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1 Superfields

1.1 Vector Superfields

SF Spin 1
2 Spin 1 SU(N) Coupling Name

B̂ λB̃ B U(1) g1 hypercharge
Ŵ λW̃ W SU(2) g2 left
ĝ λg̃ g SU(3) g3 color

1.2 Chiral Superfields

SF Spin 0 Spin 1
2 Generations (U(1)⊗ SU(2)⊗ SU(3))

q̂ q̃ q 3 ( 1
6 ,2,3)

l̂ l̃ l 3 (− 1
2 ,2,1)

Ĥd Hd H̃d 1 (− 1
2 ,2,1)

Ĥu Hu H̃u 1 ( 1
2 ,2,1)

d̂ d̃∗R d∗R 3 ( 1
3 ,1,3)

û ũ∗R u∗R 3 (− 2
3 ,1,3)

ê ẽ∗R e∗R 3 (1,1,1)

2 Superpotential and Lagrangian

2.1 Superpotential

W =µ Ĥu Ĥd − Yd d̂ q̂ Ĥd − Ye ê l̂ Ĥd + Yu û q̂ Ĥu (1)

2.2 Softbreaking terms

−LSB,W = −H0
dH

0
uBµ +H−d H

+
u Bµ +H0

d d̃
∗
R,iαδαβδij d̃L,jβTd,ij −H−d d̃

∗
R,iαδαβδij ũL,jβTd,ij

+H0
d ẽ
∗
R,iδij ẽL,jTe,ij −H−d ẽ

∗
R,iδij ν̃L,jTe,ij −H+

u ũ
∗
R,iαδαβδij d̃L,jβTu,ij

+H0
uũ
∗
R,iαδαβδij ũL,jβTu,ij + h.c. (2)

−LSB,φ = +m2
Hd
|H0

d |2 +m2
Hd
|H−d |

2 +m2
Hu |H

0
u|2 +m2

Hu |H
+
u |2 + d̃∗L,iαδαβδijm

2
q,ij d̃L,jβ

+ d̃∗R,iαδαβδijm
2
d,ij d̃R,jβ + ẽ∗L,iδijm

2
l,ij ẽL,j + ẽ∗R,iδijm

2
e,ij ẽR,j + ũ∗L,iαδαβδijm

2
q,ij ũL,jβ

+ ũ∗R,iαδαβδijm
2
u,ij ũR,jβ + ν̃∗L,iδijm

2
l,ij ν̃L,j (3)

−LSB,λ =
1

2

(
λ2
B̃
M1δij +M2δijλW̃ ,iλW̃ ,j +M3δijλg̃,αλg̃,β + h.c.

)
(4)
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2.3 Gauge fixing terms
2.3.1 Gauge fixing terms for eigenstates ’GaugeES’

LGF = − 1

2
|∂µB|2ξ−1B −

1

2
|∂µg|2ξ−1g −

1

2
|∂µW |2ξ−1W (5)

2.3.2 Gauge fixing terms for eigenstates ’EWSB’

LGF = − 1

2
|∂µg|2ξ−1g −

1

2
|∂µγ|2ξ−1γ − | −

i

2
g2

(
H−d vd − vuH

+,∗
u

)
ξW− + ∂µW

−|2ξ−1W−

− 1

2
|1
2

(
2∂µZ +

(
σdvd − σuvu

)
ξZ

(
g1 sin ΘW + g2 cos ΘW

))
|2ξ−1Z (6)

2.4 Fields integrated out
None

3 Renormalization Group Equations

3.1 Anomalous Dimensions

γ
(1)
q̂ = − 1

30

(
45g22 + 80g23 + g21

)
1 + Y †d Yd + Y †uYu (7)

γ
(2)
q̂ = +

(
8g22g

2
3 +

15

4
g42 +

1

90
g21

(
16g23 + 9g22

)
+

199

900
g41 −

8

9
g43

)
1 +

4

5
g21Y

†
uYu − 2Y †d YdY

†
d Yd

− 2Y †uYuY
†
uYu + Y †d Yd

(
− 3Tr

(
YdY

†
d

)
+

2

5
g21 − Tr

(
YeY

†
e

))
− 3Y †uYuTr

(
YuY

†
u

)
(8)

γ
(1)

l̂
= − 3

10

(
5g22 + g21

)
1 + Y †e Ye (9)

γ
(2)

l̂
= −2Y †e YeY

†
e Ye +

3

100

(
125g42 + 30g21g

2
2 + 69g41

)
1 + Y †e Ye

(
− 3Tr

(
YdY

†
d

)
+

6

5
g21 − Tr

(
YeY

†
e

))
(10)

γ
(1)

Ĥd
= 3Tr

(
YdY

†
d

)
− 3

10

(
5g22 + g21

)
+ Tr

(
YeY

†
e

)
(11)

γ
(2)

Ĥd
= +

207

100
g41 +

9

10
g21g

2
2 +

15

4
g42 −

2

5

(
− 40g23 + g21

)
Tr
(
YdY

†
d

)
+

6

5
g21Tr

(
YeY

†
e

)
− 9Tr

(
YdY

†
d YdY

†
d

)
− 3Tr

(
YdY

†
uYuY

†
d

)
− 3Tr

(
YeY

†
e YeY

†
e

)
(12)

γ
(1)

Ĥu
= − 3

10

(
− 10Tr

(
YuY

†
u

)
+ 5g22 + g21

)
(13)

γ
(2)

Ĥu
= −3Tr

(
YdY

†
uYuY

†
d

)
− 9Tr

(
YuY

†
uYuY

†
u

)
+

15

4
g42 +

207

100
g41 +

4

5

(
20g23 + g21

)
Tr
(
YuY

†
u

)
+

9

10
g21g

2
2 (14)

