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1 Fields

1.1 Gauge Fields

Name SU(N) Coupling Name

B U(1) g1 hypercharge
W SU(2) g2 left
g SU(3) g3 color

VBp U(1) gB BminusL

1.2 Matter Superfields

Name Spin Generations (U(1)⊗ SU(2)⊗ SU(3)⊗ U(1))

H 0 1 (− 1
2 ,2,1, 0)

bi 0 1 (0,1,1,−2)

q 1
2 3 ( 1

6 ,2,3,
1
3 )

l 1
2 3 (− 1

2 ,2,1,−1)

d 1
2 3 ( 1

3 ,1,3,−
1
3 )

u 1
2 3 (− 2

3 ,1,3,−
1
3 )

e 1
2 3 (1,1,1, 1)

v 1
2 3 (0,1,1, 1)

2 Lagrangian

2.1 Input Lagrangian for Eigenstates GaugeES

L = 0 (1)

2.2 Gauge fixing terms
2.2.1 Gauge fixing terms for eigenstates ’GaugeES’

LGF = − 1

2
|∂µB|2ξ−1

B −
1

2
|∂µg|2ξ−1

g −
1

2
|∂µVBp|2ξ−1

VBp −
1

2
|∂µW |2ξ−1

W (2)

2.2.2 Gauge fixing terms for eigenstates ’EWSB’

LGF = − 1

2
|∂µg|2ξ−1

g −
1

2
|∂µγ|2ξ−1

γ − | −
i

2
g2H

−vξW− + ∂µW
−|2ξ−1

W−

− 1

2
|1
2

(
2∂µZ + ξZ

(
−
(

4gBsigmaBx+ gBY sigmaHv
)

sin Θ′W +
(

4gY BsigmaBx+ g1sigmaHv
)

cos Θ′W sin ΘW + g2sigmaHv cos ΘW cos Θ′W

))
|2ξ−1

Z
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− 1

2
|1
2

(
2∂µZ

′ − ξZ′
((

4gBsigmaBx+ gBY sigmaHv
)

cos Θ′W +
(

4gY BsigmaBx sin ΘW + g1sigmaHv sin ΘW + g2sigmaHv cos ΘW

)
sin Θ′W

))
|2ξ−1

Z′

(3)

2.3 Fields integrated out
None

3 Renormalization Group Equations

3.1 Gauge Couplings

β(1)
g1 =

1

10

(
32
√

10g2
1gY B + 41g3

1 + 4gBY

(
45gB + 4

√
10gBY

)
gY B + g1

(
16
√

10gBY gB + 180g2
Y B + 41g2

BY

))
(4)

β(2)
g1 =

1

50

(
199g5

1 + 398g3
1g

2
BY + 199g1g

4
BY + 246

√
10g3

1gBY gB + 246
√

10g1g
3
BY gB + 460g3

1g
2
B

+ 1380g1g
2
BY g

2
B + 280

√
10g1gBY g

3
B + 328

√
10g4

1gY B + 410
√

10g2
1g

2
BY gY B

+ 82
√

10g4
BY gY B + 3220g2

1gBY gBgY B + 1380g3
BY gBgY B + 560

√
10g2

1g
2
BgY B

+ 840
√

10g2
BY g

2
BgY B + 10000gBY g

3
BgY B + 2760g3

1g
2
Y B + 1840g1g

2
BY g

2
Y B

+ 1400
√

10g1gBY gBg
2
Y B + 10000g1g

2
Bg

2
Y B + 1120

√
10g2

1g
3
Y B + 280

√
10g2

BY g
3
Y B

+ 10000gBY gBg
3
Y B + 10000g1g

4
Y B + 135g3

1g
2
2 + 135g1g

2
BY g

2
2 + 90

√
10g1gBY gBg

2
2

+ 180
√

10g2
1gY Bg

2
2 + 90

√
10g2

BY gY Bg
2
2 + 900gBY gBgY Bg

2
2 + 900g1g

2
Y Bg

2
2 + 440g3

1g
2
3

+ 440g1g
2
BY g

2
3 + 80

√
10g1gBY gBg

2
3 + 160

√
10g2

1gY Bg
2
3 + 80

√
10g2

BY gY Bg
2
3

+ 800gBY gBgY Bg
2
3 + 800g1g

2
Y Bg

2
3

− 5
(
− 2
√

10g2
1gY B + 5g3

1 + g1

(
20g2

Y B + 5g2
BY −

√
10gBY gB

)
+ gBY

(
20gB −

√
10gBY

)
gY B

)
Tr
(
YdY

†
d

)
− 15

(
5g3

1 + 6
√

10g2
1gY B + g1

(
20g2

Y B + 3
√

10gBY gB + 5g2
BY

)
+ gBY

(
20gB + 3

√
10gBY

)
gY B

)
Tr
(
YeY

†
e

)
− 85g3

1Tr
(
YuY

†
u

)
− 85g1g

2
BY Tr

(
YuY

†
u

)
− 25

√
10g1gBY gBTr

(
YuY

†
u

)
− 50
√

10g2
1gY BTr

(
YuY

†
u

)
− 25

√
10g2

BY gY BTr
(
YuY

†
u

)
− 100gBY gBgY BTr

(
YuY

†
u

)
− 100g1g

2
Y BTr

(
YuY

†
u

)
− 15g3

1Tr
(
YνY

†
ν

)
− 15g1g

2
BY Tr

(
YνY

†
ν

)
− 15
√

10g1gBY gBTr
(
YνY

†
ν

)
− 30

√
10g2

1gY BTr
(
YνY

†
ν

)
− 15
√

10g2
BY gY BTr

(
YνY

†
ν

)
− 300gBY gBgY BTr

(
YνY

†
ν

)
− 300g1g

2
Y BTr

(
YνY

†
ν

)
− 300gBY gBgY BTr

(
YxY

∗
x

)
− 300g1g

2
Y BTr

(
YxY

∗
x

))
(5)

β(1)
gBY =

1

10

(
4g1

(
45gB + 4

√
10gBY

)
gY B + g2

1

(
16
√

10gB + 41gBY

)
+ gBY

(
180g2

B + 32
√

10gBY gB + 41g2
BY

))
(6)

β(2)
gBY =

1

50

(
199g4

1gBY + 398g2
1g

3
BY + 199g5

BY + 82
√

10g4
1gB + 410

√
10g2

1g
2
BY gB
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+ 328
√

10g4
BY gB + 1840g2

1gBY g
2
B + 2760g3

BY g
2
B + 280

√
10g2

1g
3
B + 1120

√
10g2

BY g
3
B

+ 10000gBY g
4
B + 246

√
10g3

1gBY gY B + 246
√

10g1g
3
BY gY B + 1380g3

1gBgY B + 3220g1g
2
BY gBgY B

+ 1400
√

10g1gBY g
2
BgY B + 10000g1g

3
BgY B + 1380g2

1gBY g
2
Y B + 460g3

BY g
2
Y B

+ 840
√

10g2
1gBg

2
Y B + 560

√
10g2

BY gBg
2
Y B + 10000gBY g

2
Bg

2
Y B + 280

√
10g1gBY g

3
Y B

+ 10000g1gBg
3
Y B + 135g2

1gBY g
2
2 + 135g3

BY g
2
2 + 90

√
10g2

1gBg
2
2 + 180

√
10g2

BY gBg
2
2

+ 900gBY g
2
Bg

2
2 + 90

√
10g1gBY gY Bg

2
2 + 900g1gBgY Bg

2
2 + 440g2

1gBY g
2
3 + 440g3

BY g
2
3

+ 80
√

10g2
1gBg

2
3 + 160

√
10g2

BY gBg
2
3 + 800gBY g

2
Bg

2
3 + 80

√
10g1gBY gY Bg

2
3

+ 800g1gBgY Bg
2
3

− 5
(
g1

(
20gBgY B −

√
10gBY gY B

)
+ g2

1

(
5gBY −

√
10gB

)
+ gBY

(
20g2

B − 2
√

10gBY gB + 5g2
BY

))
Tr
(
YdY

†
d

)
− 15

(
g1

(
20gB + 3

√
10gBY

)
gY B + g2

1

(
3
√

10gB + 5gBY

)
+ gBY

(
20g2

B + 5g2
BY + 6

√
10gBY gB

))
Tr
(
YeY

†
e

)
− 85g2

1gBY Tr
(
YuY

†
u

)
− 85g3

BY Tr
(
YuY

†
u

)
− 25

√
10g2

1gBTr
(
YuY

†
u

)
− 50
√

10g2
BY gBTr

(
YuY

†
u

)
− 100gBY g

2
BTr

(
YuY

†
u

)
− 25

√
10g1gBY gY BTr

(
YuY

†
u

)
− 100g1gBgY BTr

(
YuY

†
u

)
− 15g2

1gBY Tr
(
YνY

†
ν

)
− 15g3

BY Tr
(
YνY

†
ν

)
− 15
√

10g2
1gBTr

(
YνY

†
ν

)
− 30

√
10g2

BY gBTr
(
YνY

†
ν

)
− 300gBY g

2
BTr

(
YνY

†
ν

)
− 15
√

10g1gBY gY BTr
(
YνY

†
ν

)
− 300g1gBgY BTr

(
YνY

†
ν

)
− 300gBY g

2
BTr

(
YxY

∗
x

)
− 300g1gBgY BTr

(
YxY

∗
x

))
(7)

β(1)
g2 = −19

6
g3

2 (8)

β(2)
g2 =

1

30
g3

2

(
27g2

1 + 27g2
BY + 36

√
10gBY gB + 180g2

B + 36
√

10g1gY B + 180g2
Y B + 175g2

2 + 360g2
3

− 45Tr
(
YdY

†
d

)
− 15Tr

(
YeY

†
e

)
− 45Tr

(
YuY

†
u

)
− 15Tr

(
YνY

†
ν

))
(9)

β(1)
g3 = −7g3

3 (10)

β(2)
g3 =

1

10
g3

3

(
11g2

1 + 11g2
BY + 4

√
10gBY gB + 20g2

B + 4
√

10g1gY B + 20g2
Y B + 45g2

2 − 260g2
3 − 20Tr

(
YdY

†
d

)
− 20Tr

(
YuY

†
u

))
(11)

β(1)
gB =

1

10

(
41g2

BY gB + 4gB

(
45g2

B + gY B

(
45gY B + 4

√
10g1

))
+ gBY

(
32
√

10g2
B + gY B

(
16
√

10gY B + 41g1

)))
(12)

β(2)
gB =

1

50

(
199g2

1g
2
BY gB + 199g4

BY gB + 164
√

10g2
1gBY g

2
B + 328

√
10g3

BY g
2
B + 460g2

1g
3
B

+ 2760g2
BY g

3
B + 1120

√
10gBY g

4
B + 10000g5

B + 199g3
1gBY gY B + 199g1g

3
BY gY B + 82

√
10g3

1gBgY B

+ 410
√

10g1g
2
BY gBgY B + 3220g1gBY g

2
BgY B + 840

√
10g1g

3
BgY B + 246

√
10g2

1gBY g
2
Y B

+ 82
√

10g3
BY g

2
Y B + 1380g2

1gBg
2
Y B + 1840g2

BY gBg
2
Y B + 1400

√
10gBY g

2
Bg

2
Y B + 20000g3

Bg
2
Y B
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+ 1380g1gBY g
3
Y B + 840

√
10g1gBg

3
Y B + 280

√
10gBY g

4
Y B + 10000gBg

4
Y B + 135g2

BY gBg
2
2

+ 180
√

10gBY g
2
Bg

2
2 + 900g3

Bg
2
2 + 135g1gBY gY Bg

2
2 + 90

√
10g1gBgY Bg

2
2

+ 90
√

10gBY g
2
Y Bg

2
2 + 900gBg

2
Y Bg

2
2 + 440g2

BY gBg
2
3 + 160

√
10gBY g

2
Bg

2
3 + 800g3

Bg
2
3

+ 440g1gBY gY Bg
2
3 + 80

√
10g1gBgY Bg

2
3 + 80

√
10gBY g

2
Y Bg

2
3 + 800gBg

2
Y Bg

2
3

− 5
(

5g2
BY gB − 2

√
10gBY g

2
B + 20g3

B + 5g1gBY gY B −
√

10g1gBgY B −
√

10gBY g
2
Y B

+ 20gBg
2
Y B

)
Tr
(
YdY

†
d

)
− 15

(
5g2
BY gB + 6

√
10gBY g

2
B + 20g3

B + 5g1gBY gY B + 3
√

10g1gBgY B + 3
√

10gBY g
2
Y B

+ 20gBg
2
Y B

)
Tr
(
YeY

†
e

)
− 85g2

BY gBTr
(
YuY

†
u

)
− 50

√
10gBY g

2
BTr

(
YuY

†
u

)
− 100g3

BTr
(
YuY

†
u

)
− 85g1gBY gY BTr

(
YuY

†
u

)
− 25

√
10g1gBgY BTr

(
YuY

†
u

)
− 25

√
10gBY g

2
Y BTr

(
YuY

†
u

)
− 100gBg

2
Y BTr

(
YuY

†
u

)
− 15g2

BY gBTr
(
YνY

†
ν

)
− 30

√
10gBY g

2
BTr

(
YνY

†
ν

)
− 300g3

BTr
(
YνY

†
ν

)
− 15g1gBY gY BTr

(
YνY

†
ν

)
− 15

√
10g1gBgY BTr

(
YνY

†
ν

)
− 15
√

10gBY g
2
Y BTr

(
YνY

†
ν

)
− 300gBg

2
Y BTr

(
YνY

†
ν

)
− 300g3

BTr
(
YxY

∗
x

)
− 300gBg

2
Y BTr

(
YxY

∗
x

))
(13)

β(1)
gYB =

1

10

(
41g2

1gY B + 4gY B

(
45
(
g2
B + g2

Y B

)
+ 4
√

10gBY gB

)
+ g1

(
16
√

10
(

2g2
Y B + g2

B

)
+ 41gBY gB

))
(14)

β(2)
gYB =

1

50

(
199g3

1gBY gB + 199g1g
3
BY gB + 82

√
10g3

1g
2
B + 246

√
10g1g

2
BY g

2
B + 1380g1gBY g

3
B

+ 280
√

10g1g
4
B + 199g4

1gY B + 199g2
1g

2
BY gY B + 410

√
10g2

1gBY gBgY B

+ 82
√

10g3
BY gBgY B + 1840g2

1g
2
BgY B + 1380g2

BY g
2
BgY B + 840

√
10gBY g

3
BgY B + 10000g4

BgY B

+ 328
√

10g3
1g

2
Y B + 164

√
10g1g

2
BY g

2
Y B + 3220g1gBY gBg

2
Y B + 1400

√
10g1g

2
Bg

2
Y B

+ 2760g2
1g

3
Y B + 460g2

BY g
3
Y B + 840

√
10gBY gBg

3
Y B + 20000g2

Bg
3
Y B + 1120

√
10g1g

4
Y B + 10000g5

Y B

+ 135g1gBY gBg
2
2 + 90

√
10g1g

2
Bg

2
2 + 135g2

1gY Bg
2
2 + 90

√
10gBY gBgY Bg

2
2

+ 900g2
BgY Bg

2
2 + 180

√
10g1g

2
Y Bg

2
2 + 900g3

Y Bg
2
2 + 440g1gBY gBg

2
3 + 80

√
10g1g

2
Bg

2
3

+ 440g2
1gY Bg

2
3 + 80

√
10gBY gBgY Bg

2
3 + 800g2

BgY Bg
2
3 + 160

√
10g1g

2
Y Bg

2
3 + 800g3

Y Bg
2
3

− 5
(

20gY B

(
g2
B + g2

Y B

)
+ 5g2

1gY B + g1

(
5gBY gB −

√
10
(

2g2
Y B + g2

B

))
−
√

10gBY gBgY B

)
Tr
(
YdY

†
d

)
− 15

(
5g2

1gY B + g1

(
3
√

10
(

2g2
Y B + g2

B

)
+ 5gBY gB

)
+ gY B

(
20
(
g2
B + g2

Y B

)
+ 3
√

10gBY gB

))
Tr
(
YeY

†
e

)
− 85g1gBY gBTr

(
YuY

†
u

)
− 25

√
10g1g

2
BTr

(
YuY

†
u

)
− 85g2

1gY BTr
(
YuY

†
u

)
− 25
√

10gBY gBgY BTr
(
YuY

†
u

)
− 100g2

BgY BTr
(
YuY

†
u

)
− 50

√
10g1g

2
Y BTr

(
YuY

†
u

)
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− 100g3
Y BTr

(
YuY

†
u

)
− 15g1gBY gBTr

(
YνY

†
ν

)
− 15

√
10g1g

2
BTr

(
YνY

†
ν

)
− 15g2

1gY BTr
(
YνY

†
ν

)
− 15

√
10gBY gBgY BTr

(
YνY

†
ν

)
− 300g2

BgY BTr
(
YνY

†
ν

)
− 30
√

10g1g
2
Y BTr

(
YνY

†
ν

)
− 300g3

Y BTr
(
YνY

†
ν

)
− 300g2

BgY BTr
(
YxY

∗
x

)
− 300g3

Y BTr
(
YxY

∗
x

))
(15)

3.2 Quartic scalar couplings

β
(1)
λ2

= −2
(

108g4
B + 108g4

Y B + 10λ2
2 + 216g2

Bg
2
Y B + 36g2

Bλ2 + 36g2
Y Bλ2 − 4λ2Tr

(
YxY

∗
x

)
− 8Tr

(
YxY

∗
x YxY

∗
x

)
+ λ2

3

)
(16)

β
(2)
λ2

=
2

5

(
6012g2

BY g
4
B + 4608

√
10gBY g

5
B + 60480g6

B + 6012g2
1g

2
Bg

2
Y B + 6012g2

BY g
2
Bg

2
Y B

+ 4608
√

10gBY g
3
Bg

2
Y B + 125280g4

Bg
2
Y B + 4608

√
10g1g

2
Bg

3
Y B + 6012g2

1g
4
Y B + 125280g2

Bg
4
Y B

+ 4608
√

10g1g
5
Y B + 60480g6

Y B + 633g2
BY g

2
Bλ2 + 480

√
10gBY g

3
Bλ2 + 11880g4

Bλ2

+ 633g2
1g

2
Y Bλ2 + 17640g2

Bg
2
Y Bλ2 + 480

√
10g1g

3
Y Bλ2 + 11880g4

Y Bλ2 − 1680g2
Bλ

2
2

− 1680g2
Y Bλ

2
2 − 600λ3

2 + 90g2
BY g

2
Bλ3 + 180g1gBY gBgY Bλ3 + 90g2

1g
2
Y Bλ3 − 6g2

1λ
2
3

− 6g2
BY λ

2
3 − 30g2

2λ
2
3 − 50λ2λ

2
3 − 20λ3

3 + 30λ2
3Tr
(
YdY

†
d

)
+ 10λ2

3Tr
(
YeY

†
e

)
+ 30λ2

3Tr
(
YuY

†
u

)
+ 10λ2

3Tr
(
YνY

†
ν

)
− 1440g4

BTr
(
YxY

∗
x

)
− 2880g2

Bg
2
Y BTr

(
YxY

∗
x

)
− 1440g4

Y BTr
(
YxY

∗
x

)
+ 150g2

Bλ2Tr
(
YxY

∗
x

)
+ 150g2

Y Bλ2Tr
(
YxY

∗
x

)
+ 200λ2

2Tr
(
YxY

∗
x

)
− 60λ2Tr

(
YνY

∗
x YxY

†
ν

)
− 240g2

BTr
(
YxY

∗
x YxY

∗
x

)
− 240g2

Y BTr
(
YxY

∗
x YxY

∗
x

)
+ 40λ2Tr

(
YxY

∗
x YxY

∗
x

)
− 160Tr

(
YνY

∗
x YxY

∗
x YxY

†
ν

)
− 640Tr

(
YxY

∗
x YxY

∗
x YxY

∗
x

))
(17)

β
(1)
λ3

= −54

5
g2
BY g

2
B −

108

5
g1gBY gBgY B −

54

5
g2

1g
2
Y B −

9

10
g2

1λ3 −
9

10
g2
BY λ3 − 36g2

Bλ3 − 36g2
Y Bλ3 −

9

2
g2

2λ3

− 12λ1λ3 − 8λ2λ3 − 4λ2
3 + 6λ3Tr

(
YdY

†
d

)
+ 2λ3Tr

(
YeY

†
e

)
+ 6λ3Tr

(
YuY

†
u

)
+ 2λ3Tr

(
YνY

†
ν

)
+ 4λ3Tr

(
YxY

∗
x

)
+ 16Tr

(
YνY

∗
x YxY

†
ν

)
(18)

