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∫
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√
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√
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S(0)
[
ψ̃(0)

α , ψ(0)
α

]
=

∫ Λ

q

∫
ω

{
D(0)ψ̃(0)

α ψ̃(0)
α − ψ̃(0)

α

[
iω + r(0) + c(0)q2

]
ψ(0)

α −

ψ̃(0)
α

[
(ω(0)

0 + c(0)
a q2)εαβ

]
ψ

(0)
β

}
−
∫ Λ

k1k2k3

U
(0)
αβ ψ̃(0)

α ψ
(0)
β ψ(0)

γ ψ(0)
γ

� 
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q = bq(0)

ω = b2Zω(b)ω(0)

ϕα(q, t) = b−
d+2
2

√
Z(b)Zω(b)Ωαβ(ω̂0(b)t)ψ

(0)
β (q(0), t(0))

ϕ̃α(q, t) = b−
d−2
2

√
Z̃(b)Zω(b)Ωαβ(θ(b))Ωβσ(ω̂0(b)t)ψ̃(0)

σ (q(0), t(0))
I O 6 Q R M
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 � � � � � � � � � � � � � � � � � 6
V � � * 
 � � � � G � * 
 � D � � � 
 � � � � � � - � � 4

Seff [ϕ̃α, ϕα] =
∫ Λ

q

∫
ω

{
Dϕ̃αϕ̃α − ϕ̃α

[
iω + r + cq2

]
ϕα − ϕ̃α

[
0 + caq2

]
εαβϕβ

}
−
∫ Λ

k1k2k3

Uαβϕ̃αϕβϕγϕγ
I O 6 Q O M
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S(1) [ϕα, ϕ̃α] =
∫ Λ/eδl

q

∫
ω

{
(D + δD)ϕ̃αϕ̃α − ϕ̃α

[
i(1 + δλ1)ω + (r + δr) + (c + δc)q2

]
ϕα

−ϕ̃α

[
iδλ2ω + δω̂0 + (ca + δca)q2

]
εαβψβ

}−
∫ Λ/eδl

k1k2k3

(Uαβ + δUαβ)ϕ̃αϕβϕγϕγ
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  � � � � � 5 � � � � �  � A � � � 
 �  ( B � � � � 
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 P �  � � � � 5 � 
 � - - � � � 
 � � �  � � #  � 
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 � �  S � � � � � 
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 �
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 � � � � � � � � = � � � � 
 � � � � # � � � � � �
ϕ

(1′)
α

� � � )

ϕ(1′)
α = ϕα

ϕ̃(1′)
α = Ωαβ(δθ)ϕ̃β

% & ( * X ,

/ 
 � = � �  �   � 
 �
δθ = arctan

[−δλ2(1 + δλ1)−1
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 � �   � . � 
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 # � � � � )

δω̂
(1′)
0 = δω̂0C + (r + δr)S

% & ( * ` ,

� �
C = cos δθ

� �
S = sin δθ

( / 
 � # N 
 �   � 
 � � 
 � � � A � � � � � = � � � � 
 � � � � # � � � � � �

ϕ(2) � � � )

ϕ(2)
α (q, t) = Ωαβ(δω̂(1′)

0 t)ϕ(1′)
β (q, t)

ϕ̃(2)
α (q, t) = Ωαβ(δω̂(1′)

0 t)ϕ̃(1′)
β (q, t)

% & ( * b ,


 � �  # - � � � 
 � 
  - � � � � � � � � � �
δω̂

(1′)
0

� � - P � � � � � 
 ( d �  
 � � . � - - �  . � � � � � � � 
  � �  � � � � :
� � � � �   � 
 � - �  � K � �  � � � - �  . � � � � � � � 
  � 
 � � � � # � � � � � �  � � # � # � � 
 � �  � �  P # � � � . � 
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δD(2) = δD(1′) = δD

δλ(2) = δλ(1′) = (C − 1) + δλ1C − δλ2S

δr(2) = δr(1′) = r(C − 1) + δrC − (ω0 + δω0)S
δc(2) = δc(1′) = c(C − 1) + δcC − (ca + δca)S
δc(2)

a = δc(1′)
a = ca(C − 1) + δcaC + (c + δc)S

δU
(2)
αβ = δU

(1′)
αβ = Uασ(Ωσβ(δθ) − Iσβ) + δUασΩσβ(δθ)

% & ( ^ g ,

� � A � � � - - �  � - S � � � � h � � � � � � � � - P � 
 
 � � � # � � �  � � . � � � � � � � 
 �   � � � # � � � � � � � � � � � �

ω̂0
> � � � � � � � � �  P # � � � � � )

δω̂0 = δω̂
(2)
0 = 0

(
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q′ = eδlq

ω′ = e2δlZ′
ωω

ϕ′
α(q′, ω′) = e−

d+6
2

δl
√

Z′ϕ(2)
α (q, ω)

= e−
d+6

2
δl
√

Z′
[
Opr(δω̂(1′)

0 t)
]
αβ

ϕβ(q, ω)

ϕ̃′
α(q′, ω′) = e−

d+2
2

δl
√

Z̃′ϕ̃(2)
α (q, ω)

= e−
d+2

2
δl
√

Z̃′Ωαβ(δθ)
[
Opr(δω̂(1′)

0 t)
]
βσ

ϕ̃σ(q, ω)
7 8 9 ; < >

� � � � � � � � �  � � [
Opr(δω̂(1′)

0 t)
]
αβ

� � �  A � � � + � # � � � � � � � � � � � � 1 � �  � � � � � � �  � � � �

� + � # � � � � � � � � � � � � � �  � �
Ωαβ(δω̂(1′)

0 t)
9 G � � # � � �  % � � � � � J � - �  1 � 2 � + � - . � � � �

beδl � � � �
� � � � � � # � � � � � M � � %  � � �  6 � � � #

c(l + δl) = c(l) D(l + δl) = D(l) λ(l + δl) = 1

ca(l + δl) =
[
ca(l) + δc(2)

a

]
(1 + δc(2)/c)−1

r(l + δl) = e2δl
[
r(l) + δr(2)

]
(1 + δc(2)/c)−1

Uαβ(l + δl) = e(4−d)δl
[
Uαβ(l) + δU

(2)
αβ

]
(1 + δc(2)/c)−2(1 + δD(2)/D)(1 + δλ(2))−1

Zω(l + δl) = Zω(l)(1 + δc(2)/c)−1(1 + δλ(2))
Z(l + δl) = Z(l)(1 + δc(2)/c)3(1 + δD(2)/D)−1(1 + δλ(2))−1

Z̃(l + δl) = Z̃(l)(1 + δc(2)/c)(1 + δD(2)/D)(1 + δλ(2))−1

7 8 9 ; O >

G � � � 6 � � � �  � � � � � � # � - �  6 � � � � � � # . � � �
θ

� � � � � � # � � � � �  � �
ω̂0
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θ(l + δl) = θ(l) + δθ

ω̂0(l + δl) = e2δl
[
ω̂0(l) + δω̂

(1′)
0

]
(1 + δc(2)/c)−1(1 + δλ(2))

7 8 9 ; ; >

� �
δθ

� � � � � � � � # � � 7 8 9 < 8 > / � �
δω̂
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ω0(b) = b−2Zω(b)−1 ω̂0(b)
C D ; F D G
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(q, t)
; * � � � � 4 �  � )

ψα(q, t) = b
d+2
2

√
Z(b)

−1
Zω(b)−1Ωαβ(−ω0(b)t)ϕβ(bq, b−2Zω(b)−1t)