γ
(1)

d̂
= 2Y ∗d Y

T
d −

2

15

(
20g23 + g21

)
1 (15)

γ
(2)

d̂
= +

2

225

(
− 100g43 + 101g41 + 80g21g

2
3

)
1− 2

(
Y ∗d Y

T
d Y

∗
d Y

T
d + Y ∗d Y

T
u Y

∗
u Y

T
d

)
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+ Y ∗d Y
T
d

(
− 2Tr

(
YeY

†
e

)
+ 6g22 − 6Tr

(
YdY

†
d

)
+

2

5
g21

)
(16)

γ
(1)
û = 2Y ∗u Y

T
u −

8

15

(
5g23 + g21

)
1 (17)

γ
(2)
û = +

8

225

(
107g41 − 25g43 + 80g21g

2
3

)
1− 2

(
Y ∗u Y

T
d Y

∗
d Y

T
u + Y ∗u Y

T
u Y

∗
u Y

T
u

)
+ Y ∗u Y

T
u

(
6g22 − 6Tr

(
YuY

†
u

)
− 2

5
g21

)
(18)

γ
(1)
ê = 2Y ∗e Y

T
e −

6

5
g211 (19)

γ
(2)
ê = −2Y ∗e Y

T
e Y

∗
e Y

T
e +

234

25
g411 + Y ∗e Y

T
e

(
− 2Tr

(
YeY

†
e

)
+ 6g22 − 6Tr

(
YdY

†
d

)
− 6

5
g21

)
(20)

3.2 Gauge Couplings

β(1)
g1 =

33

5
g31 (21)

β(2)
g1 =

1

25
g31

(
− 130Tr

(
YuY

†
u

)
+ 135g22 + 199g21 + 440g23 − 70Tr

(
YdY

†
d

)
− 90Tr

(
YeY

†
e

))
(22)

β(1)
g2 = g32 (23)

β(2)
g2 =

1

5
g32

(
− 10Tr

(
YeY

†
e

)
+ 120g23 + 125g22 − 30Tr

(
YdY

†
d

)
− 30Tr

(
YuY

†
u

)
+ 9g21

)
(24)

β(1)
g3 = −3g33 (25)

β(2)
g3 =

1

5
g33

(
11g21 − 20Tr

(
YdY

†
d

)
− 20Tr

(
YuY

†
u

)
+ 45g22 + 70g23

)
(26)

3.3 Gaugino Mass Parameters

β
(1)
M1

=
66

5
g21M1 (27)

β
(2)
M1

=
2

25
g21

(
398g21M1 + 135g22M1 + 440g23M1 + 440g23M3 + 135g22M2 − 70M1Tr

(
YdY

†
d

)
− 90M1Tr

(
YeY

†
e

)
− 130M1Tr

(
YuY

†
u

)
+ 70Tr

(
Y †d Td

)
+ 90Tr

(
Y †e Te

)
+ 130Tr

(
Y †uTu

))
(28)

β
(1)
M2

= 2g22M2 (29)

β
(2)
M2

=
2

5
g22

(
9g21M1 + 120g23M3 + 9g21M2 + 250g22M2 + 120g23M2 − 30M2Tr

(
YdY

†
d

)
− 10M2Tr

(
YeY

†
e

)
− 30M2Tr

(
YuY

†
u

)
+ 30Tr

(
Y †d Td

)
+ 10Tr

(
Y †e Te

)
+ 30Tr

(
Y †uTu

))
(30)

β
(1)
M3

= −6g23M3 (31)

β
(2)
M3

=
2

5
g23

(
11g21M1 + 11g21M3 + 45g22M3 + 140g23M3 + 45g22M2 − 20M3Tr

(
YdY

†
d

)
− 20M3Tr

(
YuY

†
u

)
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+ 20Tr
(
Y †d Td

)
+ 20Tr

(
Y †uTu

))
(32)

3.4 Trilinear Superpotential Parameters

β
(1)
Yd

= 3YdY
†
d Yd + Yd

(
− 3g22 + 3Tr

(
YdY

†
d

)
− 16

3
g23 −

7

15
g21 + Tr

(
YeY

†
e

))
+ YdY

†
uYu (33)

β
(2)
Yd

= +
4

5
g21YdY

†
uYu − 4YdY

†
d YdY

†
d Yd − 2YdY

†
uYuY

†
d Yd − 2YdY

†
uYuY

†
uYu

+ YdY
†
d Yd

(
− 3Tr

(
YeY

†
e

)
+ 6g22 − 9Tr

(
YdY

†
d

)
+

4

5
g21

)
− 3YdY

†
uYuTr

(
YuY

†
u

)
+ Yd

(287

90
g41 + g21g

2
2 +

15

2
g42 +

8

9
g21g

2
3 + 8g22g

2
3 −

16

9
g43 −

2

5

(
− 40g23 + g21

)
Tr
(
YdY

†
d

)
+

6

5
g21Tr

(
YeY

†
e

)
− 9Tr

(
YdY

†
d YdY

†
d

)
− 3Tr

(
YdY

†
uYuY

†
d

)
− 3Tr

(
YeY

†
e YeY

†
e

))
(34)

β
(1)
Ye

= 3YeY
†
e Ye + Ye

(
− 3g22 + 3Tr

(
YdY

†
d

)
− 9

5
g21 + Tr

(
YeY

†
e

))
(35)

β
(2)
Ye

= −4YeY
†
e YeY

†
e Ye + YeY

†
e Ye

(
− 3Tr

(
YeY

†
e

)
+ 6g22 − 9Tr

(
YdY

†
d

))
+

1

10
Ye

(
− 4
(
− 40g23 + g21

)
Tr
(
YdY

†
d

)
+ 3
(

45g41 + 6g21g
2
2 + 25g42 + 4g21Tr

(
YeY

†
e

)
− 30Tr

(
YdY

†
d YdY

†
d

)
− 10Tr

(
YdY

†
uYuY

†
d

)
− 10Tr

(
YeY

†
e YeY

†
e

)))
(36)