β
(2)
λ3

= +
81

10
g2

1g
2
BY g

2
B +

6417

50
g4
BY g

2
B +

2304

5

√
2

5
g3
BY g

3
B +

4428

5
g2
BY g

4
B +

3411

25
g3

1gBY gBgY B +
3411

25
g1g

3
BY gBgY B

+
2304

5

√
2

5
g1g

2
BY g

2
BgY B +

6048

5
g1gBY g

3
BgY B +

6417

50
g4

1g
2
Y B +

81

10
g2

1g
2
BY g

2
Y B +

2304

5

√
2

5
g2

1gBY gBg
2
Y B

+ 324g2
1g

2
Bg

2
Y B + 324g2

BY g
2
Bg

2
Y B +

2304

5

√
2

5
g3

1g
3
Y B +

6048

5
g1gBY gBg

3
Y B +

4428

5
g2

1g
4
Y B +

81

2
g2
BY g

2
Bg

2
2

+ 81g1gBY gBgY Bg
2
2 +

81

2
g2

1g
2
Y Bg

2
2 + 108g2

BY g
2
Bλ1 + 216g1gBY gBgY Bλ1 + 108g2

1g
2
Y Bλ1

+ 72g2
BY g

2
Bλ2 + 144g1gBY gBgY Bλ2 + 72g2

1g
2
Y Bλ2 +

1671

400
g4

1λ3 +
81

40
g2

1g
2
BY λ3 +

1671

400
g4
BY λ3
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+ 12

√
2

5
g3
BY gBλ3 +

1491

10
g2
BY g

2
Bλ3 + 96

√
10gBY g

3
Bλ3 + 1512g4

Bλ3 + 12

√
2

5
g3

1gY Bλ3

+
72

5
g1gBY gBgY Bλ3 +

1491

10
g2

1g
2
Y Bλ3 + 1800g2

Bg
2
Y Bλ3 + 96

√
10g1g

3
Y Bλ3 + 1512g4

Y Bλ3

+
9

8
g2

1g
2
2λ3 +

9

8
g2
BY g

2
2λ3 −

145

16
g4

2λ3 −
72

5
g2

1λ1λ3 −
72

5
g2
BY λ1λ3 − 72g2

2λ1λ3 − 60λ2
1λ3

− 384g2
Bλ2λ3 − 384g2

Y Bλ2λ3 − 40λ2
2λ3 −

3

5
g2

1λ
2
3 −

3

5
g2
BY λ

2
3 − 24g2

Bλ
2
3 − 24g2

Y Bλ
2
3

− 3g2
2λ

2
3 − 72λ1λ

2
3 − 48λ2λ

2
3 − 11λ3

3

+
(

144g4
B − 18g2

1g
2
Y B − 72

√
2

5
g1g

3
Y B + 144g4

Y B +
5

4
g2

1λ3 −
√

5

2
g1gY Bλ3 + 5g2

Y Bλ3 +
45

4
g2

2λ3

+ 40g2
3λ3 + 72λ1λ3 + 12λ2

3 + g2
BY

(
− 18g2

B +
5

4
λ3

)
+ g2

B

(
288g2

Y B + 5λ3 − 72

√
2

5
g1gY B

)
− 1

10
gBY gB

(
144
√

10g2
B + 360g1gY B +

√
10
(

144g2
Y B + 5λ3

)))
Tr
(
YdY

†
d

)
+

1

20

(
8640g4

B + 1800g2
1g

2
Y B + 2592

√
10g1g

3
Y B + 8640g4

Y B + 75g2
1λ3 + 90

√
10g1gY Bλ3 + 300g2

Y Bλ3

+ 75g2
2λ3 + 480λ1λ3 + 80λ2

3 + 75g2
BY

(
24g2

B + λ3

)
+ 12g2

B

(
1440g2

Y B + 216
√

10g1gY B + 25λ3

)
+ 18gBY gB

(
144
√

10g2
B + 200g1gY B +

√
10
(

144g2
Y B + 5λ3

)))
Tr
(
YeY

†
e

)
+

342

5
g2
BY g

2
BTr

(
YuY

†
u

)
+ 72

√
10gBY g

3
BTr

(
YuY

†
u

)
+ 144g4

BTr
(
YuY

†
u

)
+

684

5
g1gBY gBgY BTr

(
YuY

†
u

)
+ 72

√
10g1g

2
BgY BTr

(
YuY

†
u

)
+

342

5
g2

1g
2
Y BTr

(
YuY

†
u

)
+ 72

√
10gBY gBg

2
Y BTr

(
YuY

†
u

)
+ 288g2

Bg
2
Y BTr

(
YuY

†
u

)
+ 72
√

10g1g
3
Y BTr

(
YuY

†
u

)
+ 144g4

Y BTr
(
YuY

†
u

)
+

17

4
g2

1λ3Tr
(
YuY

†
u

)
+

17

4
g2
BY λ3Tr

(
YuY

†
u

)
+ 5

√
5

2
gBY gBλ3Tr

(
YuY

†
u

)
+ 5g2

Bλ3Tr
(
YuY

†
u

)
+ 5

√
5

2
g1gY Bλ3Tr

(
YuY

†
u

)
+ 5g2

Y Bλ3Tr
(
YuY

†
u

)
+

45

4
g2

2λ3Tr
(
YuY

†
u

)
+ 40g2

3λ3Tr
(
YuY

†
u

)
+ 72λ1λ3Tr

(
YuY

†
u

)
+ 12λ2

3Tr
(
YuY

†
u

)
+

18

5
g2
BY g

2
BTr

(
YνY

†
ν

)
+ 216

√
2

5
gBY g

3
BTr

(
YνY

†
ν

)
+ 432g4

BTr
(
YνY

†
ν

)
+

36

5
g1gBY gBgY BTr

(
YνY

†
ν

)
+ 216

√
2

5
g1g

2
BgY BTr

(
YνY

†
ν

)
+

18

5
g2

1g
2
Y BTr

(
YνY

†
ν

)
+ 216

√
2

5
gBY gBg

2
Y BTr

(
YνY

†
ν

)
+ 864g2

Bg
2
Y BTr

(
YνY

†
ν

)
+ 216

√
2

5
g1g

3
Y BTr

(
YνY

†
ν

)
+ 432g4

Y BTr
(
YνY

†
ν

)
+

3

4
g2

1λ3Tr
(
YνY

†
ν

)
+

3

4
g2
BY λ3Tr

(
YνY

†
ν

)
+ 3

√
5

2
gBY gBλ3Tr

(
YνY

†
ν

)
+ 15g2

Bλ3Tr
(
YνY

†
ν

)
+ 3

√
5

2
g1gY Bλ3Tr

(
YνY

†
ν

)
+ 15g2

Y Bλ3Tr
(
YνY

†
ν

)
+

15

4
g2

2λ3Tr
(
YνY

†
ν

)
+ 24λ1λ3Tr

(
YνY

†
ν

)
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+ 4λ2
3Tr
(
YνY

†
ν

)
− 72

5
g2
BY g

2
BTr

(
YxY

∗
x

)
− 144

5
g1gBY gBgY BTr

(
YxY

∗
x

)
− 72

5
g2

1g
2
Y BTr

(
YxY

∗
x

)
+ 30g2

Bλ3Tr
(
YxY

∗
x

)
+ 30g2

Y Bλ3Tr
(
YxY

∗
x

)
+ 32λ2λ3Tr

(
YxY

∗
x

)
+ 8λ2

3Tr
(
YxY

∗
x

)
− 27

2
λ3Tr

(
YdY

†
d YdY

†
d

)
− 21λ3Tr

(
YdY

†
uYuY

†
d

)
− 9

2
λ3Tr

(
YeY

†
e YeY

†
e

)
− 27

2
λ3Tr

(
YuY

†
uYuY

†
u

)
− 9

2
λ3Tr

(
YνY

†
ν YνY

†
ν

)
− 7λ3Tr

(
YνY

†
ν Y

T
e Y

∗
e

)
+ 24

√
2

5
gBY gBTr

(
YνY

∗
x YxY

†
ν

)
+ 24

√
2

5
g1gY BTr

(
YνY

∗
x YxY

†
ν

)
+ 14λ3Tr

(
YνY

∗
x YxY

†
ν

)
− 24λ3Tr

(
YxY

∗
x YxY

∗
x

)
− 36Tr

(
YνY

†
ν YνY

∗
x YxY

†
ν

)
− 20Tr

(
YνY

∗
x YxY

†
ν YνY

†
ν

)
+ 8Tr

(
YνY

∗
x YxY

†
ν Y

T
e Y

∗
e

)
− 160Tr

(
YνY

∗
x YxY

∗
x YxY

†
ν

)
− 32Tr

(
YνY

∗
x Y

T
ν Y

∗
ν YxY

†
ν

)
(19)

β
(1)
λ1

= − 27

200
g4

1 −
27

100
g2

1g
2
BY −

27

200
g4
BY −

9

20
g2

1g
2
2 −

9

20
g2
BY g

2
2 −

9

8
g4

2 −
9

5
g2

1λ1 −
9

5
g2
BY λ1 − 9g2

2λ1

− 24λ2
1 − λ2

3 + 12λ1Tr
(
YdY

†
d

)
+ 4λ1Tr

(
YeY

†
e

)
+ 12λ1Tr

(
YuY

†
u

)
+ 4λ1Tr

(
YνY

†
ν

)
+ 6Tr

(
YdY

†
d YdY

†
d

)
+ 2Tr

(
YeY

†
e YeY

†
e

)
+ 6Tr

(
YuY

†
uYuY

†
u

)
+ 2Tr

(
YνY

†
ν YνY

†
ν

)
(20)

β
(2)
λ1

= +
3411

2000
g6

1 +
4221

2000
g4

1g
2
BY +

4221

2000
g2

1g
4
BY +

3411

2000
g6
BY +

144

25

√
2

5
g2

1g
3
BY gB +

144

25

√
2

5
g5
BY gB +

351

50
g2

1g
2
BY g

2
B +

351

50
g4
BY g

2
B

+
144

25

√
2

5
g5

1gY B +
144

25

√
2

5
g3

1g
2
BY gY B +

351

50
g4

1g
2
Y B +

351

50
g2

1g
2
BY g

2
Y B +

1677

400
g4

1g
2
2 +

27

8
g2

1g
2
BY g

2
2

+
1677

400
g4
BY g

2
2 +

48

5

√
2

5
g3
BY gBg

2
2 +

117

10
g2
BY g

2
Bg

2
2 +

48

5

√
2

5
g3

1gY Bg
2
2 +

117

10
g2

1g
2
Y Bg

2
2 +

289

80
g2

1g
4
2

+
289

80
g2
BY g

4
2 −

305

16
g6

2 +
1887

200
g4

1λ1 +
621

100
g2

1g
2
BY λ1 +

1887

200
g4
BY λ1 + 24

√
2

5
g3
BY gBλ1 +

153

5
g2
BY g

2
Bλ1

+ 24

√
2

5
g3

1gY Bλ1 +
153

5
g2

1g
2
Y Bλ1 +

117

20
g2

1g
2
2λ1 +

117

20
g2
BY g

2
2λ1 −

73

8
g4

2λ1 −
108

5
g2

1λ
2
1 −

108

5
g2
BY λ

2
1

− 108g2
2λ

2
1 − 312λ3

1 + 18g2
BY g

2
Bλ3 + 36g1gBY gBgY Bλ3 + 18g2

1g
2
Y Bλ3 − 48g2

Bλ
2
3

− 48g2
Y Bλ

2
3 − 10λ1λ

2
3 − 4λ3

3

− 1

100

(
45g4

1 + 45g4
BY + 36

√
10g3

BY gB + 36
√

10g3
1gY B

+ g2
1

(
− 250λ1 + 270g2

2 − 360g2
Y B + 36

√
10gBY gB + 90g2

BY

)
− 20

√
10gBY gB

(
− 5λ1 + 9g2

2

)
− 10g2

BY

(
25λ1 − 27g2

2 + 36g2
B

)
+ 4g1gY B

(
− 180gBY gB + 5

√
10
(

5λ1 − 9g2
2

)
+ 9
√

10g2
BY

)
− 25

(
8λ1

(
40g2

3 + 5g2
B + 5g2

Y B + 72λ1

)
+ 90g2

2λ1 + 9g4
2

))
Tr
(
YdY

†
d

)
+

3

100

(
75g4

1 + 75g4
BY + 108

√
10g3

BY gB + 108
√

10g3
1gY B

+ 12g1gY B

(
− 5
√

10
(
− 5λ1 + g2

2

)
+ 60gBY gB + 9

√
10g2

BY

)
− 60

√
10gBY gB

(
− 5λ1 + g2

2

)
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+ 10g2
BY

(
− 11g2

2 + 25λ1 + 36g2
B

)
+ 2g2

1

(
125λ1 + 180g2

Y B + 54
√

10gBY gB − 55g2
2 + 75g2

BY

)
+ 25

(
10g2

2λ1 + 8λ1

(
5g2
B + 5g2

Y B + 8λ1

)
+ g4

2

))
Tr
(
YeY

†
e

)
+

171

100
g4

1Tr
(
YuY

†
u

)
+

171

50
g2

1g
2
BY Tr

(
YuY

†
u

)
+

171

100
g4
BY Tr

(
YuY

†
u

)
+ 9

√
2

5
g2

1gBY gBTr
(
YuY

†
u

)
+ 9

√
2

5
g3
BY gBTr

(
YuY

†
u

)
+

18

5
g2
BY g

2
BTr

(
YuY

†
u

)
+ 9

√
2

5
g3

1gY BTr
(
YuY

†
u

)
+ 9

√
2

5
g1g

2
BY gY BTr

(
YuY

†
u

)
+

36

5
g1gBY gBgY BTr

(
YuY

†
u

)
+

18

5
g2

1g
2
Y BTr

(
YuY

†
u

)
− 63

10
g2

1g
2
2Tr
(
YuY

†
u

)
− 63

10
g2
BY g

2
2Tr
(
YuY

†
u

)
− 9

√
2

5
gBY gBg

2
2Tr
(
YuY

†
u

)
− 9

√
2

5
g1gY Bg

2
2Tr
(
YuY

†
u

)
+

9

4
g4

2Tr
(
YuY

†
u

)
+

17

2
g2

1λ1Tr
(
YuY

†
u

)
+

17

2
g2
BY λ1Tr

(
YuY

†
u

)
+ 5
√

10gBY gBλ1Tr
(
YuY

†
u

)
+ 10g2

Bλ1Tr
(
YuY

†
u

)
+ 5
√

10g1gY Bλ1Tr
(
YuY

†
u

)
+ 10g2

Y Bλ1Tr
(
YuY

†
u

)
+

45

2
g2

2λ1Tr
(
YuY

†
u

)
+ 80g2

3λ1Tr
(
YuY

†
u

)
+ 144λ2

1Tr
(
YuY

†
u

)
+

9

100
g4

1Tr
(
YνY

†
ν

)
+

9

50
g2

1g
2
BY Tr

(
YνY

†
ν

)
+

9

100
g4
BY Tr

(
YνY

†
ν

)
+

27

5

√
2

5
g2

1gBY gBTr
(
YνY

†
ν

)
+

27

5

√
2

5
g3
BY gBTr

(
YνY

†
ν

)
+

54

5
g2
BY g

2
BTr

(
YνY

†
ν

)
+

27

5

√
2

5
g3

1gY BTr
(
YνY

†
ν

)
+

27

5

√
2

5
g1g

2
BY gY BTr

(
YνY

†
ν

)
+

108

5
g1gBY gBgY BTr

(
YνY

†
ν

)
+

54

5
g2

1g
2
Y BTr

(
YνY

†
ν

)
+

3

10
g2

1g
2
2Tr
(
YνY

†
ν

)
+

3

10
g2
BY g

2
2Tr
(
YνY

†
ν

)
+ 9

√
2

5
gBY gBg

2
2Tr
(
YνY

†
ν

)
+ 9

√
2

5
g1gY Bg

2
2Tr
(
YνY

†
ν

)
+

3

4
g4

2Tr
(
YνY

†
ν

)
+

3

2
g2

1λ1Tr
(
YνY

†
ν

)
+

3

2
g2
BY λ1Tr

(
YνY

†
ν

)
+ 3
√

10gBY gBλ1Tr
(
YνY

†
ν

)
+ 30g2

Bλ1Tr
(
YνY

†
ν

)
+ 3
√

10g1gY Bλ1Tr
(
YνY

†
ν

)
+ 30g2

Y Bλ1Tr
(
YνY

†
ν

)
+

15

2
g2

2λ1Tr
(
YνY

†
ν

)
+ 48λ2

1Tr
(
YνY

†
ν

)
+ 4λ2

3Tr
(
YxY

∗
x

)
− 4

5
g2

1Tr
(
YdY

†
d YdY

†
d

)
− 4

5
g2
BY Tr

(
YdY

†
d YdY

†
d

)
− 2

√
2

5
gBY gBTr

(
YdY

†
d YdY

†
d

)
+ 4g2

BTr
(
YdY

†
d YdY

†
d

)
− 2

√
2

5
g1gY BTr

(
YdY

†
d YdY

†
d

)
+ 4g2

Y BTr
(
YdY

†
d YdY

†
d

)
+ 32g2

3Tr
(
YdY

†
d YdY

†
d

)
− 3λ1Tr

(
YdY

†
d YdY

†
d

)
− 42λ1Tr

(
YdY

†
uYuY

†
d

)
+

12

5
g2

1Tr
(
YeY

†
e YeY

†
e

)
+

12

5
g2
BY Tr

(
YeY

†
e YeY

†
e

)
+ 18

√
2

5
gBY gBTr

(
YeY

†
e YeY

†
e

)
+ 12g2

BTr
(
YeY

†
e YeY

†
e

)
+ 18

√
2

5
g1gY BTr

(
YeY

†
e YeY

†
e

)
+ 12g2

Y BTr
(
YeY

†
e YeY

†
e

)
− λ1Tr

(
YeY

†
e YeY

†
e

)
+

8

5
g2

1Tr
(
YuY

†
uYuY

†
u

)
+

8

5
g2
BY Tr

(
YuY

†
uYuY

†
u

)
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+ 2
√

10gBY gBTr
(
YuY

†
uYuY

†
u

)
+ 4g2

BTr
(
YuY

†
uYuY

†
u

)
+ 2
√

10g1gY BTr
(
YuY

†
uYuY

†
u

)
+ 4g2

Y BTr
(
YuY

†
uYuY

†
u

)
+ 32g2

3Tr
(
YuY

†
uYuY

†
u

)
− 3λ1Tr

(
YuY

†
uYuY

†
u

)
+ 6

√
2

5
gBY gBTr

(
YνY

†
ν YνY

†
ν

)
+ 12g2

BTr
(
YνY

†
ν YνY

†
ν

)
+ 6

√
2

5
g1gY BTr

(
YνY

†
ν YνY

†
ν

)
+ 12g2

Y BTr
(
YνY

†
ν YνY

†
ν

)
− λ1Tr

(
YνY

†
ν YνY

†
ν

)
− 14λ1Tr

(
YνY

†
ν Y

T
e Y

∗
e

)
− 12λ1Tr

(
YνY

∗
x YxY

†
ν

)
− 30Tr

(
YdY

†
d YdY

†
d YdY

†
d

)
− 6Tr

(
YdY

†
d YdY

†
uYuY

†
d

)
+ 12Tr

(
YdY

†
uYuY

†
d YdY

†
d

)
+ 6Tr

(
YdY

†
uYuY

†
uYuY

†
d

)
− 10Tr

(
YeY

†
e YeY

†
e YeY

†
e

)
− 30Tr

(
YuY

†
uYuY

†
uYuY

†
u

)
− 10Tr

(
YνY

†
ν YνY

†
ν YνY

†
ν

)
− 4Tr

(
YνY

†
ν YνY

∗
x YxY

†
ν

)
+ 2Tr

(
YνY

†
ν Y

T
e Y

∗
e YνY

†
ν

)
+ 2Tr

(
YνY

†
ν Y

T
e Y

∗
e Y

T
e Y

∗
e

)
− 4Tr

(
YνY

∗
x YxY

†
ν YνY

†
ν

)
− 8Tr

(
YνY

∗
x Y

T
ν Y

∗
ν YxY

†
ν

)
(21)

3.3 Yukawa Couplings

β
(1)
Yx

= 4YxY
∗
x Yx + Yx

(
2Tr
(
YxY

∗
x

)
− 9
(
g2
B + g2

Y B

))
+ YxY

†
ν Yν + Y Tν Y

∗
ν Yx (22)