ψ̃α(q, t) = b
d−2
2

√
Z̃(b)

−1

Zω(b)−1Ωαβ(−θ(b)− ω0(b)t)ϕ̃β(bq, b−2Zω(b)−1t)

 � )

Cαβ(q, t1 − t2; Π) = b2Z(b)−1Zω(b)−2Ωασ(−ω0(b).(t1 − t2))
Gσβ(bq, b−2Zω(b)−1(t1 − t2); Π′)

χαβ(q, t1 − t2; Π) =
√

Z(b)Z̃(b)
−1

Zω(b)−2Ωασ(+θ(b) − ω0(b).(t1 − t2))

γσβ(bq, b−2Zω(b)−1(t1 − t2); Π′)
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ψ(I)
α (q, t) = b
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2

√
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−1
Zω(b)−1Ωαβ(−ω0(b)t)ϕβ(bq, b−2Zω(b)−1t)

ψ̃(I)
α (q, t) = b

d−2
2

√
Z̃(b)

−1

Zω(b)−1Ωαβ(−ω0(b)t)ϕ̃β(bq, b−2Zω(b)−1t)
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ψα(q, t) = ψ
(I)
β (q, t)

ψ̃α(q, t) = Ωαβ(−θ(b))ψ̃(I)
β (q, t)
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 ' � / � � � � ' 
 � 
 � % 
 � � �  � � � �  � ' 
  � ' � � % � � / 
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C
(I)
11 (q, ω; Π) = b4Z−1Z−1

ω

1
2

[
G11(bq, b2Zω(ω + ω0); Π′) + G11(bq, b2Zω(ω − ω0); Π′)

+i
[
G12(bq, b2Zω(ω + ω0); Π′) −G12(bq, b2Zω(ω − ω0); Π′)

]]
C

(I)
12 (q, ω; Π) = b4Z−1Z−1

ω

1
2

[
G12(bq, b2Zω(ω + ω0); Π′) + G12(bq, b2Zω(ω − ω0); Π′)

−i
[
G11(bq, b2Zω(ω + ω0); Π′) −G11(bq, b2Zω(ω − ω0); Π′)

]]
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√
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ZZ̃
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Z−2
ω γαβ [φ] (bq, b−2Z−1
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(g, ga, ca)
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g(0) � �
g

(0)
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*

u(0) = µεg(0) = µ′ε(4π)−ε/2g(0)

u(0)
a = µεg(0)

a = µ′ε(4π)−ε/2g(0)
a
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) � � � � C G � � � � � � � � � � " � � � � � � C � � � � � � & � � � � C � � *

ψ(0)
α = ψ(I)

α =
√

Zψβ

ψ̃(0)
α = Ωαβ(−θ)ψ̃(I)

β = Ωαβ(−θ)
√

Z̃ψ̃β

g(0) = Zu

√
Z̃Z3

−1

g

g(0)
a = Zua

√
Z̃Z3

−1

ga

r(0) = r(0)
c + Zrr

ω(0) = Zωω

ω
(0)
0 = Zω0Zωω0

c(0)
a = Zcaca

6 7 � E 9 ;
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S(0)
[
ψ̃(0)

α , ψ(0)
α

]
= S

[
ψ̃α, ψα

]
+ δS

[
ψ̃α, ψα

]
+ Sper

[
ψ̃α, ψα

] 6 7 � E Q ;

� � � � � � � R C � � � � � � � � & � � � � � � *

� � � + � � � � � � � � � & � � � � C � *
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ψ̃α, ψα
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[
iω + cq2
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ψα − ψ̃α

[
caq2

]
εαβψβ

}
−
∫

k′
1k′

2k′
3

µ′ε(4π)−ε/2gαβψ̃αψβψγψγ
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[
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=
∫
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D
(
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ψ̃αψ̃α

−ψ̃α

[
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(
Z2

ω

√
ZZ̃ cos θ − 1

)
+ cq2

(
Zω

√
ZZ̃ cos θ − Zω

√
ZZ̃Zca

ca

c
sin θ − 1

)]
ψα

−ψ̃α

[
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(
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ω

√
ZZ̃ sin θ

)
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Zω

√
ZZ̃Zca cos θ + Zω

√
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c

ca
sin θ − 1
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∫
k′
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2k′
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{[
(ZuZ3

ω cos θ − 1)g − ZuaZ
3
ω sin θga

]
ψ̃αψαψγψγ

+
[
(ZuaZ

3
ω cos θ − 1)ga + ZuZ3

ω sin θg
]
εαβψ̃αψβψγψγ

} 6 7 � E 7 ;
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−ψ̃αψα

√
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∫
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−ψ̃αεαβψβ

√
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Lr
� � � � � � � � � � 5 � *

−rZr

√
ZZ̃Zω

[
ψ̃αψα cos θ + ψ̃αεαβψβ sin θ

]
� ' � 
 � � � � � ! � � � � � � � � � � � � � �

k̄lr

B � �
Lω

� � � � � � � � � � 5 � *

−ω0Zω0Z
2
ω

√
ZZ̃

[
ψ̃αψα(− sin θ) + ψ̃αεαβψβ cos θ
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 � � � � � ! � � � � � � � � � � � � � �

k̄lω
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Γ( �N,N)(ki(j); c, �g, r, ω0, µ
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∞∑
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tLr

Lr!
tLω

Lω!
Γ( �N,N,Lr,Lω)(ki(j), k̄lr(lω) = 0; c, �g, 0, 0, µ′)
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Γ̂( �N,N)(ki(j); c, �g, r, ω0, µ
′) = Z �N+N−1

ω Z̃ �N/2ZN/2Γ̂( �N,N)
0 (k(0)

i(j); c, �u
(0), r(0), ω

(0)
0 )

Γ̂( �N,N,Lr,Lω)(ki(j), k̄lr(lω); c, �g, r, ω0, µ
′) =

Z �N+N
ω Z̃ �N/2ZN/2ZLr

r (Zω0Zω)Lω Γ̂( �N,N,Lr,Lω)
0 (k(0)

i(j)
, k̄

(0)
lr(lω)

; c, �u(0), r(0), ω
(0)
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* + , - ] /
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∂

∂ lnµ′ + �β.
∂

∂�g
+
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γωi(j)

∂

∂ωi(j)
− γr

∂

∂ ln r
− γω0

∂

∂ lnω0
−

−(N + P − 1)γω − N

2
γ̃ − P

2
γ

]
Γ̂(N,P )(qi(j), ωi(j); c, �g, r, ω0, µ

′) = 0
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γω0(g, ga, ca, ε) =
d ln (Zω0Zω)

d lnµ′ |
u(0) ,u

(0)
a ,c

(0)
a
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Ñ

� '
N

� . � ' $ ) 6 � % � 6 � $ � ) 2 � � % � 5 % � � � 5 �
Γ(M) . /

Γ(M)(1) O

� � 	 � 
 � � �  � � � � � � � � � � � � � � � � � �  � � 
 � 
 � � � � �  � � � 
 � �
� � � � � � 
 � � " � 
 # � " % � 


