1. Introduction

Pion form factors . .
. . For calculation of pion form factors,
in the € regime we need

1. Very small pion mass
2. Good control of chiral symmetry

Hidenori Fukaya (Osaka Univ.)
-> large chiral logarithm ~ Inm

for JLQCD collaboration :
S. Aoki, HF, S. Hashimoto, T. Kaneko,

H. Matsufuru, J. Noaki, T. Onogi, N. Yamada
arXiv:1211.0743
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We simulate (exactly chiral symmetric)
overlap quarks with Mg ~ 3 MeV.

1. Introduction 1. Introduction

Eletctro-magnetic form factor of pion JLQCD (& TWQCD) project [2006-2012]
| | Expainet il | = QCD with overlap quarks (exact chiral sym.).
oo d RBC/UKQCD (N, = 2+1) | 1/a~1.8GeV, L ~1.8fm I

A v O e

ETMC (N, =2) i . H . _
LQCDITWOCD (N, 2) p regime lattices : m,, = 290-780 MeV
€ regime lattice : m, ~ 100 MeV
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e "¢ . 1 New project with Hitachi SR1 6K)" " -
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1. Introduction

Good chirality = high numerical cost

Overlap Exact O(a?) Very expensive ~2fm

Domain-wall Weakly 0(a?) Expensive ~4fm
broken

Wilson Broken O(a) Marginal ~5fm

Staggered Broken 0(a?) Cheap ~6fm

(U(1) remains)

JLQCD = Small volume QCD...

1. Introduction

Finite volume = Pion physics.
Correlation length (1/M) of QCD particles

E"’”S‘(le“ooo"“”ﬂe‘e)“'olz‘ffm e~ MxL — 0.03-0.25
aons\~ ev)~u.4Tm _

e Mol < 0.0005
Rho (~800MeV)~0.26fm
Proton (~1GeV) ~0.2fm (for 2fm < L < 4fm)

At E ~ p < 200 MeV, QcD = pion (+ kaon) theory.
Namely, finite volume correction in QCD =
pion theory (chiral perturbation theory)
weakly coupled = analytically calculable.

1. Introduction

Our strategy
Numerical calculation Analytic calculation

. Finite volume
Small lattice QCD .
correction

with exact chiral symmetry ‘ S e
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QCD at V=co

1. Introduction

What’s new in this talk ?
Automatic cancellation of finite V effects

1. non-zero momenta
2. take an appropriate ratio

-> We can eliminate LO finite V effects
(= we can forget about Bessel functions)
even in the € regime.

=> Pion form factors
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CONTENTS 2. Pion effective theory

Pion theory at finite V

L= —§Tr {MTUO + UJM} Zero-mode = SU(N) (or U(N))
2 matrix model

v 1. Introduction
2. Pion effective theory + %Tr(@@)2 Non-zero-mode =

massless bosons

3. 3pt functions at finite V 21§2Tr[MTU§ UM+
4. Preliminary lattice results (perturbative) interactions
5. Summary = hybrid system of

matrix model and massless bosonic fields

2. Pion effective theory 2. Pion effective theory

. P
What is the & regime e 2pt functions in € expansion of ChPT
In the p regime, the vacuum is fixed: )
Before d3x integral

U )—1eXp< Vor(e )), € SU(N;)

1 ip'x 'Lp T
but near the chiral limit at finite V, ML <1 (P(z)P(0)) =A+B Z Cr+C Z PR
vacuum= zero-mode = dynamical variable 70! P70

Ulz) = U, exp( f;( )> : A, B,C - - - : matrix integrals
; (Bessel functions of ;, 11/ )
houl - ly treated.
Uy should be non-perturbatively treate Z (“**) - non-zero mode’s

— € regime 10 20
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2. Pion effective theory 3. 3pt functions at finite V

2pt functions in € expansion of ChPT 2pt functions in € expansion of ChPT
After d3x integral — power function of t. Ratio of 2pt functions with p # 0
L papep) =4+ BL (=T L vopgs .. %fd3xe—fplm<P(g;)P(o)> _ cosh(E(p)(t=T/2)) . ’
L3 V|2 2 24 25 [ d3ze=®'*(P(z)P(0))  cosh(E(p)(t —T/2))
(with periocic boundary conditions) LO finite V effect is eliminated ! /
cf. large V result: N 1
NLO AmF2 L2

B’ cosh(m,(t —T/2))

3. 3pt functions at finite V 3. 3pt functions at finite V
2pt functions in € expansion of ChPT 3pt functions in € regime
After d3x integral with p 7% 0 (w/ periodic b.c.) O3t (AL, A¥;pi,py)

1 3,.,—iPT . _ 1 3.,.,—ipT 1 eiipgt = 3pt i 2 (conm)
= | dae (P(z)P(0)>fﬁ/d e A+BZVW+-~ B (mXV) [E(pi) + E(ps)] Fv(q°)
. P x cosh(E(p;)(At —T/2)) cosh(E(pys)(At' —T/2)) + -
_ 1 C?’%;P(tvt/? i, Py)
= 0t B s (BT 2) ONERIE—T/2) + - IS WEP(;);){
where E(p) = |p| .the same form as the p-regime : Bt tslpik eyl ) = | T\
(e) = Ipl pored (1 > Ci‘iﬁ(t,pn)( el c%‘ié(t’,pf))
|pi| fixed|p;| [Pyl fixed|py|

B’ cosh(v/|p|? + mz(t — T/2))