β
(2)
Yx

=
1

40

(
10560g2

BYxY
∗
x Yx + 10560g2

Y BYxY
∗
x Yx + 1280λ2YxY

∗
x Yx + 51g2

1Y
T
ν Y

∗
ν Yx

+ 51g2
BY Y

T
ν Y

∗
ν Yx − 78

√
10gBY gBY

T
ν Y

∗
ν Yx − 960g2

BY
T
ν Y

∗
ν Yx

− 78
√

10g1gY BY
T
ν Y

∗
ν Yx − 960g2

Y BY
T
ν Y

∗
ν Yx + 255g2

2Y
T
ν Y

∗
ν Yx

+ 160λ3Y
T
ν Y

∗
ν Yx − 10YxY

†
ν YνY

†
ν Yν − 40YxY

†
ν YνY

∗
x Yx − 10YxY

†
ν Y

T
e Y

∗
e Yν

+ 1120YxY
∗
x YxY

∗
x Yx − 40YxY

∗
x Y

T
ν Y

∗
ν Yx − 10Y Tν Y

†
e YeY

∗
ν Yx + 160Y Tν Y

∗
ν YxY

†
ν Yν

− 10Y Tν Y
∗
ν Y

T
ν Y

∗
ν Yx − 180Y Tν Y

∗
ν YxTr

(
YdY

†
d

)
− 60Y Tν Y

∗
ν YxTr

(
YeY

†
e

)
− 180Y Tν Y

∗
ν YxTr

(
YuY

†
u

)
+ YxY

†
ν Yν

(
51g2

1 + 51g2
BY − 78

√
10gBY gB − 960g2

B − 78
√

10g1gY B − 960g2
Y B + 255g2

2 + 160λ3

− 180Tr
(
YdY

†
d

)
− 60Tr

(
YeY

†
e

)
− 180Tr

(
YuY

†
u

)
− 60Tr

(
YνY

†
ν

))
− 60Y Tν Y

∗
ν YxTr

(
YνY

†
ν

)
− 480YxY

∗
x YxTr

(
YxY

∗
x

)
− 2Yx

(
105g2

BY g
2
B + 96

√
10gBY g

3
B + 5715g4

B + 210g1gBY gBgY B + 96
√

10g1g
2
BgY B + 105g2

1g
2
Y B

+ 96
√

10gBY gBg
2
Y B + 11430g2

Bg
2
Y B + 96

√
10g1g

3
Y B + 5715g4

Y B − 80λ2
2 − 20λ2

3

− 300
(
g2
B + g2

Y B

)
Tr
(
YxY

∗
x

)
+ 120Tr

(
YνY

∗
x YxY

†
ν

)
+ 240Tr

(
YxY

∗
x YxY

∗
x

)))
(23)

β
(1)
Yd

= +
3

2

(
− YdY †uYu + YdY

†
d Yd

)
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+ Yd

(
− 1

4
g2

1 −
1

4
g2
BY +

1√
10
gBY gB − g2

B +
1√
10
g1gY B − g2

Y B −
9

4
g2

2 − 8g2
3 + 3Tr

(
YdY

†
d

)
+ Tr

(
YeY

†
e

)
+ 3Tr

(
YuY

†
u

)
+ Tr

(
YνY

†
ν

))
(24)

β
(2)
Yd

= +
1

80

(
20
(

11YdY
†
uYuY

†
uYu − 4YdY

†
d YdY

†
uYu + 6YdY

†
d YdY

†
d Yd − YdY

†
uYuY

†
d Yd

)
+ YdY

†
d Yd

(
187g2

1 + 187g2
BY + 14

√
10gBY gB + 160g2

B + 14
√

10g1gY B + 160g2
Y B + 675g2

2 + 1280g2
3 + 960λ1

− 540Tr
(
YdY

†
d

)
− 180Tr

(
YeY

†
e

)
− 540Tr

(
YuY

†
u

)
− 180Tr

(
YνY

†
ν

))
− YdY †uYu

(
79g2

1 + 79g2
BY + 50

√
10gBY gB + 160g2

B + 50
√

10g1gY B + 160g2
Y B − 45g2

2 + 1280g2
3

− 300Tr
(
YdY

†
d

)
− 100Tr

(
YeY

†
e

)
− 300Tr

(
YuY

†
u

)
− 100Tr

(
YνY

†
ν

)))
− 1

600
Yd

(
127g4

1 + 254g2
1g

2
BY + 127g4

BY + 254
√

10g2
1gBY gB + 254

√
10g3

BY gB + 645g2
1g

2
B

− 735g2
BY g

2
B − 590

√
10gBY g

3
B − 10150g4

B + 254
√

10g3
1gY B + 254

√
10g1g

2
BY gY B

− 2760g1gBY gBgY B − 590
√

10g1g
2
BgY B − 735g2

1g
2
Y B + 645g2

BY g
2
Y B − 590

√
10gBY gBg

2
Y B

− 20300g2
Bg

2
Y B − 590

√
10g1g

3
Y B − 10150g4

Y B + 810g2
1g

2
2 + 810g2

BY g
2
2 + 135

√
10gBY gBg

2
2

− 675g2
Bg

2
2 + 135

√
10g1gY Bg

2
2 − 675g2

Y Bg
2
2 + 3450g4

2 − 1240g2
1g

2
3 − 1240g2

BY g
2
3

− 80
√

10gBY gBg
2
3 + 800g2

Bg
2
3 − 80

√
10g1gY Bg

2
3 + 800g2

Y Bg
2
3 − 5400g2

2g
2
3

+ 64800g4
3 − 3600λ2

1 − 300λ2
3

− 75
(
− 2
√

10g1gY B − 2
√

10gBY gB + 5
(

32g2
3 + 4g2

B + 4g2
Y B + 9g2

2

)
+ 5g2

1 + 5g2
BY

)
Tr
(
YdY

†
d

)
− 225

(
5
(

4g2
B + 4g2

Y B + g2
2

)
+ 5g2

1 + 5g2
BY + 6

√
10g1gY B + 6

√
10gBY gB

)
Tr
(
YeY

†
e

)
− 1275g2

1Tr
(
YuY

†
u

)
− 1275g2

BY Tr
(
YuY

†
u

)
− 750

√
10gBY gBTr

(
YuY

†
u

)
− 1500g2

BTr
(
YuY

†
u

)
− 750

√
10g1gY BTr

(
YuY

†
u

)
− 1500g2

Y BTr
(
YuY

†
u

)
− 3375g2

2Tr
(
YuY

†
u

)
− 12000g2

3Tr
(
YuY

†
u

)
− 225g2

1Tr
(
YνY

†
ν

)
− 225g2

BY Tr
(
YνY

†
ν

)
− 450

√
10gBY gBTr

(
YνY

†
ν

)
− 4500g2

BTr
(
YνY

†
ν

)
− 450

√
10g1gY BTr

(
YνY

†
ν

)
− 4500g2

Y BTr
(
YνY

†
ν

)
− 1125g2

2Tr
(
YνY

†
ν

)
+ 4050Tr

(
YdY

†
d YdY

†
d

)
− 900Tr

(
YdY

†
uYuY

†
d

)
+ 1350Tr

(
YeY

†
e YeY

†
e

)
+ 4050Tr

(
YuY

†
uYuY

†
u

)
+ 1350Tr

(
YνY

†
ν YνY

†
ν

)
− 300Tr

(
YνY

†
ν Y

T
e Y

∗
e

)
+ 1800Tr

(
YνY

∗
x YxY

†
ν

))
(25)

β
(1)
Ye

= +
3

2

(
− YeY ∗ν Y Tν + YeY

†
e Ye

)
+ Ye

(
− 9

4
g2

1 −
9

4
g2
BY − 27

1√
10
gBY gB − 9g2

B − 27
1√
10
g1gY B − 9g2

Y B −
9

4
g2

2 + 3Tr
(
YdY

†
d

)
+ Tr

(
YeY

†
e

)
+ 3Tr

(
YuY

†
u

)
+ Tr

(
YνY

†
ν

))
(26)
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β
(2)
Ye

=
1

400

(
5
(

20
(

6YeY
†
e YeY

†
e Ye − 4YeY

†
e YeY

∗
ν Y

T
ν + 14YeY

∗
ν YxY

∗
x Y

T
ν − YeY ∗ν Y Tν Y †e Ye

+ 11YeY
∗
ν Y

T
ν Y

∗
ν Y

T
ν

)
+ 3YeY

†
e Ye

(
129g2

1 + 129g2
BY + 114

√
10gBY gB + 480g2

B + 114
√

10g1gY B + 480g2
Y B + 225g2

2 + 320λ1

− 180Tr
(
YdY

†
d

)
− 60Tr

(
YeY

†
e

)
− 180Tr

(
YuY

†
u

)
− 60Tr

(
YνY

†
ν

))
+ YeY

∗
ν Y

T
ν

(
− 135g2

1 − 135g2
BY − 234

√
10gBY gB − 1440g2

B − 234
√

10g1gY B − 1440g2
Y B + 45g2

2

+ 300Tr
(
YdY

†
d

)
+ 100Tr

(
YeY

†
e

)
+ 300Tr

(
YuY

†
u

)
+ 100Tr

(
YνY

†
ν

)))
+ 2Ye

(
1371g4

1 + 2742g2
1g

2
BY + 1371g4

BY + 2874
√

10g2
1gBY gB + 2874

√
10g3

BY gB + 7065g2
1g

2
B

+ 26085g2
BY g

2
B + 13170

√
10gBY g

3
B + 29250g4

B + 2874
√

10g3
1gY B + 2874

√
10g1g

2
BY gY B

+ 38040g1gBY gBgY B + 13170
√

10g1g
2
BgY B + 26085g2

1g
2
Y B + 7065g2

BY g
2
Y B + 13170

√
10gBY gBg

2
Y B

+ 58500g2
Bg

2
Y B + 13170

√
10g1g

3
Y B + 29250g4

Y B + 270g2
1g

2
2 + 270g2

BY g
2
2 + 675

√
10gBY gBg

2
2

+ 2025g2
Bg

2
2 + 675

√
10g1gY Bg

2
2 + 2025g2

Y Bg
2
2 − 1150g4

2 + 1200λ2
1 + 100λ2

3

+ 25
(
− 2
√

10g1gY B − 2
√

10gBY gB + 5
(

32g2
3 + 4g2

B + 4g2
Y B + 9g2

2

)
+ 5g2

1 + 5g2
BY

)
Tr
(
YdY

†
d

)
+ 75

(
5
(

4g2
B + 4g2

Y B + g2
2

)
+ 5g2

1 + 5g2
BY + 6

√
10g1gY B + 6

√
10gBY gB

)
Tr
(
YeY

†
e

)
+ 425g2

1Tr
(
YuY

†
u

)
+ 425g2

BY Tr
(
YuY

†
u

)
+ 250

√
10gBY gBTr

(
YuY

†
u

)
+ 500g2

BTr
(
YuY

†
u

)
+ 250

√
10g1gY BTr

(
YuY

†
u

)
+ 500g2

Y BTr
(
YuY

†
u

)
+ 1125g2

2Tr
(
YuY

†
u

)
+ 4000g2

3Tr
(
YuY

†
u

)
+ 75g2

1Tr
(
YνY

†
ν

)
+ 75g2

BY Tr
(
YνY

†
ν

)
+ 150

√
10gBY gBTr

(
YνY

†
ν

)
+ 1500g2

BTr
(
YνY

†
ν

)
+ 150

√
10g1gY BTr

(
YνY

†
ν

)
+ 1500g2

Y BTr
(
YνY

†
ν

)
+ 375g2

2Tr
(
YνY

†
ν

)
− 1350Tr

(
YdY

†
d YdY

†
d

)
+ 300Tr

(
YdY

†
uYuY

†
d

)
− 450Tr

(
YeY

†
e YeY

†
e

)
− 1350Tr

(
YuY

†
uYuY

†
u

)
− 450Tr

(
YνY

†
ν YνY

†
ν

)
+ 100Tr

(
YνY

†
ν Y

T
e Y

∗
e

)
− 600Tr

(
YνY

∗
x YxY

†
ν

)))
(27)

β
(1)
Yν

= +
1

2

(
− 3Y Te Y

∗
e Yν + 3YνY

†
ν Yν + 4YνY

∗
x Yx

)
+ Yν

(
− 9

20
g2

1 −
9

20
g2
BY − 9

1√
10
gBY gB − 9g2

B − 9
1√
10
g1gY B − 9g2

Y B −
9

4
g2

2 + 3Tr
(
YdY

†
d

)
+ Tr

(
YeY

†
e

)
+ 3Tr

(
YuY

†
u

)
+ Tr

(
YνY

†
ν

))
(28)

β
(2)
Yν

=
1

400

(
5
(
− 243g2

1Y
T
e Y

∗
e Yν − 243g2

BY Y
T
e Y

∗
e Yν − 342

√
10gBY gBY

T
e Y

∗
e Yν

− 1440g2
BY

T
e Y

∗
e Yν − 342

√
10g1gY BY

T
e Y

∗
e Yν − 1440g2

Y BY
T
e Y

∗
e Yν

+ 45g2
2Y

T
e Y

∗
e Yν + 120YνY

†
ν YνY

†
ν Yν − 20YνY

†
ν Y

T
e Y

∗
e Yν − 40YνY

∗
x YxY

†
ν Yν

− 160YνY
∗
x YxY

∗
x Yx + 560YνY

∗
x Y

T
ν Y

∗
ν Yx − 80Y Te Y

∗
e YνY

†
ν Yν + 220Y Te Y

∗
e Y

T
e Y

∗
e Yν
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+ 300Y Te Y
∗
e YνTr

(
YdY

†
d

)
+ 100Y Te Y

∗
e YνTr

(
YeY

†
e

)
+ 300Y Te Y

∗
e YνTr

(
YuY

†
u

)
+ 3YνY

†
ν Yν

(
93g2

1 + 93g2
BY + 78

√
10gBY gB + 480g2

B + 78
√

10g1gY B + 480g2
Y B + 225g2

2 + 320λ1

− 180Tr
(
YdY

†
d

)
− 60Tr

(
YeY

†
e

)
− 180Tr

(
YuY

†
u

)
− 60Tr

(
YνY

†
ν

))
+ 100Y Te Y

∗
e YνTr

(
YνY

†
ν

)
− 32YνY

∗
x Yx

(
− 150g2

B − 150g2
Y B + 15Tr

(
YxY

∗
x

)
− 20λ3 + 9

√
10g1gY B + 9

√
10gBY gB

))
+ 2Yν

(
105g4

1 + 210g2
1g

2
BY + 105g4

BY + 756
√

10g2
1gBY gB + 756

√
10g3

BY gB + 2805g2
1g

2
B

+ 11985g2
BY g

2
B + 7590

√
10gBY g

3
B + 29250g4

B + 756
√

10g3
1gY B + 756

√
10g1g

2
BY gY B

+ 18360g1gBY gBgY B + 7590
√

10g1g
2
BgY B + 11985g2

1g
2
Y B + 2805g2

BY g
2
Y B + 7590

√
10gBY gBg

2
Y B

+ 58500g2
Bg

2
Y B + 7590

√
10g1g

3
Y B + 29250g4

Y B − 270g2
1g

2
2 − 270g2

BY g
2
2 + 135

√
10gBY gBg

2
2

+ 2025g2
Bg

2
2 + 135

√
10g1gY Bg

2
2 + 2025g2

Y Bg
2
2 − 1150g4

2 + 1200λ2
1 + 100λ2

3

+ 25
(
− 2
√

10g1gY B − 2
√

10gBY gB + 5
(

32g2
3 + 4g2

B + 4g2
Y B + 9g2

2

)
+ 5g2

1 + 5g2
BY

)
Tr
(
YdY

†
d

)
+ 75

(
5
(

4g2
B + 4g2

Y B + g2
2

)
+ 5g2

1 + 5g2
BY + 6

√
10g1gY B + 6

√
10gBY gB

)
Tr
(
YeY

†
e

)
+ 425g2

1Tr
(
YuY

†
u

)
+ 425g2

BY Tr
(
YuY

†
u

)
+ 250

√
10gBY gBTr

(
YuY

†
u

)
+ 500g2

BTr
(
YuY

†
u

)
+ 250

√
10g1gY BTr

(
YuY

†
u

)
+ 500g2

Y BTr
(
YuY

†
u

)
+ 1125g2

2Tr
(
YuY

†
u

)
+ 4000g2

3Tr
(
YuY

†
u

)
+ 75g2

1Tr
(
YνY

†
ν

)
+ 75g2

BY Tr
(
YνY

†
ν

)
+ 150

√
10gBY gBTr

(
YνY

†
ν

)
+ 1500g2

BTr
(
YνY

†
ν

)
+ 150

√
10g1gY BTr

(
YνY

†
ν

)
+ 1500g2

Y BTr
(
YνY

†
ν

)
+ 375g2

2Tr
(
YνY

†
ν

)
− 1350Tr

(
YdY

†
d YdY

†
d

)
+ 300Tr

(
YdY

†
uYuY

†
d

)
− 450Tr

(
YeY

†
e YeY

†
e

)
− 1350Tr

(
YuY

†
uYuY

†
u

)
− 450Tr

(
YνY

†
ν YνY

†
ν

)
+ 100Tr

(
YνY

†
ν Y

T
e Y

∗
e

)
− 600Tr

(
YνY

∗
x YxY

†
ν

)))
(29)

β
(1)
Yu

= −3

2

(
− YuY †uYu + YuY

†
d Yd

)
+ Yu

(
− 17

20
g2

1 −
17

20
g2
BY −

√
5

2
gBY gB − g2

B −
√

5

2
g1gY B − g2

Y B −
9

4
g2

2 − 8g2
3 + 3Tr

(
YdY

†
d

)
+ Tr

(
YeY

†
e

)
+ 3Tr

(
YuY

†
u

)
+ Tr

(
YνY

†
ν

))
(30)

β
(2)
Yu

= +
1

80

(
20
(

11YuY
†
d YdY

†
d Yd − 4YuY

†
uYuY

†
d Yd + 6YuY

†
uYuY

†
uYu − YuY

†
d YdY

†
uYu

)
+ YuY

†
uYu

(
223g2

1 + 223g2
BY + 50

√
10gBY gB + 160g2

B + 50
√

10g1gY B + 160g2
Y B + 675g2

2 + 1280g2
3 + 960λ1

− 540Tr
(
YdY

†
d

)
− 180Tr

(
YeY

†
e

)
− 540Tr

(
YuY

†
u

)
− 180Tr

(
YνY

†
ν

))
− YuY †d Yd

(
43g2

1 + 43g2
BY + 14

√
10gBY gB + 160g2

B + 14
√

10g1gY B + 160g2
Y B − 45g2

2 + 1280g2
3
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− 300Tr
(
YdY

†
d

)
− 100Tr

(
YeY

†
e

)
− 300Tr

(
YuY

†
u

)
− 100Tr

(
YνY

†
ν

)))
+

1

600
Yu

(
1187g4

1 + 2374g2
1g

2
BY + 1187g4

BY + 2008
√

10g2
1gBY gB + 2008

√
10g3

BY gB + 4095g2
1g

2
B

+ 16275g2
BY g

2
B + 6650

√
10gBY g

3
B + 10150g4

B + 2008
√

10g3
1gY B + 2008

√
10g1g

2
BY gY B

+ 24360g1gBY gBgY B + 6650
√

10g1g
2
BgY B + 16275g2

1g
2
Y B + 4095g2

BY g
2
Y B + 6650

√
10gBY gBg

2
Y B

+ 20300g2
Bg

2
Y B + 6650

√
10g1g

3
Y B + 10150g4

Y B − 270g2
1g

2
2 − 270g2

BY g
2
2 + 405

√
10gBY gBg

2
2

+ 675g2
Bg

2
2 + 405

√
10g1gY Bg

2
2 + 675g2

Y Bg
2
2 − 3450g4

2 + 760g2
1g

2
3 + 760g2

BY g
2
3

− 400
√

10gBY gBg
2
3 − 800g2

Bg
2
3 − 400

√
10g1gY Bg

2
3 − 800g2

Y Bg
2
3 + 5400g2

2g
2
3

− 64800g4
3 + 3600λ2

1 + 300λ2
3

+ 75
(
− 2
√

10g1gY B − 2
√

10gBY gB + 5
(

32g2
3 + 4g2

B + 4g2
Y B + 9g2

2

)
+ 5g2

1 + 5g2
BY

)
Tr
(
YdY

†
d

)
+ 225

(
5
(

4g2
B + 4g2

Y B + g2
2

)
+ 5g2

1 + 5g2
BY + 6

√
10g1gY B + 6

√
10gBY gB

)
Tr
(
YeY

†
e

)
+ 1275g2

1Tr
(
YuY

†
u

)
+ 1275g2

BY Tr
(
YuY

†
u

)
+ 750

√
10gBY gBTr

(
YuY

†
u

)
+ 1500g2

BTr
(
YuY

†
u

)
+ 750

√
10g1gY BTr

(
YuY

†
u

)
+ 1500g2

Y BTr
(
YuY

†
u

)
+ 3375g2

2Tr
(
YuY

†
u

)
+ 12000g2

3Tr
(
YuY

†
u

)
+ 225g2

1Tr
(
YνY

†
ν

)
+ 225g2

BY Tr
(
YνY

†
ν

)
+ 450

√
10gBY gBTr

(
YνY

†
ν

)
+ 4500g2

BTr
(
YνY

†
ν

)
+ 450

√
10g1gY BTr

(
YνY

†
ν

)
+ 4500g2

Y BTr
(
YνY

†
ν

)
+ 1125g2

2Tr
(
YνY

†
ν

)
− 4050Tr

(
YdY

†
d YdY

†
d

)
+ 900Tr

(
YdY

†
uYuY

†
d

)
− 1350Tr

(
YeY

†
e YeY

†
e

)
− 4050Tr

(
YuY

†
uYuY

†
u

)
− 1350Tr

(
YνY

†
ν YνY

†
ν

)
+ 300Tr

(
YνY

†
ν Y

T
e Y

∗
e

)
− 1800Tr

(
YνY

∗
x YxY

†
ν

))
(31)