β
(1)
Yu

= 3YuY
†
uYu −

1

15
Yu

(
13g21 + 45g22 − 45Tr

(
YuY

†
u

)
+ 80g23

)
+ YuY

†
d Yd (37)

β
(2)
Yu

= +
2

5
g21YuY

†
uYu + 6g22YuY

†
uYu − 2YuY

†
d YdY

†
d Yd − 2YuY

†
d YdY

†
uYu

− 4YuY
†
uYuY

†
uYu + YuY

†
d Yd

(
− 3Tr

(
YdY

†
d

)
+

2

5
g21 − Tr

(
YeY

†
e

))
− 9YuY

†
uYuTr

(
YuY

†
u

)
+ Yu

(2743

450
g41 + g21g

2
2 +

15

2
g42 +

136

45
g21g

2
3 + 8g22g

2
3 −

16

9
g43 +

4

5

(
20g23 + g21

)
Tr
(
YuY

†
u

)
− 3Tr

(
YdY

†
uYuY

†
d

)
− 9Tr

(
YuY

†
uYuY

†
u

))
(38)

3.5 Bilinear Superpotential Parameters

β(1)
µ = 3µTr

(
YdY

†
d

)
− 3

5
µ
(

5g22 − 5Tr
(
YuY

†
u

)
+ g21

)
+ µTr

(
YeY

†
e

)
(39)

β(2)
µ =

1

50
µ
(

207g41 + 90g21g
2
2 + 375g42 − 20

(
− 40g23 + g21

)
Tr
(
YdY

†
d

)
+ 60g21Tr

(
YeY

†
e

)
+ 40g21Tr

(
YuY

†
u

)
+ 800g23Tr

(
YuY

†
u

)
− 450Tr

(
YdY

†
d YdY

†
d

)
− 300Tr

(
YdY

†
uYuY

†
d

)
− 150Tr

(
YeY

†
e YeY

†
e

)
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− 450Tr
(
YuY

†
uYuY

†
u

))
(40)

3.6 Trilinear Soft-Breaking Parameters

β
(1)
Td

= +4YdY
†
d Td + 2YdY

†
uTu + 5TdY

†
d Yd + TdY

†
uYu −

7

15
g21Td − 3g22Td −

16

3
g23Td

+ 3TdTr
(
YdY

†
d

)
+ TdTr

(
YeY

†
e

)
+ Yd

(
2Tr
(
Y †e Te

)
+ 6g22M2 + 6Tr

(
Y †d Td

)
+

14

15
g21M1 +

32

3
g23M3

)
(41)

β
(2)
Td

= +
6

5
g21YdY

†
d Td + 6g22YdY

†
d Td −

8

5
g21M1YdY

†
uYu +

8

5
g21YdY

†
uTu

+
6

5
g21TdY

†
d Yd + 12g22TdY

†
d Yd +

4

5
g21TdY

†
uYu − 6YdY

†
d YdY

†
d Td

− 8YdY
†
d TdY

†
d Yd − 2YdY

†
uYuY

†
d Td − 4YdY

†
uYuY

†
uTu − 4YdY

†
uTuY

†
d Yd

− 4YdY
†
uTuY

†
uYu − 6TdY

†
d YdY

†
d Yd − 4TdY

†
uYuY

†
d Yd − 2TdY

†
uYuY

†
uYu

+
287

90
g41Td + g21g

2
2Td +

15

2
g42Td +

8

9
g21g

2
3Td + 8g22g

2
3Td −

16

9
g43Td

− 12YdY
†
d TdTr

(
YdY

†
d

)
− 15TdY

†
d YdTr

(
YdY

†
d

)
− 2

5
g21TdTr

(
YdY

†
d

)
+ 16g23TdTr

(
YdY

†
d

)
− 4YdY

†
d TdTr

(
YeY

†
e

)
− 5TdY

†
d YdTr

(
YeY

†
e

)
+

6

5
g21TdTr

(
YeY

†
e

)
− 6YdY

†
uTuTr

(
YuY

†
u

)
− 3TdY

†
uYuTr

(
YuY

†
u

)
− 2

5
YdY

†
d Yd

(
15Tr

(
Y †e Te

)
+ 30g22M2 + 45Tr

(
Y †d Td

)
+ 4g21M1

)
− 6YdY

†
uYuTr

(
Y †uTu

)
− 9TdTr

(
YdY

†
d YdY

†
d

)
− 3TdTr

(
YdY

†
uYuY

†
d

)
− 3TdTr

(
YeY

†
e YeY

†
e

)
− 2

45
Yd

(
287g41M1 + 45g21g

2
2M1 + 40g21g

2
3M1 + 40g21g

2
3M3 + 360g22g

2
3M3 − 160g43M3

+ 45g21g
2
2M2 + 675g42M2 + 360g22g

2
3M2 − 18

(
− 40g23M3 + g21M1

)
Tr
(
YdY

†
d

)
+ 54g21M1Tr

(
YeY

†
e

)
+ 18g21Tr

(
Y †d Td

)
− 720g23Tr

(
Y †d Td

)
− 54g21Tr

(
Y †e Te

)
+ 810Tr

(
YdY

†
d TdY

†
d

)
+ 135Tr

(
YdY

†
uTuY

†
d

)
+ 270Tr

(
YeY

†
e TeY

†
e

)
+ 135Tr

(
YuY

†
d TdY

†
u

))
(42)

β
(1)
Te

= +4YeY
†
e Te + 5TeY

†
e Ye −

9

5
g21Te − 3g22Te + 3TeTr

(
YdY

†
d

)
+ TeTr

(
YeY

†
e

)
+ Ye

(
2Tr
(
Y †e Te

)
+ 6g22M2 + 6Tr

(
Y †d Td

)
+

18

5
g21M1

)
(43)