� � t � ' . � C @ � ' ' ) � � � $ ) � ' % 9 / � 2 � � $ ) % � � % $ � � 5 � � � 2 � / 2 � a $ . � 6 � 5 � � � 2 � � " � B
$ % ' ) � W , % 2 � . / � t � / ' � � 2 � / 2 � ) 2 � � 8 � ) ' � a $ ) . $ ) � � 5 � 2 � ' " 6 . ) % � � , 5 . � ' 2 � � ' � ) @ � � 5 �
2 � � 6 ) % � $ � ) ' / ) H � ' % 8 � $ � / 8 � � ' k ' ) � ) � $ ) 6 � � � ' 6 � $ � ) 2 � � 5 % � > ) � @ @ � � 5 � � � o � @ � �

| }



� � � � � � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � �

� � � � � � 
 � � � � 
 � � � � � � � 
 � � � � � � � � � � � � � 
 � � � � ! # � � � � � $ � � � � � � � � � $ � � � � � � � � � � � � * � �
� � � � � � ! � � � $ � � . / � � 
 $ � � * � � � � � # � 
 � � � � � � 
 � � � $ � � � $ � � � � � � � � � � � � � � � 
 � * � � 6 6 � �
� � � � 9 $ 6 � $ � � � � � $ � � � � � � � � � � � � � < � � � � � � � � � � � � � � � 
 � $ � � � � � � � � � � � � � � � @ 
 6 �
� � � � 
 � $ � � � 6 � � 
 � � � $ � � �

Λ/eδl � �
Λ

� . " � � � � � < � $ � � � � � 
 # � � � � � � � � � � 
 < � � � � �
� # � � � 
 � $ � � � * � � � � � � 
 � $ � � � H � � � � � � 
 < � � � � � < � � 
 � � 
 � $ � 
 $ I $ 
 � � � 
 6 � � � � � � � � � �
� � 6 K � � � � � � � � � � � � � � M

δl
� � � # � � � � � � � $ � � # � � $ � M � @ � � � � � � @ � $ � � � � � � � � � � � � �

� � < � � � � � � � � @ 
 $ � � * � � $ � 
 $ � � � < 
 � $ � � � $ � � � � � � � � � � � � � � � 
 $ � � * � � � � � � � � � � $ � � � �
� � � 
 6 � � � � 
 � $ � $ � � � < � $ � � � � U � � � � V � � � � � � � . " � � � � � � � � $ � � $ � 
 � 
 � � � � � � � � � ! �
� � 
 � 
 � � � � � � 
 � * � � 6 6 � � � � � � 9 $ 6 � $ � � � � � 
 � � � � ! � � � 
 < � � � � � � � H � $ � � 
 � $ $ � � � �

Γ
� � $ � $ � � � � < � $ � � � � � 
 $ � � � � � � � 
 � � $ � � � � < � � 
 � � 
 � $ � 
 $ I $ 
 � � � 
 6 � � � � � � � � � � �

� � � � 6 K � � � � � V � � � 
 H � � � � � � � � � � 
 � � $ H � $ � � 
 � $ � � � @ � � � � � � � .

� � � � � � � � 
 � � � � � � � � � 
 � � � � � 
 � � � � � � � �

[ � 6 6 � $ # � $ � � � � � � $ � 
 � � � � �
Γ(2)(1)

�

α1
�

α2

. \ � 
 � # � � � � < � � � � ! � @ 
 $ � � � � � � 
 � $ $ � � � $ � 
 � $ �

# � @ � $ � � � � � � � � � � �
ψ̃α

� $ � � � $ � � � � < � $ � � � � H � � 6 � � � � � 
 � * � � 6 6 � � � $ � � 6 � � 
 �
� � $ � � � � � � � 6 K � � � � M � @ � � � � � � @ � $ � � � � � � � . [ � � � � � � � � 
 � � � H � 
 � # � @ 
 � $ @ 9 � � � � � �

� � $ � � 6 � � 
 � � � 
 � $ $ � $ � � 
 < 
 � � � � � � � � � � � 6 K � � � M � @ � � � � � � @ � $ � � � � � � � . [ � $ � 
 � � �

� � $ � 6 � 
 $ � � $ � $ �
Γ(2)(1)

�

αβ

. " � � � � < � $ � < � � � $ � � � � � � � 
 � � � ` # � @ 
 � � � � 
 � � � $ $ � � � �
� @ � # � � � 
 � $ a ` . b c d � � � # � � � � � � � � � � 6 � $ � 
 � M � @ � ! � � � � � 
 � $ � � 
 < � $ � � $

Γ(2)(1)

�

αβ (k) = 4Uαβ

∫
q′

C11(q′, t′ = 0)
a g . � d

/ @ � � � 
 � $ � V � � � 
 < � � � � � � � � � � 
 � � � � � K � 
 $ � � * � � � 
 � $ � � � � � � � � � � � � @ 
 6 � � � � 
 � $ �
� � 6 � � 
 � � � � $ � � �

Λ/eδl � �
Λ

� � � � � U � � � � � � � � 
 � � � � � � � � H � � 6 � a i . � � d � � a i . b j d . / � �
< � � 
 � � 
 � $ � � � � � � � � 6 K � � � � # � 
 � � � � � � 
 � � � $ � � � $ � � � � � ! � � � � � 
 � $ � � � $ � � � $ $ � � �
� � � $

δD = −1
2
Γ(2)(1)

�1�1
(0)

δr = Γ(2)(1)

�
11

(0)

δω0 = Γ(2)(1)

�21
(0)

δλ1 =
δΓ(2)(1)

�11

δ(iω)
(0)

δλ2 =
δΓ(2)(1)

�
21

δ(iω)
(0)

δc =
δΓ(2)(1)

�11

δq2
(0)

δca =
δΓ(2)(1)

�
21

δq2
(0)

a g . b d

& � � $ � � � $ $ � # � �
Γ(2)(1)

�

α1
�

α2

� � � $ � � � � # � �
Γ(2)(1)

�

αβ (k)
� � � 
 $ � � � � $ � � $ � � �

k
� � � � < � � 
 � �

� 
 � $ �
δD

�
δλ1

�
δλ2

�
δc

� �
δca

� � $ � $ � � � � � M � � � � � � � � � $ � � � � � 
 � � � � � � � � � � � � 
 � $ � �

� � � � � � 
 � �   � � � �  � � � 
 � � � � 
 � � �  � � � 
 � � � �  � � � � � � � � �  � � � � � 
 � � � 
 % � � � � � � �  % � � (

� �



� � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � 
 � � � � � � 
 � 
 � � � ! � � # � ! % � �

� � � � � � � 	 � � � � � � � � 	 � � � � � � � � � 	 � � � �  " � # $ � � 	 ' ( � � � + $ � / � � � � $ � � $ �
ω0

� � � 	
� � 2 � � � � 4 � � �  6 � � � 	 � � � $ �  � � � 	 " 	 :

& � � 	 � � � � � � � � � � � 4 � �  � 6 � �  " � # $ � � ' $ �
ω0

� 	 � � $ � 	 � � � " � $   � � � 4 � � � @
 6 � � � � � � � � # " $ � � � ' � $ � 	 $ B � � � $ � 	 � � 	 � � 4 � � 	 	 � $ � 	 	 � � � � � � � 	 (

δr = 4Du

∫
q

1
r + cq2

�
δω0 = 4Dua

∫
q

1
r + cq2

C D : G H

) � � � 	 � � 4 � � 	 	 � $ � 	 � � � � $ / � � 	 � � � 	 � � � � � � � � � � � 	 � � $ � � �  " � # $ � � (

δr = 4Du

∫
q

1
r + cq2

�
δω̂0 = 4Dua

∫
q

1
r + cq2

C D : J H

� � � � � � � 	 � � � � � � � � � � � 	 � � � � � � � �

* $ � 	 � � $ � 	 2 � 	 � � M " ( � � 	 � � �
Γ(4)

