¢, ¢') = (s, ¢s)

9 use Er(p) calculated w/ dispersion relation
_ Light meson form factors in Nf=2+1 QCD with dynamical overlap quarks
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. Ewfomfastors pionEMform factor Kkaon EM form factor
3.1.1 pion EM form factor : determi

effective value F{} ' (At, At'; ¢2)

0.8—————————————— —_— 61 ; ; ; ;
F m,=0050, m =0080, |p|=1, |p|= — F m,=0050, m = 0080, |p|=sqt(d), || =0, At=7, AU =7
_ B L N
| & notaveraged
_. 4 ® averaged 4
—~ 0.7+ i [ ] LY | 18 E g [ IN o
‘= g ; =<-‘; [ 2 A A a A SN
E > r IN a S
3 § 4 2Fa AL N o -
g ﬂ - A A A A D A
= f & A% o3 A A °Lal &6 A
> K M—W
Y o6 & (9.9) @@ 4 > ¥ AT a0 AL P YN S
t ® At=6 © At=8 O of , afp, & & N %0 Tan A
L e " At=7 A At=9 N NP & PN
E ¢ At=8 > At=10 L 2 A
r A At=9 v At=11 Al
b > At=10 < At=12 [ s A ‘ ‘
0% 5 10 15 20 20 2 ) 80 100
At jackknife sample

o data at arbitrary combinations of (At, At’)
< conventional : At + At fixed

O can take average over source location =

O statistical accuracy ~ 1-3%
o = = = T DAl



EM form factors pion EM form factor kaon EM form factor

3.1.2 pion EM form factor : ¢% dependence

10— T 1 N
[ m,= 0080, m =0.080 7 08l i
| - vMD 7] t
0gl. — pole+ quad 7 08 T ]
L 7 04}~ g
— [ simulated region o 0 < afew percent
= S 02F 4
‘T | e r T
o 061 i =2 o B
> w L T
& 02+ Pt B
[ ] o4 -~ —totd ]
04+ — = — O(q")
— i 061 —o@) T
= 08 - o
T S S O SO R Ly | [
9230 15 10 05 00 bs 06 04 02 )
2 2,
q [Gev’] o [Gev]

o close to VMD near ¢>=0 = include p meson pole w/ measured mass

= approximate deviation (higher poles/cuts) by generic polynomial form
_ 1

1—q2/M2
o do not fit based on ChPT: O(¢®) (NNNLO) contribu. is small at |¢?| < (0.550 GeV)?

<T2>V 2

Fy(¢%) +ag® e (P +e(@®)P =1+ G4 + ...

o simulated pion masses : M2 < ”(0.550 GeV)?”
mgq dependence of (7’2)(5+ may be described by NNLO ChPT ?
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pion EM form factor kaon EM form factor
3.1.3 pion EM form f;

L ‘ tT T T T 0 in NLO ChPT (Gasser-Leutwyler, 1985)
i o N=2+1 ]
L * exprt | <t 2
I NSy | 7y = W(—3+24NL5)
— 04 o N=2 - 0
£ ] —2r — VK
L ] vx = (1/2NFg) In[M% /1]
v 0.3 N —
L g o N=(4m)2;, pu=4rFy
r 9 use Fp = 52 MeV from M g, Fr i
I N ] (talk by Noaki)
0 o1 an [GZ'\ZIZ] 03 < Fp=88 MeV (Bijnens, 2009)
@ small effect of sea strange quarks
o small /o = enhancedNLO log < N;y=2
o NLO fit : large x?/dof ~ 11
o M2/F* = ¢= M2/F2:doesnothelp...
o NLO + anly : reduce x?/dof to ~ 2.8, extrap. ~ expr't = need NNLO analysis

(=] = = = = Qe



pion EM form factor kaon EM form factor
3.2.1 kaon form f
K+

(KT @)jul KT (1) = (0 + ) FE (@)
10

KO
0 . 0 KO/ 2
(KE°®)iulK°(p) = (p +P)u Fv (¢7)
LI A A L
[ m,=0050, m =0.080 008 M= 0050, m,=0080
— --—- VMD
0.8; — \p/ohlneg+ quad i — poles+quad
[ 002 E g
= T |
>~ 06 b oo By R S
w . T } 8
od- - i
1 0.00
[ 7] L1 1 A S S RN S I S |
oL v e b L 20 15 210 205 0.0
-2.0 -15 ) -1.0 -05 0.0 2(Gev?
o [Gev] Ca
@ vector poles + polynomial o small (“d"-"s") but nonzero signal
2 1 " 1 1 " o vector poles + polynomial
31—q2/M2 31—q2/M§

