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Introduction

Lattice Simulation

@ Machine power can simulate QCD at small mass region.

] . . 2 3
e ETMC'’s simulations reach mq ~ a AQCD-

ChPT for twisted mass QCD

@ regime : mqg ~ a/\écD
e O(a?) effects are NLO.
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Introduction

Lattice Simulation

@ Machine power can simulate QCD at small mass region.

] . . 2 3
e ETMC'’s simulations reach mq ~ a AQCD-

ChPT for twisted mass QCD

@ regime : mqg ~ a/\écD
e O(a?) effects are NLO.

We need Wilson ChPT at small mass regime, mq ~ a’Aqcp.
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Power Counting

Previous Study

e LO: O(m,a)
o NLO: LO?
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Power Counting

e LO: O(m,a), sub LO(SLO): O(a?, am)
@ NLO: LO?, LO-SLO ~ O(a®m, am?), SLO? ~ O(a*, a®m, a?m?)
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O(a?, am) effects:
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Power Counting

e LO: O(m,a), sub LO(SLO): O(a?, am)
@ NLO: LO?, LO-SLO ~ O(a’m, am?)

O(a?, am) effects:

@ non-trivial phase structure appears at LO.
cf. S.R.Sharpe & R.L.Singleton ('98), S.R.Sharpe & J.M.S.Wu ('04)
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Power Counting

e LO: O(m,a), sub LO(SLO): O(a?, am)
@ NLO: LO?, LO-SLO ~ O(a’m, am?)

O(a?, am) effects:

@ non-trivial phase structure appears at LO.
cf. S.R.Sharpe & R.L.Singleton ('98), S.R.Sharpe & J.M.S.Wu ('04)

@ Vacuum expectation has divergence at 1-loop.
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Talk Plan

@ Introduction
@ power counting

© Leading Order
@ gap equation and phase structure
@ pion mass

© NLO: 1-loop and renormalization
@ vertexes and 1-loop diagram
@ Local Counter Term
@ renormalization

@ Maximal Twist

© Summary

S. Ueda (Univ. of Tsukuba) WChPT for tmQCD at NLO

Wednesday, July 16, 2008

4/16



LO Lagrangian

LO Lagrangian

f2 f2 f2
Lio= T@LZ%ZT) — —<z/\/lT + Mz — I<zz:T + axfy
+ W45<a“zauzf><(z Y0)al + 3(Z — Xo)f)

— Weg(EMT + MZT) (X3l + axl) — Wig(xal + ax’)?

/2 1/2

o Y =Y,"X,%,
@ ¢ : vacuum expectation, 7 : pion fields, 72 : Pauli Matrix
o M =2By(m+it3u),a=2Wpa

, Lo = exp[iT3], Lpn = expliTm,/f]
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LO Lagrangian

LO Lagrangian

£2 2
Lio = I(5),;3,;*) - (=M Mxt
+ Wos (9,70, E7)((Z — To)a + a(T — To)")

— Weg(ZMT + METY (x4t + axT) — Wig(zal + axt)?

S = 5125 5/ S0 = explit3¢], £ pn = explitima/f]

¢ : vacuum expectation, 7 : pion fields, 72 : Pauli Matrix
M = 2Bo( + iT3u),5 = 2Wpa

2Bym = 2Bym + 2Wpa

Wés = Weg — Wes
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Gap Equation

Gap equation, dE(L()O)/d96]¢):¢O =

2Byiisin ¢g — (c2a° — &a2By ) sin 2¢ = 2By cos do + Era2Byju cos 2

The low energy constants,
@ (O = —64W68W02/f2, (N.‘g = 32W63W0/f2
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Gap Equation

Gap equation, dE(L()O)/d96]¢):¢O =

2Byiisin ¢g — (c2a° — &a2By ) sin 2¢ = 2By cos do + Era2Byju cos 2

The low energy constants,
@ (O = —64W68W02/f2, (N.‘g = 32W63W0/f2

Non-trivial phase structure appeares.
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Phase Structure

—_ 1st phase trar
ch\n 05
i | | [ | |
;_o-a 2 1 [} 1 2
(l:e‘ 05+
L
= 2 —
2Bm/| 2c,a" | 2Bm/| 2c2a2|

Figure: ¢ < 0, 2Boj1/[2ca%| =1

@ This phase structure is similar to previous study at NLO.
cf. S.R.Sharpe & J.M.S.Wo('04)
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The O(7?) lagrangian

(mfr)zﬂ_Z

2 1
E(LO) = Eauﬂaauﬂa + 5 T

The pion mass term
° (m,lr’z)2 = 2Bym’ — 2¢2a? cos? ¢ + 2&a(2Bym’) cos ¢y
o (m2)? = (M) + (Amd)?
o (Am3)? = 2ca®sin? ¢g + 2&a(2Boy’) sin ¢y

@ The short-hand notation for quark mass term,

m \ [ cos¢gg singg m
p' )\ —singo cos o 7
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The O(7?) lagrangian