3.4 Scalar Mass Terms

β
(1)
µ′ = −4

((
2λ2 + 9g2

B + 9g2
Y B

)
µ′ + λ3µ2 − µ′Tr

(
YxY

∗
x

))
(32)

β
(2)
µ′ = +36g2

BY g
2
Bµ2 + 72g1gBY gBgY Bµ2 + 36g2

1g
2
Y Bµ2 −

24

5
g2

1λ3µ2 −
24

5
g2
BY λ3µ2 − 24g2

2λ3µ2

− 8λ2
3µ2 +

633

5
g2
BY g

2
Bµ
′ + 96

√
10gBY g

3
Bµ
′ + 1512g4

Bµ
′ +

633

5
g2

1g
2
Y Bµ

′ + 1800g2
Bg

2
Y Bµ

′

+ 96
√

10g1g
3
Y Bµ

′ + 1512g4
Y Bµ

′ − 384g2
Bλ2µ

′ − 384g2
Y Bλ2µ

′ − 40λ2
2µ
′ − 2λ2

3µ
′

+ 24λ3µ2Tr
(
YdY

†
d

)
+ 8λ3µ2Tr

(
YeY

†
e

)
+ 24λ3µ2Tr

(
YuY

†
u

)
+ 8λ3µ2Tr

(
YνY

†
ν

)
+ 30g2

Bµ
′Tr
(
YxY

∗
x

)
+ 30g2

Y Bµ
′Tr
(
YxY

∗
x

)
+ 32λ2µ

′Tr
(
YxY

∗
x

)
− 12µ′Tr

(
YνY

∗
x YxY

†
ν

)
− 24µ′Tr

(
YxY

∗
x YxY

∗
x

)
(33)

β(1)
µ2

= − 9

10
g2

1µ2 −
9

10
g2
BY µ2 −

9

2
g2

2µ2 − 12λ1µ2 − 2λ3µ
′ + 6µ2Tr

(
YdY

†
d

)
+ 2µ2Tr

(
YeY

†
e

)
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+ 6µ2Tr
(
YuY

†
u

)
+ 2µ2Tr

(
YνY

†
ν

)
(34)

β(2)
µ2

= +
1671

400
g4

1µ2 +
81

40
g2

1g
2
BY µ2 +

1671

400
g4
BY µ2 + 12

√
2

5
g3
BY gBµ2 +

153

10
g2
BY g

2
Bµ2 + 12

√
2

5
g3

1gY Bµ2

+
153

10
g2

1g
2
Y Bµ2 +

9

8
g2

1g
2
2µ2 +

9

8
g2
BY g

2
2µ2 −

145

16
g4

2µ2 −
72

5
g2

1λ1µ2 −
72

5
g2
BY λ1µ2

− 72g2
2λ1µ2 − 60λ2

1µ2 − λ2
3µ2 + 18g2

BY g
2
Bµ
′ + 36g1gBY gBgY Bµ

′ + 18g2
1g

2
Y Bµ

′ − 96g2
Bλ3µ

′

− 96g2
Y Bλ3µ

′ − 4λ2
3µ
′

+
1

4

(
160g2

3 + 20g2
B + 20g2

Y B + 288λ1 − 2
√

10g1gY B − 2
√

10gBY gB + 45g2
2 + 5g2

1 + 5g2
BY

)
µ2Tr

(
YdY

†
d

)
+

3

4

(
20g2

B + 20g2
Y B + 32λ1 + 5g2

1 + 5g2
2 + 5g2

BY + 6
√

10g1gY B + 6
√

10gBY gB

)
µ2Tr

(
YeY

†
e

)
+

17

4
g2

1µ2Tr
(
YuY

†
u

)
+

17

4
g2
BY µ2Tr

(
YuY

†
u

)
+ 5

√
5

2
gBY gBµ2Tr

(
YuY

†
u

)
+ 5g2

Bµ2Tr
(
YuY

†
u

)
+ 5

√
5

2
g1gY Bµ2Tr

(
YuY

†
u

)
+ 5g2

Y Bµ2Tr
(
YuY

†
u

)
+

45

4
g2

2µ2Tr
(
YuY

†
u

)
+ 40g2

3µ2Tr
(
YuY

†
u

)
+ 72λ1µ2Tr

(
YuY

†
u

)
+

3

4
g2

1µ2Tr
(
YνY

†
ν

)
+

3

4
g2
BY µ2Tr

(
YνY

†
ν

)
+ 3

√
5

2
gBY gBµ2Tr

(
YνY

†
ν

)
+ 15g2

Bµ2Tr
(
YνY

†
ν

)
+ 3

√
5

2
g1gY Bµ2Tr

(
YνY

†
ν

)
+ 15g2

Y Bµ2Tr
(
YνY

†
ν

)
+

15

4
g2

2µ2Tr
(
YνY

†
ν

)
+ 24λ1µ2Tr

(
YνY

†
ν

)
+ 8λ3µ

′Tr
(
YxY

∗
x

)
− 27

2
µ2Tr

(
YdY

†
d YdY

†
d

)
− 21µ2Tr

(
YdY

†
uYuY

†
d

)
− 9

2
µ2Tr

(
YeY

†
e YeY

†
e

)
− 27

2
µ2Tr

(
YuY

†
uYuY

†
u

)
− 9

2
µ2Tr

(
YνY

†
ν YνY

†
ν

)
− 7µ2Tr

(
YνY

†
ν Y

T
e Y

∗
e

)
− 6µ2Tr

(
YνY

∗
x YxY

†
ν

)
(35)

3.5 Vacuum expectation values

β(1)
v =

1

20
v
(

9g2
1 + 9g2

BY + 45g2
2 + 3g2

1Xi + 3g2
BYXi + 15g2

2Xi− 60Tr
(
YdY

†
d

)
− 20Tr

(
YeY

†
e

)
− 60Tr

(
YuY

†
u

)
− 20Tr

(
YνY

†
ν

))
(36)

β(2)
v =

1

800
v
(
− 1293g4

1 − 54g2
1g

2
BY − 1293g4

BY − 960
√

10g3
BY gB − 6120g2

BY g
2
B − 960

√
10g3

1gY B

− 6120g2
1g

2
Y B − 270g2

1g
2
2 − 270g2

BY g
2
2 + 6775g4

2 − 4800λ2
1 − 400λ2

3 + 18g4
1Xi + 36g2

1g
2
BYXi

+ 18g4
BYXi + 180g2

1g
2
2Xi + 180g2

BY g
2
2Xi + 2250g4

2Xi + 18g4
1Xi

2 + 36g2
1g

2
BYXi

2 + 18g4
BYXi

2 + 180g2
1g

2
2Xi

2

+ 180g2
BY g

2
2Xi

2 − 450g4
2Xi

2

− 20
(
− 10

√
10gBY gB − 10

√
10g1gY B + g2

1

(
18Xi + 25

)
+ g2

BY

(
18Xi + 25

)
+ 5
(

160g2
3 + 18g2

2Xi + 20g2
B + 20g2

Y B + 45g2
2

))
Tr
(
YdY

†
d

)
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− 60
(

30
√

10g1gY B + 30
√

10gBY gB + 5
(

20g2
B + 20g2

Y B + g2
2

(
2Xi + 5

))
+ g2

1

(
2Xi + 25

)
+ g2

BY

(
2Xi + 25

))
Tr
(
YeY

†
e

)
− 1700g2

1Tr
(
YuY

†
u

)
− 1700g2

BY Tr
(
YuY

†
u

)
− 1000

√
10gBY gBTr

(
YuY

†
u

)
− 2000g2

BTr
(
YuY

†
u

)
− 1000

√
10g1gY BTr

(
YuY

†
u

)
− 2000g2

Y BTr
(
YuY

†
u

)
− 4500g2

2Tr
(
YuY

†
u

)
− 16000g2

3Tr
(
YuY

†
u

)
− 360g2

1XiTr
(
YuY

†
u

)
− 360g2

BYXiTr
(
YuY

†
u

)
− 1800g2

2XiTr
(
YuY

†
u

)
− 300g2

1Tr
(
YνY

†
ν

)
− 300g2

BY Tr
(
YνY

†
ν

)
− 600

√
10gBY gBTr

(
YνY

†
ν

)
− 6000g2

BTr
(
YνY

†
ν

)
− 600

√
10g1gY BTr

(
YνY

†
ν

)
− 6000g2

Y BTr
(
YνY

†
ν

)
− 1500g2

2Tr
(
YνY

†
ν

)
− 120g2

1XiTr
(
YνY

†
ν

)
− 120g2

BYXiTr
(
YνY

†
ν

)
− 600g2

2XiTr
(
YνY

†
ν

)
+ 5400Tr

(
YdY

†
d YdY

†
d

)
− 1200Tr

(
YdY

†
uYuY

†
d

)
+ 1800Tr

(
YeY

†
e YeY

†
e

)
+ 5400Tr

(
YuY

†
uYuY

†
u

)
+ 1800Tr

(
YνY

†
ν YνY

†
ν

)
− 400Tr

(
YνY

†
ν Y

T
e Y

∗
e

)
+ 2400Tr

(
YνY

∗
x YxY

†
ν

))
(37)

β(1)
x = −2xTr

(
YxY

∗
x

)
(38)

β(2)
x = −x

(
− 12Tr

(
YxY

∗
x YxY

∗
x

)
+ 15

(
g2
B + g2

Y B

)
Tr
(
YxY

∗
x

)
+ 4λ2

2 − 6Tr
(
YνY

∗
x YxY

†
ν

)
+ λ2

3

)
(39)

4 Field Rotations

4.1 Rotations in gauge sector for eigenstates ’EWSB’


Bρ

W3ρ

VBp
(
{lt1}

)
 =ZγZZ

′


γρ

Zρ

Z ′ρ

 (40)

(
W1ρ

W2ρ

)
=ZW

(
W−ρ

W−ρ

)
(41)

(42)

The mixing matrices are parametrized by

ZγZZ
′

=


cos ΘW − cos Θ′W sin ΘW sin ΘW sin Θ′W

sin ΘW cos ΘW cos Θ′W − cos ΘW sin Θ′W

0 sin Θ′W cos Θ′W

 (43)

ZW =

(
1√
2

1√
2

−i 1√
2

i 1√
2

)
(44)
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(45)

4.2 Rotations in Mass sector for eigenstates ’EWSB’

4.2.1 Mass Matrices for Scalars

• Mass matrix for Higgs, Basis: (phiH, phiB) , (phiH, phiB)

m2
h =

(
−3λ1v

2 − 1
2λ3x

2 + µ2 −λ3vx

−λ3vx −3λ2x
2 − 1

2λ3v
2 + µ′

)
(46)

This matrix is diagonalized by ZH :
ZHm2

hZ
H,† = mdia

2,h (47)

with

phiH =
∑
j

ZHj1hj , phiB =
∑
j

ZHj2hj (48)

• Mass matrix for Pseudo-Scalar Higgs, Basis: (sigmaH, sigmaB) , (sigmaH, sigmaB)

m2
Ah

=

(
− 1

2λ3x
2 − λ1v

2 + µ2 0

0 − 1
2λ3v

2 − λ2x
2 + µ′

)
+ ξZm

2(Z) + ξZ′m
2(Z ′) (49)

Gauge fixing contributions:

m2(ξZ) =

(
msigmaHsigmaH msigmaBsigmaH

msigmaHsigmaB msigmaBsigmaB

)
(50)

msigmaHsigmaH =
1

4
v2
(

cos Θ′W

(
g1 sin ΘW + g2 cos ΘW

)
− gBY sin Θ′W

)2

(51)

msigmaHsigmaB = vx
(

cos Θ′W

(
g1 sin ΘW + g2 cos ΘW

)
− gBY sin Θ′W

)(
− gB sin Θ′W + gY B cos Θ′W sin ΘW

)
(52)

msigmaBsigmaB = 4x2
(
− gB sin Θ′W + gY B cos Θ′W sin ΘW

)2

(53)

m2(ξZ′) =

(
msigmaHsigmaH msigmaBsigmaH

msigmaHsigmaB msigmaBsigmaB

)
(54)

msigmaHsigmaH =
1

4
v2
((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)2

(55)

msigmaHsigmaB = vx
(
gB cos Θ′W + gY B sin ΘW sin Θ′W

)((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)
(56)

msigmaBsigmaB = 4x2
(
gB cos Θ′W + gY B sin ΘW sin Θ′W

)2

(57)
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This matrix is diagonalized by ZA:
ZAm2

Ah
ZA,† = mdia

2,Ah
(58)

with

sigmaH =
∑
j

ZAj1Ah,j , sigmaB =
∑
j

ZAj2Ah,j (59)

4.2.2 Mass Matrices for Fermions

• Mass matrix for Down-Quarks, Basis: (dL,α1
) ,
(
d∗R,β1

)
md =

(
1√
2
vδα1β1

Y Td

)
(60)

This matrix is diagonalized by UdL and UdR

Ud,∗L mdU
d,†
R = mdia

d (61)

with

dL,iα =
∑
t2

Ud,∗L,jiDL,jα (62)

dR,iα =
∑
t2

UdR,ijD
∗
R,jα (63)

• Mass matrix for Up-Quarks, Basis: (uL,α1) ,
(
u∗R,β1

)
mu =

(
1√
2
vδα1β1

Y Tu

)
(64)

This matrix is diagonalized by UuL and UuR

Uu,∗L muU
u,†
R = mdia

u (65)

with

uL,iα =
∑
t2

Uu,∗L,jiUL,jα (66)

uR,iα =
∑
t2

UuR,ijU
∗
R,jα (67)

• Mass matrix for Leptons, Basis: (eL) , (e∗R)

me =
(

1√
2
vY Te

)
(68)

This matrix is diagonalized by UeL and UeR

Ue,∗L meU
e,†
R = mdia

e (69)
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with

eL,i =
∑
t2

Ue,∗L,jiEL,j (70)

eR,i =
∑
t2

UeR,ijE
∗
R,j (71)

• Mass matrix for Neutrinos, Basis:
(
νL, conj

(
vR
))

,
(
νL, conj

(
vR
))

mν =

(
0 1√

2
vYν

1√
2
vY Tν

√
2xYx

)
(72)

This matrix is diagonalized by UV :
UV,∗mνU

V,† = mdia
ν (73)

with

νL,i =
∑
j

UV,∗ji VL
(
{gt2}

)
, vR

(
{gt1}

)
=
∑
j

UVji conj
(
VL
(
{gt2}

))
(74)

5 Vacuum Expectation Values

H0 =
1√
2
phiH +

1√
2
v + i

1√
2
sigmaH (75)

BiD =
1√
2
phiB +

1√
2
x+ i

1√
2
sigmaB (76)

6 Tadpole Equations

∂V

∂phiH
= −λ1v

3 + v
(
− 1

2
λ3x

2 + µ2

)
(77)

∂V

∂phiB
=
(
− 1

2
λ3v

2 + µ′
)
x− λ2x

3 (78)

7 Particle content for eigenstates ’EWSB’

Name Type complex/real Generations Indices

H− Scalar complex 1
h Scalar real 2 generation, 2
Ah Scalar real 2 generation, 2
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d Fermion Dirac 3 generation, 3, color, 3
u Fermion Dirac 3 generation, 3, color, 3
e Fermion Dirac 3 generation, 3
ν Fermion Majorana 6 generation, 6

g Vector real 1 color, 8, lorentz, 4
γ Vector real 1 lorentz, 4
Z Vector real 1 lorentz, 4
Z ′ Vector real 1 lorentz, 4
W− Vector complex 1 lorentz, 4
ηG Ghost real 1 color, 8
ηγ Ghost real 1
ηZ Ghost real 1
ηZ
′

Ghost real 1
η− Ghost complex 1
η+ Ghost complex 1

8 One Loop Self-Energy and One Loop Tadpoles for eigenstates ’EWSB’

8.1 One Loop Self-Energy
• Self-Energy for Higgs (h)

Πi,j(p
2) = +2

(
− 1

2
rMS +B0

(
p2, 0, 0

))
Γ∗
ȟj ,γ,γ

Γȟi,γ,γ + 4
(
− 1

2
rMS +B0

(
p2, 0,m2

Z

))
Γ∗
ȟj ,Z,γ

Γȟi,Z,γ + 2
(
− 1

2
rMS +B0

(
p2,m2

Z ,m
2
Z

))
Γ∗
ȟj ,Z,Z

Γȟi,Z,Z

+ 4
(
− 1

2
rMS +B0

(
p2, 0,m2

Z′

))
Γ∗
ȟj ,Z′,γ

Γȟi,Z′,γ + 4
(
− 1

2
rMS +B0

(
p2,m2

Z ,m
2
Z′

))
Γ∗
ȟj ,Z′,Z

Γȟi,Z′,Z + 2
(
− 1

2
rMS +B0

(
p2,m2

Z′ ,m
2
Z′

))
Γ∗
ȟj ,Z′,Z′

Γȟi,Z′,Z′

+B0

(
p2,m2

H− ,m
2
H−

)
Γ∗
ȟj ,H−,∗,H−

Γȟi,H−,∗,H− + 4
(
− 1

2
rMS +B0

(
p2,m2

W− ,m
2
W−

))
Γ∗
ȟj ,W+,W−

Γȟi,W+,W−

−B0

(
p2,m2

η− ,m
2
η−

)
Γȟi,η̄−,η−Γȟj ,η̄−,η− −B0

(
p2,m2

η+ ,m
2
η+

)
Γȟi,η̄+,η+Γȟj ,η̄+,η+

−B0

(
p2,m2

ηZ ,m
2
ηZ

)
Γȟi,η̄Z ,ηZΓȟj ,η̄Z ,ηZ − 2B0

(
p2,m2

ηZ ,m
2
ηZ′

)
Γ
ȟi,

¯ηZ′ ,ηZ
Γ
ȟj ,

¯ηZ′ ,ηZ

−B0

(
p2,m2

ηZ′
,m2

ηZ′

)
Γ
ȟi,

¯ηZ′ ,ηZ′
Γ
ȟj ,

¯ηZ′ ,ηZ′
−A0

(
m2
H−

)
Γȟi,ȟj ,H−,∗,H−

+ 2Γ∗
ȟj ,W+,H−

Γȟi,W+,H−F0

(
p2,m2

H− ,m
2
W−

)
+ 4Γȟi,ȟj ,W+,W−

(
− 1

2
rMSm2

W− +A0

(
m2
W−

))
+ 2Γȟi,ȟj ,Z,Z

(
− 1

2
rMSm2

Z +A0

(
m2
Z

))
+ 2Γȟi,ȟj ,Z′,Z′

(
− 1

2
rMSm2

Z′ +A0

(
m2
Z′

))
− 1

2

2∑
a=1

A0

(
m2
Ah,a

)
Γȟi,ȟj ,Ah,a,Ah,a
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− 1

2

2∑
a=1

A0

(
m2
ha

)
Γȟi,ȟj ,ha,ha +

1

2

2∑
a=1

2∑
b=1

B0

(
p2,m2

Ah,a
,m2

Ah,b

)
Γ∗
ȟj ,Ah,a,Ah,b

Γȟi,Ah,a,Ah,b

+
1

2

2∑
a=1

2∑
b=1

B0

(
p2,m2

ha ,m
2
hb

)
Γ∗
ȟj ,ha,hb

Γȟi,ha,hb

− 6

3∑
a=1

mda

3∑
b=1

B0

(
p2,m2

da ,m
2
db

)
mdb

(
ΓL∗
ȟj ,d̄a,db

ΓR
ȟi,d̄a,db

+ ΓR∗
ȟj ,d̄a,db

ΓL
ȟi,d̄a,db

)
+ 3

3∑
a=1

3∑
b=1

G0

(
p2,m2

da ,m
2
db

)(
ΓL∗
ȟj ,d̄a,db

ΓL
ȟi,d̄a,db

+ ΓR∗
ȟj ,d̄a,db

ΓR
ȟi,d̄a,db

)
− 2

3∑
a=1

mea

3∑
b=1

B0

(
p2,m2

ea ,m
2
eb

)
meb

(
ΓL∗
ȟj ,ēa,eb

ΓR
ȟi,ēa,eb

+ ΓR∗
ȟj ,ēa,eb

ΓL
ȟi,ēa,eb

)
+

3∑
a=1

3∑
b=1

G0

(
p2,m2

ea ,m
2
eb

)(
ΓL∗
ȟj ,ēa,eb

ΓL
ȟi,ēa,eb

+ ΓR∗
ȟj ,ēa,eb

ΓR
ȟi,ēa,eb

)
− 6

3∑
a=1

mua

3∑
b=1

B0

(
p2,m2

ua ,m
2
ub

)
mub

(
ΓL∗
ȟj ,ūa,ub

ΓR
ȟi,ūa,ub

+ ΓR∗
ȟj ,ūa,ub

ΓL
ȟi,ūa,ub

)
+ 3

3∑
a=1

3∑
b=1

G0

(
p2,m2

ua ,m
2
ub

)(
ΓL∗
ȟj ,ūa,ub

ΓL
ȟi,ūa,ub

+ ΓR∗
ȟj ,ūa,ub

ΓR
ȟi,ūa,ub

)
−

6∑
a=1

mνa

6∑
b=1

B0

(
p2,m2

νa ,m
2
νb

)
mνb

(
ΓL∗
ȟj ,νa,νb

ΓR
ȟi,νa,νb

+ ΓR∗
ȟj ,νa,νb

ΓL
ȟi,νa,νb

)
+

1

2

6∑
a=1

6∑
b=1

G0

(
p2,m2

νa ,m
2
νb

)(
ΓL∗
ȟj ,νa,νb

ΓL
ȟi,νa,νb

+ ΓR∗
ȟj ,νa,νb

ΓR
ȟi,νa,νb

)
+

2∑
b=1

Γ∗
ȟj ,γ,Ah,b

Γȟi,γ,Ah,bF0

(
p2,m2

Ah,b
, 0
)

