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What we do

We consider Finite Volume Effects(F.V.E.)

In € regime to the pion vector form factor
within chiral perturbation theory.

What we find

We can remove dominant F.V.E. from zero-
mode even in the € regime.

Only perturbatively small F.V.E. from non-
Zero-mode is remained.

This study is also useful in p regime.




Plan of Presentation

1. Introduction

2. How to remove zero-mode’s contribution

- Non-zero Momentum insertion
- Time subtraction

- Ratio of correlators
3. Result

4. Summary



Introduction

[JLQCD and TWQCD Collaboration],

Phys. Rev. D 80, 034508 (2009) [Bastian B. Brandt, et al], arXiv:1306.2916v1
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* Talk by Jonna Koponen on Monday

We need simulation near the physical point,
but finiteV effects become large.



Introduction

Questions

Near the physical point,

Is there any way to reduce finite V effects?

and

reliably extract the pion form factor ?

Especially, in the worst case : epsilon regime!
zero-mode ~ O(1)



Introduction

Answer

Yes.

By removing the dominant finite V effects
which come from zero-mode,

we can extract reliable pion form factor
even in the epsilon regime.

Our analysis is also useful in the p regime.



Introduction

€ regime and vacuum

p regime € regime
U(CU) ~ SU(Nf) U(x) =1lexp (“}{?f(w)> U(z) = Uyexp (Z\P/?f(x))
vacuum | fved |  fwed T

In € regime
vacuum = zero-mode Uy = dynamical variable

should be treated non-perturbatively.

non-zero-mode &(z) can be treated perturbatively.




Introduction

€ expansion

Chiral Perturbation Theory(ChPT) J. Gasser and H. Leutwyler

LonpT = FZTI‘[(((?MU(a:))T((?“U(x))] = %TI[MTU(x) + U(z)TM]+--.
U(x) = Uy exp (%f(x))

€ expansion

Up ~ O(1) :non-perturbative

| .
~ i~ mY? ~ m'/t ~ €(x) ~ O(e) :perturbative

Oy



Introduction

€ expansion

D
LcnpT = —§Tr[/\/lTUo + UIM] zero-mode = Matrix model

1
+§Tr[aﬂga“§] (x) non-zero-mode = massless boson

: 22,2 Tr [(MTUO - UgM) gﬂ () oo

interaction between Up and &(x)



Introduction

€ expansion

D
LcnpT = —§Tr[/\/lTUo + UIM] zero-mode = Matrix model
dominant FV.E.

1

+§Tr[auga“§] (x) non-zero-mode = massless boson

: 2?2 Tr [(MTUO - UgM) gﬂ () oo

interaction between Up and &(x)



Introduction

€ expansion

D
LcnpT = —§Tr[/\/lTUO + UIM] zero-mode = Matrix model
dominant FV.E.

Can we remove this effects?

1

+§Tr[{)“§8“§] (x) non-zero-mode = massless boson

: 22,2 Tr [(MTUO - UgM) gﬂ () oo

interaction between Up and &(x)
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Two types of zero-mode’s contributions

Constant Overall factor
(x-independent) on x-dependent part



Introduction

Two types of zero-mode’s contributions

Constant
(x-independent)

-

Non-zero momentum insertion
or

Time subtraction

N

Overall factor
on x-dependent part

We can remove these by

p

Taking ratio of correlators
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This work

Our main target is the pion vector form factor.

FV.E.in the € regime

dominant part perturbative part
from zero-mode from non-zero-mode




Introduction

This work

Our main target is the pion vector form factor.

FV.E.in the € regime

dominant part perturbative part
from zero-mode from non-zero-mode

In this calculation to one loop order

can be removed iIs perturbatively small
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Two point function
- Momentum insertion

1 X AC) 1 eta(z—y)
<P(x)P(y)>:A+BVZ | CVZ MR

2
7z 1 TR

> (---): non-zero-mode contribution
q70

A, B, C : zero-mode contribution
dominant FV.E.

We want to remove these.