1 1 n 1 1
- — 2 2 - e
31— q2/M2

31—q2/M§+
=} =

PLN G4



pion EM form factor kaon EM form factor
3.2.2 kaon EM form f

Kt K°
+ 0
(rHE" = (2/NF?) (=3 4+ 24NLY)—vr — 2vk (rHET = v~k
OSF—— 71— 7 T 1T 0.00 1
L ® K i r P
[ x FNAL data + polefit ] r B
r % NA7data+ polefit L i
F - NLOChPT ]
— 041+ g _ - r
E P 4 2-0'057 -
4i/\> n:">
VY oo3k E% 7 Vo 1
[ ¢ T | ot / o N=2+1
: 1 P/ * exprt q
] L ’,r’ --- NLOChPT |
T R - F
M2 [Gev?] M, [Gevd]
. + .
o slightly smaller than ()7 o no O(p*) coupling at NLO
Q X2/dof~3.2 o consistent w/ NLO ChPT within large

sys. err. = TBC could be helpful

analysis to be extended to NNLO : (27", (r2)E " (r>)%"” share O(p®) LECs
CIRT= =»’«<z» T wac



ratio method

ratio method q2 dependence chiral fit

2
= F5(q)
@ <S> (q?=0)
L]
M, ¢ M, Q" M @ M, @'
Fs(At, At'; ¢°) Rs(At, At';p,p’) o 0T
= T
Fs(At, At/;0) Rs(At, At’;0,0) s
Rs(At,At';p,p’) =

&b ds,mgt (AL, At';p, D)
Choo (AP) CF o (At p’)

_ (=) 18I = ()
Z:\(',lcl Z1r,1c1 Zs
Fs(At,At50) < Ol = OFpu — (CEh—CEle) atd® =0
Fs(At, At'; %) B
Fs(At, At';q2,)

Rs(At, At'; ! )

_ Bs@ALA%ipP) o aized @ |p| =1, [p'] = 0)
Rs(At,At/;1,0)

' T/aneko | Light meson form factors in Nf=2+1 QCD with dynamical overlap quarks
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ratio method q2 dependence chiral fit
4.2 scalar form factor: effective pl

effective value ¢* dependence
B A S e R 15—
[ M=0050, m=0080, p|=0. pl=0, aI=0 = a7 ] b m,,=0.050, m_=0.080
_1sf > At=9 F — cubic
“o o i;igiigi z v At=10
g § 1 A
B ] o2
g Eii 1 =
= 1'015 T E R R SR R B E._._"’
W 1S =
3 Ipl = sart(2), | =0, [al = sart(2) ® At=6 =
o F m At=7 o
a A At:g w
3 19§ % > Az :
B
I Oiiiiifiii i? ;?i | osf
P SR R R | L | | L L

L | PR L PR L P
0 5 10 15 20 -20 -15 -1.0 -05 0.0
ar ' [Gev’]

o statistical accuracy ~5-10% = Cghis, C5VEV

o ¢? dependence : lack of knowledge on scalar resonances at simulated m,
= use simple/generic polynomial form = x2/dof~1
2y _ <T2>S 2 2,2 2,3
Fs(¢') = 14224 +es(d") [+ds(a)"]
=} 5 = = = ©ODHACe



4.3 scalar form fact

0.8 ;
. o N=2+1
[ \ * exprt
[ — NLO i
0'6f % A — NNLO+anly ]
L [u] Nf=2 d
-~
E I
= 040
IS
\%
0.2
P R S T
00 01 02 03

M ?[Gev?]
o small effect of sea strange quarks
O Ny=2and Ny=2+1
O Ny=2+41

ratio method q2 dependence chiral fit

Q@ in NLO ChPT (Gasser-Leutwyler, 1985)

1

()T = —— {-8+24N(2LL + L})}
NF?
—12v; — vk

Q N:(47r)2; pn=A4mwFy
9 use Fp = 52 MeV

(r?)% has 6 times larger NLO log than (r?)7

small Fy further enhances chiral log

= fail to reproduce lattice data (x?/dof ~100)

@ need NNLO corrections

cf. much smaller x2/dof ~ 7 by including NNLO analytic
_ Light meson form factors in Nf=2+1 QCD with dynamical overlap quarks

F = = E DaAr



K — 7 form factors ratio method (12 dependence chiral behavior

5.1 K — n form factor: determination of f, 1 (¢?)

q2

T VAl K@) = 0+ 2 b+ @) + (0= ) f~(a) ola®) = F4(@®) + 7z I-(0)
K T

ratio method
use ratios employed in previous studies (Betirevi¢ et al., 2005; ILQCD, 2006; RBC, 2006)

CET (At At';0,0)CTK (AL, AY;0,0) (Mg + My)?