+

2∑
b=1

Γ∗
ȟj ,Z,Ah,b

Γȟi,Z,Ah,bF0

(
p2,m2

Ah,b
,m2

Z

)
+

2∑
b=1

Γ∗
ȟj ,Z′,Ah,b

Γȟi,Z′,Ah,bF0

(
p2,m2

Ah,b
,m2

Z′

)
(79)

• Self-Energy for Pseudo-Scalar Higgs (Ah)

Πi,j(p
2) = −B0

(
p2,m2

η− ,m
2
η−

)
ΓǍh,i,η̄−,η−ΓǍh,j ,η̄−,η− −B0

(
p2,m2

η+ ,m
2
η+

)
ΓǍh,i,η̄+,η+ΓǍh,j ,η̄+,η+

−A0

(
m2
H−

)
ΓǍh,i,Ǎh,j ,H−,∗,H− + 2Γ∗

Ǎh,j ,W+,H−
ΓǍh,i,W+,H−F0

(
p2,m2

H− ,m
2
W−

)
+ 4ΓǍh,i,Ǎh,j ,W+,W−

(
− 1

2
rMSm2

W− +A0

(
m2
W−

))
+ 2ΓǍh,i,Ǎh,j ,Z,Z

(
− 1

2
rMSm2

Z +A0

(
m2
Z

))
+ 2ΓǍh,i,Ǎh,j ,Z′,Z′

(
− 1

2
rMSm2

Z′ +A0

(
m2
Z′

))
− 1

2

2∑
a=1

A0

(
m2
Ah,a

)
ΓǍh,i,Ǎh,j ,Ah,a,Ah,a
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− 1

2

2∑
a=1

A0

(
m2
ha

)
ΓǍh,i,Ǎh,j ,ha,ha +

2∑
a=1

2∑
b=1

B0

(
p2,m2

ha ,m
2
Ah,b

)
Γ∗
Ǎh,j ,ha,Ah,b

ΓǍh,i,ha,Ah,b

− 6

3∑
a=1

mda

3∑
b=1

B0

(
p2,m2

da ,m
2
db

)
mdb

(
ΓL∗
Ǎh,j ,d̄a,db

ΓR
Ǎh,i,d̄a,db

+ ΓR∗
Ǎh,j ,d̄a,db

ΓL
Ǎh,i,d̄a,db

)
+ 3

3∑
a=1

3∑
b=1

G0

(
p2,m2

da ,m
2
db

)(
ΓL∗
Ǎh,j ,d̄a,db

ΓL
Ǎh,i,d̄a,db

+ ΓR∗
Ǎh,j ,d̄a,db

ΓR
Ǎh,i,d̄a,db

)
− 2

3∑
a=1

mea

3∑
b=1

B0

(
p2,m2

ea ,m
2
eb

)
meb

(
ΓL∗
Ǎh,j ,ēa,eb

ΓR
Ǎh,i,ēa,eb

+ ΓR∗
Ǎh,j ,ēa,eb

ΓL
Ǎh,i,ēa,eb

)
+

3∑
a=1

3∑
b=1

G0

(
p2,m2

ea ,m
2
eb

)(
ΓL∗
Ǎh,j ,ēa,eb

ΓL
Ǎh,i,ēa,eb

+ ΓR∗
Ǎh,j ,ēa,eb

ΓR
Ǎh,i,ēa,eb

)
− 6

3∑
a=1

mua

3∑
b=1

B0

(
p2,m2

ua ,m
2
ub

)
mub

(
ΓL∗
Ǎh,j ,ūa,ub

ΓR
Ǎh,i,ūa,ub

+ ΓR∗
Ǎh,j ,ūa,ub

ΓL
Ǎh,i,ūa,ub

)
+ 3

3∑
a=1

3∑
b=1

G0

(
p2,m2

ua ,m
2
ub

)(
ΓL∗
Ǎh,j ,ūa,ub

ΓL
Ǎh,i,ūa,ub

+ ΓR∗
Ǎh,j ,ūa,ub

ΓR
Ǎh,i,ūa,ub

)
−

6∑
a=1

mνa

6∑
b=1

B0

(
p2,m2

νa ,m
2
νb

)
mνb

(
ΓL∗
Ǎh,j ,νa,νb

ΓR
Ǎh,i,νa,νb

+ ΓR∗
Ǎh,j ,νa,νb

ΓL
Ǎh,i,νa,νb

)
+

1

2

6∑
a=1

6∑
b=1

G0

(
p2,m2

νa ,m
2
νb

)(
ΓL∗
Ǎh,j ,νa,νb

ΓL
Ǎh,i,νa,νb

+ ΓR∗
Ǎh,j ,νa,νb

ΓR
Ǎh,i,νa,νb

)
+

2∑
b=1

Γ∗
Ǎh,j ,γ,hb

ΓǍh,i,γ,hbF0

(
p2,m2

hb
, 0
)

+

2∑
b=1

Γ∗
Ǎh,j ,Z,hb

ΓǍh,i,Z,hbF0

(
p2,m2

hb
,m2

Z

)
+

2∑
b=1

Γ∗
Ǎh,j ,Z′,hb

ΓǍh,i,Z′,hbF0

(
p2,m2

hb
,m2

Z′

)
(80)

• Self-Energy for Down-Quarks (d)

ΣSi,j(p
2) = +

2∑
a=1

3∑
b=1

B0

(
p2,m2

db
,m2

ha

)
ΓL∗ˇ̄dj ,ha,db

mdbΓ
R
ˇ̄di,ha,db

+

3∑
a=1

mda

2∑
b=1

B0

(
p2,m2

da ,m
2
Ah,b

)
ΓL∗ˇ̄dj ,da,Ah,b

ΓRˇ̄di,da,Ah,b

+

3∑
b=1

B0

(
p2,m2

ub
,m2

H−

)
ΓL∗ˇ̄dj ,H−,ub

mubΓ
R
ˇ̄di,H−,ub

− 16

3

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

db
, 0
))

ΓR∗ˇ̄dj ,g,db
mdbΓ

L
ˇ̄di,g,db
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− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

db
, 0
))

ΓR∗ˇ̄dj ,γ,db
mdbΓ

L
ˇ̄di,γ,db

− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

ub
,m2

W−

))
ΓR∗ˇ̄dj ,W−,ub

mubΓ
L
ˇ̄di,W−,ub

− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

db
,m2

Z

))
ΓR∗ˇ̄dj ,Z,db

mdbΓ
L
ˇ̄di,Z,db

− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

db
,m2

Z′

))
ΓR∗ˇ̄dj ,Z′,db

mdbΓ
L
ˇ̄di,Z′,db

(81)

ΣRi,j(p
2) = −1

2

2∑
a=1

3∑
b=1

B1

(
p2,m2

db
,m2

ha

)
ΓR∗ˇ̄dj ,ha,db

ΓRˇ̄di,ha,db

− 1

2

3∑
a=1

2∑
b=1

B1

(
p2,m2

da ,m
2
Ah,b

)
ΓR∗ˇ̄dj ,da,Ah,b

ΓRˇ̄di,da,Ah,b

− 1

2

3∑
b=1

B1

(
p2,m2

ub
,m2

H−

)
ΓR∗ˇ̄dj ,H−,ub

ΓRˇ̄di,H−,ub
− 4

3

3∑
b=1

B1

(
p2,m2

db
, 0
)

ΓL∗ˇ̄dj ,g,db
ΓLˇ̄di,g,db

−
3∑
b=1

B1

(
p2,m2

db
, 0
)

ΓL∗ˇ̄dj ,γ,db
ΓLˇ̄di,γ,db

−
3∑
b=1

B1

(
p2,m2

ub
,m2

W−

)
ΓL∗ˇ̄dj ,W−,ub

ΓLˇ̄di,W−,ub

−
3∑
b=1

B1

(
p2,m2

db
,m2

Z

)
ΓL∗ˇ̄dj ,Z,db

ΓLˇ̄di,Z,db
−

3∑
b=1

B1

(
p2,m2

db
,m2

Z′

)
ΓL∗ˇ̄dj ,Z′,db

ΓLˇ̄di,Z′,db
(82)

ΣLi,j(p
2) = −1

2

2∑
a=1

3∑
b=1

B1

(
p2,m2

db
,m2

ha

)
ΓL∗ˇ̄dj ,ha,db

ΓLˇ̄di,ha,db

− 1

2

3∑
a=1

2∑
b=1

B1

(
p2,m2

da ,m
2
Ah,b

)
ΓL∗ˇ̄dj ,da,Ah,b

ΓLˇ̄di,da,Ah,b

− 1

2

3∑
b=1

B1

(
p2,m2

ub
,m2

H−

)
ΓL∗ˇ̄dj ,H−,ub

ΓLˇ̄di,H−,ub
− 4

3

3∑
b=1

B1

(
p2,m2

db
, 0
)

ΓR∗ˇ̄dj ,g,db
ΓRˇ̄di,g,db

−
3∑
b=1

B1

(
p2,m2

db
, 0
)

ΓR∗ˇ̄dj ,γ,db
ΓRˇ̄di,γ,db

−
3∑
b=1

B1

(
p2,m2

ub
,m2

W−

)
ΓR∗ˇ̄dj ,W−,ub

ΓRˇ̄di,W−,ub

−
3∑
b=1

B1

(
p2,m2

db
,m2

Z

)
ΓR∗ˇ̄dj ,Z,db

ΓRˇ̄di,Z,db
−

3∑
b=1

B1

(
p2,m2

db
,m2

Z′

)
ΓR∗ˇ̄dj ,Z′,db

ΓRˇ̄di,Z′,db
(83)

• Self-Energy for Up-Quarks (u)
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ΣSi,j(p
2) = +

2∑
a=1

3∑
b=1

B0

(
p2,m2

ub
,m2

ha

)
ΓL∗ˇ̄uj ,ha,ub

mubΓ
R
ˇ̄ui,ha,ub

+

3∑
a=1

mua

2∑
b=1

B0

(
p2,m2

ua ,m
2
Ah,b

)
ΓL∗ˇ̄uj ,ua,Ah,b

ΓRˇ̄ui,ua,Ah,b

− 16

3

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

ub
, 0
))

ΓR∗ˇ̄uj ,g,ub
mubΓ

L
ˇ̄ui,g,ub

− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

ub
, 0
))

ΓR∗ˇ̄uj ,γ,ub
mubΓ

L
ˇ̄ui,γ,ub

− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

ub
,m2

Z

))
ΓR∗ˇ̄uj ,Z,ub

mubΓ
L
ˇ̄ui,Z,ub

− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

ub
,m2

Z′

))
ΓR∗ˇ̄uj ,Z′,ub

mubΓ
L
ˇ̄ui,Z′,ub

+

3∑
b=1

B0

(
p2,m2

db
,m2

H−

)
ΓL∗ˇ̄uj ,H−,∗,db

mdbΓ
R
ˇ̄ui,H−,∗,db

− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

db
,m2

W−

))
ΓR∗ˇ̄uj ,W+,db

mdbΓ
L
ˇ̄ui,W+,db

(84)

ΣRi,j(p
2) = −1

2

2∑
a=1

3∑
b=1

B1

(
p2,m2

ub
,m2

ha

)
ΓR∗ˇ̄uj ,ha,ub

ΓRˇ̄ui,ha,ub

− 1

2

3∑
a=1

2∑
b=1

B1

(
p2,m2

ua ,m
2
Ah,b

)
ΓR∗ˇ̄uj ,ua,Ah,b

ΓRˇ̄ui,ua,Ah,b −
4

3

3∑
b=1

B1

(
p2,m2

ub
, 0
)

ΓL∗ˇ̄uj ,g,ub
ΓLˇ̄ui,g,ub

−
3∑
b=1

B1

(
p2,m2

ub
, 0
)

ΓL∗ˇ̄uj ,γ,ub
ΓLˇ̄ui,γ,ub −

3∑
b=1

B1

(
p2,m2

ub
,m2

Z

)
ΓL∗ˇ̄uj ,Z,ub

ΓLˇ̄ui,Z,ub

−
3∑
b=1

B1

(
p2,m2

ub
,m2

Z′

)
ΓL∗ˇ̄uj ,Z′,ub

ΓLˇ̄ui,Z′,ub −
1

2

3∑
b=1

B1

(
p2,m2

db
,m2

H−

)
ΓR∗ˇ̄uj ,H−,∗,db

ΓRˇ̄ui,H−,∗,db

−
3∑
b=1

B1

(
p2,m2

db
,m2

W−

)
ΓL∗ˇ̄uj ,W+,db

ΓLˇ̄ui,W+,db
(85)

ΣLi,j(p
2) = −1

2

2∑
a=1

3∑
b=1

B1

(
p2,m2

ub
,m2

ha

)
ΓL∗ˇ̄uj ,ha,ub

ΓLˇ̄ui,ha,ub

− 1

2

3∑
a=1

2∑
b=1

B1

(
p2,m2

ua ,m
2
Ah,b

)
ΓL∗ˇ̄uj ,ua,Ah,b

ΓLˇ̄ui,ua,Ah,b −
4

3

3∑
b=1

B1

(
p2,m2

ub
, 0
)

ΓR∗ˇ̄uj ,g,ub
ΓRˇ̄ui,g,ub

−
3∑
b=1

B1

(
p2,m2

ub
, 0
)

ΓR∗ˇ̄uj ,γ,ub
ΓRˇ̄ui,γ,ub −

3∑
b=1

B1

(
p2,m2

ub
,m2

Z

)
ΓR∗ˇ̄uj ,Z,ub

ΓRˇ̄ui,Z,ub
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−
3∑
b=1

B1

(
p2,m2

ub
,m2

Z′

)
ΓR∗ˇ̄uj ,Z′,ub

ΓRˇ̄ui,Z′,ub −
1

2

3∑
b=1

B1

(
p2,m2

db
,m2

H−

)
ΓL∗ˇ̄uj ,H−,∗,db

ΓLˇ̄ui,H−,∗,db

−
3∑
b=1

B1

(
p2,m2

db
,m2

W−

)
ΓR∗ˇ̄uj ,W+,db

ΓRˇ̄ui,W+,db
(86)

• Self-Energy for Leptons (e)

ΣSi,j(p
2) = +

2∑
a=1

3∑
b=1

B0

(
p2,m2

eb
,m2

ha

)
ΓL∗ˇ̄ej ,ha,eb

mebΓ
R
ˇ̄ei,ha,eb

+

3∑
a=1

mea

2∑
b=1

B0

(
p2,m2

ea ,m
2
Ah,b

)
ΓL∗ˇ̄ej ,ea,Ah,b

ΓRˇ̄ei,ea,Ah,b

− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

eb
, 0
))

ΓR∗ˇ̄ej ,γ,eb
mebΓ

L
ˇ̄ei,γ,eb

− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

eb
,m2

Z

))
ΓR∗ˇ̄ej ,Z,eb

mebΓ
L
ˇ̄ei,Z,eb

− 4

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

eb
,m2

Z′

))
ΓR∗ˇ̄ej ,Z′,eb

mebΓ
L
ˇ̄ei,Z′,eb

+

6∑
b=1

B0

(
p2,m2

νb
,m2

H−

)
ΓL∗ˇ̄ej ,H−,νb

mνbΓ
R
ˇ̄ei,H−,νb

− 4

6∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

νb
,m2

W−

))
ΓR∗ˇ̄ej ,W−,νb

mνbΓ
L
ˇ̄ei,W−,νb

(87)

ΣRi,j(p
2) = −1

2

2∑
a=1

3∑
b=1

B1

(
p2,m2

eb
,m2

ha

)
ΓR∗ˇ̄ej ,ha,eb

ΓRˇ̄ei,ha,eb

− 1

2

3∑
a=1

2∑
b=1

B1

(
p2,m2

ea ,m
2
Ah,b

)
ΓR∗ˇ̄ej ,ea,Ah,b

ΓRˇ̄ei,ea,Ah,b −
3∑
b=1

B1

(
p2,m2

eb
, 0
)

ΓL∗ˇ̄ej ,γ,eb
ΓLˇ̄ei,γ,eb

−
3∑
b=1

B1

(
p2,m2

eb
,m2

Z

)
ΓL∗ˇ̄ej ,Z,eb

ΓLˇ̄ei,Z,eb −
3∑
b=1

B1

(
p2,m2

eb
,m2

Z′

)
ΓL∗ˇ̄ej ,Z′,eb

ΓLˇ̄ei,Z′,eb

− 1

2

6∑
b=1

B1

(
p2,m2

νb
,m2

H−

)
ΓR∗ˇ̄ej ,H−,νb

ΓRˇ̄ei,H−,νb −
6∑
b=1

B1

(
p2,m2

νb
,m2

W−

)
ΓL∗ˇ̄ej ,W−,νb

ΓLˇ̄ei,W−,νb (88)

ΣLi,j(p
2) = −1

2

2∑
a=1

3∑
b=1

B1

(
p2,m2

eb
,m2

ha

)
ΓL∗ˇ̄ej ,ha,eb

ΓLˇ̄ei,ha,eb

− 1

2

3∑
a=1

2∑
b=1

B1

(
p2,m2

ea ,m
2
Ah,b

)
ΓL∗ˇ̄ej ,ea,Ah,b

ΓLˇ̄ei,ea,Ah,b −
3∑
b=1

B1

(
p2,m2

eb
, 0
)

ΓR∗ˇ̄ej ,γ,eb
ΓRˇ̄ei,γ,eb
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−
3∑
b=1

B1

(
p2,m2

eb
,m2

Z

)
ΓR∗ˇ̄ej ,Z,eb

ΓRˇ̄ei,Z,eb −
3∑
b=1

B1

(
p2,m2

eb
,m2

Z′

)
ΓR∗ˇ̄ej ,Z′,eb

ΓRˇ̄ei,Z′,eb

− 1

2

6∑
b=1

B1

(
p2,m2

νb
,m2

H−

)
ΓL∗ˇ̄ej ,H−,νb

ΓLˇ̄ei,H−,νb −
6∑
b=1

B1

(
p2,m2

νb
,m2

W−

)
ΓR∗ˇ̄ej ,W−,νb

ΓRˇ̄ei,W−,νb (89)

• Self-Energy for Neutrinos (ν)