�

α1β2β3β4

� 	 � O � $ � 	 � � " � � � : Q � + $ � � � � � + � � � B $ � � � � '

� � 4 � � � U � � � � � 4 � " 	 � � � " / � � 4 # � ( � �  � � � � � � � W � + $ � 	 � � � � � � � (

Γ(4)(1)

�

α1β2β3β4
(k1, k2, k3, k4) = −1

2

⎡⎢⎢⎣
α1, k1 β2, k2

β3, k3 β4, k4

+

α1, k1 β3, k3

β2, k2 β4, k4

+

+

α1, k1 β4, k4

β2, k2 β3, k3

⎤⎥⎥⎦ · (2π)d+1δd+1(k1 + k2 + k3 + k4)

C D : D H

$ � � � W � � � � � � � � � $  4 � � � � 	 W � � � � � � 	 � � 	 [  " � � � � � � 	 � � � / � �   � 	 � � � W � � � � � � 1
24 � $ � � � � � � � � " � � � $ 4 4 �  � � � � � � + � � 4 $ � � � � � � � � � : _ # � � � � � � � � 	 � � � / � �   � 	 	 �

� " � $  4 $ 	 � 	 � � $ � (

= + + + + +

= (a) + (b) + (c) + (d) + (e) + (f)
C D : ` H

� � � � � � 	 B $ � 	 W � � � � � � 	 � � 	 [  " � � � � :

& � W � + $ � O � � � $   � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � 	 W � � � � � � 	 � � 	 [  " @
� � � � ' � $ � 	 � $ � 	 � � " � $ � 	 � $ � � � 	 � � 	 � � � 	 	 � 	 � � 	 [  " � � � � ( � + � � / � � � � � � $ � � � � # " $ � � �
O 4 � � � � � � � / � � 4 # � � � � ( � � O ( � � � � � 4 � � � � 	 � � � � � # " $ � � �

φ4 	 � � � � ( � � : & � � 	 � � � � �

� �



� � � � � � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � �

� � � � � 
 � � � � � 
 � � � � � � � � � � � � � "

Γ(4)(1)(k1, k2, k3, k4) = −1
2

⎡⎢⎢⎣
k1 k2

k3 k4

+

k1 k3

k2 k4

+

+

k1 k4

k2 k3

⎤⎥⎥⎦ · (2π)d+1δd+1(k1 + k2 + k3 + k4)

�  " $ %

� � ' � � � � � + � � , � � � � � � . � ' � � 0 � 2 � ' � � � �
(4!)2

" # � � � 5 � � � � � � 
 � 0 9 � � : 
 � � � � 5 < � � 9 =
: � � � 
 � 0 � � � � � � @ ' � � 0 � 
 � � � @ ' 5 � � � � � � � , � 5 � + 
 � � � � � � 
 � � � � � � "

(1) = (2) = (3) = (4) =
�  " F %

0 � � � 5 � � 2 � ' � � � � � 0 � � 9 : � � � 
 � � � � � � � � , � ' � 
 � � : � � � "

(1) → 2 × 3 × 2 × 3× 2 × 2 = 144
(2) → 2 × 3 × 2 × 3× 2 = 72
(3) → 2 × 3 × 2 × 3× 2 = 72
(4) → 4 × 2 × 3 × 3× 2 × 2 = 288

�  " K %

L � � � � � 5 � � � � � � � � � O 
 � �
144+72+ 72+288 = 576 = (4!)2

+ � � , � � � � ' � � � 
 ' � � =
� � � , � � 0 O 
 � � � � 2 � ' � � � � 0 � � 9 : � � � 
 � 0 � + � � , � � 0 � 5 � � � � � � 
 � � � � � 
 � � � " % � R � , � � �

� � � � � � � � 0 � � � � � � � � � � : : � � 
 � � � � � � � � � � � � , � �
Γ(4)(1)

�

α1β2β3β4

� , � � � 5 � � � � 5 � � � 5 � 5 � �
+ � � , � � � 0 � 5 � ' 5 � � � � � � , � 5 � + 
 � � �

(4)
� � � � U ' � � � 
 0 � � � � " & 5 2 � � � � � � � � � � � 5 � , � � � �

O � 
 � � � � @ � � � � � 
 � � � � 0 � 
 � � � � 0 
 � � 9 : � � � 
 � 0 � � � 5 � 0 
 � + � � : : � � ' � 5 5 � = ' 
 � < � � � � � , � �
� � � 
 � � 5 � � � � � � @ � � � 
 � � � � � � � � 5 � ' � � 
 @ 0 � , � � 
 � 
 � � � � : � � � 0 � � � � 
 � 0 
 ' � � 9 � � �
� � � 0 < � � � � � � 0 � ` U 
 : , 5 
 ' 
 � � : � � � � . � ' � � � % " ( � � � � � � � � � 5 � � � � � � � � � 5 � � � � � � 2 � 
 �

: � 
 � � 0 � + � � , � � � � � � 0 � � � 5 � 0 � ' � : , � � , � � ' � 0 � � � � ' < � � � U 0 
 � �
3 × 4!

+ � � , � � �
, � � � ' � � ' � � � 0 � � , � � 
 � 
 � � � 0 � � 
 � 0 
 ' � � 0 � 5 < � � � � � 
 � � �  "  % " # < � � � � � , � � � � � � � �

� � � � � � � � 0 
 � � 9 : � � � 
 � � � , , 5 � : � � � � 
 � � 5 
 � � U 5 � � � , � 5 � + 
 � 0 � � � � � � @ � ' � � � 
 � � � �
� � + � � 0 � � 5 � � + � � , � � � 0 � 5 < � � � � � 
 � � �  " e % " f � � � � � � = ' 5 � � � � � 0 � + � � , � � � � � 0 � ' � : =
, � � � � � 0 � 5 � 2 � ) � � � � 
 � � � � � "

� �



� � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � 
 � � � � � � 
 � 
 � � � ! � � # � ! % � �

(a) = =

α1, k1 β2, k2

β3, k3 β4, k4

+

α1, k1 β3, k3

β2, k2 β4, k4

+

α1, k1 β4, k4

β2, k2 β3, k3

= (a2) + (a3) + (a4)
� � � � � 


�  � � � � � � � � � � � � � �  � � ! � � ! � & � ' ( � � & � � � � ( � + � & � � � � � � . 
 0 � 1 
 � 4 � � 1 � �  � ( 6 � � �
� 9 � �  6 � � � � � � � � � � 0 � � � � � � ' 6 � � � � � � � !  6 � � � � �  �  � � � !  '

� � ( 6 & � � � � ( � + � & � � � � �
(a)

E
(c)

E
(e) → 2 × 2 × 2 = 8

� � ( 6 & � � � � ( � + � & � � � � �
(b)

E
(d)

E
(f) → 2 × 2 × 2 × 2 = 16

� � � � � 


( & 1 � (  ! �  � 6 J ( � & � � � � ( � + � & � � � � �
(b)

E
(d)

�  
(f)

� � !  � ! 1 � �  � M � � ( ! � � �  � � � � � !
� � ( O � � � ( � + � � ( � + � & � � � � � � � � 1 � �  � ( 6 � � � 9 � �  6 � �

23 � 4 S � 6 � ' � ! � � � � �   � � � �  � ! �  � � !
� �  � ( � � ( � M � � O � ( � � � �  � � ! ! � � � !  6 � � � � �  � 1 � � � � ! � � � � �

