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1. Introduction

Thanks to the exact chiral symmetry, lattice simulatiorhwtiite overlap fermions [1] provides
a unigue opportunity to approach low energy hadron physf@ae of the major issues in this
energy region is the consistency between QCD and chiralifiizrtion theory (ChPT). With the
overlap fermion, the continuum ChPT can be applied withoadification, that is not true with
other fermion formulations that violate either chiral ovflasymmetry.

In this talk, we present two-flavor QCD simulation using tivertap fermion and the lwasaki
gauge action. Ona $6¢ 32 lattice, we generate 10,000 trajectories [2, 3, 4, 5, Sixadifferent sea
guark masses. We explicitly suppress zero-modes of hamiitlilson-Dirac operatdty = ysDw
in order to avoid discontinuity of the overlap-Dirac operabDo, = mMp(1 — V5 - sgn(Hw(—mo)))
by introducing extra Wilson fermions which are irrelevamtthe continuum [5]. As a result, the
topological charge of our gauge configurations is fixed. Weehzhosen the trivial topological
sectorQp =0

In Section 2, we present the spectrum calculation focusmgew techniques using eigen-
modes of the dirac operator. After making corrections to @ata due to the finite size effects
(FSE) in Section 3, we carry out chiral extrapolation of tleerected results using the NNLO
ChPT formulae and compare the results with phenomenologataes.

2. Spectrum calculation

In advance of the spectrum calculation, we compute and S@pairs of the lowest-lying eign-
modes ofD,, on each gauge configuration. With these data, we decompesgutitk propagator
as

50 (i (x) i

SJ(X‘y)aB —ZSO }\—i-mg ‘d_qu_:;h Xly) aBa (2.1)

where the indicesr, 3 represent spircolor andi labels eigenmodemg is the bare quark mass.
While we use the conventional CG algorithm to obtain the sdderm with the source vector
with low mode contributions projected out, we constructfitet term from the eigenvalug and
eigenvectorsi, (x). Since it is the low mode contribution which is computatiyndominating the
CG iteration,$igh can be obtained with much lower computational coss (ess).

Computation of the meson correlator is done on 500 configuratseparated by 20 HMC
trajectories. When decomposing quark propagator as in,(d.part of the meson correlator is
composed purely from the low mode contribution. By replgdinis part by its average over the
source location (low-mode-averaging [7, 8]), we can imprthe data. Its advantage is apparent in
Figure 1 where the effective mass of pseudo-scalar caoelainctions with (filled symbols) and
without (open symbols) low-mode-averaging are compared.

We obtain pion mass and decay constant from the pseudo-smai®lators with smeared
source and with local source. By fitting them simultaneouwsith single exponential functions
sharing the same mass, we obtain the matrix element of thédperator (0|P| 1) |2, from which
f;r is computed, with a better statistical quality than soleding the local-local correlatorf;; is
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Figure 1: Effective mass from the P-P correlation function with sneelasource for the lightest three quark
massesrsega= Myg. Open symbols represent data from conventional correlditioction while filled ones
are from low-mode-averaged correlator.

obtained though the axial Ward-Takahashi identity
fre = 2m (0|P| ) /2, (2.2)

without further renormalization. Note that we are using the- 130 MeV normalization.
Throughout this calculation, we usg = 0.49 fm as an input. Our lattice scale at the chiral
limit is

a = 0.118412)(11) fm. (2.3)

By using its central valua~! = 1.67 GeV, the pion mass data points are in 290 MeYh,; < 750
MeV. Our heaviesmg is roughly corresponding to the strange quark nmass

We are interested in the chiral extrapolationnaf/mq and f;, wherem is the quark mass
renormalized by the renormalization factor

ZMS(2 GeV) = 0.742(12), (2.4)

which is obtained non-perturbatively through the RI/MONiame on the lattice [9].

3. Finite size corrections

3.1 Standard FSE

Some of our data points are in the regiopL < 3.0 where finite size effect could be significant.
Therefore, it is important to estimate the correction to @gata. To this end, we use the result of
analytic calculation by Colangel al. [10]. Developing from the Lischer’s formula [11], which
relates the mass-shift in a finite box to the amplitude oftedaty of pions, they calculated the
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finite volume corrections fom; and f;. Though their calculation includes NNNLO of ChPT for
m;; and NNLO for f,;, we apply their NNLO results for both quantities. The NNL@eets depend
on the low energy constants (LEO§)2,374 of the N = 2 ChPT. At the scale of the physical pion
massml s = 1396 MeV, they are estimated [12] as

1P — _0.4+0.6, (3.1)
1P = 43+0.1, (3.2)
1Y — 29424, (3.3)
1)V = 4.4+02 (3.4)

We use these phenomenological values to correct our dateifars in (3.1)—(3.4) are reflected
in the results assuming a gaussian distribution. Becawskltbcher's formula is based on the full
theory, we can use this result only for the data with the samssrfor valence and sea quarks.