ΣSi,j(p
2) = +

2∑
a=1

6∑
b=1

B0

(
p2,m2

νb
,m2

ha

)
ΓL∗ν̌j ,ha,νbmνbΓ

R
ν̌i,ha,νb

+

6∑
a=1

mνa

2∑
b=1

B0

(
p2,m2

νa ,m
2
Ah,b

)
ΓL∗ν̌j ,νa,Ah,bΓ

R
ν̌i,νa,Ah,b

+ 2

3∑
b=1

B0

(
p2,m2

eb
,m2

H−

)
ΓL∗ν̌j ,H−,∗,ebmebΓ

R
ν̌i,H−,∗,eb

− 8

3∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

eb
,m2

W−

))
ΓR∗ν̌j ,W+,eb

mebΓ
L
ν̌i,W+,eb

− 4

6∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

νb
, 0
))

ΓR∗ν̌j ,γ,νbmνbΓ
L
ν̌i,γ,νb

− 4

6∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

νb
,m2

Z

))
ΓR∗ν̌j ,Z,νbmνbΓ

L
ν̌i,Z,νb

− 4

6∑
b=1

(
− 1

2
rMS +B0

(
p2,m2

νb
,m2

Z′

))
ΓR∗ν̌j ,Z′,νbmνbΓ

L
ν̌i,Z′,νb

(90)

ΣRi,j(p
2) = −1

2

2∑
a=1

6∑
b=1

B1

(
p2,m2

νb
,m2

ha

)
ΓR∗ν̌j ,ha,νbΓ

R
ν̌i,ha,νb

− 1

2

6∑
a=1

2∑
b=1

B1

(
p2,m2

νa ,m
2
Ah,b

)
ΓR∗ν̌j ,νa,Ah,bΓ

R
ν̌i,νa,Ah,b

−
3∑
b=1

B1

(
p2,m2

eb
,m2

H−

)
ΓR∗ν̌j ,H−,∗,ebΓ

R
ν̌i,H−,∗,eb

− 2
3∑
b=1

B1

(
p2,m2

eb
,m2

W−

)
ΓL∗ν̌j ,W+,eb

ΓLν̌i,W+,eb
−

6∑
b=1

B1

(
p2,m2

νb
, 0
)

ΓL∗ν̌j ,γ,νbΓ
L
ν̌i,γ,νb

−
6∑
b=1

B1

(
p2,m2

νb
,m2

Z

)
ΓL∗ν̌j ,Z,νbΓ

L
ν̌i,Z,νb

−
6∑
b=1

B1

(
p2,m2

νb
,m2

Z′

)
ΓL∗ν̌j ,Z′,νbΓ

L
ν̌i,Z′,νb

(91)

ΣLi,j(p
2) = −1

2

2∑
a=1

6∑
b=1

B1

(
p2,m2

νb
,m2

ha

)
ΓL∗ν̌j ,ha,νbΓ

L
ν̌i,ha,νb

− 1

2

6∑
a=1

2∑
b=1

B1

(
p2,m2

νa ,m
2
Ah,b

)
ΓL∗ν̌j ,νa,Ah,bΓ

L
ν̌i,νa,Ah,b

−
3∑
b=1

B1

(
p2,m2

eb
,m2

H−

)
ΓL∗ν̌j ,H−,∗,ebΓ

L
ν̌i,H−,∗,eb

− 2

3∑
b=1

B1

(
p2,m2

eb
,m2

W−

)
ΓR∗ν̌j ,W+,eb

ΓRν̌i,W+,eb
−

6∑
b=1

B1

(
p2,m2

νb
, 0
)

ΓR∗ν̌j ,γ,νbΓ
R
ν̌i,γ,νb

28



−
6∑
b=1

B1

(
p2,m2

νb
,m2

Z

)
ΓR∗ν̌j ,Z,νbΓ

R
ν̌i,Z,νb

−
6∑
b=1

B1

(
p2,m2

νb
,m2

Z′

)
ΓR∗ν̌j ,Z′,νbΓ

R
ν̌i,Z′,νb

(92)

• Self-Energy for Charged Higgs (H−)

Π(p2) = +4|ΓH−,∗,W−,γ |2
(
− 1

2
rMS +B0

(
p2, 0,m2

W−

))
+ 4|ΓH−,∗,Z,W− |2

(
− 1

2
rMS +B0

(
p2,m2

W− ,m
2
Z

))
+ 4|ΓH−,∗,Z′,W− |2

(
− 1

2
rMS +B0

(
p2,m2

W− ,m
2
Z′

))
−B0

(
p2,m2

ηZ ,m
2
η+

)
ΓH−,η+,η̄ZΓH−,∗,η̄+,ηZ −B0

(
p2,m2

ηZ′
,m2

η+

)
Γ
H−,η+, ¯ηZ′

ΓH−,∗,η̄+,ηZ′

−B0

(
p2,m2

η− ,m
2
ηZ

)
ΓH−,ηZ ,η̄−ΓH−,∗,η̄Z ,η− −B0

(
p2,m2

η− ,m
2
ηZ′

)
ΓH−,ηZ′ ,η̄−Γ

H−,∗, ¯ηZ′ ,η−

−A0

(
m2
H−

)
ΓH−,H−,∗,H−,∗,H− + |ΓH−,∗,γ,H− |2F0

(
p2,m2

H− , 0
)

+ |ΓH−,∗,Z,H− |2F0

(
p2,m2

H− ,m
2
Z

)
+ |ΓH−,∗,Z′,H− |2F0

(
p2,m2

H− ,m
2
Z′

)
+ 4ΓH−,H−,∗,W+,W−

(
− 1

2
rMSm2

W− +A0

(
m2
W−

))
+ 2ΓH−,H−,∗,Z,Z

(
− 1

2
rMSm2

Z +A0

(
m2
Z

))
+ 2ΓH−,H−,∗,Z′,Z′

(
− 1

2
rMSm2

Z′ +A0

(
m2
Z′

))
− 1

2

2∑
a=1

A0

(
m2
Ah,a

)
ΓH−,H−,∗,Ah,a,Ah,a −

1

2

2∑
a=1

A0

(
m2
ha

)
ΓH−,H−,∗,ha,ha

+ 3

3∑
a=1

3∑
b=1

(
|ΓLH−,∗,ūa,db |

2 + |ΓRH−,∗,ūa,db |
2
)
G0

(
p2,m2

ua ,m
2
db

)
− 6

3∑
a=1

mua

3∑
b=1

B0

(
p2,m2

ua ,m
2
db

)
mdb

(
ΓL∗H−,∗,ūa,dbΓ

R
H−,∗,ūa,db

+ ΓR∗H−,∗,ūa,dbΓ
L
H−,∗,ūa,db

)
+

6∑
a=1

3∑
b=1

(
|ΓLH−,∗,νa,eb |

2 + |ΓRH−,∗,νa,eb |
2
)
G0

(
p2,m2

νa ,m
2
eb

)
− 2

6∑
a=1

mνa

3∑
b=1

B0

(
p2,m2

νa ,m
2
eb

)
meb

(
ΓL∗H−,∗,νa,ebΓ

R
H−,∗,νa,eb

+ ΓR∗H−,∗,νa,ebΓ
L
H−,∗,νa,eb

)
+

2∑
b=1

|ΓH−,∗,H−,hb |
2B0

(
p2,m2

H− ,m
2
hb

)
+

2∑
b=1

|ΓH−,∗,W−,Ah,b |
2F0

(
p2,m2

Ah,b
,m2

W−

)
+

2∑
b=1

|ΓH−,∗,W−,hb |
2F0

(
p2,m2

hb
,m2

W−

)
(93)

• Self-Energy for Z-Boson (Z)

Π(p2) = +2|ΓZ,W+,H− |2B0

(
p2,m2

W− ,m
2
H−

)
+ |ΓZ,η̄−,η− |

2B00

(
p2,m2

η− ,m
2
η−

)
+ |ΓZ,η̄+,η+ |

2B00

(
p2,m2

η+ ,m
2
η+

)
− 4|ΓZ,H−,∗,H− |2B00

(
p2,m2

H− ,m
2
H−

)
+A0

(
m2
H−

)
ΓZ,Z,H−,∗,H−
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− |ΓZ,W+,W− |2
(

10B00

(
p2,m2

W− ,m
2
W−

)
+ 2A0

(
m2
W−

)
− 2rMS

(
2m2

W− −
1

3
p2
)

+B0

(
p2,m2

W− ,m
2
W−

)(
2m2

W− + 4p2
))

+
1

2

2∑
a=1

A0

(
m2
Ah,a

)
ΓZ,Z,Ah,a,Ah,a +

1

2

2∑
a=1

A0

(
m2
ha

)
ΓZ,Z,ha,ha

− 4

2∑
a=1

2∑
b=1

|ΓZ,ha,Ah,b |2B00

(
p2,m2

Ah,b
,m2

ha

)
+ 3

3∑
a=1

3∑
b=1

[(
|ΓLZ,d̄a,db |

2 + |ΓRZ,d̄a,db |
2
)
H0

(
p2,m2

da ,m
2
db

)
+ 4B0

(
p2,m2

da ,m
2
db

)
mdamdb<

(
ΓL∗Z,d̄a,dbΓ

R
Z,d̄a,db

)]
+

3∑
a=1

3∑
b=1

[(
|ΓLZ,ēa,eb |

2 + |ΓRZ,ēa,eb |
2
)
H0

(
p2,m2

ea ,m
2
eb

)
+ 4B0

(
p2,m2

ea ,m
2
eb

)
meameb<

(
ΓL∗Z,ēa,ebΓ

R
Z,ēa,eb

)]
+ 3

3∑
a=1

3∑
b=1

[(
|ΓLZ,ūa,ub |

2 + |ΓRZ,ūa,ub |
2
)
H0

(
p2,m2

ua ,m
2
ub

)
+ 4B0

(
p2,m2

ua ,m
2
ub

)
muamub<

(
ΓL∗Z,ūa,ubΓ

R
Z,ūa,ub

)]
+

1

2

6∑
a=1

6∑
b=1

[(
|ΓLZ,νa,νb |

2 + |ΓRZ,νa,νb |
2
)
H0

(
p2,m2

νa ,m
2
νb

)
+ 4B0

(
p2,m2

νa ,m
2
νb

)
mνamνb<

(
ΓL∗Z,νa,νbΓ

R
Z,νa,νb

)]
+

2∑
b=1

|ΓZ,γ,hb |2B0

(
p2, 0,m2

hb

)
+

2∑
b=1

|ΓZ,Z,hb |2B0

(
p2,m2

Z ,m
2
hb

)
+

2∑
b=1

|ΓZ,Z′,hb |2B0

(
p2,m2

Z′ ,m
2
hb

)
+ 2rMSm2

W−Γ1
Z,Z,W+,W− −A0

(
m2
W−

)(
4Γ1

Z,Z,W+,W− + Γ2
Z,Z,W+,W− + Γ3

Z,Z,W+,W−

)
(94)

• Self-Energy for Z’-Boson (Z ′)

Π(p2) = +2|ΓZ′,W+,H− |2B0

(
p2,m2

W− ,m
2
H−

)
+ |ΓZ′,η̄−,η− |

2B00

(
p2,m2

η− ,m
2
η−

)
+ |ΓZ′,η̄+,η+ |

2B00

(
p2,m2

η+ ,m
2
η+

)
− 4|ΓZ′,H−,∗,H− |2B00

(
p2,m2

H− ,m
2
H−

)
+A0

(
m2
H−

)
ΓZ′,Z′,H−,∗,H−

− |ΓZ′,W+,W− |2
(

10B00

(
p2,m2

W− ,m
2
W−

)
+ 2A0

(
m2
W−

)
− 2rMS

(
2m2

W− −
1

3
p2
)

+B0

(
p2,m2

W− ,m
2
W−

)(
2m2

W− + 4p2
))

+
1

2

2∑
a=1

A0

(
m2
Ah,a

)
ΓZ′,Z′,Ah,a,Ah,a +

1

2

2∑
a=1

A0

(
m2
ha

)
ΓZ′,Z′,ha,ha

− 4

2∑
a=1

2∑
b=1

|ΓZ′,ha,Ah,b |2B00

(
p2,m2

Ah,b
,m2

ha

)
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+ 3

3∑
a=1

3∑
b=1

[(
|ΓLZ′,d̄a,db |

2 + |ΓRZ′,d̄a,db |
2
)
H0

(
p2,m2

da ,m
2
db

)
+ 4B0

(
p2,m2

da ,m
2
db

)
mdamdb<

(
ΓL∗Z′,d̄a,dbΓ

R
Z′,d̄a,db

)]
+

3∑
a=1

3∑
b=1

[(
|ΓLZ′,ēa,eb |

2 + |ΓRZ′,ēa,eb |
2
)
H0

(
p2,m2

ea ,m
2
eb

)
+ 4B0

(
p2,m2

ea ,m
2
eb

)
meameb<

(
ΓL∗Z′,ēa,ebΓ

R
Z′,ēa,eb

)]
+ 3

3∑
a=1

3∑
b=1

[(
|ΓLZ′,ūa,ub |

2 + |ΓRZ′,ūa,ub |
2
)
H0

(
p2,m2

ua ,m
2
ub

)
+ 4B0

(
p2,m2

ua ,m
2
ub

)
muamub<

(
ΓL∗Z′,ūa,ubΓ

R
Z′,ūa,ub

)]
+

1

2

6∑
a=1

6∑
b=1

[(
|ΓLZ′,νa,νb |

2 + |ΓRZ′,νa,νb |
2
)
H0

(
p2,m2

νa ,m
2
νb

)
+ 4B0

(
p2,m2

νa ,m
2
νb

)
mνamνb<

(
ΓL∗Z′,νa,νbΓ

R
Z′,νa,νb

)]
+

2∑
b=1

|ΓZ′,γ,hb |2B0

(
p2, 0,m2

hb

)
+

2∑
b=1

|ΓZ′,Z,hb |2B0

(
p2,m2

Z ,m
2
hb

)
+

2∑
b=1

|ΓZ′,Z′,hb |2B0

(
p2,m2

Z′ ,m
2
hb

)
+ 2rMSm2

W−Γ1
Z′,Z′,W+,W− −A0

(
m2
W−

)(
4Γ1

Z′,Z′,W+,W− + Γ2
Z′,Z′,W+,W− + Γ3

Z′,Z′,W+,W−

)
(95)

• Self-Energy for W-Boson (W−)

Π(p2) = 2rMSm2
W−Γ1

W−,W+,W+,W− + 3

3∑
a=1

3∑
b=1

[(
|ΓLW+,ūa,db

|2 + |ΓRW+,ūa,db
|2
)
H0

(
p2,m2

ua ,m
2
db

)
+ 4B0

(
p2,m2

ua ,m
2
db

)
mdbmua<

(
ΓL∗W+,ūa,db

ΓRW+,ūa,db

)]
− 4

2∑
b=1

|ΓW+,H−,Ah,b |
2B00

(
p2,m2

Ah,b
,m2

H−

)
− 4

2∑
b=1

|ΓW+,H−,hb |
2B00

(
p2,m2

hb
,m2

H−

)
+A0

(
m2
H−

)
ΓW−,W+,H−,∗,H− −A0

(
m2
W−

)(
4Γ1

W−,W+,W+,W− + Γ2
W−,W+,W+,W− + Γ3

W−,W+,W+,W−

)
+

1

2

(
2rMSm2

Z′Γ
1
W−,W+,Z′,Z′ −A0

(
m2
Z′

)(
4Γ1

W−,W+,Z′,Z′ + Γ2
W−,W+,Z′,Z′ + Γ3

W−,W+,Z′,Z′

))
+

1

2

(
2rMSm2

ZΓ1
W−,W+,Z,Z −A0

(
m2
Z

)(
4Γ1

W−,W+,Z,Z + Γ2
W−,W+,Z,Z + Γ3

W−,W+,Z,Z

))
− 1

2
A0

(
0
)(

4Γ1
W−,W+,γ,γ + Γ2

W−,W+,γ,γ + Γ3
W−,W+,γ,γ

)
+

1

2

2∑
a=1

A0

(
m2
Ah,a

)
ΓW−,W+,Ah,a,Ah,a +

1

2

2∑
a=1

A0

(
m2
ha

)
ΓW−,W+,ha,ha + |ΓW+,η̄+,ηγ |

2B00

(
p2,m2

ηγ ,m
2
η+

)
+ |ΓW+,η̄+,ηZ′ |

2B00

(
p2,m2

ηZ′
,m2

η+

)
+ |ΓW+,η̄+,ηZ |

2B00

(
p2,m2

ηZ ,m
2
η+

)
+ |ΓW+,η̄γ ,η− |2B00

(
p2,m2

η− ,m
2
ηγ

)
+ |Γ

W+, ¯ηZ′ ,η−
|2B00

(
p2,m2

η− ,m
2
ηZ′

)
+ |ΓW+,η̄Z ,η− |

2B00

(
p2,m2

η− ,m
2
ηZ

)
+ |ΓW+,γ,H− |2B0

(
p2, 0,m2

H−

)
− |ΓW+,W−,γ |2

(
10B00

(
p2,m2

W− , 0
)
− 2rMS

(
− 1

3
p2 +m2

W−

)
+B0

(
p2,m2

W− , 0
)(

4p2 +m2
W−

)
+A0

(
0
)

+A0

(
m2
W−

))
+ |ΓW+,Z′,H− |2B0

(
p2,m2

Z′ ,m
2
H−

)
+ |ΓW+,Z,H− |2B0

(
p2,m2

Z ,m
2
H−

)
− |ΓW+,Z′,W− |2

(
10B00

(
p2,m2

Z′ ,m
2
W−

)
− 2rMS

(
− 1

3
p2 +m2

W− +m2
Z′

)
+B0

(
p2,m2

Z′ ,m
2
W−

)(
4p2 +m2

W− +m2
Z′

)
+A0

(
m2
W−

)
+A0

(
m2
Z′

))
− |ΓW+,Z,W− |2

(
10B00

(
p2,m2

Z ,m
2
W−

)
− 2rMS

(
− 1

3
p2 +m2

W− +m2
Z

)
+B0

(
p2,m2

Z ,m
2
W−

)(
4p2 +m2

W− +m2
Z

)
+A0

(
m2
W−

)
+A0

(
m2
Z

))
+

6∑
a=1

3∑
b=1

[(
|ΓLW+,νa,eb

|2 + |ΓRW+,νa,eb
|2
)
H0

(
p2,m2

νa ,m
2
eb

)
+ 4B0

(
p2,m2

νa ,m
2
eb

)
mebmνa<

(
ΓL∗W+,νa,eb

ΓRW+,νa,eb

)]
+

2∑
b=1

|ΓW+,W−,hb |
2B0

(
p2,m2

W− ,m
2
hb

)
(96)

8.2 Tadpoles

δt
(1)
h = +A0

(
m2
η−

)
Γȟi,η̄−,η− +A0

(
m2
η+

)
Γȟi,η̄+,η+ +A0

(
m2
ηZ

)
Γȟi,η̄Z ,ηZ

+A0

(
m2
ηZ′

)
Γ
ȟi,

¯ηZ′ ,ηZ′
−A0

(
m2
H−

)
Γȟi,H−,∗,H− + 4Γȟi,W+,W−

(
− 1

2
rMSm2

W− +A0

(
m2
W−

))
+ 2Γȟi,Z,Z

(
− 1

2
rMSm2

Z +A0

(
m2
Z

))
+ 2Γȟi,Z′,Z′

(
− 1

2
rMSm2

Z′ +A0

(
m2
Z′

))
− 1

2

2∑
a=1

A0

(
m2
Ah,a

)
Γȟi,Ah,a,Ah,a
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− 1

2

2∑
a=1

A0

(
m2
ha

)
Γȟi,ha,ha + 6

3∑
a=1

A0

(
m2
da

)
mda

(
ΓL
ȟi,d̄a,da

+ ΓR
ȟi,d̄a,da

)
+ 2

3∑
a=1

A0

(
m2
ea

)
mea

(
ΓL
ȟi,ēa,ea

+ ΓR
ȟi,ēa,ea

)
+ 6

3∑
a=1

A0

(
m2
ua

)
mua

(
ΓL
ȟi,ūa,ua

+ ΓR
ȟi,ūa,ua

)
+

6∑
a=1

A0

(
m2
νa

)
mνa

(
ΓL
ȟi,νa,νa

+ ΓR
ȟi,νa,νa

)
(97)

9 Interactions for eigenstates ’EWSB’

9.1 Three Scalar-Interaction

Ah,i

Ah,j

hk

i
(
ZAi1Z

A
j1

(
2λ1vZ

H
k1 + λ3xZ

H
k2

)
+ ZAi2Z

A
j2

(
2λ2xZ

H
k2 + λ3vZ

H
k1

))
(98)

hi

hj

hk

i
(
ZHi2

(
λ3Z

H
j1

(
vZHk2 + xZHk1

)
+ ZHj2

(
6λ2xZ

H
k2 + λ3vZ

H
k1

))
+ ZHi1

(
λ3Z

H
j2

(
vZHk2 + xZHk1

)
+ ZHj1

(
6λ1vZ

H
k1 + λ3xZ

H
k2

)))
(99)
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hi

H−

H−,∗

i
(

2λ1vZ
H
i1 + λ3xZ

H
i2

)
(100)