2 1 m;’r 2
E(LO) = Eﬁuﬂaauwa + %Wg

The pion mass term
° (m,lr’z)2 = 2Bym’ — 2¢2a? cos? ¢ + 2&a(2Bym’) cos ¢y
o (m2)? = (M) + (Amd)?
o (Am3)? = 2ca®sin? ¢g + 2&a(2Boy’) sin ¢y

@ The short-hand notation for quark mass term,

m \ [ cos¢gg singg m
p' )\ —singo cos o 7

Pion mass splitting.
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Vertexes

O(m3®) and O(7*) Lagrangian

8 = ﬁ 3(0,ma)% + )\—71' 3

Lo 957 2f
A Al A N,
L8 = gp(maduma) + GEm* (Oma)’ + o (n) + g (ws)”

These vertex factor X is given by,

3
A3p = —coasingo, Mp=1, Aj,=— <1 + 5 coacos (/50) ,
A3 = ca’sin2¢g — &a(2Bym’ sin ¢g — 2Bop cos ¢y),
1
A = —ZQBOm' + 2cpa? cos® g — 2&a2Bym’ cos ¢y,

M, = —2ca% sin? g — 2&a2Byy’ sin ¢
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1-Loop Diagram for Vacuum Expectation

tadpole diagram

S. Ueda (Univ. of Tsukuba) WChPT for tmQCD at NLO Wednesday, July 16, 2008 10 / 16



1-Loop Diagram for Pion Mass

2-points function 1

=00~
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1-Loop Diagram for Pion Mass

2-points function 1 — LO?

=00~
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Local Counter Term

O(p?’m), O(m?) : # =2
(Mt + MEY (L), (EMT + MET)?

O(ap’m), O(am?) : # =6

(L )(xat + axty (=Mt + mMxhy, (L) (aMT + mat),

(0,237 + 30,1 (9,ZMT + M9, XT), (X3l + axT)(ZMT + MET)2,
(MMTY(£at 4 35 1), (aMmt + Maty (Mt 4+ MET)

0(a’p?), O(a°m) : # =6

(L) (xaf +axh2, (L) (33", (9,Zaf + 39,512,
(zaf + 5z (=Mt + M), (33T (ZMT + MET),
(aMt 4+ Mat)(zaf + axt)

where L, = 0,%0,%T.
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Renormalization

# of divergence terms

@ vacuum expectation : 6

@ pion mass term : 13

@ # of counter terms (14) < # of divergences terms (19)

@ Can not renormalize
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Renormalization

# of indipendent divergence terms

@ vacuum expectation : 6 — 2

pion mass term : 13 — 5

# of counter terms (14) > # of divergences terms (7)

mass term reducing by gap eq
o 2By’ = —cpa®sin2¢g + &a(2Bym’ sin o — 2By’ cos )
o (2Bym’)(2Bop’) = —c2a*(2Bom’) sin 2¢hg + &a(2Bym’)? sin ¢po + H.O.
o (2Bop')? = a(2Bom')(2Bop’) = a(2Bop’)? = a*(2Bop’) = H.O.

@ Can renormalize
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Maximal Twist Condition

(twisted) PCAC mass

o Yl00A%, P(0) _
POAC T 25 (Pa(X, t)P3(0))

o (twisted) PCAC mass at LO

(m3)¢o cos ¢o
2By(1 + &acos ¢y)

mpcac =
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Maximal Twist Condition

(twisted) PCAC mass

o Yl00A%, P(0) _
POAC T 25 (Pa(X, t)P3(0))

o (twisted) PCAC mass at LO

(m3)¢o cos ¢o
2By(1 + &acos ¢y)

mpcac =

@ maximal twist condition
cospg =0
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Maximal Twist Condition

(twisted) PCAC mass

o Yl00A%, P(0) _
POAC T 25 (Pa(X, t)P3(0))

o (twisted) PCAC mass at LO

(m3)¢o cos ¢o
2By(1 + &acos ¢y)

mpcac =

@ maximal twist condition
cospg =0

@ untwisted quark mass

2Boﬁ7 = —250#523
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Pion Mass at Maximal Twist

pion mass at maximal twist

o (mr*)o = 2Bop
o (m2)2g =2Bop + 2ca* — 2(&a)*2Bop
o (mr*Rio = (mr®)Rofl+ Clucher) +CLY? +C'L3}

The coefficents is
o C=—-16(m2)?5(2Les + Las)/ > + a° X5/ F?
e (C=0

o (C'=3

2
a _ (mi)z mz
e L” — 16m2f? log HChPT
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Summary and Working Problems

o Construct WChPT for twisted mass QCD at the regime, mq ~ a°.

@ It appears the non-trivial phase structure and pion mass splitting at
LO.

@ At NLO, a vacuum expectation has divergence, but it can be
renormalized.

@ Constract Pion mass at NLO.

Working Problems

@ Decay constant at NLO
@ Phase structure at NLO

@ Maximal twist condition at NLO
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