Jo(@2ax)? (@Rax = (Mx — M7)?)

T CER(At,At;0,0)C77 (At, At/;0,0) AMy My
5 CET (A6 A p,p)CT(A 0) CT(AY, 0) {1 L Bx() — Bx(p) 2)} f+(a®)
G (At At;0,0)C7 (At p) CT (At p') Ex (p) + Ex(p’) fo(aBax)
R C{,i“(At, At'; p, p’)C‘},iK(At, At';p,p’) 002 ‘rn‘:‘()!)‘50“rr‘|:‘0‘08(‘) TR
k= C‘IZL”(At, At p, p’)C{ka(At, At';p,p’) PbI=1, Ip]=0, fol=1 1 L ar=s
~— 0.00
— afunction of £(¢?) (¢(¢%) = f—(¢®)/f+(¢?) & iiiiiiﬂ ]
g ol Gudg ]
w -0.02 ngi 1
= can construct f(¢°) and fo(q?) L
00t

At

T. Kaneko Light meson form factors in Nf=2+1 QCD with dynamical overlap quarks



5.2 K — x for
Jo(q?) vs ¢?
N :
10

f+(¢%) vs ¢
r mud=0.035, ms=0.080

— :
10 m,, =0.035, m =0080
08

)

08
0.6

RG]

o [Gev?]
o described reasonably well by polynomial, free-pole, free-pole + poly forms
0
Fx(@®) = £x(0) {1+ cxad® + ex a6 + lexa@®?)}, —2Y
o f+(0) = fo(0)

1—q?/M3

yor (X =0,4)
,pole
o < 1% deviationin f,(0) = to be confirmed w/ TBC
o
_ Light meson form factors in Nf=2+1 QCD with dynamical overlap quarks
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ratio method q2 dependence chiral behavior
53 K — «for
.

fx(@) = fx0)+cxi1d®+ex2¢® +..., Ny =M2cxy (X =0,4)

0.020

* expr't r * exprt 4

00251 }
~2 00151 E | l
0020 T

S O S S R 0016+ v 1w 1 )
0'0100 01 0.2 03 0 0.1
2
M, [Gev]

[AEE S

o
—e
L

—

o mild quark mass dependence:  mssim — Ms,phys = NOt large effect (?)

o reasonably consistent with experiment (pbc,2008)
o curvature

N =2cy oMz =0.08(0.10) x 1072 & 0.20(0.05) x 1072 (exprt)
=] 5 = = = ©ODHACe
_ Light meson form factors in Nf=2+1 QCD with dynamical overlap quarks



ratio method q2 dependence  chiral behavior

0 f+(0): I o< [Vus f1(0)[?

1.00 —
e 4
@ 4
0.98 E % —
g | |
=
[ @ Leutwyler-Roos, 1984
0.96— A Bijnens-Talavera, 2003 —
L » Jamin-Oller-Pich, 2004 |
v Cirigliano et al., 2005
« RBC-UKQCD (N,=3) 1
m ETM(N=2) 1
P N T B
0'940 01 0.3

0.2
M 2 [Gev?]

o smaller M2 = ¢Z., deviates from 0 = larger uncertainty of f. (0)

O to be improved by using TBC on larger volume
(and reweighting of my)

o = = = = ©Dace



summary
6. summary

light meson form factors in Ny =2 + 1 QCD with overlap quarks
o w/ all-to-all propagators

; . (KT KO}
2 can re-use to calculate various observables : Fiy sy Fv » fia0)
9 precise determination : exact low-mode + average over source location

o overlap action = comparison w/ a=0 ChPT
2 NLO ChPT fits : fail to reproduce (r?)7, and (r2)%

9 extension to NNLO (cf. Ny =2: JLQCD/TWQCD, 2009)
very complicated form w/ many O(p®) couplings

+ K+ KO
= simultaneous fit to different observables : cf. (r2){™ #K7)

0 being extended to ...

o larger volume 243 x 48 : ML > 4 atall m,q's

2 twisted boundary conditions : important for f (0), F‘ﬁfo
2 non-trivial topological sectors

o other observables : cf. pion strange form factor (w|ss|m) = L}
=] 5 = = = ©ODHACe
_ Light meson form factors in Nf=2+1 QCD with dynamical overlap quarks
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