Two point function
- Momentum insertion

etd(r—y) etd(r—y)

D # O q70 q70

q4



Two point function
- Momentum insertion

etd(r—y) etd(r—y)

/d%e‘ip"ip(x)za(y»:A+B%Z | C%Z —

q* q
p # 0 q7#0 q70




Two point function
- Momentum insertion

1 1q(z—y) 1 iq(x—y)
(P(zo : P)P(yo : P')) :A+sze 2 ICVZG A SR
p#0,p #0 170 170
é )




Two point function
- Momentum insertion

<P(CBO : P)P(yo : p/)> _ /dgﬁl? dSy e—ip-xe—ip/.YA
LS z'qot

p#0,p #0 +B 6. ., € L
F = 20 — 1o T p,p§(q0)2+p2




Two point function
- Momentum insertion

<}3(ax): I))}D(ZK)::F“)> _ J/P(iSZB(132/(2——ipy>c€f—ip{.)h/1

iqot

p#0,p #0 L o 6 e
t =20 — Yo " g A %’: @)+ %
oy 05 cosh(E(p)(t —T/2))
(p) = Vp? T Op,—p BE(p) sinh(E(p)T'/2)
P(xg:p) = /dgﬂﬁe_ip'xp(iﬁ)

Constant A is removed
by inserting non-zero momentum.



Two point function

- Time subtraction

Even p =0

leading zero-mode contribution can be removed

subtracting by different time-slice:

-~

\

AP(zg:0) = P(xg : 0) — P(zlF" : 0)

~

J

<AP(CEO A O)P(yo - O)

)

= 0

B[Thy(t/T) — hy(t"")T)]



Two point function

= Ratio of correlators

Constant (x-independent) can be removed

-~

&

| o peosh(B(p)(t—T/2))
(P(zo:p)P(yo:p')) =B E(p) sinh(E(p)T/2) |

(AP(x0: 0)P(yo : 0)) = B [Thy(t/T) — hy (81 /T)] + - --

J




Two point function

= Ratio of correlators

Constant (x-independent) can be removed

-~

\

| o ncosh(B(p)(t—T/2))
(P(zo:p)P(yo:p')) =B E(p) sinh(E(p)T/2) |

(AP(x0 : 0)P(yo : 0)) = B [Thy(t/T) — hy (£*F/T)] + - --

J

Overall factor
on x-dependent part :

zero-mode contribution



Two point function

= Ratio of correlators

Constant (x-independent) can be removed

-~

&

| o ncosh(B(p)(t—T/2))
(P(zo:p)P(yo:p')) =B E(p) sinh(E(p)T/2) |

(AP(x0: 0)P(yo : 0)) = B [Thy(t/T) — hy (£*F/T)] + - --

J

Overall factor can be removed

p

\

( cosh(E(p)(t—T/2)) )

(P(zo :p)P(yo: P")) _ E(p) sinh(E(p)T/2) L

(AP(xg: 0)P(yo : 0)) Thy(t/T) — Thy(tret/T)]
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Three point function<PVP>

(P2 (xo : —pf)Vy' (Yo : @) P* (20 : Pi))

L322
— 0 ot <C(UO)>Uo5q,pf—Pz'ZkFV(qo’q)
4Feff

x [iE(psi)c(py,t)s(pi,t') +iE(ps)s(py,t)e(pi,t)]

where
ot - COME@E-T/2 o sinh[E@)=T/2)
APt = P smh Bt —T/2)] 2E(p)sinh[E(p)(t - T/2)

E(p) = /M? + p2 M? =2mX/F



Three point function<PVP>

(P2 (xo : —pf)Vy' (Yo : @) P* (20 : Pi))

L322
— 0 . <C(UO)>U05q,pf—PiZkiFV(qo’q)
4Feff

% [iE%pf,t)s(pz,t’) +iE(ps)s(py,t)c(pi,t)]
4+ ...