β3
�  

β4
�

) � 6 �  � ! � � � � !  � ! � !  & � � � O � 6 � � � � � ! � � �  M � � �  � J ( � � � �  � (  � � � � � � & � � � � �  � +
� � & � ' � J ( � � � � ' 6 � � M � � � * � ( � � ! � � O � ! � & � � ' 6 � � M � � � � & � 1 � + � ! � ( �  � !  � '

α1, k1

β2, k2

σ
k + k′

k′

σ̄

β3, k3

β4, k4

γ γ̄
� � � � X 


� �



� � � � � � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � �

� � � � � � � 	 �  �  � � 	 � � 	 � � � � �  � 	 � 	 � � � � � � � ! � � � � � 	 � "
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= 8× Uα1β2Uγ̄σ̄δβ3β4

∫
k′

χσγ̄Cσ̄σ

= 8× Uα1β2δβ3β4

∫
k′
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Uα1β2Uγ̄β3

∫
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χσγ̄Cβ4σ + Uα1β2Uγ̄β4

∫
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χσγ̄Cβ3σ
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= 8× Uα1β2

∫
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[(CχU)β4β3 + (CχU)β3β4 ]
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= 8× Uα1σUγ̄σ̄δβ3β4

∫
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∫
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(UCtU tχt)α1β2δβ3β4
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∫
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∫
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∫
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∫
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∫
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∫
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∫
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∫
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(2π)d+1δd+1(0)δu =
1
6
Γ(4)(1)

�1111
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(2π)d+1δd+1(0)δua =
1
6
Γ(4)(1)

�2111
(0, 0, 0, 0)
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χγγ̄Cσ̄σ =

∫
k′

χγγ̄(k′)Cσ̄σ(k′) =
∫
q′

∫
dt′ χγγ̄(q′, t′)Cσ̄σ(q′,−t′)
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∫
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∫
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∫
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q′
∫∞
0 dt′

�
C

� � � � 
C(q′,−t′)

 �
χ

� � � � 

χ(q′, t′)
� �  � � � �  � � � � �  $  �  ' � �  � � � � � � + � , $  � � 

δu
 �

δua
!

. � , � � $ , 1  � � � � � � � $ 5 � � 7 , � � 
ω0

!

δu = −2D

∫
q

u2(5R2 + 4Ω2
0) − u2

aR
2 + 2uuaRΩ0

R2(Ω2
0 + R2)

δua = +2D

∫
q

(u2 − u2
a)Ω0R − 2uua(2Ω2

0 + 3R2)
R2(Ω2

0 + R2)
8 : � ; < =

.  � � , � � $ 5 ,  � �  1  � � � � � !

δu = −2D

∫
q

u2(5R2 + 4(caq2)2)− u2
aR

2 + 2uuaRcaq2

R2((caq2)2 + R2)

δua = +2D

∫
q

(u2 − u2
a)Rcaq2 − 2uua(2(caq2)2 + 3R2)

R2((caq2)2 + R2)
8 : � ; @ =
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ū = u/(cΛ2)2
�
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Z � %  � � � � \ � � �  � � � � � � # % � 0 � � � � � # % � � � � � � � � � ! � � � � � 
 � � � � � ! �  � C  � ! ? � _ 1 ` 1 H


 � � � � � 0 � � 
 �
Γ(4)(1)

�

α1β2β3β4

; � � % � � � 
 � � � � � 0 � � � � 
 �  �  ! � %  � � 0 � � 0 % � 
 �
Γ(2,0)(2)

�

αβ# % � � � � � � � � � 
 � � C  � ! ? � � 
 � � � 0 � � � � �
(2)

1 ' � % � � / � � � � � � ; ! � %  � � � � � % � d 0 � � � � � �

(a)
)

(g)

 � � 
 � 0 � � ! � � � � � � � � E F 1 ` X J � � E F 1 ` _ J ; � � � N � 0 � � %  � 
 � � P � � �  � � � % � � � � � � !

(a) → 2 × 2 = 4
(b) → 2 × 2× 2 = 8
(c) → 2 × 2 = 4

� � % � d 0 � � � � � �
(d)

)
(g) → 2 × 2× 2 = 8

E F 1 X ` J

( ( �



� � � � � � � 	 � � � � � � � � � 	 � �
Z

� � � � � � 	 � �  � � � � � � �  � � � � � � � � � � � � � � � � � � � � � � � � �  � � �

(a)αβ =
1
2
× k

α β

= 2 µ′2ε(4π)−ε(g2 + g2
a)
∫
p,q

∫ ∞

0
dτ

(
C(q, τ)Gt

)
αβ

Tr
(
C(p − q, τ)Ct(k − p, τ)

)

(b)αβ =
1
2
× k

α β

= 4 µ′2ε(4π)−ε(g2 + g2
a)
∫
p,q

∫ ∞

0
dτ

(
C(q, τ)Ct(p− q, τ)C(k− p, τ)

)
αβ

(c)αβ =
1
2
× k

α β

= 2 µ′2ε(4π)−ε

∫
p,q

∫ ∞

0

dτ
(
G2χ(p− k, τ)

)
αβ

Tr
(
Ct(q− p, τ)C(−q, τ)

)

(d)αβ = (e)αβ =
1
2
× k

α β
=

1
2
× k

α β

= 4 µ′2ε(4π)−ε

∫
p,q

∫ ∞

0
dτ

(
G2χ(p− k, τ)Ct(q− p, τ)C(−q, τ)

)
αβ

(f)αβ =
1
2
× k

α β

= 4 µ′2ε(4π)−ε(g2 + g2
a)
∫
p,q

∫ ∞

0
dτ

(
χt(p− k, τ)C(q− p, τ)C(−q, τ)

)
αβ

(g)αβ =
1
2
× k

α β

= 4 µ′2ε(4π)−ε

∫
p,q

∫ ∞

0

dτ (GC(−q, τ))αβ Tr
(
Gtχt(p− k, τ)C(q− p, τ)

)
! " # % & '

� � � � � * � ,  � � � � � � � � �  � � / � �  1 2 � � � � � � � � �  � 	 � � � �  � � � � � 	 � � � � � � 6 � � 2 � � 	 	 � �

� � �



� � � � � � 	 
 � 	 � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � 
 	 � �

� � � � � 	 
 � � � � � � � 
 � � � � � � � � � � � � � � 
 � � � � � � � � � & � ' � � � � & � � � & � � � � * � � � +  � ' � � * 
 � � � � � "

1
2
× k

α β
= µ′2ε(4π)−ε(g2 + g2

a) [2Ia + 6Ib] δαβ

1
2
× k

1 1
= 2µ′2ε(4π)−ε

[
g2(4Ja + 7Jc + Je)+

+g2
a(4Ja − 7J3c − Je) + 2gga(7Jd − Jf )

]
1
2
× k

2 1
= 2µ′2ε(4π)−ε

[
g2(−4Jb − 7Jd + Jf )+

+g2
a(−4Jb + 7Jd − Jf ) + 2gga(7Jc + Je)

]
- / + 1 1 2

� � "

Id,ε′ε′′(c, ca, k) =
D3

c4
Id,ε′ε′′(c̄a, k)

=
∫
p,q

D3

cq2c(p− q)2c(k− p)2 [(c + ica)q2 + (c + iε′ca)(p− q)2 + (c + iε′′ca)(k− p)2]

Jd,ε′ε′′(c, ca, k, ωk) =
D2

c3
Jd,ε′ε′′(c̄a, k, iωk)

=
∫
p,q

D2

cq2c(p− q)2 [(c + ica)q2 + (c + iε′ca)(p− q)2 + (c + iε′′ca)(k− p)2 + iωk]
- / + 1 5 2

