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Introduction

2012 7 LHC Higgs [1, 2].

.

,

, .

, .

LHC

, .

.

, Higgs

, [3, 4].

(NNLO*1 2-loop

) ,

.

Planck MPl Higgs

.

Planck ,

Higgs .

, .

Higgs Planck ,

Einstein

, Higgs .

Einstein Higgs 6

8 Higgs .

.

.

.

.

f(R) R2 ,

.

*1 next-to-next leading order
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[5, 6, 7, 8, 9, 10, 11]

. ,

.

, 1 1-loop,

2-loop Higgs ,

[3, 4, 12, 13] .

1 , 2 [14] , Einstein Hggs

1-loop . Einstein

Λ .

3 UV

R2 .

4 ,

.

2, 3 .



3

4 Minkowski

ημν =

⎛⎜⎜⎝
1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1

⎞⎟⎟⎠ (0.1)

κ

κ :=
√
32πG (0.2)

G

Planck MPl ≈ 1.22× 1019GeV

κ = 4
√
π /M

Pl
≈ 5.81× 10−19 GeV−1 (0.3)

.



4 1 1-loop

1 1-loop

Higgs

. [12] , 1-loop

Higgs

Landau *2 . [3, 4, 13] 2-loop

Higgs .

1.1 Higgs

S =

∫
d4x (DμH)

†
(DμH)−m2H†H − λ

(
H†H
)2

+ · · · ,
Dμ = ∂μ − ig3G

α
μτ

α
3 − ig2A

a
μτ

a
2 − igY BμY,

(1.1)

. H Higgs , · · · ,

.

SU(3) SU(2) U(1)

g3 g2 gY

Gα
μ Aα

μ Bμ

τα3 τa2 Y

Higgs φ H† = 1/
√
2 (σ1 − iπ1, φ+ σ2 − iπ2)

. Higgs

Vtree =
m2

2
φ2 +

λ

4
φ4 (1.2)

.

m2 < 0, λ > 0 , φ = v �= 0 .

μ

. m2(μ)

*2 [12] Higgs ,

Landau . Higgs

, λ 0 ,

Landau . [12]

Landau .



1.2 Landau 5

, m2(μ)

. [4]

λ(μ) λ(μ) < 0

. [3, 4, 12, 15] (1.2) Higgs λ < 0

. λ(μ)

( )

.

. λ(μ)

Λ
λ(Λ) = 0, (1.3)

Λ

.

1.2 Landau

Higgs λ(μ)

,

. λ(μ) , λ(μ) Landau

. Higgs 4

λ Landau Higgs

.

1

λ(μ)
> 0 (1.4)

. Landau λ

. λ β

μ
dλ

dμ
� λ2 (1.5)

. λ(μ) .∫
1

λ2
dλ =

∫
3

2π2
d ln (μ) (1.6)

λ , (1.5) ,

λ(v) ,

λ(μ) =
λ(v)

1− 3λ(v)
2π2 ln

(
μ
v

) (1.7)



6 1 1-loop

.

1.3 1-loop

λ(μ)

. 1-loop

β(1)
gy =

1

16π2

41

6
g3Y ,

β(1)
g2 = − 1

16π2

19

6
g32 ,

β(1)
g3 = − 7

16π2
g33 ,

β(1)
yt

=
yt

16π2

(
9

2
y2t −

17

12
g2Y − 9

4
g22 − 8g23

)
,

β
(1)
λ =

1

16π2

(
24λ2 − 3g2Y λ− 9g22λ+

3

8
g4Y

+
3

4
g2Y g

2
2 +

9

8
g42 + 12λy2t − 6y4t

)
,

β
(1)
m2 = − 2μ2

16π2

(
6λ+

3

4
g2y +

9

4
g22 − 6y2t

)

(1.8)

.[13] β
(1)
i Gi β , Gi 1-loop

( RG flow )

μ
∂Gi

∂μ
= β

(1)
i (1.9)

.*3

*3 β ,

.



1.3 1-loop 7

RG flow (1.9)

Gi .

Λ

, Landau

Higgs mH , mt

.

1.1 1-loop ,

Λ , Higgs . [12]

1.1 Landau Higgs

mH , mt ,Higgs m2
H

, Landau .

1.1 Higgs [12] .

Higgs

mH = 125.09± 0.24GeV,

mt = 173.21± 0.51GeV,
(1.10)

.*4 1.1 Λ Λ � 1016GeV

,

. λ Landau (1.10)

. 2-loop λ

*4 Particle Data Group [43] , 2016 12



8 1 1-loop

Landau

[3, 4].

1.4 2-loop

λ 1-loop .

2-loop [3, 4, 13] .

2-loop , [4, 13]

β(2)
gy =

gY
3

(16π2)2

(
199

18
g22 +

9

2
g22 + 44g23 −

17

6
y2t

)
,

β(2)
g2 =

g2
3

(16π)2

(
3

2
g2Y +

35

6
g22 + 12g23 −

3

2
y2t

)
,

β(2)
g3 =

g2
3

(16π2)2

(
11

6
g2Y +

9

2
g22 − 26g32 − 2y2t

)
,

β(2)
yt

=
yt

(16π2)2

(
−12yt

2 + 6λ2 − 12λy2t +
131

16
g2Y y

2
t

+
225

16
g22y

2
t + 36g23y

2
t +

1187

216
g4Y − 23

4
g42

− 108g43 −
3

4
g2Y g

2
2 + 9g2

2g23 +
19

9
g23g

2
Y

)
,

β
(2)
λ =

1

(16π2)2

{
−312λ3 + 36λ2(g2Y + 3g22)− λ

(
−629

24
g4Y − 39

4
g2Y g

2
2 +

73

8
g42

)
+

305

16
g62 −

289

48
g2Y g

4
2 −

559

48
g4Y g

2
2 −

379

48
g6Y − 32g23y

4
t −

8

3
g2Y y

4
t −

9

4
g42y

2
t

+ λy2t

(
85

6
g2Y +

45

2
g22 + 80g23

)
+ g2Y y

2
t

(
−19

4
g2Y +

21

2
g22

)
− 144λ2y2t − 3λy4t + 30y6t

}
,

β
(2)
m2 =

6μ2

(16π2)2
ln

(
4

3

)(
9y4t + y2t

(
− 7

12
g2Y +

9

4
g22 − 16g23

)

− 87

16
g4Y − 63

16
g42 −

15

8
g2Y g

2
2 + λ(−18y2t + 3g2Y + 9g22)− 12λ2

)
(1.11)

. Gi RG flow

μ
∂Gi

∂μ
= β

(1)
i + β

(2)
i (1.12)

.
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2-loop Higgs

[3] .

1.2 2-loop λ RG flow. [3]

1.2 Mt λ(μ) RG flow .

Higgs

(λ(μ) > 0 )

.

mt = 175.3GeV μ � 108GeV

Higgs .

Higgs

, Mt = 171GeV Planck MPl

.



10 1 1-loop

1.3 2-loop λ RG flow. [3]

1.3 Mt = 171GeV Higgs λ

RG flow λ β βλ RG flow . 1.3

MPl Mt MH λ > 0 , Higgs

. λ β

1017 ∼ 1018GeV βλ = 0

. λ 0

. λ = βλ = 0

.*5

[22].

.

, Higgs Einstein

[14].

*5 Higgs

[4].
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2 Einstein

Higgs Planck MPl

, MPl

. [14] Higgs

Einstein

.

2.1 Set up

.

S =

∫
d4x

√−g

[
− 2

κ2
R+ gμν(∂μH)†(∂νH)−m2H†H − λ(H†H)2 + · · ·

]
. (2.1)

Enstein Einstein-Hilbert

. Higgs 2 Higgs

.

hμν Minkowski . gμν

gμν = ημν + κhμν , (2.2)

.

de Donder

0 =

(
ημeηνα − 1

2
ημνηeα

)
hμν,e (2.3)

.

2.2

. gab .

gab ⇒ g̃ab = gab + κhab (2.4)

.

(2.4) ,

g̃ab = gab − κhab + κ2hachb
c + · · · , (2.5)



12 2 Einstein

√
−g̃ =

√−g

(
1 +

κ

2
ha
a −

κ2

4
ha
bh

b
a +

κ2

8
ha
ah

b
b + · · ·

)
, (2.6)

Γ̃c ab = Γc ab + κδΓc ab,

δΓc ab :=
1

2
(hbc , a + hac , b − hab , c)

=
1

2

(
δeaδ

f
c δ

g
b + δebδ

f
c δ

g
a − δeaδ

f
b δ

g
c

)
hef,g

(2.7)

. ha
b = gachcb .

Riemann R̃abcd := R
(0)
abce+κR

(1)
abcd+κ2R

(2)
abcd+ · · ·

hab

R
(1)
abcd =

1

2

[
hb[c,d]a − ha[c,d]b

]− hef [Γe adΓf bc − Γe acΓf bd]

+ gef [δΓe adΓf bc + Γe adδΓf bc − δΓe acΓf bd − Γe acδΓf bd] ,
(2.8)

R
(2)
abcd = heghf

g [Γe adΓf bc − Γe acΓf bd]

− hef [δΓe adΓf bc + Γe adδΓf bc − δΓe acΓf bd − Γe acδΓf bd]

+ gef [δΓe adδΓf bc − δΓe acδΓf bd]

(2.9)

. ha[c,d]b := hac,db − had,cb

.

Ricci Minkowski

Einstein-Hilbert .*6

Rab =Re
abe | ηab = diag(1,−1,−1,−1)

Rab =Re
aeb | ηab = diag(−1, 1, 1, 1).

(2.10)

. ηab = diag(1,−1,−1,−1) .