_ D3pt/2pt 2
But Bessel functions are still containedin B . = B3pt/%p (mXV)Fy(q”) + -
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3. 3pt functions at finite V 3. 3pt functions at finite V
Correlator with zero momentum Ratio of 3pt functions
Ry (t,t'; |pi 2
The constant term can be cancelled by Fy(t,t,q%) = v ( LR \I?A, sl g )(Or RL (4.4 pho’qz))
R? (t,1;0,0,0) R2 (t,1;0,0,0)
At’C?DI;}P(ta t/;pia 0) = C?DI{;P(utl; piao) - C;@P(tatref; piao) = F; 2 + O (;)
via) 4nF2L2% ) O finite V effect is eliminated !
Cf. in the p regime, this ratio method is conventionally used
AtAt/C?;R;P(t, #.0,0) = C?)R;P(t, #.0,0) — C?Dp‘jvp(t? tees; 0,0) for canceling the smearing effect, renormalization and so on.
/. . 2
— OB p(trer, 50,0) + C% p(bret, trer 0,0) Fy(t,t;q?) = gt pinsa)

RV (t,t/;0,0,0)

= Fy (%) + O (- F)

[Hashimoto et al. 2000]
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3. 3pt functions at finite V 3. Preliminary lattice results

Correlator with zero momentum Summary of numerical simulations
The both ratios Iwasaki gauge action with 8=2.30

2+1 dynamical overlap quarks
e Y (OB p0) — OBt 0 0)) 1/a ~ 1.759 GeV, L=16348 (L~1.8 fm)

[pil fixed|p;|,q?

Ry (t s |pil, 0,¢%) = : =0. ~ =0.
pil,0,q Nipt S 2y [—At,acﬁr;ﬁ(tﬁo)+E(pi)AtIC§>"£,(t’,0)] gudo f?XZC?Z( 3 MeV), mg=0.08
[pi| fixed|p;| =
R%(t,1;0,0,0) = A AL O p(t,150,0) Smearing is used for PS operators ¢,(r) = e 4"
T A 0)AvICTE (Y, 0) — ADCHL(E 0) Ay CEL(E,0)] All-to-all propagators with 120 exact low-modes and
noise method for the high modes.
= B3PV SV Fy (¢) + - - - Dispersion relation is used for E with m, = 98(5)MeV

148 samples from 2500 trj.
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3. Preliminary lattice results

Ry (t,t'; [pil, [pyl, ¢*) RL(t,¢;|pil,0,4¢?)

Fy(t,t',¢%) = Fy(t,t',¢%) =
2 . 1 q )=
’ R (t,;0,0,0) &¢.q) R2.(t,1;0,0,0)
1 1
=5 —=— M 5
08 pi2pi=l =l | =6 e 08 [P ; * exp't
“; 0.6 : ey 3 s 0.6 ' E § \\ --- NLO
~ L : \ — ic T
N ===k S oo BN NLO + analytic 1
02 02 =7 s 04 \
=8 o —_— .4 N, .
0 0 ! o p regime data [JLQCD 2010]
| — = E |
o8 p =1, pf=1.¢*=2 ’ig . o8 ] ' +g‘—‘
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3. Preliminary lattice results 3. Preliminary lattice results

Fy(q*) NOTES

1 M g=0.002 —e— 1. We DON’T need Bessel functions in the analysis.
0s | VMD #pol. 7 2. The result still contain NLO
' m 4=0.015 o ~ ~ ini
ud . . ey ~ % finite V effects.
06 | L ¢ To do list :
Fv(q) = ]7(]72/,7”2 +a1q” + ax(q”) . .
04 | e | 1. Check the stability of g? fit.
. GOFV(qz) 2. Check the dispersion relation.
02° S IR EI 3. 1-loop ChPT corrections [HF & T. Suzuki, in progress]
0 | = 0.53(4) fm”. 4. Twisted boundary conditions.
2 -15 -1 0.5 0 5. Expand the volume in our new simulations.



4. Summary Achknowledgements
Our strategy This work is supported by
Numerical calculation Analytic calculation Grant-in-Aid for Scientific Research on
Small lattice QCD F':c')trergfcf’;‘;':e Innovative Areas “Research on the
with exact chiral symmetry ‘ by pion theory Emergence of Hierarchical Structure
of Matter by Bridging Particle,
' Nuclear and Astrophysics in
Computational Science”

(No.2004, 23105710).
QCD at V=oo

25

4. Summary Comarison with others

What’s new in this talk : Physical point simulation by PACS-CS [2011]
Automatic cancellation of finite V effects

The PACS-CS gauge configurations has one more set corresponding to M, ~ 156 MeV. We

tried to calculate the form factor on this set, and found that the pion two- and three-point

.I . n O n - Ze ro m O m e n ta (O r S u bt ra Ctl O n ) correlators exhibit very large fluctuations, to the extent that taking a meaningful statistical
H H average is difficult. This trend becomes more pronounced as the twist carried by quarks becomes
2. take an appropriate ratio e

larger. Since LM, ~ 2.3 at this pion mass for L = 32, we suspect that this phenomenon is

caused by a small size of the lattice relative to the pion mass, and consequent increase of large

-> We can eliminate LO finite V effects fuctuations
(= we can forget about Bessel functions) Zero-mode subtracted correlators :
even in the € regime. Fo(t,t,q?) = Ry (t,t;|pil, Ipsl, ¢%)

R%(t,1;0,0,0) -
=> Pion form factors may be helpful %
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