� 


Ia =
1
2
(Id,ε′ε′′(ca) + Id,ε′ε′′(−ca)) ε′ = +1 ε′′ = −1

Ib =
1
2
(Id,ε′ε′′(ca) + Id,ε′ε′′(−ca)) ε′ = −1 ε′′ = +1

Ja =
1
2
(Jd,ε′ε′′(ca) + Jd,ε′ε′′(−ca)) ε′ = +1 ε′′ = −1

Jb =
i

2
(Jd,ε′ε′′(ca)− Jd,ε′ε′′(−ca)) ε′ = +1 ε′′ = −1

Jc =
1
2
(Jd,ε′ε′′(ca) + Jd,ε′ε′′(−ca)) ε′ = −1 ε′′ = +1

Jd =
i

2
(Jd,ε′ε′′(ca)− Jd,ε′ε′′(−ca)) ε′ = −1 ε′′ = +1

Je =
1
2
(Jd,ε′ε′′(ca) + Jd,ε′ε′′(−ca)) ε′ = −1 ε′′ = −1

Jf =
i

2
(Jd,ε′ε′′(ca)− Jd,ε′ε′′(−ca)) ε′ = −1 ε′′ = −1

- / + 1 6 2

# # �



� � � � � � � 	 � � � � � � � � � 	 � �
Z

� � � � � 	 � � �  � � � � � �
c

�
k

� � � � � � � � � � � � � � � �
ωk

� � � � � � � � # � � � � � � � � � $ � � %  � � � � � � '
( � � � + - � � � . '  � �

Jd,ε′ε′′(c, ca, k, ωk)
� � � � � %  - � � � � % � � � � - � � � �

c
�
ca

�
ck2 � �

iωk
$

6 � � � � � � � � � +  � � � � � - � � � � � � � +  � � � � = � � � - � ( � � � � � � ' � � � � � � �  � � � �
Γ(2,0)(2)

�

α1
�

α2� � � � � � � ' � � � � - � �  - ' � � � �
iω

� �
ck2 � �

Γ(2,0)(2)

�

αβ

$ G  - � � � � � �  � � � � � .  � � � � � �
( � � � � � � � � � � � � .  ' � � ' � � � � � 	 � � �  � � � � �

k
 �  � � � + � M � � � � � ' � � � � � � � � 	 	 � � � � �

� �
ε

� � � � � 	 ' � � � ' � �  � - � - � �
k → 0

( � +  	 ' S � $ � � � �  � � � � � � � � = � � � - � � � � + � U #
	 ' � � � - � � � � � + - � � � . '  � �

Id,ε′ε′′(c, ca, k)
� � � � � � � ' - � � � � 	  ' '  	 	 � ' � 

iωk
� �

ck2 � �

Jd,ε′ε′′(c, ca, k, ωk)
$ � � �  � � � � � S � �  � U � U 	 ' � � � - � � � � � - �  � � � � �

Id,ε′ε′′(c, ca, k) =
D3

c4

k2(d−4)

(4π)d
Γ(4 − d) ×Hd,ε′ε′′(c̄a)

=
D3

c4

1
(4π)4(4π)−ε

1
ε
Hd=4,ε′ε′′(c̄a)(1 + O(ε))

∂Jd,ε′ε′′(c, ca, k, ωk)
∂ck2

= −D2

c4

6 − d

2
k2(d−4)

(4π)d

Γ(4 − d)Γ
(

6−d
2

)
Γ
(

8−d
2

) ×K1,d,ε′ε′′(c̄a)

= −D2

c4

1
(4π)4(4π)−ε

1
ε
×K1,d=4,ε′ε′′(c̄a)(1 +O(ε))

∂Jd,ε′ε′′(c, ca, k, ωk)
∂iωk

= −D2

c3

6 − d

2
k2(d−4)

(4π)d

Γ(4 − d)Γ
(

6−d
2

)
Γ
(

8−d
2

) ×K2,d,ε′ε′′(c̄a)

= −D2

c3

1
(4π)4(4π)−ε

1
ε
×K2,d=4,ε′ε′′(c̄a)(1 +O(ε))

V W $ X W Y

� � � � � � � � 
 � � � � � � � � � � � � � � � � � � � �

� � � ( �  � � - � � �
Hd,ε′ε′′(c̄a)

�
K1,d,ε′ε′′(c̄a)

� �
K2,d,ε′ε′′(c̄a)

� � � � � � � - � � � . '  � � � � �
% '  � � - � � � '  � - � � � � � � � � [ 	 � � � - � � ' � �  ' -  = � � � � � 	 � � �  � � � � 	  '  � S � ' �

c̄a
� � � ( � + - �

� � � � � � � � � � �  � � � � � ' � � � - � � � � - � �
d = 4

$
K1,d=4,ε′ε′′(c̄a)

� �
K2,d=4,ε′ε′′(c̄a)� � � � � � � - � � � . '  � � � � � � = � � � � � �

Hd=4,ε′ε′′(c̄a)
� � � � � � - � � � . '  � � � ' - 	 � � $ � � � ' �  � � � �

' � 	 ' � � � � � � � � � '  �  - � � U � ' a � � � � � � � � 	 - � � U � - - � � � � � M � � � � � [ �  �  - � � � � � � � �
 � � � � � � � � � b � - � - � + � � - � - � � ' � � � � . - � - � � G  � b � �  � - �  $ G  - � � � � � . - � - � � � S � � [

� � ' � � � � �  � � � �  � � � � � � � ' ' � � � � - � � � � 	 ' � � � 	  � � � 	 ' � �  � � - � � � $ � � � M � � � � � �
% '  � � - � � � '  � - � � � � � � � � ( � � � � � � � � � � � � - � � � . ' � ' � � � � � � � % � � � � - � � � � � 	  '  � S � ' �

c̄a
� ( � -  	 	  '  � � � � � f � � ' � �  � � �  � � � = - �  - � � �

ic̄a
$ � � � 	 ' - � - � - � � � � � � � � % '  � � - � � �

'  � - � � � � � � � � [ �  � � � ' � � � 	 � � U � � % � � � - � � � ' � � � - ' � � � � � � = - �  - � � � � � � �  % � � � � - � �
� � .  ' - � b � � � � � � � � � �  - � ( � + � � � � � � � � � � � - �  � � � � � � ' � � 	 �  � � � � 	 � � U � $ � � � b � - U
� + � � � � � � 	 � ' � � � � � � �  � � � � 	 � � � � � � � .  ' - � b � � V � � ' � Y � � � � � � � � �  - ' � 	 � � ' � � � � � '
� � � � � � [ �  ( �  � � - � �

ln z, z ∈ C
$ � � � - � � � . '  � - � � � � � � � � � � � �  � � ' � � � ' � � � � �  �

� � ' ' � � � ( � � � - � � � b � � - � � + - � � � . '  � - � � �  � � � � 	 �  � � � � 	 � � U � � � � '  � � ' � � f  �  - �
�  � � � 	 � ' � $ � � � � � � %  � � � � � � � [ � b  ( � � � �  	 � � � � + - � � � . '  � - � � % � ' � � � � � � � b  � . � '
� � � � � ' - � � ' � � � � � 	 ' - � - � - � � � % � � ' � - � � 	  ' � � � � . - � - � � � � � %   � � [ = � � . � ' �  � � � 	 � ' � �
� � 	 � � ' ( � � � � � b � � - �  � � � � - � [ � + - � � � . '  � - � � � � - �  � � � � � �  � '  � � ' � � f  �  - � $
6 � 	 ' - � � - 	 � � �  � � � � � 	 ' - � � � � � � ' �  � - � � � � ( � + - � � � � � %  � �  	 ' - � ' -  �  	 � � ' � 

%   � � � � � � � � ' � � � ' - � � � � 	 ' - � - � - � � � V � + � � � [ � - ' � � � � � � � � b  � . � �  � � � 	 � ' � Y � [
� b  ( � � �  � � � ' � � 	  '  � S � ' �

c̄a
$ � � � M � � � � � % � � � � - � � � � �  �  � � � ' � � � � � b � � - � �

" " �



� � � � � � 	 
 � 	 � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � 
 	 � �

� � � � � 
 � � � � � � � � � � � � � � � � 
 � � � � � !  � $ � ! � � & ' � � � � � � � � + � � 
 . � � � � � ' � � �
c̄a

0 � + � � 1 �
$ � 1 � � � � ' � 1 � � + � � � � 5 � � + 1 � � � � 7 � � � 
 � � $ � � � ! ; � . � � = + > ? � � � ? = + � � � � A � � � ' � = + � !