R̃ab := R
(0)
ab + κR

(1)
ab + κ2R

(2)
ab + · · · hab

R
(1)
ab = (g̃cd)(0)R

(1)
cabd + (g̃cd)(1)R

(0)
cabd

=
1

2
gcd
[
ha[b,d]c − hc[b,d]a

]− hefgcd [Γe abΓf cd − Γe adΓf bc]

+ gefgcd [δΓe abΓf cd + Γe abδΓf cd − δΓe adΓf bc − Γe adδΓf bc]

− hcdR
(0)
cabd,

(2.11)

*6 S =
∫
d4x 1

16πG
R
√−g
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R
(2)
ab = (g̃cd)(0)R

(2)
cabd + (g̃cd)(1)R

(1)
cabd + (g̃cd)(2)R

(0)
cabd

= −1

2
hcd
[
ha[b,d]c − hc[b,d]a

]
+
(
hcdhef − gcdheghf

g

)
[Γe abΓf cd − Γe adΓf bc]

− (hefgcd + gefhcd
)

× [δΓe abΓf cd + Γe abδΓf cd − δΓe adΓf bc − Γe adδΓf bc]

+ gcdgef [δΓe abδΓf cd − δΓe adδΓf bc]

+ hcehd
eR

(0)
cabd,

(2.12)

.

Ricci R̃ := R(0) + κR(1) + κ2R(2) + · · ·
hab

R(0) =
(
g̃ab
)(0)

R
(0)
ab

=R,
(2.13)

R(1) =
(
g̃ab
)(0)

R
(1)
ab +
(
g̃ab
)(1)

R
(0)
ab

= gabgcd {hab,cd − had,bc}
− gabgcdhef {Γe abΓf cd − Γe adΓf bc}
+ 2gabgcdgef {Γe abδΓf cd − Γe adδΓf bc}
− 2habRab,

(2.14)

R(2) =
(
gab
)(2)

R
(0)
ab +
(
gab
)(1)

R
(1)
ab +
(
gab
)(0)

R
(2)
ab

= − habgcd
{
ha[b,d]c − hc[b,d]a

}
+ gabgcdgef {δΓe abδΓf cd − δΓe adδΓf bc}
− 2
{
habgcdgef + gabhcdgef + gabgcdhef

} {Γe abδΓf cd − Γe adδΓf bc}
+
{
2habgcdhef + gabgcdgghh

gegfh
} {Γe abΓf cd − Γe adΓf bc}

+ 2haehbfgefR
(0)
ab + habhcdR

(0)
cabd

(2.15)

. Einstein-Hilbert SEH =
∫
d4xL(0) +L(1) +L(2) + · · ·

L(0) =
2

κ2
R(0)
(√−g
)(0)

=
2

κ2
R
√−g,

(2.16)



14 2 Einstein

L(1) =
2

κ

(
R(1)
(√−g
)(0)

+R(0)
(√−g
)(1))

=
2

κ

[
gabgcd {hac,bd − hab,cd}

+ 2gabgcdgef {Γe acδΓf bd − Γe abδΓf cd}
+

1

2
habgabR− 2habRab

− gabgcdhef {Γe acΓf bd − Γe abΓf cd}
]
√−g,

(2.17)

L(2) =2
(
R(2)
(√−g
)(0)

+R(1)
(√−g
)(1)

+R(0)
(√−g
)(2))

=2

[(
1

4
he
eg

abgcd − habgcd
){

hc[b,d]a − ha[b,d]c

}
+ gabgcdgef {δΓe acδΓf bd − δΓe abδΓf cd}
+
{
hg
gg

abgcdgef − 4habgcdgef − 2gabgcdhef
}

× {Γe acδΓf bd − Γe abδΓf cd}
− 1

8

(
2ha

bh
b
a + ha

ah
b
b

)
R

+
(
2haehbfgef − hc

ch
ab
)
Rab − habhcdRacbd

+

{
2habgcdhef + gabgcdgghh

gegfh − 1

2
gabgcdhefhg

g

}
× {Γe acΓf bd − Γe abΓf cd}

]
√−g

(2.18)

. L(2) .*7 Minkowski

Christoffel Γa
bc = 0 Christoffel

.

(2.18) , Minkowski L(2)

L(2) =2

[(
1

4
he
eη

abηcd − habηcd
){

hc[b,d]a − ha[b,d]c

}
+ ηabηcdηef {δΓe acδΓf bd − δΓe abδΓf cd}

] (2.19)

.

L(2) =
1

2

(
ημνηρσηef − 2ημeηνfηρσ − ημρηνσηef + 2ημρηνeησf

)
hμν , ehρσ , f (2.20)

*7 L(2) .
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. de Donder

0 =

(
ημeηνα − 1

2
ημνηeα

)
hμν,e (2.21)

Lgf = −ηαβ

(
ημeηνα − 1

2
ημνηeα

)(
ηρfησβ − 1

2
ηρσηfβ

)
hμν,ehρσ,f (2.22)

L(2) + Lgf = −1

4

(
ημνηρσηef − 2ημρηνσηef

)
hμν , ehρσ , f (2.23)

. L(2) + Lgf hab .

Higgs 0 , hab Higgs
√−g hab 2 .

Lm = −κ2

8
(ημνηρσ − 2ημρηνσ)V (φ)hμνhρσ (2.24)

. V (φ) .

(2.23), (2.24) Higgs

. .

RG flow

.

.

.

hμν [· · · ]hρσ

L(2) + Lgf + Lm =
1

4
hμν (η

μνηρσ − 2ημρηνρ)

(
∂2 − κ2

2
V (φ)

)
hρσ (2.25)

. Dμνρσ

1

2

(
ημνηαβ − ημαηνβ − ημβηνα

)(
p2 +

κ2

2
V (φ)

)
Dαβρσ =

1

2

(
δμρ δ

ν
σ + δμσδ

ν
ρ

)
(2.26)

��������

Dμνρσ =
i

2p2 + κ2V (φ)
(ημρηνσ + ημσηνρ − ημνηρσ) (2.27)

.
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Higgs top .

Higgs

Lφk =
1

2
∂μφ∂νφ

(
ημν − κhμν + κ2gαβhμ

αh
ν
β

)
×
(
1 +

κ

2
hρ
ρ −

κ2

4
hρ
σh

σ
ρ +

κ2

8
hρ
ρh

σ
σ

)√−g

=
1

2
ημν∂μφ∂νφ+

κ

2
∇μ∂νφ · φhρσP

μν:σρ

+
κ2

8
∂μφ∂νφhρσhαβ ·

[
ημνP ρσ:ασ − ημρP νσ:ασ

− ημσP νρ:ασ − ημαP ρσ:νσ − ημβP ρσ:αν

]
+ · · ·

(2.28)

. P ab:cd := 1
2

[
ηabηcd − ηacηbd − ηadηbc

]
.

1-loop 2 3

.

(2.28) ,

φ

∇μ∂νφ

hρσ

i
κ

4
(ημρηνσ + ημσημρ − ημνηρσ) , (2.29)

������

���� ����

iκ2

2

[
ημνP ρσ:ασ − ημρP νσ:ασ

− ημσP νρ:ασ − ημαP ρσ:νσ − ημβP ρσ:αν

]
(2.30)

*8.

.

, eμa*9 ωab
μ

Ltk = ψ̄ (iγaeμaDμ −m)ψ (2.31)

*8 , A.4 .
*9 Minkowski xa xμ eμax

a = xμ .
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. γa , Dμ

Dμ = ∂μ − i

4
wab

μ σab,

σab :=
i

2
[γa, γb]

(2.32)

.

(2.31) Minkowski

Ltk = ψ̄iγa∂ρψ · hμν · κ
2
[δρaη

μν − δνaη
μρ]

+
iκ

8
γμ (γνγρ − γργν) ψ̄ψ∂ρhμν

+ ψ̄iγa∂ηψ · hμνhρσ · κ
2

8
[δσaη

μρηνη + 2δηaP
μν:ρσ]

+ · · ·

(2.33)

*10. γμ Minkowski *11

. Minkowski ηab Minkowski

ημν + κhμν . 1 , 2

k

{μν}

− iκ

2
[γρkρη

μν − γνkρη
μρ] , (2.34)

k

{μν}

→ − iκ

8
γμ (γνγρ − γργν) kρ (2.35)

k

{μν}

{ρσ}

− iκ2

8
[2γηkηP

μν:ρσ + γσkηη
μρηνη] (2.36)

*10 A.4 .
*11 γμ =:= γaδμa



18 2 Einstein

.

2 ,

.

2.3

Higgs 1-loop . 1-loop

. Higgs

,

Squad =

∫
d4x − 1

2
habD

ab:cdhcd − hab

[
ηabm2

B

]
σ2

− 1

2
σ2

[
∂2 +m2

C

]
σ2 −
∑ 1

2
ΦI

[
∂2 +m2

D

]
ΦI ,

(2.37)

.*12 ΦI = σ1, π1, π2, m
2
B = −κ

2∂σ2LSM |σ2=0, m
2
C = −∂2

σ2
LSM |σ2=0,

m2
D = −∂2

σ1
LSM |σ1=0

Dab:cd = P ab:cd
(−∂2 +m2

A

)
m2

A = −κ2

2
L(0)
SM ,

(2.38)

.

1-loop .