β
(2)
Te

= +
6

5
g21YeY

†
e Te + 6g22YeY

†
e Te −

6

5
g21TeY

†
e Ye + 12g22TeY

†
e Ye

− 6YeY
†
e YeY

†
e Te − 8YeY

†
e TeY

†
e Ye − 6TeY

†
e YeY

†
e Ye +

27

2
g41Te +

9

5
g21g

2
2Te +

15

2
g42Te

− 12YeY
†
e TeTr

(
YdY

†
d

)
− 15TeY

†
e YeTr

(
YdY

†
d

)
− 2

5
g21TeTr

(
YdY

†
d

)
8



+ 16g23TeTr
(
YdY

†
d

)
− 4YeY

†
e TeTr

(
YeY

†
e

)
− 5TeY

†
e YeTr

(
YeY

†
e

)
+

6

5
g21TeTr

(
YeY

†
e

)
− 6YeY

†
e Ye

(
2g22M2 + 3Tr

(
Y †d Td

)
+ Tr

(
Y †e Te

))
− 9TeTr

(
YdY

†
d YdY

†
d

)
− 3TeTr

(
YdY

†
uYuY

†
d

)
− 3TeTr

(
YeY

†
e YeY

†
e

)
− 2

5
Ye

(
135g41M1 + 9g21g

2
2M1 + 9g21g

2
2M2 + 75g42M2 +

(
− 2g21M1 + 80g23M3

)
Tr
(
YdY

†
d

)
+ 6g21M1Tr

(
YeY

†
e

)
+ 2g21Tr

(
Y †d Td

)
− 80g23Tr

(
Y †d Td

)
− 6g21Tr

(
Y †e Te

)
+ 90Tr

(
YdY

†
d TdY

†
d

)
+ 15Tr

(
YdY

†
uTuY

†
d

)
+ 30Tr

(
YeY

†
e TeY

†
e

)
+ 15Tr

(
YuY

†
d TdY

†
u

))
(44)

β
(1)
Tu

= +2YuY
†
d Td + 4YuY

†
uTu + TuY

†
d Yd + 5TuY

†
uYu −

13

15
g21Tu − 3g22Tu −

16

3
g23Tu

+ 3TuTr
(
YuY

†
u

)
+ Yu

(
6g22M2 + 6Tr

(
Y †uTu

)
+

26

15
g21M1 +

32

3
g23M3

)
(45)

β
(2)
Tu

= +
4

5
g21YuY

†
d Td −

4

5
g21M1YuY

†
uYu − 12g22M2YuY

†
uYu +

6

5
g21YuY

†
uTu

+ 6g22YuY
†
uTu +

2

5
g21TuY

†
d Yd + 12g22TuY

†
uYu − 4YuY

†
d YdY

†
d Td

− 2YuY
†
d YdY

†
uTu − 4YuY

†
d TdY

†
d Yd − 4YuY

†
d TdY

†
uYu − 6YuY

†
uYuY

†
uTu

− 8YuY
†
uTuY

†
uYu − 2TuY

†
d YdY

†
d Yd − 4TuY

†
d YdY

†
uYu − 6TuY

†
uYuY

†
uYu +

2743

450
g41Tu

+ g21g
2
2Tu +

15

2
g42Tu +

136

45
g21g

2
3Tu + 8g22g

2
3Tu −

16

9
g43Tu − 6YuY

†
d TdTr

(
YdY

†
d

)
− 3TuY

†
d YdTr

(
YdY

†
d

)
− 2YuY

†
d TdTr

(
YeY

†
e

)
− TuY †d YdTr

(
YeY

†
e

)
− 12YuY

†
uTuTr

(
YuY

†
u

)
− 15TuY

†
uYuTr

(
YuY

†
u

)
+

4

5
g21TuTr

(
YuY

†
u

)
+ 16g23TuTr

(
YuY

†
u

)
− 2

5
YuY

†
d Yd

(
15Tr

(
Y †d Td

)
+ 2g21M1 + 5Tr

(
Y †e Te

))
− 18YuY

†
uYuTr

(
Y †uTu

)
− 3TuTr

(
YdY

†
uYuY

†
d

)
− 9TuTr

(
YuY

†
uYuY

†
u

)
− 2

225
Yu

(
2743g41M1 + 225g21g

2
2M1 + 680g21g

2
3M1 + 680g21g

2
3M3 + 1800g22g

2
3M3 − 800g43M3

+ 225g21g
2
2M2 + 3375g42M2 + 1800g22g

2
3M2 + 180

(
20g23M3 + g21M1

)
Tr
(
YuY

†
u

)
− 180

(
20g23 + g21

)
Tr
(
Y †uTu

)
+ 675Tr

(
YdY

†
uTuY

†
d

)
+ 675Tr

(
YuY

†
d TdY

†
u

)
+ 4050Tr

(
YuY

†
uTuY

†
u

))
(46)

3.7 Bilinear Soft-Breaking Parameters

β
(1)
Bµ

= +
6

5
g21M1µ+ 6g22M2µ+Bµ

(
− 3g22 + 3Tr

(
YdY

†
d

)
+ 3Tr

(
YuY

†
u

)
− 3

5
g21 + Tr

(
YeY

†
e

))
9



+ 6µTr
(
Y †d Td

)
+ 2µTr

(
Y †e Te

)
+ 6µTr

(
Y †uTu

)
(47)