9.2 Two Scalar-One Vector Boson-Interaction

Ah,i

hj

γµ

1

2

(
− 4gY B cos ΘWZ

A
i2Z

H
j2 −

(
g1 cos ΘW − g2 sin ΘW

)
ZAi1Z

H
j1

)(
− phjµ + p

Ah,i
µ

)
(101)

Ah,i

hj

Zµ

1

2

((
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)
ZAi1Z

H
j1

+ 4
(
− gB sin Θ′W + gY B cos Θ′W sin ΘW

)
ZAi2Z

H
j2

)(
− phjµ + p

Ah,i
µ

)
(102)
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Ah,i

hj

Z ′µ

1

2

(
−
((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)
ZAi1Z

H
j1

− 4
(
gB cos Θ′W + gY B sin ΘW sin Θ′W

)
ZAi2Z

H
j2

)(
− phjµ + p

Ah,i
µ

)
(103)

Ah,i

H−

W+
µ

1

2
g2Z

A
i1

(
− pH

−

µ + p
Ah,i
µ

)
(104)

Ah,i

H−,∗

W−µ

1

2
g2Z

A
i1

(
− pH

−,∗

µ + p
Ah,i
µ

)
(105)
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hi

H−

W+
µ

i

2
g2Z

H
i1

(
− pH

−

µ + phiµ

)
(106)

hi

H−,∗

W−µ

− i

2
g2Z

H
i1

(
− pH

−,∗

µ + phiµ

)
(107)

H−

H−,∗

γµ

i

2

(
g1 cos ΘW + g2 sin ΘW

)(
− pH

−,∗

µ + pH
−

µ

)
(108)
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H−

H−,∗

Zµ

i

2

(
− g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W + gBY sin Θ′W

)(
− pH

−,∗

µ + pH
−

µ

)
(109)

H−

H−,∗

Z ′µ

i

2

((
g1 sin ΘW − g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)(
− pH

−,∗

µ + pH
−

µ

)
(110)

9.3 One Scalar-Two Vector Boson-Interaction

hi

γσ

γµ

i

2

(
16g2

Y Bx cos Θ2
WZ

H
i2 + v

(
g1 cos ΘW − g2 sin ΘW

)2

ZHi1

)(
gσµ

)
(111)
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hi

γσ

Zµ

− i

2

(
v
(
g1 cos ΘW − g2 sin ΘW

)(
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)
ZHi1

+ 8gY Bx
(
− 2gB cos ΘW sin Θ′W + gY B cos Θ′W sin 2ΘW

)
ZHi2

)(
gσµ

)
(112)

hi

γσ

Z ′µ

i

2

(
v
(
g1 cos ΘW − g2 sin ΘW

)((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)
ZHi1

+ 8gY Bx
(

2gB cos ΘW cos Θ′W + gY B sin 2ΘW sin Θ′W

)
ZHi2

)(
gσµ

)
(113)

hi

W+
σ

W−µ

i

2
g2

2vZ
H
i1

(
gσµ

)
(114)
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hi

Zσ

Zµ

i

2

(
v
(
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)2

ZHi1

+ 16x
(
− gB sin Θ′W + gY B cos Θ′W sin ΘW

)2

ZHi2

)(
gσµ

)
(115)

hi

Zσ

Z ′µ

− i

2

(
v
(
g1gBY cos Θ′

2
W sin ΘW + g2

2 cos Θ2
W cos Θ′W sin Θ′W

+ cos Θ′W

(
g2

1 sin Θ2
W − g2

BY

)
sin Θ′W − g1gBY sin ΘW sin Θ′

2
W

+ g2 cos ΘW

(
g1 sin ΘW sin 2Θ′W + gBY cos Θ′

2
W − gBY sin Θ′

2
W

))
ZHi1

+ 8x
(

2gBgY B cos Θ′
2
W sin ΘW − 2gBgY B sin ΘW sin Θ′

2
W − g2

B sin 2Θ′W

+ g2
Y B sin Θ2

W sin 2Θ′W

)
ZHi2

)(
gσµ

)
(116)

hi

Z ′σ

Z ′µ
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i

2

(
v
((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)2

ZHi1

+ 16x
(
gB cos Θ′W + gY B sin ΘW sin Θ′W

)2

ZHi2

)(
gσµ

)
(117)

H−

W+
σ

γµ

− i

2
g1g2v cos ΘW

(
gσµ

)
(118)

H−

W+
σ

Zµ

i

2
g2v
(
g1 cos Θ′W sin ΘW − gBY sin Θ′W

)(
gσµ

)
(119)

H−

W+
σ

Z ′µ
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− i

2
g2v
(
g1 sin ΘW sin Θ′W + gBY cos Θ′W

)(
gσµ

)
(120)

H−,∗

γσ

W−µ

− i

2
g1g2v cos ΘW

(
gσµ

)
(121)

H−,∗

W−σ

Zµ

i

2
g2v
(
g1 cos Θ′W sin ΘW − gBY sin Θ′W

)(
gσµ

)
(122)

H−,∗

W−σ

Z ′µ

− i

2
g2v
(
g1 sin ΘW sin Θ′W + gBY cos Θ′W

)(
gσµ

)
(123)
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9.4 Two Fermion-One Vector Boson-Interaction

d̄iα

djβ

gγµ

− i

2
g3δijλ

γ
α,β

(
γµ ·

1− γ5

2

)
(124)

+ − i
2
g3δijλ

γ
α,β

(
γµ ·

1 + γ5

2

)
(125)

d̄iα

djβ

γµ

− i

6
δαβδij

((
2gY B + g1

)
cos ΘW − 3g2 sin ΘW

)(
γµ ·

1− γ5

2

)
(126)

+
i

3

(
− gY B + g1

)
cos ΘW δαβδij

(
γµ ·

1 + γ5

2

)
(127)

d̄iα

djβ

Zµ

41



i

6
δαβδij

(
−
(

2gB + gBY

)
sin Θ′W +

(
2gY B + g1

)
cos Θ′W sin ΘW + 3g2 cos ΘW cos Θ′W

)(
γµ ·

1− γ5

2

)
(128)

+ − i
3
δαβδij

((
− gBY + gB

)
sin Θ′W +

(
− gY B + g1

)
cos Θ′W sin ΘW

)(
γµ ·

1 + γ5

2

)
(129)

d̄iα

djβ

Z ′µ

− i

6
δαβδij

((
2gB + gBY

)
cos Θ′W +

((
2gY B + g1

)
sin ΘW + 3g2 cos ΘW

)
sin Θ′W

)(
γµ ·

1− γ5

2

)
(130)

+
i

3
δαβδij

((
− gB + gBY

)
cos Θ′W +

(
− gY B + g1

)
sin ΘW sin Θ′W

)(
γµ ·

1 + γ5

2

)
(131)

ūiα

djβ

W+
µ

− i 1√
2
g2δαβ

3∑
a=1

Ud,∗L,jaU
u
L,ia

(
γµ ·

1− γ5

2

)
(132)

νi

ej

W+
µ
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− i 1√
2
g2

3∑
a=1

Ue,∗L,jaU
V
ia

(
γµ ·

1− γ5

2

)
(133)

ēi

ej

γµ

i

2
δij

((
2gY B + g1

)
cos ΘW + g2 sin ΘW

)(
γµ ·

1− γ5

2

)
(134)

+ i
(
g1 + gY B

)
cos ΘW δij

(
γµ ·

1 + γ5

2

)
(135)

ēi

ej

Zµ

i

2
δij

((
2gB + gBY

)
sin Θ′W −

(
2gY B + g1

)
cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W

)(
γµ ·

1− γ5

2

)
(136)

+ −iδij
((
g1 + gY B

)
cos Θ′W sin ΘW −

(
gBY + gB

)
sin Θ′W

)(
γµ ·

1 + γ5

2

)
(137)

ēi

ej

Z ′µ
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i

2
δij

((
2gB + gBY

)
cos Θ′W +

((
2gY B + g1

)
sin ΘW − g2 cos ΘW

)
sin Θ′W

)(
γµ ·

1− γ5

2

)
(138)

+ iδij

((
g1 + gY B

)
sin ΘW sin Θ′W +

(
gBY + gB

)
cos Θ′W

)(
γµ ·

1 + γ5

2

)
(139)

ūiα

ujβ

gγµ

− i

2
g3δijλ

γ
α,β

(
γµ ·

1− γ5

2

)
(140)

+ − i
2
g3δijλ

γ
α,β

(
γµ ·

1 + γ5

2

)
(141)

ūiα

ujβ

γµ

− i

6
δαβδij

((
2gY B + g1

)
cos ΘW + 3g2 sin ΘW

)(
γµ ·

1− γ5

2

)
(142)

+ − i
3

(
2g1 + gY B

)
cos ΘW δαβδij

(
γµ ·

1 + γ5

2

)
(143)

d̄iα

ujβ

W−µ
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− i 1√
2
g2δαβ

3∑
a=1

Uu,∗L,jaU
d
L,ia

(
γµ ·

1− γ5

2

)
(144)

ūiα

ujβ

Zµ

− i

6
δαβδij

((
2gB + gBY

)
sin Θ′W −

(
2gY B + g1

)
cos Θ′W sin ΘW + 3g2 cos ΘW cos Θ′W

)(
γµ ·

1− γ5

2

)
(145)

+
i

3
δαβδij

((
2g1 + gY B

)
cos Θ′W sin ΘW −

(
2gBY + gB

)
sin Θ′W

)(
γµ ·

1 + γ5

2

)
(146)

ūiα

ujβ

Z ′µ

− i

6
δαβδij

((
2gB + gBY

)
cos Θ′W +

((
2gY B + g1

)
sin ΘW − 3g2 cos ΘW

)
sin Θ′W

)(
γµ ·

1− γ5

2

)
(147)

+ − i
3
δαβδij

((
2g1 + gY B

)
sin ΘW sin Θ′W +

(
2gBY + gB

)
cos Θ′W

)(
γµ ·

1 + γ5

2

)
(148)

νi

νj

γµ
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i

2

(
− 2gY B cos ΘW

3∑
a=1

UV,∗j3+aU
V
i3+a +

((
2gY B + g1

)
cos ΘW − g2 sin ΘW

) 3∑
a=1

UV,∗ja UVia

)(
γµ ·

1− γ5

2

)
(149)

+ − i
2

(
− 2gY B cos ΘW

3∑
a=1

UV,∗i3+aU
V
j3+a +

((
2gY B + g1

)
cos ΘW − g2 sin ΘW

) 3∑
a=1

UV,∗ia UVja

)(
γµ ·

1 + γ5

2

)
(150)

νi

νj

Zµ

− i

2

((
−
(

2gB + gBY

)
sin Θ′W +

(
2gY B + g1

)
cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W

) 3∑
a=1

UV,∗ja UVia

+ 2
(
gB sin Θ′W − gY B cos Θ′W sin ΘW

) 3∑
a=1

UV,∗j3+aU
V
i3+a

)(
γµ ·

1− γ5

2

)
(151)

+
i

2

((
−
(

2gB + gBY

)
sin Θ′W +

(
2gY B + g1

)
cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W

) 3∑
a=1

UV,∗ia UVja

+ 2
(
gB sin Θ′W − gY B cos Θ′W sin ΘW

) 3∑
a=1

UV,∗i3+aU
V
j3+a

)(
γµ ·

1 + γ5

2

)
(152)

νi

νj

Z ′µ

i

2

(((
2gB + gBY

)
cos Θ′W +

((
2gY B + g1

)
sin ΘW + g2 cos ΘW

)
sin Θ′W

) 3∑
a=1

UV,∗ja UVia
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− 2
(
gB cos Θ′W + gY B sin ΘW sin Θ′W

) 3∑
a=1

UV,∗j3+aU
V
i3+a

)(
γµ ·

1− γ5

2

)
(153)

+ − i
2

(((
2gB + gBY

)
cos Θ′W +

((
2gY B + g1

)
sin ΘW + g2 cos ΘW

)
sin Θ′W

) 3∑
a=1

UV,∗ia UVja

− 2
(
gB cos Θ′W + gY B sin ΘW sin Θ′W

) 3∑
a=1

UV,∗i3+aU
V
j3+a

)(
γµ ·

1 + γ5

2

)
(154)

ēi

νj

W−µ

− i 1√
2
g2

3∑
a=1

UV,∗ja UeL,ia

(
γµ ·

1− γ5

2

)
(155)

9.5 Two Fermion-One Scalar Boson-Interaction

d̄iα

djβ

Ah,k

1√
2
δαβ

3∑
b=1

Ud,∗L,jb

3∑
a=1

Ud,∗R,iaYd,abZ
A
k1

(1− γ5

2

)
(156)

+ − 1√
2
δαβ

3∑
b=1

3∑
a=1

Y ∗d,abU
d
R,jaU

d
L,ibZ

A
k1

(1 + γ5

2

)
(157)
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ēi

ej

Ah,k

1√
2

3∑
b=1

Ue,∗L,jb

3∑
a=1

Ue,∗R,iaYe,abZ
A
k1

(1− γ5

2

)
(158)

+ − 1√
2

3∑
b=1

3∑
a=1

Y ∗e,abU
e
R,jaU

e
L,ibZ

A
k1

(1 + γ5

2

)
(159)

ūiα

ujβ

Ah,k

− 1√
2
δαβ

3∑
b=1

Uu,∗L,jb

3∑
a=1

Uu,∗R,iaYu,abZ
A
k1

(1− γ5

2

)
(160)

+
1√
2
δαβ

3∑
b=1

3∑
a=1

Y ∗u,abU
u
R,jaU

u
L,ibZ

A
k1

(1 + γ5

2

)
(161)

νi

νj

Ah,k
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1√
2

(
−

3∑
b=1

UV,∗j3+b

3∑
a=1

UV,∗ia Yν,abZ
A
k1 −

3∑
b=1

UV,∗i3+b

3∑
a=1

UV,∗ja Yν,abZ
A
k1

+
( 3∑
b=1

UV,∗j3+b

3∑
a=1

UV,∗i3+aYx,ab +

3∑
b=1

UV,∗i3+b

3∑
a=1

UV,∗j3+aYx,ab

)
ZAk2

)(1− γ5

2

)
(162)

+
1√
2

( 3∑
b=1

3∑
a=1

Y ∗ν,abU
V
jaU

V
i3+bZ

A
k1 +

3∑
b=1

3∑
a=1

Y ∗ν,abU
V
iaU

V
j3+bZ

A
k1

−
( 3∑
b=1

3∑
a=1

Y ∗x,abU
V
j3+aU

V
i3+b +

3∑
b=1

3∑
a=1

Y ∗x,abU
V
i3+aU

V
j3+b

)
ZAk2

)(1 + γ5

2

)
(163)

d̄iα

djβ

hk

− i 1√
2
δαβ

3∑
b=1

Ud,∗L,jb

3∑
a=1

Ud,∗R,iaYd,abZ
H
k1

(1− γ5

2

)
(164)

+ −i 1√
2
δαβ

3∑
b=1

3∑
a=1

Y ∗d,abU
d
R,jaU

d
L,ibZ

H
k1

(1 + γ5

2

)
(165)

ūiα

djβ

H−,∗

− iδαβ
3∑
b=1

Ud,∗L,jb

3∑
a=1

Uu,∗R,iaYu,ab

(1− γ5

2

)
(166)
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+ iδαβ

3∑
b=1

3∑
a=1

Y ∗d,abU
d
R,jaU

u
L,ib

(1 + γ5

2

)
(167)

νi

ej

H−,∗

− i
3∑
b=1

UV,∗i3+b

3∑
a=1

Ue,∗L,jaYν,ab

(1− γ5

2

)
(168)

+ i

3∑
b=1

3∑
a=1

Y ∗e,abU
e
R,jaU

V
ib

(1 + γ5

2

)
(169)

ēi

ej

hk

− i 1√
2

3∑
b=1

Ue,∗L,jb

3∑
a=1

Ue,∗R,iaYe,abZ
H
k1

(1− γ5

2

)
(170)

+ −i 1√
2

3∑
b=1

3∑
a=1

Y ∗e,abU
e
R,jaU

e
L,ibZ

H
k1

(1 + γ5

2

)
(171)
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ūiα

ujβ

hk

− i 1√
2
δαβ

3∑
b=1

Uu,∗L,jb

3∑
a=1

Uu,∗R,iaYu,abZ
H
k1

(1− γ5

2

)
(172)

+ −i 1√
2
δαβ

3∑
b=1

3∑
a=1

Y ∗u,abU
u
R,jaU

u
L,ibZ

H
k1

(1 + γ5

2

)
(173)

d̄iα

ujβ

H−

iδαβ

3∑
b=1

Uu,∗L,jb

3∑
a=1

Ud,∗R,iaYd,ab

(1− γ5

2

)
(174)

+ −iδαβ
3∑
b=1

3∑
a=1

Y ∗u,abU
u
R,jaU

d
L,ib

(1 + γ5

2

)
(175)

νi

νj

hk
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− i 1√
2

( 3∑
b=1

UV,∗j3+b

3∑
a=1

UV,∗ia Yν,abZ
H
k1 +

3∑
b=1

UV,∗i3+b

3∑
a=1

UV,∗ja Yν,abZ
H
k1

+
( 3∑
b=1

UV,∗j3+b

3∑
a=1

UV,∗i3+aYx,ab +

3∑
b=1

UV,∗i3+b

3∑
a=1

UV,∗j3+aYx,ab

)
ZHk2

)(1− γ5

2

)
(176)

+ −i 1√
2

( 3∑
b=1

3∑
a=1

Y ∗ν,abU
V
jaU

V
i3+bZ

H
k1 +

3∑
b=1

3∑
a=1

Y ∗ν,abU
V
iaU

V
j3+bZ

H
k1

+
( 3∑
b=1

3∑
a=1

Y ∗x,abU
V
j3+aU

V
i3+b +

3∑
b=1

3∑
a=1

Y ∗x,abU
V
i3+aU

V
j3+b

)
ZHk2

)(1 + γ5

2

)
(177)

ēi

νj

H−

i

3∑
b=1

UV,∗jb

3∑
a=1

Ue,∗R,iaYe,ab

(1− γ5

2

)
(178)

+ −i
3∑
b=1

3∑
a=1

Y ∗ν,abU
e
L,iaU

V
j3+b

(1 + γ5

2

)
(179)

9.6 Three Vector Boson-Interaction

gαρ

gβσ

gγµ

g3fα,β,γ

(
gρµ

(
− pgγµσ + pgαρσ

)
+ gρσ

(
− pgαρµ + p

gβσ
µ

)
+ gσµ

(
− pgβσρ + pgγµρ

))
(180)
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W+
ρ

γσ

W−µ

ig2 sin ΘW

(
gρµ

(
− pW

−
µ

σ + p
W+
ρ

σ

)
+ gρσ

(
− pW

+
ρ

µ + pγσµ

)
+ gσµ

(
− pγσρ + p

W−µ
ρ

))
(181)

W+
ρ

W−σ

Zµ

− ig2 cos ΘW cos Θ′W

(
gρµ

(
− pZµσ + p

W+
ρ

σ

)
+ gρσ

(
− pW

+
ρ

µ + p
W−σ
µ

)
+ gσµ

(
− pW

−
σ

ρ + pZµρ

))
(182)

W+
ρ

W−σ

Z ′µ

ig2 cos ΘW sin Θ′W

(
gρµ

(
− pZ

′
µ

σ + p
W+
ρ

σ

)
+ gρσ

(
− pW

+
ρ

µ + p
W−σ
µ

)
+ gσµ

(
− pW

−
σ

ρ + pZ
′
µ

ρ

))
(183)
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9.7 Four Scalar-Interaction

Ah,i

Ah,l

Ah,j

Ah,k

i
(
ZAi2

(
λ3Z

A
j1

(
ZAk1Z

A
l2 + ZAk2Z

A
l1

)
+ ZAj2

(
6λ2Z

A
k2Z

A
l2 + λ3Z

A
k1Z

A
l1

))
+ ZAi1

(
λ3Z

A
j2

(
ZAk1Z

A
l2 + ZAk2Z

A
l1

)
+ ZAj1

(
6λ1Z

A
k1Z

A
l1 + λ3Z

A
k2Z

A
l2

)))
(184)