Z =

∫ ∏
i

DΨi e
i(S(0)+Squad), (2.39)

. Ψi = (hab, σ2,ΨI) . Squad =
∫
d4x −

1
2ΨiAijΨj . Aij

2m2
C+2m2

A

4 −
√
4m4

B +
(
∂2 +

m2
C−m2

A

2

)2
: 1

2m2
C+2m2

A

4 +

√
4m4

B +
(
∂2 +

m2
C−m2

A

2

)2
: 1(

∂2 −m2
A

)
: 3

2
(
∂2 −m2

A

)
: 3

−2
(
∂2 −m2

A

)
: 3

∂2 +m2
D : 3

(2.40)

*12 2.2, A.1.12 . α1 = α2 = 0 Einstein

.
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.

m2
A =

κ2

8

(
2m2φ2 + λφ4

)
, m2

B =
κ

2

(
m2φ+ λφ3

)
,

m2
C = m2 + 3λφ2, m2

D = m2 + 2λφ2
(2.41)

. (2.39) Gauss

Z =64
(
det
(
C ′

−
))−1/2 (

det
(
C ′

+

))−1/2 (
det
(−∂2 +m2

A

))−9/2

× (det (∂2 +m2
D

))−3/2 × eiS
(0)

=ei(S
(0)+S(qc))

(2.42)

. C ′
± =

m2
C+m2

A

2 ±
√

4m4
B +
(
∂2 +

m2
C−m2

A

2

)2
.

S(qc)

S(qc) =
i

2

∫
d4x

∫
d4k

(2π)4

[
ln
(−k2 + C−(k)

)
+ ln
(−k2 + C+(k)

)
+ 9 ln
(−k2 −m2

A

)
+ 3 ln
(−k2 +m2

D

)] (2.43)

. C± = 1
2

[
m2

C −m2
A ±√(m2

C +m2
A)

2 − 16m4
B

]
.

(A.3.11)

S(qc) =
1

64π2

∫
d4x 7Λ4 − 14Λ4 ln Λ2

− 2
(
m2

C − 10m2
A + 3m2

D

)
Λ2

−
∑
i

C2
i

{
ln

(
Ci

Λ2

)
− 1

2

}
− 9m4

A

{
ln

(−m2
A

Λ2

)
− 1

2

}
− 3m4

D

{
ln

(
m2

D

Λ2

)
− 1

2

}
(2.44)

S(qc) .

(2.44) S(qc) δVloop

δVloop =
5κ2Λ2

32π2

(
m2

2
φ2 +

λ

4
φ4

)
+

9κ4

256π2

(
m2

2
φ2 +

λ

4
φ4

)2{
ln

κ2
(
2m2 + λφ2

)
φ2

8Λ2
− 3

2

}

+
∑
i=±

C2
i

64π2

(
ln

Ci

Λ2
− 3

2

)
+ · · · ,

(2.45)
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.*13 (2.45) , 1-loop, Higgs

1-loop . κ2, κ4

φ 	 MPl Higgs

.

1-loop φ6, φ8 .

.

Higgs κ ,

MPl .

.

Λ

.

(2.45) ,

δV1 δV2 . (2.45) Higgs

φ2, φ4, φ6, φ8 φn ln (φ) . φ2, φ4

, . δV1

φ2, φ4 , δV2 φ6, φ8 φn ln (φ) .

δV1 V (φ) .

δV2 Veff ,

Veff(φ) =
m2(μ)

2
φ2 +

λ(μ)

4
φ4

+
3

64π2

(
m2(μ) + λ(μ)φ2

)2(
ln

m2(μ) + λ(μ)φ2

μ2
− 3

2

)
+

9κ4

256π2

(
m2(μ)

2
φ2 +

λ(μ)

4
φ4

)2{
ln

κ2
(
2m2(μ) + λ(μ)φ2

)
φ2

8Λ2
− 3

2

}

+
∑
i=±

C2
i (μ)

64π2

(
ln

Ci(μ)

Λ2
− 3

2

)

− κ2

32π2

(
m4(μ)φ2 + 2λ(μ)m2(μ)φ4

)
ln

(
Λ2

μ2

)
+

5κ4

512π2
m4(μ)φ4 ln

(
Λ2

μ2

)
,

(2.46)

. m2(μ), λ(μ) Ci(μ)

. 1-loop 1-, 2-loop

, .

*13 . lnΛ ln eΛ

. Λ

. [20] .
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, (2.46) Veff 1-, 2-loop

1-loop .

. (2.46)

fermion gauge boson loop φn lnφ

. 1-loop MPl

.

RG flow , [3]

, .

(2.45) 1-loop

loop .

2.1 Higgs 2 , 4 1-loop .

2.2 1-loop . (a) gauge ,

(b.1 ∼ b.2) , (c.1) Higgs (c.2 ∼ c.3) Dirac .

β β(g)

γ(g)

β
(g)
m2 =

5κ2m2

16π2
μ2 − κ2m4

8π2
, β

(g)
λ =

5κ2λ

16π2
μ2 − κ2λm2

2π2
− 5κ4m4

64π2
,

β(g)
gi =

5κ2

16π2
giμ

2, β(g)
yt

=
κ2

2π2
ytμ

2, γ
(g)
φ = −κ2m2

32π2
, γ

(g)
t =

27κ2

512π2
μ2

(2.47)

.



22 2 Einstein

2.4

λ(μ)

μ
∂λ

∂μ
= β

(1)
λ + β

(2)
λ + β

(g)
λ − 4λγ

(g)
φ (2.48)

. 1-, 2-loop

β β(1), β(2) 1-loop β(g) γ(g)

.

[3]

gY(Mt) = 0.45187, g2(Mt) = 0.65354,

g3(Mt) = 1.1645− 0.00046

(
Mt − 173.15

GeV

)
,

yt(Mt) = 0.93587 + 0.00557

(
Mt − 173.15

GeV

)
− 0.00003

(
MH − 125

GeV

)
,

λ(Mt) = 0.12577 + 0.00205

(
MH − 125

GeV

)
− 0.00004

(
Mt − 173.15

GeV

)
,

(2.49)

. m2(Mt) Veff(φ)

100GeV v = 246GeV .

, .

i) λ(μ) RG flow,

ii) Veff φ � MPl ,

iii) Veff Λ .

λ(μ) RG flow [3, 4]. λ(μ), Veff

κ . μ

Planck MPl λ(μ) Veff RG flow

.

Mt, Higgs

MH , Λ . Higgs Mt

, Particle Data Group *14 MH = 125.09

.

, i) μ � MPl

. ii) φ � MPl

*14 2015 11
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φ > MPl

. iii) Λ

(2.46) .

i) λ(μ) RG flow

2.3 : Mt = 174GeV(Green),

173GeV(Red), 172GeV(Blue) λ(μ) μ

. : Planck .

(2.3) , λ(μ) Planck

, Planck

. λ(μ) μ � MPl .

φ6, φ8 , Planck

.

Mt , μ � MPl

λ , μ � MPl λ

.

ii) Veff φ � MPl

2.4 φ � MPl Veff

. Mt = 173.21GeV, Λ = MPl .

φ = O(1018GeV) .

φ6,φ8 .

φ � MPl

. λ(μ) 2.3

. φ6, φ8

. φ8 lnφ λ2 , λ

.

2.5 φ � MPl Mt .



24 2 Einstein

2.4 φ ∼ MPl

V (φ, μ). : μ = 0.5MPl(Red), μ = 0.6MPl(Green), μ = 0.7MPl(Blue)

and μ = 0.8MPl(Orange). : μ = 0.8MPl(Red), μ = 0.85MPl(Green),

μ = 0.9MPl(Blue), μ = 0.95MPl(Orange) and μ = MPl(Black).

2.5 φ ∼ MPl

Veff(φ) . Mt = 174GeV(Green), 173GeV(Red), 172GeV(Blue).

μ = φ .

Λ = MPl .

iii) Veff Λ

2.6 φ � MPl Λ .

μ = φ .

Mt = 173.21GeV .

φ6, φ8 Λ .

.

2.6 , φ6, φ8 φ � MPl

Λ .
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2.6 Veff , Λ = 3MPl(Blue),

2MPl(Green), 1MPl(Red).

.

Veff(φmin) ,

Higgs φmin

.

. 1-loop

Veff MPl .

2.5

Higgs 1-loop

Λ . μ 	 MPl, φ 	 MPl

, Mpl .

φ6, φ8 .

Higgs MPl

.

Einstein , Λ

.

.

R2 , .
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3 R2

f(R) R2 .

R2 [31, 32].*15

Higgs

Einstein

.

3.1 Set up

Higgs R2 ,

+R2 .

S =

∫
d4x

√−g
[ 2
κ2

R+ α1R
2 + α2RμνR

μν

+ gμν(∂μH)†(∂νH) +m2H†H − λ(H†H)2 + · · ·
]
.

(3.1)

. · · · . R2 Einstein

2, 3 R2, RμνR
μν 2 .*16

4 ,

.

3.2 R2

Higgs R2 1-loop . 1-loop

. Higgs

,

Squad =

∫
d4x − 1

2
habD

ab:cdhcd − hab

[
ηabm2

B

]
σ2

− 1

2
σ2

[
∂2 +m2

C

]
σ2 −
∑ 1

2
ΦI

[
∂2 +m2

D

]
ΦI ,

(3.2)

*15 R2 [31].

. R2 .
*16 R2, RμνRμν Riemann 2 RμνρσRμνρσ

R2, RμνRμν .
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.*17 ΦI = σ1, π1, π2, m
2
B = κ

2

(
m2φ+ λφ3

)
, m2

C = m2 + 3λφ2, m2
D =

m2 + λφ2

P ab:cd =
1

2

[
ηabηcd − ηacηbd − ηadηbc

]
,

Dab:cd = P ab:cd
(−∂2 +m2

A

)− κ2

4

[
2α1η

abηcd + α2

(
ηacηbd + ηadηbc

)]
∂4,

m2
A =

κ2

2

(
1

2
m2φ2 +

1

4
λφ4

)
,

(3.3)

.

(3.2) 2 R2 .

R2 D̃ab:cd ,

D̃ab:cd =
1

k2 +m2
A + κ2α2

2 k4
Pab:cd

− 1

2

1

k2 +m2
A + κ2α2

2 k4

(
1− k2 +m2

A − κ2α1k
4

k2 +m2
A − κ2

2 (4α1 + α2) k4

)
ηabηcd,

(3.4)

. k2 .