β
(2)
Bµ

= +Bµ

(207

50
g41 +

9

5
g21g

2
2 +

15

2
g42 −

2

5

(
− 40g23 + g21

)
Tr
(
YdY

†
d

)
+

6

5
g21Tr

(
YeY

†
e

)
+

4

5
g21Tr

(
YuY

†
u

)
+ 16g23Tr

(
YuY

†
u

)
− 9Tr

(
YdY

†
d YdY

†
d

)
− 6Tr

(
YdY

†
uYuY

†
d

)
− 3Tr

(
YeY

†
e YeY

†
e

)
− 9Tr

(
YuY

†
uYuY

†
u

))
− 2

25
µ
(

207g41M1 + 45g21g
2
2M1 + 45g21g

2
2M2 + 375g42M2 − 10

(
− 40g23M3 + g21M1

)
Tr
(
YdY

†
d

)
+ 30g21M1Tr

(
YeY

†
e

)
+ 20g21M1Tr

(
YuY

†
u

)
+ 400g23M3Tr

(
YuY

†
u

)
+ 10g21Tr

(
Y †d Td

)
− 400g23Tr

(
Y †d Td

)
− 30g21Tr

(
Y †e Te

)
− 20g21Tr

(
Y †uTu

)
− 400g23Tr

(
Y †uTu

)
+ 450Tr

(
YdY

†
d TdY

†
d

)
+ 150Tr

(
YdY

†
uTuY

†
d

)
+ 150Tr

(
YeY

†
e TeY

†
e

)
+ 150Tr

(
YuY

†
d TdY

†
u

)
+ 450Tr

(
YuY

†
uTuY

†
u

))
(48)

3.8 Soft-Breaking Scalar Masses

σ1,1 =

√
3

5
g1

(
− 2Tr

(
m2
u

)
− Tr

(
m2
l

)
−m2

Hd
+m2

Hu + Tr
(
m2
d

)
+ Tr

(
m2
e

)
+ Tr

(
m2
q

))
(49)

σ2,11 =
1

10
g21

(
2Tr
(
m2
d

)
+ 3Tr

(
m2
l

)
+ 3m2

Hd
+ 3m2

Hu + 6Tr
(
m2
e

)
+ 8Tr

(
m2
u

)
+ Tr

(
m2
q

))
(50)

σ3,1 =
1

20

1√
15
g1

(
− 9g21m

2
Hd
− 45g22m

2
Hd

+ 9g21m
2
Hu + 45g22m

2
Hu + 4

(
20g23 + g21

)
Tr
(
m2
d

)
+ 36g21Tr

(
m2
e

)
− 9g21Tr

(
m2
l

)
− 45g22Tr

(
m2
l

)
+ g21Tr

(
m2
q

)
+ 45g22Tr

(
m2
q

)
+ 80g23Tr

(
m2
q

)
− 32g21Tr

(
m2
u

)
− 160g23Tr

(
m2
u

)
+ 90m2

Hd
Tr
(
YdY

†
d

)
+ 30m2

Hd
Tr
(
YeY

†
e

)
− 90m2

HuTr
(
YuY

†
u

)
− 60Tr

(
YdY

†
dm

2∗
d

)
− 30Tr

(
Ydm

2∗
q Y

†
d

)
− 60Tr

(
YeY

†
em

2∗
e

)
+ 30Tr

(
Yem

2∗
l Y

†
e

)
+ 120Tr

(
YuY

†
um

2∗
u

)
− 30Tr

(
Yum

2∗
q Y

†
u

))
(51)

σ2,2 =
1

2

(
3Tr
(
m2
q

)
+m2

Hd
+m2

Hu + Tr
(
m2
l

))
(52)

σ2,3 =
1

2

(
2Tr
(
m2
q

)
+ Tr

(
m2
d

)
+ Tr

(
m2
u

))
(53)

β
(1)
m2
q

= − 2

15
g211|M1|2 −

32

3
g231|M3|2 − 6g221|M2|2 + 2m2

Hd
Y †d Yd + 2m2

HuY
†
uYu + 2T †dTd

+ 2T †uTu +m2
qY
†
d Yd +m2

qY
†
uYu + 2Y †dm

2
dYd + Y †d Ydm

2
q + 2Y †um

2
uYu

+ Y †uYum
2
q +

1√
15
g11σ1,1 (54)