; � � � � ' 1 + � 
 � � � + � 5 
 � � � 1 � � + � � � � � + � $ � � � F 1 � + � � � � � � � � � � � � � � F 1 � + � � 
 � 1 + � � �
� � ' � � � � � 
 � � � + � � � � � 1 � � $ � � ' � � � � � � � + K � � F 1 � � � � � + � . � � � ? > � � �

c̄a
! ; � ' L � � A

� � � � � � 
 7 � � � � � � � � � � . � � ? � � � 5 � � 0 � � � � ' � � ? � � � + � 
 & + � � � � � � � � � � � + � ' � 1 . 1 � � � 1
+ � � � � � � L ? � F 1 � + � � � � � � ' � 1 � 0 . � 1 � T � � � � 
 � � � ? � � 
 � � ? � � � > � � 1 � � 5 � F 1 � + � � � F 1 �

c̄a

 5 � + 1 � � � � � 1 � 5 � � � � � � � � � 1 � � � ? ? � � � � � � � � � � � � � �

0
! & � 1 � � = � � � � � � � + � � �

1 � � � A . � � � � � � � 0 ' � + ' 1 + 
 � . � 1 �
c̄a

� � 7 � � ? � � � . � � ' L � � �
0

0 � � � � � � � � 1 � � � 5 � � � F 1 �
+ � 1 � � F 1 � . � � + � � � � ? � � � � � � + K � � F 1 � & � � 1 � � + � � � � � � � � 
 � + + � � � 1 � � � � � � + � $ � � ' � � � �
� �

c̄a
' L � � ' L 
 � !

\ � 1 � + � 
 ' � � � 1 � � � � � � 
 � 1 + � � � � 0 + � ' � � 5 � � � � � � ' L � � � � � . � 1 � + � . � � � � � � � � � ? � � � � �
+ � ' � 1 . 1 � � � 1 + � � � � � � L ? � ' � ? . + � A � � � � + � � � ? � ^ � A � � 
 � + � 
 � � � � $ ! & � 1 � ' � � � � � � � � �

� 5 � ' + � � � 
 � 1 + � � � � ' � ^ � � � � � 1 � F 1 � � � 1 � � � 5 � � � � � � � � � 1 � � � A . � � � � � � � 5 � + � = + � . � 1 �
� � 1 �

c̄a
� � � � + � ' � � � � � � � � 
 � � � + � �

K1,d=4,ε′ε′′(c̄a)
� �

K2,d=4,ε′ε′′(c̄a)
! ' � � � 5 � � ' L � 0

Hd=4,ε′ε′′(c̄a)
� � . � 1 � � � T � � � � � � � 
 � F 1 � . � � 1 � � 
 F 1 � � � � � � ? . + � ' � � � ! ; � � 
 � 1 + � � �

� � ' � � � � � 
 � � � + � � � � 
 ' � � � )

I1(c̄a) = K1,d=4,+1+1(c̄a) =
1

(1 + ic̄a)
× 1

6

I2(c̄a) = K1,d=4,−1−1(c̄a) =
2 + ic̄a

4(3 + ic̄a)
I3(c̄a) = K1,d=4,−1+1(c̄a) = I2(−c̄a)

I4(c̄a) = K1,d=4,+1−1(c̄a) =
1 − ic̄a

6− 2ic̄a

I5(c̄a) = K2,d=4,+1+1(c̄a) =
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∗(c̄a), ᾱ∗
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a(c̄a), c̄a)

� � � � � � � � � " � � 
 � � 
 � 
 � � &
� � � � � � ) � � � � , � � � � 
 � ) � � � � � � � � � � � � ) 1 � � � 2 ) ) � 4 � � � 7 � � � � � � � � �

ε2 1 � � � � � � 
 � � &
� � � � � : � � � � ) 
 � ; , � � � � ) 
 � : � � � � � � � � 
 � � � � � 4 2 � � �

c̄a
B C � ) � � � � � � � � 7 & � � � � � � ) � � � 


� � � � : � � � � � . , � � 
 � � � � � 4 2 � � �
c̄a

1 � � � � � ) � � � � � � � � � L � ) � � � � � B

� " � � 
 � � 
 � 
 � � & � � � � � � ) 1 � � � � � � ) � � � � � 
 � � � � ) � � ) � � � � � � � � � � 4 � L 2 � � 
 " � � ) Q ) R
� 2 4 � 
 � 
 � 4 � � ) � � � � � � , � � � � � � �

4
� � � � 7 � � 4 � � � � � � � � � 
 �

4
1 � � 4 � L 2 � � 1 � ) � � � � � �

� � � � : � � � � � � � � � � � � � ) � � � � � � ) ) � � � � � � � ) � � � � 4 � � � � � � � ) 1 � � ) ) 2 
 � 1 
 � � ) � � � , � , � � � � � � �
� ) � � � � � � � � � � � � , U � � � � � � ; � � � � : � 
 � ) � ) � � � � � � � � � ) ) � � � � � � , � ) 1 � � 4 W 4 � � � � � � 7 & �
U � � � � � � � � ) � � � � � � ) ) � � � , � � � 4 � 
 2 � �

O(2)

 Q � � 4 � U � � 1 � � 
 � � � � � � � � � � � � � � � � � � )

4 W 4 � ) � & � � ) � � � ) � � � � � U � � ) 
 , 7 � � ) ) � � � � � ) � � � ) 
 " , � � � � � � 
 � 4 � � � � � � ) B C � ) ) � 4 � R
� � � � � , ) � � 
 � ; , � � � � � ) � : � � � � 4 � 
 2 � �

O(2)
1 � � � ) � U � � � � ) � � � ) , U � � � � � ) 
 � � � � � �

� , ) � � � � � ) � � � � ) � � � � � � , � , ) 
 � ) � ) � � � � � � � � � ) � � � � � U � � ) 1 ) � � � � � � � � � Q ) , � ) 
 � � ) � � )
) � � � � � � ) ) � � : � � � � ) B