(3.4) , k k2 +m2
A + αk4 � k2 +m2

A

, Einstein

. k R2

, 4 .

4 , .

(3.2) Higgs δV

δV =
1

64π2
m2

CΛ
2 +

3

64π2
m4

D

(
ln

m2
D

Λ2
− 1

2

)
− 9

32π2

m2
A

κ2α2

[
ln

(
m2

A+

Λ2 −m2
A+

)
+ ln

(
m2

A−
Λ2 −m2

A−

)
− 1

]
+

a2 − b

192π2
ln

(
c

Λ6 + aΛ4 + bΛ2 + c

)
+

9

32π2

√
1− 2κ2α2m2

A

κ4α2
2

[
ln

(
m2

A+

m2
A−

)
+ ln

(
Λ2 −m2

A−
Λ2 −m2

A+

)]
+

D+

128π2

[
ln

(
m4

2

m2
1m

2
3

)
− ln

(
Λ2 +m2

2

Λ2 +m2
1

)
− ln

(
Λ2 +m2

2

Λ2 +m2
3

)]
+

i
√
3D−

128π2

[
ln

(
m2

1

m2
3

)
− ln

(
Λ2 +m2

1

Λ2 +m2
3

)]

(3.5)

*17 A.1.12
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.*18

m2
A+ :=

1

κ2α2

(
1 +
√
1− 2κ2α2m2

A

)
, (3.6)

m2
A− :=

1

κ2α2

(
1−
√
1− 2κ2α2m2

A

)
, (3.7)

a :=−m2
C − 2

κ2 (α2 + 4α1)
, (3.8)

b :=
2

κ2 (α2 + 4α1)

(
m2

C −m2
A

)
, (3.9)

c :=
2

κ2 (α2 + 4α1)

(
m2

Cm
2
A − 4m4

B

)
, (3.10)

m2
i :=eiθi (−u+ v)

1/3
+ e−iθi (−u− v)

1/3 − a

3
, (3.11)

θi =

(
−2

3
π , 0 ,

2

3
π

)
, (3.12)

u :=
27c+ 2a3 − 9ab

54
, (3.13)

v :=

(
u2 +

(
3b− a2

9

)3)1/2
, (3.14)

D+ :=

[
(−u+ v)

2/3
+ (−u− v)

2/3 − 2

3
a (−u+ v)

1/3 − 2

3
a (−u− v)

1/3

]
, (3.15)

D− :=

[
(−u+ v)

2/3 − (−u− v)
2/3

+
2

3
a (−u+ v)

1/3 − 2

3
a (−u− v)

1/3

]
(3.16)

. m2
i x3 + ax2 + bx+ c = 0 .

(3.5) 1 3 φ2, φ4 .

Λ . 2,

3 R2 R2 φ2, φ4

R2 . (3.5) 4

φ6, φ8 Higgs .

Λ Λ .

1-loop R2 φ2, φ4

, φ6, φ8 Higgs

.

*18 A.3 .
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3.3

Higgs Einstein 1-loop ,

Λ ,

R2 1-loop .

Higgs R2 1-loop ,

, Einstein

Higgs φ φ6, φ8 .

Einstein ,

R2 .

1-loop , Higgs R2

.*19

.

*19 [34].

,

.
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4

Einstein

,

[35].

4.1

[5, 6, 7, 8, 9,

10, 11]. .

ρV Λ , Higgs

,

.

Λc Λc(exp) Λc(exp) � 8πG · 2.4 ×
10−47GeV4 *20. ρDE ρDE ≡
Λc(exp)/(8πG) .

.

Einstein .

4.2

.

Tμν = (ρ+ p)uμuν + pgμν , (4.1)

. ρ, p, uμ , , 4

.

〈Tμν〉 = − Λv

8πG
gμν , (4.2)

. Λc . (4.1) (4.2)

ρv = −pv, 〈Tμν〉 = −ρvg
μν , (4.3)

*20 [36].
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. ρv(= Λv/8πG), pv

, . ρv > 0

.

Einstein

Rμν − 1

2
gμνR+ Λ(0)

c gμν = 8πGTμν (4.4)

.

Λ
(0)
c . (4.2)

(4.4) Λc = Λ
(0)
c + Λv .

ρv .

. m

ρz pz

ρz =
1

2

∫
d3x

(2π)3

√
k2 +m2, pz =

1

6

∫
d3k

(2π)3
k2√

k2 +m2
(4.5)

. k .

Higgs .

|ρHiggs| = O(v4) � 1019GeV4 (4.6)

. v(= 246GeV) Higgs .

.

|ρQCD| = O(Λ4
QCD) � 10−2 ∼ 10−3GeV4 (4.7)

. ΛQCD QCD .

.

.

. 1-loop

.

Λ 4 , 2 .

ρz pz (4.3) , (4.5)

ρz

ρz =
m4

64π2
ln

m2

Λ2
, (4.8)

[37, 38]. Λ4 m2Λ2 ρv = −pv

.
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. ρz

ρz =
m4

64π2
ln

m2

μ2
, (4.9)

. μ .

(4.9) Higgs

ρz(Higgs) � 107GeV4, (4.10)

. Higgs mH � 126GeV ,

T0 = 2.73K μ � 2.4× 10−13GeV .

8πG · 2.4 × 10−47GeV4

.

,

ρv =
∑
i

ρz(i) + ρHiggs + ρQCD + · · · , (4.11)

. ρz(i) i .

.

(4.6) (4.7), (4.10)

|ρHiggs| > ρz(Higgs) 
 |ρQCD| 
 ρDE = 2.4× 10−47GeV4, (4.12)

. ρDE(≡
Λc(exp)) .

ρv TeV4 . ρDE

ρv ,

.

(4.11) (4.12) .

.

4.3

CCP ρDE , (4.11) ρv

, ρv

.

, 〈V 〉
.

.
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. ,

[39].

, ρv

ρv [6, 40].

. ρv

|ρv| ≤ 3× 10−32GeV4 (4.13)

.

(4.6) (4.7) , (4.10) , ρHiggs ρz(i)( 10eV

), ρQCD .

〈V 〉 .

.

, ,

[41].

Einstein ,

Scl =

∫
d4x

√−g

[
2

κ2
R+ LCl − ρDE

]
,

ρDE ≡ 4Λc(exp)

κ2
= 2.4× 10−47GeV4,

(4.14)

. gμν , g ≡ det gμν . LCl

.

, V

.

.

(4.14) .

S =

∫
d4x
√
−ĝ

[
2

κ2
R̂+ LSM + Lα

]
. (4.15)

. R̂ ĝμν Ricci .

ĝ = det ĝμν LSM

.

Green

Gn(x1, · · ·xn) = 〈0|T (ĝμ1ν1(x1) · · · ĝμnνn(xn)|0〉, (4.16)
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. Minkowski

G(2)(x1, x2) =
i

4

∫
d4x〈0|T (ĥμ1ν1(x1)ĥ

β
α(x))|0〉〈0|T (ĥμ2ν2(x2)ĥ

α
β(x))|0〉

× 〈0|T (H′
int(x))|0〉+ · · ·

(4.17)

. ĥμν(x) , H′
int(x)

.

. 〈0|T (H′
int(x))|0〉 .

.

.

(4.14) (4.17) .

.

, . .

.

,

.

0

,

.

, ,

.

. ,

.

.

, Minkowski (gμν(x) = ημν)

. i

p2−κ2

2 V

V 1-loop

δgrV =
5

32π2

(
κ2V

2

)2
ln

κ2V

2Λ2
(4.18)

. V 〈V 〉 ,

ρz(gr) =
5

32π2

(
κ2〈V 〉

2

)2
ln

κ2〈V 〉
2μ2

(4.19)
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. ρz(gr) ρDE , κ2〈V 〉
2 , 〈V 〉

κ2〈V 〉
2

� (4.4× 10−3eV)2,

〈V 〉 � (2.7TeV)2,

(4.20)

. μ μ �
2.4 × 10−13GeV . 〈V 〉

. 〈V 〉
, O(1)TeV , WIMP

. ,

O(1)TeV4 ,

.

ρDE = ρz(gr), 〈V 〉 � (2.7TeV)4 ρDE . μ

, ρDE

ρz(gr) =
5

32π2

(
κ2〈V 〉

2

)2
ln

[
κ2〈V 〉
2T 2

0

(
a

a0

)2]
, (4.21)

. T0 T0 = 2.73K, a, a0

, . ρDE (4.14)

4.1 . ρR, ρM, ρDE ρR

, ρM .

, .

.
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. ,

.

.

. ,

.

,

(4.21) .

O(1013)GeV

.

S̃ =

∫
d4x
√
−g̃

[
1

16πG̃
R̃+ Linf + · · ·

]
, (4.22)

. G̃ , R̃ g̃μν

Ricci , g̃ = det g̃μν , Linf

. .

, g̃μν

ρz(g̃r) =
5

32π2

(
κ̃2〈Vinf〉

2

)2
ln

κ̃2〈Vinf〉
2μ2

, (4.23)

. κ̃ =
√

32πG̃ . ρz(g̃r) ρDE , 〈Vinf〉 =

O(104×13)GeV4 κ̃ κ � 1038GeV .

4.4

,

,O(1)TeV4

.

• ĝμν κ2 ,

.

• .

•
.

. .

,
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.

. ,

0

.

.

p+ ρ ≤ 0 ,

.

,

.

,

.

.

.



38 5

5

, Higgs

Planck

, Higgs Planck Einstein

Λ .

Einstein

,

R2 .

.

. ,

.

Einstein , φ6, φ8 Higgs

, Λ

.*21 ,

μ 	 MPl φ 	 MPl

. μ � MPl

φ � MPl .