β
(2)
m2
q

= +
2

5
g21g

2
21|M2|2 + 33g421|M2|2 + 32g22g

2
31|M2|2

10



+
16

45
g23

(
15
(

3g22

(
2M3 +M2

)
− 8g23M3

)
+ g21

(
2M3 +M1

))
1M∗3 +

1

5
g21g

2
2M11M

∗
2 + 16g22g

2
3M31M

∗
2

+
4

5
g21m

2
Hd
Y †d Yd +

8

5
g21m

2
HuY

†
uYu

+
1

225
g21M

∗
1

((
5
(

16g23

(
2M1 +M3

)
+ 9g22

(
2M1 +M2

))
+ 597g21M1

)
1

+ 180
(

2M1Y
†
d Yd − 2Y †uTu + 4M1Y

†
uYu − Y

†
d Td

))
− 4

5
g21M1T

†
dYd +

4

5
g21T

†
dTd −

8

5
g21M1T

†
uYu +

8

5
g21T

†
uTu

+
2

5
g21m

2
qY
†
d Yd +

4

5
g21m

2
qY
†
uYu +

4

5
g21Y

†
dm

2
dYd +

2

5
g21Y

†
d Ydm

2
q

+
8

5
g21Y

†
um

2
uYu +

4

5
g21Y

†
uYum

2
q − 8m2

Hd
Y †d YdY

†
d Yd − 4Y †d YdT

†
dTd

− 4Y †d TdT
†
dYd − 8m2

HuY
†
uYuY

†
uYu − 4Y †uYuT

†
uTu − 4Y †uTuT

†
uYu

− 4T †dYdY
†
d Td − 4T †dTdY

†
d Yd − 4T †uYuY

†
uTu − 4T †uTuY

†
uYu

− 2m2
qY
†
d YdY

†
d Yd − 2m2

qY
†
uYuY

†
uYu − 4Y †dm

2
dYdY

†
d Yd − 4Y †d Ydm

2
qY
†
d Yd

− 4Y †d YdY
†
dm

2
dYd − 2Y †d YdY

†
d Ydm

2
q − 4Y †um

2
uYuY

†
uYu − 4Y †uYum

2
qY
†
uYu

− 4Y †uYuY
†
um

2
uYu − 2Y †uYuY

†
uYum

2
q + 6g421σ2,2 +

32

3
g431σ2,3 +

2

15
g211σ2,11 + 4

1√
15
g11σ3,1

− 12m2
Hd
Y †d YdTr

(
YdY

†
d

)
− 6T †dTdTr

(
YdY

†
d

)
− 3m2

qY
†
d YdTr

(
YdY

†
d

)
− 6Y †dm

2
dYdTr

(
YdY

†
d

)
− 3Y †d Ydm

2
qTr
(
YdY

†
d

)
− 4m2

Hd
Y †d YdTr

(
YeY

†
e

)
− 2T †dTdTr

(
YeY

†
e

)
−m2

qY
†
d YdTr

(
YeY

†
e

)
− 2Y †dm

2
dYdTr

(
YeY

†
e

)
− Y †d Ydm

2
qTr
(
YeY

†
e

)
− 12m2

HuY
†
uYuTr

(
YuY

†
u

)
− 6T †uTuTr

(
YuY

†
u

)
− 3m2

qY
†
uYuTr

(
YuY

†
u

)
− 6Y †um

2
uYuTr

(
YuY

†
u

)
− 3Y †uYum

2
qTr
(
YuY

†
u

)
− 6T †dYdTr

(
Y †d Td

)
− 2T †dYdTr

(
Y †e Te

)
− 6T †uYuTr

(
Y †uTu

)
− 6Y †d TdTr

(
T ∗d Y

T
d

)
− 6Y †d YdTr

(
T ∗d T

T
d

)
− 2Y †d TdTr

(
T ∗e Y

T
e

)
− 2Y †d YdTr

(
T ∗e T

T
e

)
− 6Y †uTuTr

(
T ∗uY

T
u

)
− 6Y †uYuTr

(
T ∗uT

T
u

)
− 6Y †d YdTr

(
m2
dYdY

†
d

)
− 2Y †d YdTr

(
m2
eYeY

†
e

)
− 2Y †d YdTr

(
m2
l Y
†
e Ye

)
− 6Y †d YdTr

(
m2
qY
†
d Yd

)
− 6Y †uYuTr

(
m2
qY
†
uYu

)
− 6Y †uYuTr

(
m2
uYuY

†
u

)
(55)

β
(1)

m2
l

= −6

5
g211|M1|2 − 6g221|M2|2 + 2m2

Hd
Y †e Ye + 2T †e Te +m2

l Y
†
e Ye + 2Y †em

2
eYe

+ Y †e Yem
2
l −

√
3

5
g11σ1,1 (56)

β
(2)

m2
l

= +
3

5
g22

(
3g21

(
2M2 +M1

)
+ 55g22M2

)
1M∗2 +

12

5
g21m

2
Hd
Y †e Ye
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+
3

25
g21M

∗
1

(
− 20Y †e Te + 3

(
5g22

(
2M1 +M2

)
+ 69g21M1

)
1 + 40M1Y

†
e Ye

)
− 12

5
g21M1T

†
e Ye

+
12

5
g21T

†
e Te +

6

5
g21m

2
l Y
†
e Ye +

12

5
g21Y

†
em

2
eYe +

6

5
g21Y

†
e Yem

2
l

− 8m2
Hd
Y †e YeY

†
e Ye − 4Y †e YeT

†
e Te − 4Y †e TeT

†
e Ye − 4T †e YeY

†
e Te

− 4T †e TeY
†
e Ye − 2m2

l Y
†
e YeY

†
e Ye − 4Y †em

2
eYeY

†
e Ye − 4Y †e Yem

2
l Y
†
e Ye

− 4Y †e YeY
†
em

2
eYe − 2Y †e YeY

†
e Yem

2
l + 6g421σ2,2 +

6

5
g211σ2,11 − 4

√
3

5
g11σ3,1

− 12m2
Hd
Y †e YeTr

(
YdY

†
d

)
− 6T †e TeTr

(
YdY

†
d

)
− 3m2

l Y
†
e YeTr

(
YdY

†
d

)
− 6Y †em

2
eYeTr

(
YdY

†
d

)
− 3Y †e Yem

2
lTr
(
YdY

†
d

)
− 4m2

Hd
Y †e YeTr

(
YeY

†
e

)
− 2T †e TeTr

(
YeY

†
e

)
−m2

l Y
†
e YeTr

(
YeY

†
e

)
− 2Y †em

2
eYeTr

(
YeY

†
e

)
− Y †e Yem2

lTr
(
YeY

†
e

)
− 6T †e YeTr

(
Y †d Td

)
− 2T †e YeTr

(
Y †e Te

)
− 6Y †e TeTr

(
T ∗d Y

T
d

)
− 6Y †e YeTr

(
T ∗d T

T
d

)
− 2Y †e TeTr

(
T ∗e Y

T
e

)
− 2Y †e YeTr

(
T ∗e T

T
e

)
− 6Y †e YeTr

(
m2
dYdY

†
d

)
− 2Y †e YeTr

(
m2
eYeY

†
e

)
− 2Y †e YeTr

(
m2
l Y
†
e Ye

)
− 6Y †e YeTr

(
m2
qY
†
d Yd

)
(57)