Overall factor: zero-mode contribution

where
o cosh[E@E-T/2] 5 4= sinh [E'(p)(t — T/2)]
e ~ 2F(p) sinh [E(p)(t — T/2)] ’ 2E(p) sinh [E(p)(¢t — T'/2)]

E(p) = /M? + p2 M? =2mX/F



Three point function<PVP>

zero-mode = Matrix model

B [ DU, C(U) o~ Tr[MT U+ U M|

SorrV
fDer i Tr[MtU+UI M]

(C (Vo)) v,

where
) = 2@ — O (1 + [Up|11|Uol22 + [U(;r]n[Ug]zz + [Uo]ii[Ug]ii>

+(1 — d;2) ([Uo]zz'[Ug]z‘Z 0 [UO]’L'Q[UJ]%)

= ) ([UO]li[U(;r]il ™ [Uo]il[Ug]”)



Three point function<PVP>

y LSZZ
(AP (0 : 0)Vg" (yo : Q)P (20 : Pi)) = 2 {‘f (C(Uo))vo0q,—p: ZxFv (qo,q)

x [iE(pi)Ac(0,t)s(p;,t') + iE(0)As(0,t)c(pi, t')]

<AP12(CB0 . O)V()m(yo . q>AP21(ZO . O)> — <C(U())>U0(Sq7()Z]€Fv(O, O)

x [iE(0)Ac(0,t)As(0,t') + iE(0)As(0,t)Ac(0, )]

Af(zo,0) = f(x0,0) — f(zt, 0)




Three point function<PVP>

y L322
(AP (0 : 0)Vg" (yo : Q)P (20 : Pi)) = 2 {‘f (C(Uo))vo0q,—p: ZxFv (qo,q)

x [iE(pi)Ac(0,t)s(p;,t') + iE(0)As(0,t)c(pi, t')]

<AP12(CBQ . O)V()m(yo . q>AP21(ZO . O)> — <C(U())>U0(Sq7()Z]€Fv(O, O)

x [iE(0)Ac(0,t)As(0,t') + iE(0)As(0,t)Ac(0, )]

Af(zo,0) = f(x0,0) — f(zt, 0)




Three point function<PVP>

<C(UO)>Uo5q,pf—pi ZiFy (QO7 Q)

x [iE(pi)c(py,t)s(pi, t') +iE(py)s(py, t)e(pi, )]

y LSZZ
(AP (0 : 0)Vg" (yo : Q)P (20 : Pi)) = 2 ;ﬁ (C(Uo))vs0q,—p; ZKFv(qo,q)

x [iE(pi)Ac(0,t)s(pi, t') + iE(0)As(0,t)c(p;,t')]

<AP12(£B0 . O)Vom(yo . q>AP21(ZO . O)>

(C(Uo))v,0q,02kFv(0,0)

x [iE(0)Ac(0,t)As(0,t') + iE(0)As(0,t)Ac(0, )]

Dominant part of EV.E. (C(Uo))u, can be removed
by taking appropriate ratio.




Result

(P (x0 : —ps)Vi'(yo : P — Pi) P? (20 : Pi))
(AP (20 : 0)V (g0 : 0)AP? (2 - 0}

1E(pi)e(pys, 1)s(Pis 1) +iE(py)s(Ps;t)c(pi, t')

= {90, Pr = Pi) T5101Ac(0, 1) As(0,7) + iE(0)As(0, 1) Ac(0, )

(APY(zo : 0) V" (yo : —pi)P* (20 : pPi))

<AP12(CC() . O)VO?’Z(:I/() . O)APQl(Z’Q . O)>
iE(pi)Ac(0,1)s(p;, t') +iE(0)As(0,t)e(p;, t')

= Fv(qo, —Pi); E(0)Ac(0,1)As(0, ) + iE(0)As(0,t)Ac(0, )

There is no more zero-mode integral.

Remaining EV.E. in Fy is perturbative.



Resulit AFy = Fy™ — Fyf

Remaining perturbative FV.E.
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Result

JLQCD, PoS LATTICE2012 (2012) 198 [arXiv:1211.0743]
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Result

JLQCD, PoS LATTICE2012 (2012) 198 [arXiv:1211.0743]

/Our result (I_O) S used
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Summary

We consider FV.E. to the pion vector form factor

€ regime in the € regime.

Large FV.E.
Zero-mode should be treated non-perturbatively

Reliable pion form factor can be extracted

even in the € regime
by inserting non-zero momentum, time subtraction,

and taking ratio:
Dominant part of EV.E. can be removed.

Remaining FV.E. is only perturbatively small.

This study is also useful for p regime.



Thank you for your kind attention.