MPl .

φ � MPl

. 1-loop

, 2-loop

.

.

Einstein ,

Planck

.

.

Higgs

R2 , φ2, φ4

*21 Einstein

.[20]
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, Einstein φ6, φ8

,

. 1-loop Higgs

R2 .

R2 Higgs

loop , .

, ,

, .

,

. ,

.
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A

A.1

.

A.1.1 Minkowski R2

Minkowski R
(0)
abcd = 0,R

(0)
ab =

0,R(0) = 0 S(2)(S =

S(0) + κS(1) + κ2S(2) + · · · )

S(2) =

∫
d4x (

√−g)(0)
[
2

κ2
R(2) + α1(R

(1))2 +
1

2
α2

(
ηacηbd + ηadηbc

)
R

(1)
ab R

(1)
cd + L(2)

SM

]
+ (

√−g)(1)
[
2

κ2
R(1) + L(1)

SM

]
+ (

√−g)(2)L(0)
SM

(A.1.1)

.

R
(1)
ab =

1

2

(
ηcdδeaδ

f
b + ηefδcaδ

d
b − ηceδdaδ

f
b − ηceδfaδ

d
b

)
hcd,ef ,

R(1) =

(
ηabηcd − 1

2
ηacηbd − 1

2
ηadηbc
)
hab,cd,

R(2) = − (ηcdηeaηfb + ηefηcaηdb − ηceηdaηfb − ηceηfaηdb
)
habhcd,ef

+
1

4

[
ηabηcdηef − 2ηabηcfηde − 2ηaeηbfηcd + 4ηacηbeηdf

− 3ηacηbdηef + ηacηbfηde + ηadηbfηce
]
hab,ehcd,f .

(A.1.2)

de Donder h̄ab := hab − 1
2ηabh(de Donder :

0 = ∂ah̄
a
b )

R
(1)
ab =

1

2

[
∂2h̄ab − 1

2
ηab∂

2h̄− ∂a∂eh̄
e
b − ∂b∂eh̄

e
a

]
,

R(1) = −∂a∂bh̄
ab − 1

2
∂2h̄,

R(2) = hab

[
∂a∂ch̄

c
b + ∂b∂ch̄

c
a − ∂2h̄ab +

1

2
ηab∂

2h̄

]
+ ∂eh̄a

e · ∂f h̄af

+
1

4

[
−3∂ehab · ∂ehab + ∂ehab · ∂ahbe + ∂ehab · ∂bhae

]
(A.1.3)
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R(2)

1

4

[
∂e
(−3hab∂ehab + hab∂ah

e
b + hab∂bh

e
a

)− hab
(−3∂2hab + ∂a∂eh

e
b + ∂b∂eh

e
a

)]
=
1

4

[
∂e
(−3hab∂ehab + hab∂ah

e
b + hab∂bh

e
a

)
− hab

(
−3∂2h̄ab + ∂a∂eh̄

e
b + ∂b∂eh̄

e
a +

3

2
ηab∂

2h̄− ∂a∂bh̄

)]
=
1

4

[
∂e
(−3hab∂ehab + hab∂ah

e
b + hab∂bh

e
a + h̄ea∂ah̄− h̄∂ah̄

ae
)

− hab
(−3∂2h̄ab + ∂a∂eh̄

e
b + ∂b∂eh̄

e
a + ηab∂

2h̄+ ηab∂e∂f h̄
ef
) ]

(A.1.4)

.

hab∂a∂bh̄ =h̄ab∂a∂bh̄+
1

2
h∂2h̄

=∂a
(
h̄ab∂bh̄

)− ∂ah̄
ab · ∂bh̄− hab

(
−1

2
ηab∂

2h̄

)
=∂a
(
h̄ab∂bh̄

)− ∂b
(
∂a · h̄abh̄

)
+ ∂b∂ah̄

ab · h̄− hab

(
−1

2
ηab∂

2h̄

)
=∂e
(
h̄ae∂ah̄− h̄∂ah̄

ae
)
+ h̄∂e∂f h̄

ef − hab

(
−1

2
ηab∂

2h̄

)
=∂e
(
h̄ae∂ah̄− h̄∂ah̄

ae
)− hab

(
ηab∂e∂f h̄

ef − 1

2
ηab∂

2h̄

)
(A.1.5)

. (A.1.4)

R(2) = −1

4
hab
[
∂2h̄ab − ηab∂

2h̄− 3∂a∂ch̄
c
b − 3∂b∂ch̄

c
a + ηab∂c∂dh̄

cd
]

+
1

4

[
∂e
(−3hab∂ehab + hab∂ah

e
b + hab∂bh

e
a + h̄ea∂ah̄− h̄∂ah̄

ae
) ]

+ ∂ah̄
a
e · ∂bh̄be

(A.1.6)
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de Donder 0 = ∂ah̄
a
b ((A.1.1) )

S(2) =

∫
d4x

2

κ2

[
−1

4
hab
(
∂2h̄ab

)]
+ α1

[
−1

2
∂2h̄

]2
+

1

2
α2

(
ηacηbd + ηadηbc

) [1
2
∂2

(
h̄ab − ηab

1

2
h̄

)][
1

2
∂2

(
h̄cd − ηcd

1

2
h̄

)]
+ L(0)

SM

[
1

4
habP

ab:cdhcd

]
+ ∂O

=
1

κ2

∫
d4x

1

2
hab

[
P ab:cd∂2

]
hcd +

α1κ
2

4
hab

[
ηabηcd∂4

]
hcd

+
α2κ

2

8
hab

[(
ηacηbd + ηadηbc

)
∂4
]
hcd

− 1

2
hab

[
P ab:cd

(
−κ2

2
LSM

)]
hcd + ∂O′

=

∫
d4x− 1

2
habD

ab:cdhcd + ∂O′

(A.1.7)

∂O , P ab:cd Dab:cd

P ab:cd =
1

2

[
ηabηcd − ηacηbd − ηadηbc

]
,

Dab:cd = P ab:cd
(−∂2 +m2

A

)− κ2

4

[
2α1η

abηcd + α2

(
ηacηbd + ηadηbc

)]
∂4,

m2
A = −κ2

2
L(0)
SM ,

(A.1.8)

. (A.1.7) L(1)
SM ⇒ 0

.

Dab:cd

D̃ab:cdDcd:ef =
1

2

(
δae δ

b
f + δafδ

b
e

)
(A.1.9)

. D̃ab:cd Dab:cd

. (A.1.9) ,

Dab:cd =
1

k2 +m2
A + κ2α2

2 k4
Pab:cd

− 1

2

1

k2 +m2
A + κ2α2

2 k4

(
1− k2 +m2

A − κ2α1k
4

k2 +m2
A − κ2

2 (4α1 + α2) k4

)
ηabηcd,

(A.1.10)

. k2 . (A.1.10)

.
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� �
• α1 = − 1

2α2 (A.1.10) 0

.

• α1, α2 �= 0 4

.

Dab:cd ≈ 1

κ2α2

1

k4

[
Pab:cd − 1

2

(
1− 2α1

4α1 + α2

)
ηabηcd

]
∣∣∣∣ m2

A,
2

κ2α1
,

2

κ2α2
	 k2

(A.1.11)

� �
Higgs

Squad =

∫
d4x − 1

2
habD

ab:cdhcd − hab

[
ηabm2

B

]
σ2

− 1

2
σ2

[
∂2 +m2

c

]
σ2 −
∑ 1

2
ΦI

[
∂2 +m2

D

]
ΦI ,

(A.1.12)

ΦI = σ1, π1, π2, m2
B = −κ

2∂σ2LSM |σ2=0, m2
C = −∂2

σ2
LSM |σ2=0, m2

D =

−∂2
σ1
LSM |σ1=0 .

A.2

R2 Dab:cd

D̃ab:cdDcd:ef =
1

2

(
δae δ

b
f + δafδ

b
e

)
(A.2.1)

.



44

(A.2.1) ,

0 = D̃ab:cdDcd:ef − 1

2

(
δae δ

b
f + δafδ

b
e

)
=

[
P ab:cd
(
k2 +m2

A

)− κ2

4

[
2α1η

abηcd + α2

(
ηacηbd + ηadηbc

)]
k4
]

×
{
ãηcdηef + b̃ηceηdf + c̃ηcfηde

}
− 1

2

(
δae δ

b
f + δafδ

b
e

)
=

[(
ã+

b̃

2
+

c̃

2

)
ηabηef − 1

2

(
b̃+ c̃
) (

δae δ
b
f + δafδ

b
e

)] (
k2 +m2

A

)
− κ2

4

[
2α1

(
4ã+ b̃+ c̃

)
ηabηef + α2

(
2ãηabηef +

{
b̃+ c̃
}{

δae δ
b
f + δafδ

b
e

})]
k4

− 1

2

(
δae δ

b
f + δafδ

b
e

)
=

[(
ã+

b̃

2
+

c̃

2

)(
k2 +m2

A

)− κ2

4

(
2α1

{
4ã+ b̃+ c̃

}
+ 2α2ã

)
k4

] (
ηabηef
)

+

[
−1

2

(
b̃+ c̃
) (

k2 +m2
A

)− κ2

4
α2

(
b̃+ c̃
)
k4 − 1

2

] (
δae δ

b
f + δafδ

b
e

)
(A.2.2)

. Dab:cd = ãηabηcd + b̃ηacηbd + c̃ηadηbc

.