β
(1)

m2
Hd

= −6

5
g21 |M1|2 − 6g22 |M2|2 −

√
3

5
g1σ1,1 + 6m2

Hd
Tr
(
YdY

†
d

)
+ 2m2

Hd
Tr
(
YeY

†
e

)
+ 6Tr

(
T ∗d T

T
d

)
+ 2Tr

(
T ∗e T

T
e

)
+ 6Tr

(
m2
dYdY

†
d

)
+ 2Tr

(
m2
eYeY

†
e

)
+ 2Tr

(
m2
l Y
†
e Ye

)
+ 6Tr

(
m2
qY
†
d Yd

)
(58)

β
(2)

m2
Hd

=
1

25

(
15g22

(
3g21

(
2M2 +M1

)
+ 55g22M2

)
M∗2

+ g21M
∗
1

(
621g21M1 + 90g22M1 + 45g22M2 − 40M1Tr

(
YdY

†
d

)
+ 120M1Tr

(
YeY

†
e

)
+ 20Tr

(
Y †d Td

)
− 60Tr

(
Y †e Te

))
+ 10

(
15g42σ2,2 + 3g21σ2,11 − 2

√
15g1σ3,1 +

(
160g23 |M3|2 − 2g21m

2
Hd

+ 80g23m
2
Hd

)
Tr
(
YdY

†
d

)
+ 6g21m

2
Hd

Tr
(
YeY

†
e

)
− 80g23M

∗
3Tr

(
Y †d Td

)
+ 2g21M1Tr

(
T ∗d Y

T
d

)
− 80g23M3Tr

(
T ∗d Y

T
d

)
− 2g21Tr

(
T ∗d T

T
d

)
+ 80g23Tr

(
T ∗d T

T
d

)
− 6g21M1Tr

(
T ∗e Y

T
e

)
+ 6g21Tr

(
T ∗e T

T
e

)
− 2g21Tr

(
m2
dYdY

†
d

)
+ 80g23Tr

(
m2
dYdY

†
d

)
+ 6g21Tr

(
m2
eYeY

†
e

)
+ 6g21Tr

(
m2
l Y
†
e Ye

)
− 2g21Tr

(
m2
qY
†
d Yd

)
+ 80g23Tr

(
m2
qY
†
d Yd

)
− 90m2

Hd
Tr
(
YdY

†
d YdY

†
d

)
− 90Tr

(
YdY

†
d TdT

†
d

)
− 15m2

Hd
Tr
(
YdY

†
uYuY

†
d

)
− 15m2

HuTr
(
YdY

†
uYuY

†
d

)
− 15Tr

(
YdY

†
uTuT

†
d

)
− 90Tr

(
YdT

†
dTdY

†
d

)
− 15Tr

(
YdT

†
uTuY

†
d

)
− 30m2

Hd
Tr
(
YeY

†
e YeY

†
e

)
− 30Tr

(
YeY

†
e TeT

†
e

)
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− 30Tr
(
YeT

†
e TeY

†
e

)
− 15Tr

(
YuY

†
d TdT

†
u

)
− 15Tr

(
YuT

†
dTdY

†
u

)
− 90Tr

(
m2
dYdY

†
d YdY

†
d

)
− 15Tr

(
m2
dYdY

†
uYuY

†
d

)
− 30Tr

(
m2
eYeY

†
e YeY

†
e

)
− 30Tr

(
m2
l Y
†
e YeY

†
e Ye

)
− 90Tr

(
m2
qY
†
d YdY

†
d Yd

)
− 15Tr

(
m2
qY
†
d YdY

†
uYu

)
− 15Tr

(
m2
qY
†
uYuY

†
d Yd

)
− 15Tr

(
m2
uYuY

†
d YdY

†
u

)))
(59)

β
(1)

m2
Hu

= −6

5
g21 |M1|2 − 6g22 |M2|2 +

√
3

5
g1σ1,1 + 6m2

HuTr
(
YuY

†
u

)
+ 6Tr

(
T ∗uT

T
u

)
+ 6Tr

(
m2
qY
†
uYu

)
+ 6Tr

(
m2
uYuY

†
u

)
(60)

β
(2)

m2
Hu

= +
3

5
g22

(
3g21

(
2M2 +M1

)
+ 55g22M2

)
M∗2 + 6g42σ2,2 +

6

5
g21σ2,11 + 4

√
3

5
g1σ3,1 +

8

5
g21m

2
HuTr

(
YuY

†
u

)
+ 32g23m

2
HuTr

(
YuY

†
u

)
+ 64g23 |M3|2Tr

(
YuY

†
u

)
+

1

25
g21M

∗
1

(
− 40Tr

(
Y †uTu

)
+ 45g22M2 + 621g21M1 + 80M1Tr

(
YuY

†
u

)
+ 90g22M1

)
− 32g23M

∗
3Tr

(
Y †uTu

)
− 8

5
g21M1Tr

(
T ∗uY

T
u

)
− 32g23M3Tr

(
T ∗uY

T
u

)
+

8

5
g21Tr

(
T ∗uT

T
u

)
+ 32g23Tr

(
T ∗uT

T
u

)
+

8

5
g21Tr

(
m2
qY
†
uYu

)
+ 32g23Tr

(
m2
qY
†
uYu

)
+

8

5
g21Tr

(
m2
uYuY

†
u

)
+ 32g23Tr

(
m2
uYuY

†
u

)
− 6m2

Hd
Tr
(
YdY

†
uYuY

†
d

)
− 6m2

HuTr
(
YdY

†
uYuY

†
d

)
− 6Tr

(
YdY

†
uTuT

†
d

)
− 6Tr

(
YdT

†
uTuY

†
d

)
− 6Tr

(
YuY

†
d TdT

†
u

)
− 36m2

HuTr
(
YuY

†
uYuY

†
u

)
− 36Tr

(
YuY

†
uTuT

†
u

)
− 6Tr

(
YuT

†
dTdY

†
u

)
− 36Tr

(
YuT

†
uTuY

†
u

)
− 6Tr

(
m2
dYdY

†
uYuY

†
d

)
− 6Tr

(
m2
qY
†
d YdY

†
uYu

)
− 6Tr

(
m2
qY
†
uYuY

†
d Yd

)
− 36Tr

(
m2
qY
†
uYuY

†
uYu

)
− 6Tr

(
m2
uYuY

†
d YdY

†
u

)
− 36Tr

(
m2
uYuY

†
uYuY

†
u

)
(61)