3.2 Correction for fixed Qiop

Since our numerical simulation is done at the topologicakgé fixed to zero, our observables
are not free from the artifact. However, for large enoughunm, local quantities such as hadron
mass or matrix elements do not depend@p,. In fact it is verified by a saddle-point expan-
sion [13] that the difference between the correlation fiamcat fixed topological charge and that
in the 8-vacuum is of&’(V~1). By using this relation to pion mass and decay constant,nitbea
shown that the leading correction is proportional to theagond derivative with respect ébdepen-
dence at the saddle poifi§ = iQwp/(V Xt). Xt is the topological susceptibility, which is calculated
on the same set of configurations [14]. At NLO of ChPT we obthecorrections

tree/n __ 2 tfree/n _ 2
1+ (mn if[f_ 0)> (In <mn ngpﬁlyz 0)> - I3phys+ 1>
(3.5)

Quop=0 free 2 free 2
fr( P B 1 my; (9 = O) my; (6 — O) —phys
fn(68=0) vk ( 4t In s =l 1), (3.6)

maer=0 - 1

mMy(6 = 0) 1= 16V x;

)

wheremifé(0)2 = 2Bymycog 6/N¢) is the tree-leveb-dependent pion mass. The fix€, cor-
rection starts at the tree-level fox; while it does at NLO forf;;.

In Figure 2, we illustrate the effects of finite size effeais rfn,zT/mq (left) and f (right). In
each panel, the original data (black diamonds) are condryethe standard FSE (blue squares)
and further by the fixed topology effect (red circles). Far tlata with the lightest quark mass, the
standard FSE is 4.5 % and 6.0 % fof,/mq and f, respectively. Fom?/mq in small mass region,
two finite size effects appear with an opposite sign to almastel each other.

4. Chiral extrapolation

While conventionaN; = 2 full ChPT expansion formulae are written in power(af) free =

2Bomy, we chose€ = (my/(41f;))? as an expansion parameter. This choice enables us to fit the
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Figure 2: Results of finite size corrections fo,/my (left) and f (right). Data points as a function ke,
are slightly shifted for visibility.

ChPT formulae (almost) independentlyrtg,/m and f,; as a function of which is a measurable
guantity at each quark mass. The NLO formulae are

(M7/ma) o = 2Bo (L+&INE ~15€), (4.1)
(fno = F(1—28In& +214€) 4.2)

whereI;4, Bo and f are to be fitted1;4 are LECs at the scaler#. Since these two formulae do
not share any fit parameter, independent fits are possible.
We also examine the NNLO formulae which are written as

(m?T/mq)NNLO = 2Bg [1+E|nf+;(§|n§)2_|_3(g_952|n.§)+ <Iz—g(|~phys+16)> gzlnf}

+ai1&%+ 0(8%), (4.3)

(fTT)NNLO = f

1-28INE+5(EINE)%+24(E —1062|ns>+§ <Fp“y5+ 5—23> szlnf}
+028%+ 0(8), (4.4)

where coefficients of thé&? term a; anda, contain unknown low energy constants associated with
the NNLO counterterms. In carrying out the chiral fit with $lkedformulae, an input

hys 2

~ —h —h Artfh

[phys= 7] Pvs g Pvs_ 151 <Tgys> (4.5)
T

is introduced from phenomenological estimates (3.1) ar®) (8ith 2" = 1300 MeV.
In our target range & & < 0.1, an approximatioré?In& ~ —2.52 is numerically rather
precise. Therefore, itis reasonable to consider yet anfitlamsatz with modified NNLO formulae,
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Figure 3: Results of chiral extrapolation fam%/mq [GeV] (left) and f; [GeV] (right) as a function of.
For each panel, three kinds of fit (NLO, NNLO and NNLO’) by usil data points are shown.

which we call NNLO’

(M/ ) o = 280 | L+EINE+ L(EMEP—ToE | +ate? 4089,  (48)

(fnno = F[1—28INE +5(&In §)2+2|Z.§] +abé% 4+ 0(&3). 4.7

In Figure 3 we show the results of chiral fits to the FSE coegalata ofm%/mq and f,
respectively. In each panel, we compare NLO (red curves)L.@Nblue) and NNLO’ (green).
Note that we cannot compare the quality of the fit with NNLO atiters by the values gf?/dof
because we carry out the simultaneous fit for the former amhepi@ndent fits for the latter.

Figure 4 compares quantities from our fit; = = By - £2/2, 12" and1?™®. In the figure we
also plot phenomenological values bf15] andlg?fys ((3.3) and (3.4)) as well as the result of our
previous calculation im-regime [16]:X1/3 = 0.251(7)(11) GeV.

We see that, for_ghys, large error of the phenomenological estimate covers aluofresults.
For other quantities, results from NLO fit are inconsisterthythe NNLO results. This implies the
failure of the NLO formulae to describe the data in the quadssregion up tons. Results from
NNLO and NNLO’ are consistent with each other and with pheeoaofogical estimates.

For the future we are planning to extend the present analysig and fx on theN; =2+ 1
dynamical lattices (see [17] for the status). Numericalckhef the estimate of FSE in a bigger
volume is also planned.

Numerical simulations are performed on Hitachi SR11000I&nd System Blue Gene Solu-
tion at High Energy Accelerator Research Organization (KEKder a support of its Large Scale
Simulation Program (No. 07-16). This work is supported irt pg the Grant-in-Aid of the Ministry
of Education (Nos. 13135204, 15540251, 17740171, 1803418340075, 18740167, 18840045,
19540286, 19740121, 19740160).
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Figure 4: Comparison of physical quantities obtained from chiral fisatz: f (upper left),=%/3 (upper
right), 12" (lower left) and 2™ (lower right). In each panel, red circles and blue squaresamesponding
to fits with 6 and 5 lightest data points, respectively.
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