(b̃+ c̃) = − 1

k2 +m2
A + κ2α2

2 k4

ã =
1

2

1

k2 +m2
A + κ2α2

2 k4
k2 +m2

A − κ2α1k
4

k2 +m2
A − κ2

2 (4α1 + α2) k4

(A.2.3)

. b̃ = c̃

Dab:cd =
1

k2 +m2
A + κ2α2

2 k4
Pab:cd

− 1

2

1

k2 +m2
A + κ2α2

2 k4

(
1− k2 +m2

A − κ2α1k
4

k2 +m2
A − κ2

2 (4α1 + α2) k4

)
ηabηcd,

Pab:cd =
1

2
[ηabηcd − ηacηbd − ηadηbc] ,

(A.2.4)

.
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A.3

(3.2) 1-loop .

Z =

∫ ∏
i

DΨi e
i(S(0)+Squad), (A.3.1)

. Ψi = (hab, σ2,ΨI) . Squad =
∫
d4x −

1
2ΨiAijΨj . Aij

C+ : 1
C− : 1(

∂2 −m2
A − κ2α2

2 ∂4
)

: 3

2
(
∂2 −m2

A − κ2α2

2 ∂4
)

: 3

−2
(
∂2 −m2

A − κ2α2

2 ∂4
)

: 3

∂2 +m2
D : 3

(A.3.2)

.

C± =
2m2

C + 2m2
A − κ2 (α2 + 4α1) ∂

4

4

±
√
4m4

B +

(
∂2 +

κ2 (α2 + 4α1)

4
∂4 +

m2
C −m2

A

2

)2 (A.3.3)

. (A.3.1) Gauss

Z =64 (det (C−))
−1/2

(det (C+))
−1/2

(
det

(
−∂2 +m2

A +
κ2α2

2
∂4

))−9/2

× (det (∂2 +m2
D

))−3/2 × eiS
(0)

=ei(S
(0)+S(qc))

(A.3.4)

.

S(qc)

S(qc) =− i

∫
d4x

∫
d4k

(2π)4

(
−1

2

)[
ln (−C−(k)) + ln (C+(k))

+ 9 ln

(
−k2 −m2

A − κ2α2

2
k4
)
+ 3 ln
(−k2 +m2

D

)] (A.3.5)

.



46

� �
effective potential .

Z =det (A(x))
δ
eiS

(0)

=ei(S
(0)+S(qc))

(A.3.6)

iS(qc) =δ ln detA(x)

=δTr lnA(x)

=δ

∫
d4x

∫
d4k

(2π)4
lnA(k)

(A.3.7)

� �
(A.3.5) ,

S(qc) = S
(qc)
C + S

(qc)
A + S

(qc)
D

(A.3.8)

. S
(qc)
C , S

(qc)
A , S

(qc)
D .

A.3.1 -

Lm := i
2

∫
d4k
(2π)4 ln

(−k2 +m2
)

Lm :=
i

2

∫
d4k

(2π)4
ln
(−k2 +m2

)
=

i

2(2π)4
· i
∫ 2π

0

dθ3

∫ π

0

dθ2

∫ π

0

dθ1

∫ Λ

0

dkE

× k3E sin2 θ1 sin θ2 · ln
(
k2E +m2

)
=− 1

2(2π)4
· 2π2 · 1

2

∫ Λ2

0

dk2E k2E ln
(
k2E +m2

)
=− 1

32π2

∫ Λ2+m2

m2

dK
(
K −m2

)
ln (K)

(A.3.9)

x lnx = ∂x
(
1
2x

2 lnx
)− 1

2x lnx = ∂x (x lnx)− 1 ,

Lm :=− 1

32π2

[
1

2
K2 lnK − 1

4
K2 −m2 (K lnK −K)

]Λ2+m2

m2

=
1

64π2

[
1

2
Λ4 − Λ4 ln

(
Λ2 +m2

)−m2Λ2

+m4 ln
(
Λ2 +m2

)−m4 lnm2

] (A.3.10)
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Λ 
 m2 ln
(
Λ2 +m2

)
= lnΛ2 + m2

Λ2 − 1
2
m4

Λ4 + · · ·

Lm|Λ�m2 :=
1

64π2

[
1

2
Λ4 − Λ4 ln Λ2 − 2m2Λ2 −m4

(
ln

m2

Λ2
− 1

2

)]
(A.3.11)

.

A.3.2 1

(A.3.5) .

• C+ × C−= κ2

2 (α2 + 4α1) k
6 −
(

κ2

2 m2
C (α2 + 4α1) + 1

)
k4 +
(
m2

C −m2
A

)
k2 +

m2
Cm

2
A − 4m4

B

= −κ2

2 (α2 + 4α1)
(−k2 +m2

1

) (−k2 +m2
2

) (−k2 +m2
3

)
,

m2
i ” 1 ” . (A.3.10)

S
(qc)
C :=

∫
d4x

i

2

∫
d4k

(2π)4
ln (C+ × C−)

=

∫
d4x

i

2

∫
d4k

(2π)4

[
ln

(−κ2 (α2 + 4α1)

2

)
+ ln
(−k2 +m2

1

)
+ ln
(−k2 +m2

2

)
+ ln
(−k2 +m2

3

)]

=

∫
d4x

1

64π2

[
3

2
Λ4 − Λ4 ln (C+ × C−)

+

(
m2

C +
2

κ2 (α2 + 4α1)

)
Λ2 −m4

1 ln

(
m2

1

Λ2 +m2
1

)
−m4

2 ln

(
m2

2

Λ2 +m2
2

)
−m4

3 ln

(
m2

3

Λ2 +m2
3

)]

(A.3.12)

. mi

S
(qc)
C =

∫
d4x

1

64π2

[
3

2
Λ4 − Λ4 ln (C+ × C−) +

(
m2

C +
2

κ2 (α2 + 4α1)

)
Λ2

− a2 − b

3
ln

(
c

Λ6 + aΛ4 + bΛ2 + c

)
− D+

2

[
ln

(
m4

2

m2
1m

2
3

)
− ln

(
Λ2 +m2

2

Λ2 +m2
1

)
− ln

(
Λ2 +m2

2

Λ2 +m2
3

)]
− i

√
3D−
2

[
ln

(
m2

1

m2
3

)
− ln

(
Λ2 +m2

1

Λ2 +m2
3

)]]
(A.3.13)
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. D± ” 1 ” .

A.3.3 1

x3 + ax2 + bx+ c =
(
x−m2

1

) (
x−m2

2

) (
x−m2

3

)
,

m2
i =eiθi (−u+ v)

1/3
+ e−iθi (−u− v)

1/3 − a

3
,

θi =

(
−2

3
π , 0 ,

2

3
π

)
,

u =
27c+ 2a3 − 9ab

54
,

v =

(
u2 +

(
3b− a2

9

)3)1/2
.

(A.3.14)

.

∑
i

m4
i ln (Bi) =

∑
i

[
e2θi (−u+ v)

2/3
+ e−2θi (−u− v)

2/3

+
a2 − b

3
− 2

3
aeθi (−u+ v)

1/3 − 2

3
ae−θi (−u− v)

1/3

]
ln (Bi)

=
a2 − b

3
ln

(∏
i

Bi

)
+

D+

2
ln

(
B2

2

B1B3

)
+

i
√
3D−
2

ln

(
B1

B3

)
,

D+ :=

[
(−u+ v)

2/3
+ (−u− v)

2/3 − 2

3
a (−u+ v)

1/3 − 2

3
a (−u− v)

1/3

]
,

D− :=

[
(−u+ v)

2/3 − (−u− v)
2/3

+
2

3
a (−u+ v)

1/3 − 2

3
a (−u− v)

1/3

]
.

(A.3.15)

.

C+ × C− =
κ2

2
(α2 + 4α1) k

6 −
(
κ2

2
m2

C (α2 + 4α1) + 1

)
k4

+
(
m2

C −m2
A

)
k2 +m2

Cm
2
A − 4m4

B

:=
−κ2

2
(α2 + 4α1)

(−k2 +m2
1

) (−k2 +m2
2

) (−k2 +m2
3

) (A.3.16)

(A.3.14) , a = −m2
C − 2

κ2(α2+4α1)
,

b = 2
κ2(α2+4α1)

(
m2

C −m2
A

)
,

c = 2
κ2(α2+4α1)

(
m2

Cm
2
A − 4m4

B

)
.
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A.3.4 2

(A.3.5) .

• k2 +m2
A + κ2α2

2 k4 = κ2α2

2

(
k2 +m2

A+

) (
k2 +m2

A−
)
,

• m2
A+ = 1

κ2α2

(
1 +
√
1− 2κ2α2m2

A

)
� 2

κ2α2

• m2
A− = 1

κ2α2

(
1−√1− 2κ2α2m2

A

)
� m2

A

(A.3.10)

S
(qc)
A :=

∫
d4x

i

2

∫
d4k

(2π)4
9 ln

(
−k2 −m2

A − κ2α2

2
k4
)

=

∫
d4x

i9

2

∫
d4k

(2π)4

[
ln
(−k2 −m2

A+

)
+ ln
(−k2 −m2

A−
)
+ ln

(
−κ2α2

2

)]

=

∫
d4x

9

64π3

[
Λ4 − Λ4 ln

(
Λ2 −m2

A − κ2α2

2
Λ4

)
+

2

κ2α2
Λ2

−m4
A+ ln

( −m2
A+

Λ2 −m2
A+

)
−m4

A− ln

( −m2
A−

Λ2 −m2
A−

)]

=

∫
d4x

9

64π3

[
Λ4 − Λ4 ln

(
Λ2 −m2

A − κ2α2

2
Λ4

)
+

2

κ2α2
Λ2

− 2− 2κ2α2m
2
A

κ4α2
2

[
ln

( −m2
A+

Λ2 −m2
A+

)
+ ln

( −m2
A−

Λ2 −m2
A−

)]

− 2
√
1− 2κ2α2m2

A

κ4α2
2

[
ln

(−m2
A+

−m2
A−

)
+ ln

(
Λ2 −m2

A−
Λ2 −m2

A+

)]]