/ � � ) � , ) � 4 � � ) � � R 
 � ) ) � � ) � � ) � & � � ) � � � ) � � � � � U � � ) � � 
 , � � � 
 � � � ) 1 � ) ) � � � , ) � � &
� � 4 � � � � � 4 � � � ) 
 " , � � � � � � ] ^ B ^ _ ` 1 ] ^ B ^ b ` � � ] ^ B ^ c ` 1 � � � � � � � � , ) � � " � � 
 � � 
 � 
 � � &
� � � � � � ) � � " � � 
 � 
 � ) � � � 4 � � � ) ] ^ B e f ` 1

z = 2 +
ε2

50

(
−1 + 6 log

4
3

)
η =

ε2

50

η̃ =
ε2

50

(
−1 + 12 log

4
3

)
] g B _ _ `

h � � � � 1 � � � � � � � i � � � � � � � : � � � � � 
 � � " � & � � ) � � �
ν

1 U � � � � � ) � � � � � � ) ) � � � ) 
 , i � �
� " � � 
 � � 
 " � � � � � � � � � 1

ν =
1
2

+
ε

10
] g B _ b `

j � ) � & � � ) � � � ) ) � � � � � ) 4 W 4 � ) U � � � � � & 
 � 4 � 
 2 � �
O(2)


 Q � � 4 � U � � B 4 � � � � R
� � � � � � � � 1 � � � � � � � � � � ] ^ B ^ e ` � � � � � � � � � ) � & � � ) � � � )

z
1
η

� �
η̃

1 U � � � ) � � 4 � � ) , � � � �
� � � � , � � 2 4 � � � � � � � � � � � � R 5 � ) ) � � � � � � � � � � ) � 
 � � � : � � � � � � � � � � � � � 
 � � � � � � , � R
� � � 
 � ) � � � � � � � � � � � � ) 
 � � ) � � � � ) 
 � 4 � 
 2 � �

O(2)
1 � ) � ) � � � ) � � � � � � � " � � 
 � � 
 �


 � � & � � � � � � ) � � � � � � � � � 4 � 
 2 � � B j � � � � � � ) � � � � � � � � ) � � � � ) � � � � � � � � � 
 � � � � � �
� , ) � � � � � 1 � � � ) U � � � � � � � � � 
 , � � � � � , � ) � � � � ) , 
 � � ) � � ) Q ) � 2 4 � 1 Q � � 4 � � � ) 
 � � ) � �
� , � , � � � � � � � � ) � � � � � � � B / � � ) � � : � � � 
 � � � ) � � 
 , � � � � ) ) � � � � � � ) � � � � � 4 � � � � � � � 
 �

� � � � � � , ) � � � � � 
 � � ) � � ) � � � � � � g B ^ B

7 � 8



� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ! � � � � � � � � � � &

� � � � � � � � 	 
 
 � � � � 	 � � � � � 
 � 
 � � � � 
 	 
 � � � � � � � � � 	 � � � � 
  	 
 � � 
 	

' � � � � 	 � � � � � � � � � � � 	 � � � � � � � � � 	 � 	 � � �  � � � � � �  � � � � & � � � )  � � ' � � � � � � � �
γω0� �

γθ
� � � � � � � � � � � � � + � �   � � � � � � � � � 0 + � 1 2 � � � �  � ' 	 � 4 � � � � � � �  � � 7 � � � � �

� 	 � 9  : � � � � � � � � � � � 	 � � � 	 � �  � � � � � � � � � � � � 0 + � � 1 ? � � 	  � � 7 � � 	 � � � 	 � � � 4 � � A 4 � �
� � � � � � � � � 	  � � � 	 ' � � � � 	 � � � 4 � � � � � � � � E : 	 � � � � � � � � 0 + � A � � � 4 � � � � � � � � � � � � 	 � � � 	 G
� �  � � � � � � � 	 � � � � 	 � � � � � � � � ' 0 � � 1 J � � & �  � � 	 � � � � � � � � 	 � � : � 	 � � O  � � 	 � � � � � � � �

� � � � � � � � � 0 4 � � � � � � 7 � 4 � � � P � � : � � A � � � � � � � � � � 	 � � � � � 4 � � � � � � � � � � & � 	 � �   � � 1
* � 	 � & � � � 7 � A  R � � � 	 � O  � � 	 & �  � � 	 � � � � � 0 + � A � � � �  R � & �  � � � � � � � ' � � � � � � � � �

 R � � 7 �   � � � � � � � � � � � � 	  � � � 4 � � � � � � � � � V 	 � � � � � � 	 � � � 	 � �  � � � � � � �  � � � � 	 � � � � � A
� � � � A �   � � A � � � 4 � � � � � � � � � � � & � 	 � �   � � 1 * � � � 	 � � � �  � � 	 A � � � � & � 	 	 � � � � � � � � � � � � � � �
� & �  � � � � � � � + � � � � �  R � + � 	 � � � � � � � � � ' � � � � � � � � � � � � 	 	 �  � � � � � � � � � 	 � � � � � � � � � �
 � 	 � V � � � � 	 � � � 4 � � \ & � � 	 � � � � � � � ] 1 _ ` 1

� � � � � � � ! � � 
 	 � � � � � � �  
 
 � $ � ! 
 � 	 � � �
4


 � 	 & � � �  � � � 	 � � � � �

' � � � � 	 � � � � � � � � � � � � � � �  � � � � 	 � � �  � � � � � � 4 � �  � � � 	 � � � � 	 � � � � � � � � � � 0 + � � � �
V 	 � � � � � � 	 � � � 	 � �  � � � � � � � � � � � 	 : � � � E � 	 � � � � � � � � � � � � � � � � R � � � � � � � � � � 	 � � � 	 �
� � � � ' � 	 � � � 	 � O

4
1 * � � E � � A � � � � � � � � � � � � � � � 	 � � � 	 � O

4
 � � � � � � 0 + � V � � � � � � �

� � � � � � � � � � 0 + � � � � 9  � � � V 	 � � � � � � 	 � � � 	 � �  � � � � � � � A � � � R � � � � � � � � � � 0 + � 4 � �
� � � 	 � �  � � 	 � � � � � � � � 1 ? � � 	 � � � � � � � 0 + � A  � & �  � � 	 � � � � 	 � � : � 	 �

ca
� � � � b � 	 �

� 7 � � � � � � � - � � � � � � � � � � � 1 2 � � � � A � � 	 : � � & � � 	 0 + �  � � � � 	 � � : � 	 � � 4 � � � � � � � & � � � �
 � � 	 � � � � � 0 + � 	 � � � � � � � � � � �  � � 	 � � � � � 	 � � � 	 � � � 	 � �  � � � � � � � � A �  � � � � 	 � � � � A
� � � � � � � � � � � � � � � 	 � � � 	 � O

4
A � � �  � V � � � � � � � � � � 0 + � � 1 * � � � � � � � � � � � R � � � � � �

� � ' � 	 � � � 	 � O
4

� � 	 � & � � � 7 � A  � & �  � � 	
ca = 0

� � �  � � � �  � & �  � � 	 � � � � � 0 + � 4 � � � � � �
� � � � � � � 9  � 1 2 � � � � A � �  R � � � � � �  R � & �  � � � � � � R � � i � � � � � � 	 � � : � 	 �

Π
A 4 � � � � � � � �

� �  � � �  � � � � � � � � R � � 7 �   �
s

� � � � � � 	 � � : � 	 �
ε = 4 − d

A � � � � � & � � �  �  � � � � �
� � � V �  � : 	 � � � � & � � � � )

lim
ε→0+

lim
s→0

Π �= lim
s→0

lim
ε→0+

Π
\ ] 1 j _ `

* � � � 	 � � � �  � � 	 A � � � �  � � � � � R � � � � 7 � � 	 � � � 	 � � � 4 � � A � � � � � & � � � )

lim
ε→0+

lim
s→0
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! " (2I6 + I8) + 4ᾱ
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! " (2I6 + I8) + 4ᾱ
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