Ah,i

hl

Ah,j

hk

i
(
ZAi1Z

A
j1

(
2λ1Z

H
k1Z

H
l1 + λ3Z

H
k2Z

H
l2

)
+ ZAi2Z

A
j2

(
2λ2Z

H
k2Z

H
l2 + λ3Z

H
k1Z

H
l1

))
(185)

Ah,i

H−,∗

Ah,j

H−

i
(

2λ1Z
A
i1Z

A
j1 + λ3Z

A
i2Z

A
j2

)
(186)
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hi

hl

hj

hk

i
(
ZHi2

(
λ3Z

H
j1

(
ZHk1Z

H
l2 + ZHk2Z

H
l1

)
+ ZHj2

(
6λ2Z

H
k2Z

H
l2 + λ3Z

H
k1Z

H
l1

))
+ ZHi1

(
λ3Z

H
j2

(
ZHk1Z

H
l2 + ZHk2Z

H
l1

)
+ ZHj1

(
6λ1Z

H
k1Z

H
l1 + λ3Z

H
k2Z

H
l2

)))
(187)

hi

H−,∗

hj

H−

i
(

2λ1Z
H
i1Z

H
j1 + λ3Z

H
i2Z

H
j2

)
(188)

H−

H−,∗

H−

H−,∗

4iλ1 (189)
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9.8 Two Scalar-Two Vector Boson-Interaction

Ah,i

γν

Ah,j

γµ

i

2

(
16g2

Y B cos Θ2
WZ

A
i2Z

A
j2 +

(
g1 cos ΘW − g2 sin ΘW

)2

ZAi1Z
A
j1

)(
gµν

)
(190)

Ah,i

Zν

Ah,j

γµ

− i

2

((
g1 cos ΘW − g2 sin ΘW

)(
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)
ZAi1Z

A
j1

+ 8gY B

(
− 2gB cos ΘW sin Θ′W + gY B cos Θ′W sin 2ΘW

)
ZAi2Z

A
j2

)(
gµν

)
(191)

Ah,i

Z ′ν

Ah,j

γµ

i

2

((
g1 cos ΘW − g2 sin ΘW

)((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)
ZAi1Z

A
j1

+ 8gY B

(
2gB cos ΘW cos Θ′W + gY B sin 2ΘW sin Θ′W

)
ZAi2Z

A
j2

)(
gµν

)
(192)

56



Ah,i

W−ν

Ah,j

W+
µ

i

2
g2

2Z
A
i1Z

A
j1

(
gµν

)
(193)

Ah,i

Zν

Ah,j

Zµ

i

2

((
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)2

ZAi1Z
A
j1

+ 16
(
− gB sin Θ′W + gY B cos Θ′W sin ΘW

)2

ZAi2Z
A
j2

)(
gµν

)
(194)

Ah,i

Z ′ν

Ah,j

Zµ

− i

2

((
g1gBY cos Θ′

2
W sin ΘW + g2

2 cos Θ2
W cos Θ′W sin Θ′W

+ cos Θ′W

(
g2

1 sin Θ2
W − g2

BY

)
sin Θ′W − g1gBY sin ΘW sin Θ′

2
W
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+ g2 cos ΘW

(
g1 sin ΘW sin 2Θ′W + gBY cos Θ′

2
W − gBY sin Θ′

2
W

))
ZAi1Z

A
j1

+ 8
(

2gBgY B cos Θ′
2
W sin ΘW − 2gBgY B sin ΘW sin Θ′

2
W − g2

B sin 2Θ′W

+ g2
Y B sin Θ2

W sin 2Θ′W

)
ZAi2Z

A
j2

)(
gµν

)
(195)

Ah,i

Z ′ν

Ah,j

Z ′µ

i

2

(((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)2

ZAi1Z
A
j1

+ 16
(
gB cos Θ′W + gY B sin ΘW sin Θ′W

)2

ZAi2Z
A
j2

)(
gµν

)
(196)

Ah,i

γν

H−

W+
µ

− 1

2
g1g2 cos ΘWZ

A
i1

(
gµν

)
(197)

Ah,i

Zν

H−

W+
µ
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1

2
g2

(
g1 cos Θ′W sin ΘW − gBY sin Θ′W

)
ZAi1

(
gµν

)
(198)

Ah,i

Z ′ν

H−

W+
µ

− 1

2
g2

(
g1 sin ΘW sin Θ′W + gBY cos Θ′W

)
ZAi1

(
gµν

)
(199)

Ah,i

W−ν

H−,∗

γµ

1

2
g1g2 cos ΘWZ

A
i1

(
gµν

)
(200)

Ah,i

Zν

H−,∗

W−µ

1

2
g2

(
− g1 cos Θ′W sin ΘW + gBY sin Θ′W

)
ZAi1

(
gµν

)
(201)

59



Ah,i

Z ′ν

H−,∗

W−µ

1

2
g2

(
g1 sin ΘW sin Θ′W + gBY cos Θ′W

)
ZAi1

(
gµν

)
(202)

hi

γν

hj

γµ

i

2

(
16g2

Y B cos Θ2
WZ

H
i2Z

H
j2 +

(
g1 cos ΘW − g2 sin ΘW

)2

ZHi1Z
H
j1

)(
gµν

)
(203)

hi

Zν

hj

γµ

− i

2

((
g1 cos ΘW − g2 sin ΘW

)(
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)
ZHi1Z

H
j1

+ 8gY B

(
− 2gB cos ΘW sin Θ′W + gY B cos Θ′W sin 2ΘW

)
ZHi2Z

H
j2

)(
gµν

)
(204)
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hi

Z ′ν

hj

γµ

i

2

((
g1 cos ΘW − g2 sin ΘW

)((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)
ZHi1Z

H
j1

+ 8gY B

(
2gB cos ΘW cos Θ′W + gY B sin 2ΘW sin Θ′W

)
ZHi2Z

H
j2

)(
gµν

)
(205)

hi

W−ν

hj

W+
µ

i

2
g2

2Z
H
i1Z

H
j1

(
gµν

)
(206)

hi

Zν

hj

Zµ

i

2

((
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)2

ZHi1Z
H
j1

+ 16
(
− gB sin Θ′W + gY B cos Θ′W sin ΘW

)2

ZHi2Z
H
j2

)(
gµν

)
(207)
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hi

Z ′ν

hj

Zµ

− i

2

((
g1gBY cos Θ′

2
W sin ΘW + g2

2 cos Θ2
W cos Θ′W sin Θ′W

+ cos Θ′W

(
g2

1 sin Θ2
W − g2

BY

)
sin Θ′W − g1gBY sin ΘW sin Θ′

2
W

+ g2 cos ΘW

(
g1 sin ΘW sin 2Θ′W + gBY cos Θ′

2
W − gBY sin Θ′

2
W

))
ZHi1Z

H
j1

+ 8
(

2gBgY B cos Θ′
2
W sin ΘW − 2gBgY B sin ΘW sin Θ′

2
W − g2

B sin 2Θ′W

+ g2
Y B sin Θ2

W sin 2Θ′W

)
ZHi2Z

H
j2

)(
gµν

)
(208)

hi

Z ′ν

hj

Z ′µ

i

2

(((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)2

ZHi1Z
H
j1

+ 16
(
gB cos Θ′W + gY B sin ΘW sin Θ′W

)2

ZHi2Z
H
j2

)(
gµν

)
(209)

hi

γν

H−

W+
µ

62



− i

2
g1g2 cos ΘWZ

H
i1

(
gµν

)
(210)

hi

Zν

H−

W+
µ

i

2
g2

(
g1 cos Θ′W sin ΘW − gBY sin Θ′W

)
ZHi1

(
gµν

)
(211)

hi

Z ′ν

H−

W+
µ

− i

2
g2

(
g1 sin ΘW sin Θ′W + gBY cos Θ′W

)
ZHi1

(
gµν

)
(212)

hi

W−ν

H−,∗

γµ

− i

2
g1g2 cos ΘWZ

H
i1

(
gµν

)
(213)

63



hi

Zν

H−,∗

W−µ

i

2
g2

(
g1 cos Θ′W sin ΘW − gBY sin Θ′W

)
ZHi1

(
gµν

)
(214)

hi

Z ′ν

H−,∗

W−µ

− i

2
g2

(
g1 sin ΘW sin Θ′W + gBY cos Θ′W

)
ZHi1

(
gµν

)
(215)

H−

γν

H−,∗

γµ

i

2

(
g1 cos ΘW + g2 sin ΘW

)2(
gµν

)
(216)
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H−

Zν

H−,∗

γµ

i

2

(
g1 cos ΘW + g2 sin ΘW

)(
− g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W + gBY sin Θ′W

)(
gµν

)
(217)

H−

Z ′ν

H−,∗

γµ

i

2

(
g1 cos ΘW + g2 sin ΘW

)((
g1 sin ΘW − g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)(
gµν

)
(218)

H−

W−ν

H−,∗

W+
µ

i

2
g2

2

(
gµν

)
(219)
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H−

Zν

H−,∗

Zµ

i

2

(
− g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W + gBY sin Θ′W

)2(
gµν

)
(220)

H−

Z ′ν

H−,∗

Zµ

i

2

(
− g1gBY cos Θ′

2
W sin ΘW − g2

2 cos Θ2
W cos Θ′W sin Θ′W

+ cos Θ′W

(
− g2

1 sin Θ2
W + g2

BY

)
sin Θ′W + g1gBY sin ΘW sin Θ′

2
W

+ g2 cos ΘW

(
g1 sin ΘW sin 2Θ′W + gBY cos Θ′

2
W − gBY sin Θ′

2
W

))(
gµν

)
(221)

H−

Z ′ν

H−,∗

Z ′µ

i

2

((
g1 sin ΘW − g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)2(
gµν

)
(222)
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9.9 Four Vector Boson-Interaction

gαρ

gδν

gβσ

gγµ

− ig2
3

( 8∑
a=1

fα,δ,afβ,γ,a +

8∑
a=1

fα,γ,afβ,δ,a

)(
gρσgµν

)
(223)

+ ig2
3

(
−

8∑
a=1

fα,β,afγ,δ,a +

8∑
a=1

fα,δ,afβ,γ,a

)(
gρµgσν

)
(224)

+ ig2
3

( 8∑
a=1

fα,γ,afβ,δ,a +

8∑
a=1

fα,β,afγ,δ,a

)(
gρνgσµ

)
(225)

W+
ρ

W−ν

γσ

γµ

ig2
2 sin Θ2

W

(
gρσgµν

)
(226)

+ ig2
2 sin Θ2

W

(
gρµgσν

)
(227)

+ −2ig2
2 sin Θ2

W

(
gρνgσµ

)
(228)
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W+
ρ

Zν

γσ

W−µ

ig2
2 cos ΘW cos Θ′W sin ΘW

(
gρσgµν

)
(229)

+ −ig2
2 cos Θ′W sin 2ΘW

(
gρµgσν

)
(230)

+ ig2
2 cos ΘW cos Θ′W sin ΘW

(
gρνgσµ

)
(231)

W+
ρ

Z ′ν

γσ

W−µ

− ig2
2 cos ΘW sin ΘW sin Θ′W

(
gρσgµν

)
(232)

+ ig2
2 sin 2ΘW sin Θ′W

(
gρµgσν

)
(233)

+ −ig2
2 cos ΘW sin ΘW sin Θ′W

(
gρνgσµ

)
(234)

W+
ρ

W−ν

W+
σ

W−µ

68



2ig2
2

(
gρσgµν

)
(235)

+ −ig2
2

(
gρµgσν

)
(236)

+ −ig2
2

(
gρνgσµ

)
(237)

W+
ρ

Zν

W−σ

Zµ

− 2ig2
2 cos Θ2

W cos Θ′
2
W

(
gρσgµν

)
(238)

+ ig2
2 cos Θ2

W cos Θ′
2
W

(
gρµgσν

)
(239)

+ ig2
2 cos Θ2

W cos Θ′
2
W

(
gρνgσµ

)
(240)

W+
ρ

Z ′ν

W−σ

Zµ

ig2
2 cos Θ2

W sin 2Θ′W

(
gρσgµν

)
(241)

+ −ig2
2 cos Θ2

W cos Θ′W sin Θ′W

(
gρµgσν

)
(242)

+ −ig2
2 cos Θ2

W cos Θ′W sin Θ′W

(
gρνgσµ

)
(243)
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W+
ρ

Z ′ν

W−σ

Z ′µ

− 2ig2
2 cos Θ2

W sin Θ′
2
W

(
gρσgµν

)
(244)

+ ig2
2 cos Θ2

W sin Θ′
2
W

(
gρµgσν

)
(245)

+ ig2
2 cos Θ2

W sin Θ′
2
W

(
gρνgσµ

)
(246)

9.10 Two Ghosts-One Vector Boson-Interaction

η̄Gα

ηGβ

gγµ

g3fα,β,γ

(
p
ηGβ
µ

)
(247)

η̄−

ηγ

W−µ

ig2 sin ΘW

(
pη

γ

µ

)
(248)
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η̄+

ηγ

W+
µ

− ig2 sin ΘW

(
pη

γ

µ

)
(249)

η̄−

η−

γµ

− ig2 sin ΘW

(
pη
−

µ

)
(250)

η̄−

η−

Zµ

− ig2 cos ΘW cos Θ′W

(
pη
−

µ

)
(251)
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η̄−

η−

Z ′µ

ig2 cos ΘW sin Θ′W

(
pη
−

µ

)
(252)

η̄γ

η−

W+
µ

ig2 sin ΘW

(
pη
−

µ

)
(253)

η̄Z

η−

W+
µ

ig2 cos ΘW cos Θ′W

(
pη
−

µ

)
(254)
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¯ηZ′

η−

W+
µ

− ig2 cos ΘW sin Θ′W

(
pη
−

µ

)
(255)

η̄+

η+

γµ

ig2 sin ΘW

(
pη

+

µ

)
(256)

η̄γ

η+

W−µ

− ig2 sin ΘW

(
pη

+

µ

)
(257)
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η̄Z

η+

W−µ

− ig2 cos ΘW cos Θ′W

(
pη

+

µ

)
(258)

¯ηZ′

η+

W−µ

ig2 cos ΘW sin Θ′W

(
pη

+

µ

)
(259)

η̄+

η+

Zµ

ig2 cos ΘW cos Θ′W

(
pη

+

µ

)
(260)
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η̄+

η+

Z ′µ

− ig2 cos ΘW sin Θ′W

(
pη

+

µ

)
(261)

η̄−

ηZ

W−µ

ig2 cos ΘW cos Θ′W

(
pη

Z

µ

)
(262)

η̄+

ηZ

W+
µ

− ig2 cos ΘW cos Θ′W

(
pη

Z

µ

)
(263)
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η̄−

ηZ
′

W−µ

− ig2 cos ΘW sin Θ′W

(
pη

Z′

µ

)
(264)

η̄+

ηZ
′

W+
µ

ig2 cos ΘW sin Θ′W

(
pη

Z′

µ

)
(265)

9.11 Two Ghosts-One Scalar-Interaction

η̄−

η−

Ah,k

1

4
g2

2vξW−Z
A
k1 (266)
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η̄+

η+

Ah,k

− 1

4
g2

2vξW−Z
A
k1 (267)

η̄Z

ηγ

hk

i

4
ξZ

(
v
(
g1 cos ΘW − g2 sin ΘW

)(
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)
ZHk1

+ 8gY Bx
(
− 2gB cos ΘW sin Θ′W + gY B cos Θ′W sin 2ΘW

)
ZHk2

)
(268)

¯ηZ′

ηγ

hk

− i

4
ξZ′
(
v
(
g1 cos ΘW − g2 sin ΘW

)((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)
ZHk1

+ 8gY Bx
(

2gB cos ΘW cos Θ′W + gY B sin 2ΘW sin Θ′W

)
ZHk2

)
(269)
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η̄−

ηγ

H−

i

4
g2vξW−

(
g1 cos ΘW + g2 sin ΘW

)
(270)

η̄+

ηγ

H−,∗

i

4
g2vξW−

(
g1 cos ΘW + g2 sin ΘW

)
(271)

η̄−

η−

hk

− i

4
g2

2vξW−Z
H
k1 (272)
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η̄Z

η−

H−,∗

− i

4
g2vξZ

(
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)
(273)

¯ηZ′

η−

H−,∗

i

4
g2vξZ′

((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)
(274)

η̄+

η+

hk

− i

4
g2

2vξW−Z
H
k1 (275)

79



η̄Z

η+

H−

− i

4
g2vξZ

(
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)
(276)

¯ηZ′

η+

H−

i

4
g2vξZ′

((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)
(277)

η̄Z

ηZ

hk

− i

4
ξZ

(
v
(
g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W − gBY sin Θ′W

)2

ZHk1

+ 16x
(
− gB sin Θ′W + gY B cos Θ′W sin ΘW

)2

ZHk2

)
(278)
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¯ηZ′

ηZ

hk

i

4
ξZ′
(
v
(
g1gBY cos Θ′

2
W sin ΘW + g2

2 cos Θ2
W cos Θ′W sin Θ′W

+ cos Θ′W

(
g2

1 sin Θ2
W − g2

BY

)
sin Θ′W − g1gBY sin ΘW sin Θ′

2
W

+ g2 cos ΘW

(
g1 sin ΘW sin 2Θ′W + gBY cos Θ′

2
W − gBY sin Θ′

2
W

))
ZHk1

+ 8x
(

2gBgY B cos Θ′
2
W sin ΘW − 2gBgY B sin ΘW sin Θ′

2
W − g2

B sin 2Θ′W

+ g2
Y B sin Θ2

W sin 2Θ′W

)
ZHk2

)
(279)

η̄−

ηZ

H−

i

4
g2vξW−

(
− g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W + gBY sin Θ′W

)
(280)

η̄+

ηZ

H−,∗
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i

4
g2vξW−

(
− g1 cos Θ′W sin ΘW + g2 cos ΘW cos Θ′W + gBY sin Θ′W

)
(281)

η̄Z

ηZ
′

hk

i

4
ξZ

(
v
(
g1gBY cos Θ′

2
W sin ΘW + g2

2 cos Θ2
W cos Θ′W sin Θ′W

+ cos Θ′W

(
g2

1 sin Θ2
W − g2

BY

)
sin Θ′W − g1gBY sin ΘW sin Θ′

2
W

+ g2 cos ΘW

(
g1 sin ΘW sin 2Θ′W + gBY cos Θ′

2
W − gBY sin Θ′

2
W

))
ZHk1

+ 8x
(

2gBgY B cos Θ′
2
W sin ΘW − 2gBgY B sin ΘW sin Θ′

2
W − g2

B sin 2Θ′W

+ g2
Y B sin Θ2

W sin 2Θ′W

)
ZHk2

)
(282)

¯ηZ′

ηZ
′

hk

− i

4
ξZ′
(
v
((
g1 sin ΘW + g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)2

ZHk1

+ 16x
(
gB cos Θ′W + gY B sin ΘW sin Θ′W

)2

ZHk2

)
(283)
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η̄−

ηZ
′

H−

i

4
g2vξW−

((
g1 sin ΘW − g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)
(284)

η̄+

ηZ
′

H−,∗

i

4
g2vξW−

((
g1 sin ΘW − g2 cos ΘW

)
sin Θ′W + gBY cos Θ′W

)
(285)

10 Clebsch-Gordan Coefficients

83


	Fields
	Gauge Fields
	Matter Superfields

	Lagrangian
	Input Lagrangian for Eigenstates GaugeES
	Gauge fixing terms
	Gauge fixing terms for eigenstates 'GaugeES' 
	Gauge fixing terms for eigenstates 'EWSB' 

	Fields integrated out

	Renormalization Group Equations
	Gauge Couplings
	Quartic scalar couplings
	Yukawa Couplings
	Scalar Mass Terms
	Vacuum expectation values

	Field Rotations
	Rotations in gauge sector for eigenstates 'EWSB' 
	Rotations in Mass sector for eigenstates 'EWSB' 
	Mass Matrices for Scalars
	Mass Matrices for Fermions


	Vacuum Expectation Values
	Tadpole Equations
	Particle content for eigenstates 'EWSB'
	One Loop Self-Energy and One Loop Tadpoles for eigenstates 'EWSB'
	One Loop Self-Energy
	Tadpoles

	Interactions for eigenstates 'EWSB'
	Three Scalar-Interaction
	Two Scalar-One Vector Boson-Interaction
	One Scalar-Two Vector Boson-Interaction
	Two Fermion-One Vector Boson-Interaction
	Two Fermion-One Scalar Boson-Interaction
	Three Vector Boson-Interaction
	Four Scalar-Interaction
	Two Scalar-Two Vector Boson-Interaction
	Four Vector Boson-Interaction
	Two Ghosts-One Vector Boson-Interaction
	Two Ghosts-One Scalar-Interaction

	Clebsch-Gordan Coefficients