(A.3.17)

. Λ2 
 m2
A+,m

2
A−

S
(qc)
A |Λ2�m2

A+,m2
A−

=

∫
d4x

9

64π3

[
Λ4 − 2Λ4 ln

(
Λ2
)
+

4

κ2α2
Λ2

− 2− 2κ2α2m
2
A

κ4α2
2

[
ln

( −m2
A+

Λ2 −m2
A+

)
+ ln

( −m2
A−

Λ2 −m2
A−

)
− 1

]

− 2
√

1− 2κ2α2m2
A

κ4α2
2

[
ln

(−m2
A+

−m2
A−

)
+ ln

(
Λ2 −m2

A−
Λ2 −m2

A+

)]]
(A.3.18)

. ( ) 1 
 2κ2α2m
2
A φn|n > 4

.
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A.3.5 2

(A.3.5) . (A.3.10)

S
(qc)
D :=

∫
d4x

i

2

∫
d4k

(2π)4
3 ln
(−k2 +m2

D

)
=

∫
d4x

3

64π2

[
1

2
Λ4 − Λ4 ln

(
Λ2 +m2

D

)−m2
DΛ2

+m4
D ln
(
Λ2 +m2

D

)−m4
D lnm2

D

] (A.3.19)

ln
(
Λ2 +m2

D

)
= lnΛ2 +

m2
D

Λ2 − 1
2
m4

D

Λ4 + · · ·

S
(qc)
D �
∫

d4x
3

64π2

[
1

2
Λ4 − Λ4 ln Λ2 −m4

D

(
ln

m2
D

Λ2
− 1

2

)]
(A.3.20)

.

A.4

A.4.1 1-loop (φ )

1-loop higgs

δZ .

∂μφ

.

Lφ =
1

2
∂μφ∂νφ

(
ημν − κhμν + κ2gαβhμ

αh
ν
β

)(
1 +

κ

2
hρ
ρ −

κ2

4
hρ
σh

σ
ρ +

κ2

8
hρ
ρh

σ
σ

)√−g

=
1

2
∂μφ∂νφ

[
κ2

(
−1

4
ημνhρ

σh
σ
ρ +

1

8
ημνhρ

ρh
σ
σ − 1

2
hμνhρ

ρ + hμρhν
ρ

)]
+ · · ·

=
1

2
∂μφ∂νφhρσhαβ · κ

2

8

[
− ημν
(
ηραησβ + ηρβησα − ηρσηαβ

)
+ ημρ
(
ηναησβ + ηνβησα − ηνσηαβ

)
+ ημσ
(
ηναηρβ + ηνβηρα − ηνρηαβ

)
+ ημα
(
ηνρησβ + ηνσηρβ − ηνβηρσ

)
+ ημβ (ηνρησα + ηνσηρα − ηναηρσ)

]
+ · · ·

(A.4.1)
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,

������

���� ����
iκ2

4

[
− ημν
(
ηραησβ + ηρβησα − ηρσηαβ

)
+ ημρ
(
ηναησβ + ηνβησα − ηνσηαβ

)
+ ημσ
(
ηναηρβ + ηνβηρα − ηνρηαβ

)
+ ημα
(
ηνρησβ + ηνσηρβ − ηνβηρσ

)
+ ημβ (ηνρησα + ηνσηρα − ηναηρσ)

]
(A.4.2)

������

=
iκ2

4

[
−ημν
(
ηραησβ + ηρβησα − ηρσηαβ

)
+ ημρ
(
ηναησβ + ηνβησα − ηνσηαβ

)
+ ημσ
(
ηναηρβ + ηνβηρα − ηνρηαβ

)
+ ημα
(
ηνρησβ + ηνσηρβ − ηνβηρσ

)
+ ημβ (ηνρησα + ηνσηρα − ηναηρσ)

]
×
∫

d4p

(2π)4
i

2p2
(ημρηνσ + ημσηνρ − ημνηρσ)

× 1

2
(A.4.3)

[
−ημν
(
ηραησβ + ηρβησα − ηρσηαβ

)
+ ημρ
(
ηναησβ + ηνβησα − ηνσηαβ

)
+ ημσ
(
ηναηρβ + ηνβηρα − ηνρηαβ

)
+ ημα
(
ηνρησβ + ηνσηρβ − ηνβηρσ

)
+ ημβ (ηνρησα + ηνσηρα − ηναηρσ)

]
× (ημρηνσ + ημσηνρ − ημνηρσ)

= ημν [−40 + 10 + 10 + 10 + 10]

= 0

(A.4.4)
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.

= 0 (A.4.5)

.

∂φ∂φ
√−g → ∇2φ · φ√−g ,

Skinematic =

∫
d4x − 1

2
∂μ∂νφ (ημν − κhμν + · · · ) · φ

[
1 +

κ

2
hρ
ρ + · · ·

]
+

1

2
(ημν − κhμν + · · · ) Γρ

μν∂ρφ · φ
[
1 +

κ

2
hρ
ρ + · · ·

] (A.4.6)

, −κ
4∇μ∂νφ · φhρσ (η

μρηνσ + ημσημρ − ημνηρσ) ∂2φ, φ h

.

φ

∇μ∂νφ

hρσ

i
κ

4
(ημρηνσ + ημσημρ − ημνηρσ) (A.4.7)

φ∇μ∂νφ

1-loop

=
iκ

4
(ημρηνσ + ημσηνρ − ημνηρσ)

×
(
− i

2
κm2ηαβ

)
×
∫

d4k

(2π)4
(ηραησβ + ηρβησα − ηρσηαβ)

× i

2(p+ k)2
i

k2 −m2

(A.4.8)

Feynman , Euclid , (kE + xpE , Λ ∼ μ
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, Λ : , μ : )

= − κ2m2

16(2π)4
· (4ημν)

∫
dxdyδ(x+ y − 1)

∫
d4k

1

[x(p+ k)2 + y(k2 −m2)]
2

= − κ2m2

4(2π)4
ημν
∫

dxdyδ(x+ y − 1)

∫
d4k

1

[(k + xp)2 + xyp2 − ym2]
2

= − κ2m2

4(2π)4
ημν
∫

dxdyδ(x+ y − 1)

× 2π2

∫ Λ

μ

d(kE + x pE)
i(kE + x pE)

3

[(kE + x pE)2 + xypE2 + ym2]

= − κ2m2

4(2π)4
ημν
∫

dxdyδ(x+ y − 1)

× i π2

(
ln

(
Λ2 + ym2 − xyp2

μ2 + ym2 − xyp2

)
+

ym2 − xyp2

Λ2 − xyp2 + ym2
− ym2 − xyp2

μ2 − xyp2 + ym2

)
=

(
− i

2
ημν
)

κ2m2

32π2

∫ 1

0

dx

(
ln

(
Λ2 + (1− x)(m2 − xp2)

μ2 + (1− x)(m2 − xp2)

)

+
(1− x)(m2 − xp2)

Λ2 + (1− x)(m2 − xp2)
− (1− x)(m2 − xp2)

μ2 + (1− x)(m2 − xp2)

)

=

(
− i

2
ημν
)

κ2m2

32π2

×
[
ln

(
Λ2

μ2

)
+

∫ 1

0

dx

(
m2 − x2p2

Λ2 + (1− x)(m2 − x p2)
− m2 − x2p2

μ2 + (1− x)(m2 − x p2)

)]
(A.4.9)

.

Higgs 1-loop δZ
(g)
φ

*22 γ
(g)
φ

δZ
(g)
φ =

κ2m2

16π2
ln

(
Λ

μ

)
, (A.4.10)

γ
(g)
φ = −1

2
μ
∂δZ(g)

∂μ

= −κ2m2

32π2
,

(A.4.11)

. 1-loop

Lkinematic =
1

2

(
1 + δZ(g) + · · ·

)
∂μφ∂

μφ

=
1

2
∂μφr∂

μφr,

(A.4.12)

*22 φr =
√

1 + δZ
(g)
φ + · · · φ , φr: Higgs , · · · 1-loop
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.

A.4.2 1-loop ( )

1-loop

δZ .

eμa wab
μ

ψ̄ (iγaeμaDμ −m)ψ (A.4.13)

( .)

Dμ

Dμ = ∂μ − i

4
wab

μ σab

σab :=
i

2
[γa, γb]

(A.4.14)

.

0 = ∇μe
b
ν = ∂ebν − Γσ

μνe
b
σ + ωa

μbe
b
ν . (A.4.15)

.

wab
μ

wab
μ = −eν b∂μe

a
ν + eν bΓρ

μνe
a
ρ

=
1

2

{[
eν a∂μe

b
ν − eν b∂μe

a
ν

]
+ eμ c

[
eν beρ a − eν aeρ b

]
∂νe

c
ρ +
[
eν b∂νe

a
μ − eν a∂νe

b
μ

]}
(A.4.16)

. wab
μ = −wba

μ

.

ημν + κhμν = eaμe
b
νηab hμν

eaμ = δaμ +
κ

2
hν
μδ

a
ν +

κ2

8
hρ
μh

ν
ρδ

a
ν + · · ·

eμa = δμa − κ

2
hμ
ν δ

ν
a +

κ2

8
hμ
ρh

ρ
νδ

ν
a + · · · .

(A.4.17)

Ltk := ψ̄γaeμa∂μψ
√−g 1 , 2

Ltk
(1) = ψ̄iγa∂ρψ · hμν · κ

2
[δρaη

μν − δνaη
μρ]

Ltk
(2) = ψ̄iγa∂ηψ · hμνhρσ · κ

2

8
[δσaη

μρηνη − δηa (η
μρηνσ + ημσηνρ − ημνηρσ)]

(A.4.18)
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.

1 , Minkowski

γμ := γaδμa ,

k

{μν}

− iκ

2
[γρkρη

μν − γνkρη
μρ] (A.4.19)

, 2

k

{μν}

{ρσ}

iκ2

8
[γηkη (η

μρηνσ + ημσηνρ − ημνηρσ)− γσkηη
μρηνη]

(A.4.20)

Ltw := − i
4 ψ̄γ

ceμc σabw
ab
μ ψ

√−g 1

,

Ltw
(1) =

iκ

8
γμ (γνγρ − γργν) ψ̄ψ∂ρhμν (A.4.21)

. Ltw
(1)

k

{μν}

→ − iκ

8
γμ (γνγρ − γργν) kρ (A.4.22)

(A.4.22), (A.4.19) 1-loop

.

=

∫
d4k

(2π)4

(
− iκ

8

)
γμ (γνγη − γηγν) (−kη)

× i(k/+ p/+m)

(k + p)2 −m2

× i

2k2
(ημρηνσ + ημσηνρ − ημνηρσ)

×
(
− iκ

2

)
(p/ηρσ − γσpρ)

(A.4.23)
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=− κ2

32

∫
d4k

(2π)4
1

k2[(k + p)2 −m2]

× (−2)(kργσ + kσγρ + k/ηρσ) (k/+ p/+m) (p/ηρσ − γσpρ)

=
κ2

16

∫
d4k

(2π)4
1

k2[(k + p)2 −m2]

× [4k2p/+ 2kμpμk/+ 4p2k/+ 2kμpμp/+ 6m(k/p/− kμpμ)
]

(A.4.24)

Feynman , Euclid ,

=
κ2

16

∫
d4k

(2π)2

∫
dx

∫
dyδ(x+ y − 1)

1

[xk2 + y{(k + p)2 −m2}]2
× [4k2p/+ 2kμpμk/+ 4p2k/+ 2kμpμp/+ 6m(k/p/− kμpμ)

]
=
κ2

16

∫
d4k

(2π)2

∫ 1

0

dy
1

[(k + yp)2 − y(y − 1)p2 − ym2]2

×
[
4(k + yp)2p/+ 2(kμ + ypμ)pμ(k/+ yp/) + 2(2− y)p2(k/+ yp/)

+ 2(1− 5y)(kμ + ypμ)pμp/+ 6y(y − 1)p2p/+ 6m(k/p/− kμpμ)

]
=− iκ2

16(2π)4

∫
d4k′E

∫ 1

0

dy
1

[k′E
2 − y(y − 1)p2 − ym2]2

×
[
4k′E

2
p/+ 2k′μE pμk/

′
E − 6y(y − 1)p2p/

]

(A.4.25)

k′μ := kμ + ypμ . 2 3 , k′E
(
∫
d4kEk

μ
Eqμ = 0, |Aμ := const) kE

0 .∫
dΩ3

kk/p/k/ = π2

2 k2γμp/γμ = −π2k2p/∫
dΩ3

kk · pk/ = 1
2

∫
dΩ3

kk/p/k/+ k2p/ = 1
2

(−π2 + 2π2
)
k2p/ = π2

2 k2p/
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=− iκ2

16(2π)4
· 2π2

∫
dk′E

∫ 1

0

dy
k′E

3

[k′E
2 − y(y − 1)p2 − ym2]2

×
[
4k′E

2
p/+

1

2
k′E

2
p/− 6y(y − 1)p2p/

]
=− iκ2

16(2π)2
π2

∫ 1

0

dy

∫ Λ2

μ2

dk′E
2 k′E

2

[k′E
2 −Δ]2

×
[
9

2
k′E

2 − 6y(y − 1)p2
]
p/

=− iκ2

16(2π)2
π2

∫ 1

0

dy

∫ Λ2−Δ

μ2−Δ

dl
(l +Δ)

l2

×
[
9

2
(l +Δ)− 6y(y − 1)p2

]
p/

=− iκ2

512π2
p/

∫ 1

0

dy

∫ Λ2−Δ

μ2−Δ

dl

[
9 + 18

Δ

l
+ 9

Δ2

l2
−
(
6y(y − 1)p2

)(
1

l
+

Δ

l2

)]
=− iκ2

512π2
p/

∫ 1

0

dy

[
9(Λ2 − μ2) +

(
18Δ− 6y(y − 1)p2

)
ln

(
Λ2 −Δ

μ2 −Δ

)
+

(
−9Δ2 + 6y(y − 1)p2Δ

)(
1

Λ2 −Δ
− 1

μ2 −Δ

)]
=− iκ2

512π2
p/

[
9(Λ2 − μ2) +

(−2p2 + 9m2
)
ln

(
Λ2 −m2

μ2 −m2

)
+

∫ 1

0

dy
(
9Δ− (5y2 − 3y)p2

) (
Δ+ y2p2

)( 1

Λ2 −Δ
− 1

μ2 −Δ

)
+

(
−9Δ2 + 6y(y − 1)p2Δ

)(
1

Λ2 −Δ
− 1

μ2 −Δ

)]
=− iκ2

512π2
p/

[
9(Λ2 − μ2) +

(−2p2 + 9m2
)
ln

(
Λ2 −m2

μ2 −m2

)
+

∫ 1

0

dy

{(
5y4 + 10y3 + 3y2

)
p4 +
(
10y3 − 3y2

)
p2m2

}
×
(

1

Λ2 −Δ
− 1

μ2 −Δ

)]
(A.4.26)

. Δ := y(y − 1)p2 + ym2, l := k′E
2 −Δ .

Feynman y ,

.

(A.4.20) 1-loop .
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=

∫
d4k

(2π)4

× iκ

8

{
p/
(
ημρηνσ + ημσηνρ − ημνηrhoσ

)− γσpνημρ
}

× i

2k2
(ημρηνσ + ημσηνρ − ημνηρσ)

× 1

2
(A.4.27)

Euclid

=
iκ2

32

∫
d4kE
(2π)4

{p/ · 40− 4p/} 1

kE
2

(A.4.28)

4

=
i9κ2

8(2π)4
p/ · 2π2

∫ Λ

μ

dkE kE

=
i9κ2

128π2
p/x
(
Λ2 − μ2

) (A.4.29)

1-loop δZ
(g)
t

*23 γ
(g)
t

δZ(g) = − 9κ2

512π2
(Λ2 − μ2) +

9κ2

128π2
(Λ2 − μ2)

=
27κ2

512π2
(Λ2 − μ2)

(A.4.30)

γ
(g)
t = − 1

2
μ
∂δZ

(g)
t

∂μ

=
27κ2

512π2
μ2

(A.4.31)

. δZ
(g)
t

Lkinematic =
(
1 + δZ

(g)
t + · · ·

)
ψ̄iγμ∂μψ

=ψ̄riγ
μ∂μψr

(A.4.32)

.

*23 tr =
√
1 + δZ + · · ·t : tr , · · · 1-loop
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A.4.3 1-loop ( )

1-loop .

(top)

Lyukawa = − ytt̄tφ

(
1 +

κ

2
hμ
μ − κ2

4
hμ
νh

ν
μ +

κ2

8
hμ
μh

ν
ν

)
(A.4.33)

. 1 ,2

L(1)
yukawa = −κ

2
ημνyt · t̄tφhμν (A.4.34)

L(2)
yukawa =

κ2

8
(ημρηνσ + ημσηνρ − ημνηρσ) yt · t̄tφhμνhρσ (A.4.35)

1 ,

− iκ

2
ημνyt (A.4.36)

2 ,

{μν}

{ρσ}

iκ2

8
(ημρηνσ + ημσηνρ − ημνημσ) yt × 2 (A.4.37)

1-loop .

(A.4.19), (A.4.36) 1-loop

=

∫
d4

(2π)4
k

(
− iκ

2

)
[(k/+ p/) ημν − (kμ + pμ) γν ]

× i(k/+ p/+m)

(k + p)2 −m2

i

2k2
(ημρηνσ + ημσηνρ − ημνηρσ)

×
(
− iκ

2

)
ηρσ yt

(A.4.38)
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=
κ2

8(2π)4

∫
d4k [(k/+ p/)ημν − (kμ + pμ)γν ]

1

k2[(k + p)2 −m2]
(k/+ p/+m) (−2ημν)yt

= − κ2yt
4(2π)4

∫
d4k 3[(k + p)2 +m(k/+ p/)]

1

k2[(k + p)2 −m2]

= − 3κ2yt
4(2π)4

∫
d4k

1

k2
(1 +m{k/+ p/+m})

=
i3κ2yt
64π2

(
Λ2 − μ2

) (
1 +mp/+m2

)

(A.4.39)

. t̄ ↔ t 1-loop

.

1-loop (A.4.22), (A.4.36)

2 1-loop ,

.

+ = 0

t̄
i

k/ t t
i

−k/ t̄

(A.4.37) 1-loop

=
iκ2

4
(ημρηνσ + ημσηνρ − ημνημσ) yt

×
∫

d4

(2π)4
k

i

2k2
(ημρηνσ + ημσηνρ − ημνηρσ)

× 1

2
(A.4.40)
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Euclid ,

= − κ2yt
16(2π)4

· 40 i
∫

d4kE
1

−k2E

=
i5κ2yt
2(2π)4

2π2

∫ Λ

μ

dkE kE

=
i5κ2yt
32π2

(
Λ2 − μ2

)
(A.4.41)

yt δyt β

δyt = − 3κ2yt
64π2

(Λ2 + μ2)× 2− 5κ2yt
32π2

(Λ2 − μ2)

= − κ2yt
4π2

(Λ2 − μ2),

β(g)
yt

= μ
∂δy

(g)
t

∂μ

=
κ2yt
2π2

μ2,

(A.4.42)

.

Lyukawa = − (yt + δy
(g)
t + · · · )t̄tφ (A.4.43)

. · · · 1-loop .
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