β
(1)

m2
d

= − 8

15
g211|M1|2 −

32

3
g231|M3|2 + 4m2

Hd
YdY

†
d + 4TdT

†
d + 2m2

dYdY
†
d + 4Ydm

2
qY
†
d

+ 2YdY
†
dm

2
d + 2

1√
15
g11σ1,1 (62)

β
(2)

m2
d

= +
64

45
g23

(
− 30g23M3 + g21

(
2M3 +M1

))
1M∗3 +

4

5
g21m

2
Hd
YdY

†
d + 12g22m

2
Hd
YdY

†
d

+ 24g22 |M2|2YdY †d −
4

5
g21M1YdT

†
d − 12g22M2YdT

†
d

+
4

225
g21M

∗
1

(
2
(

303g21M1 + 40g23

(
2M1 +M3

))
1− 45TdY

†
d + 90M1YdY

†
d

)
− 12g22M

∗
2TdY

†
d

+
4

5
g21TdT

†
d + 12g22TdT

†
d +

2

5
g21m

2
dYdY

†
d + 6g22m

2
dYdY

†
d

+
4

5
g21Ydm

2
qY
†
d + 12g22Ydm

2
qY
†
d +

2

5
g21YdY

†
dm

2
d + 6g22YdY

†
dm

2
d

− 8m2
Hd
YdY

†
d YdY

†
d − 4YdY

†
d TdT

†
d − 4m2

Hd
YdY

†
uYuY

†
d

− 4m2
HuYdY

†
uYuY

†
d − 4YdY

†
uTuT

†
d − 4YdT

†
dTdY

†
d − 4YdT

†
uTuY

†
d

13



− 4TdY
†
d YdT

†
d − 4TdY

†
uYuT

†
d − 4TdT

†
dYdY

†
d − 4TdT

†
uYuY

†
d

− 2m2
dYdY

†
d YdY

†
d − 2m2

dYdY
†
uYuY

†
d − 4Ydm

2
qY
†
d YdY

†
d − 4Ydm

2
qY
†
uYuY

†
d

− 4YdY
†
dm

2
dYdY

†
d − 4YdY

†
d Ydm

2
qY
†
d − 2YdY

†
d YdY

†
dm

2
d − 4YdY

†
um

2
uYuY

†
d

− 4YdY
†
uYum

2
qY
†
d − 2YdY

†
uYuY

†
dm

2
d +

32

3
g431σ2,3 +

8

15
g211σ2,11 + 8

1√
15
g11σ3,1

− 24m2
Hd
YdY

†
d Tr

(
YdY

†
d

)
− 12TdT

†
dTr

(
YdY

†
d

)
− 6m2

dYdY
†
d Tr

(
YdY

†
d

)
− 12Ydm

2
qY
†
d Tr

(
YdY

†
d

)
− 6YdY

†
dm

2
dTr
(
YdY

†
d

)
− 8m2

Hd
YdY

†
d Tr

(
YeY

†
e

)
− 4TdT

†
dTr

(
YeY

†
e

)
− 2m2

dYdY
†
d Tr

(
YeY

†
e

)
− 4Ydm

2
qY
†
d Tr

(
YeY

†
e

)
− 2YdY

†
dm

2
dTr
(
YeY

†
e

)
− 12YdT

†
dTr

(
Y †d Td

)
− 4YdT

†
dTr

(
Y †e Te

)
− 12TdY

†
d Tr

(
T ∗d Y

T
d

)
− 12YdY

†
d Tr

(
T ∗d T

T
d

)
− 4TdY

†
d Tr

(
T ∗e Y

T
e

)
− 4YdY

†
d Tr

(
T ∗e T

T
e

)
− 12YdY

†
d Tr

(
m2
dYdY

†
d

)
− 4YdY

†
d Tr

(
m2
eYeY

†
e

)
− 4YdY

†
d Tr

(
m2
l Y
†
e Ye

)
− 12YdY

†
d Tr

(
m2
qY
†
d Yd

)
(63)

β
(1)
m2
u

= −32

15
g211|M1|2 −

32

3
g231|M3|2 + 4m2

HuYuY
†
u + 4TuT

†
u + 2m2

uYuY
†
u + 4Yum

2
qY
†
u

+ 2YuY
†
um

2
u − 4

1√
15
g11σ1,1 (64)

β
(2)
m2
u

= −128

45
g23

(
15g23M3 − 2g21

(
2M3 +M1

))
1M∗3 −

4

5
g21m

2
HuYuY

†
u + 12g22m

2
HuYuY

†
u

+ 24g22 |M2|2YuY †u +
4

5
g21M1YuT

†
u − 12g22M2YuT

†
u − 12g22M

∗
2TuY

†
u

+
4

225
g21M

∗
1

(
45
(
− 2M1YuY

†
u + TuY

†
u

)
+ 8
(

321g21M1 + 40g23

(
2M1 +M3

))
1
)
− 4

5
g21TuT

†
u

+ 12g22TuT
†
u −

2

5
g21m

2
uYuY

†
u + 6g22m

2
uYuY

†
u −

4

5
g21Yum

2
qY
†
u

+ 12g22Yum
2
qY
†
u −

2

5
g21YuY

†
um

2
u + 6g22YuY

†
um

2
u − 4m2

Hd
YuY

†
d YdY

†
u

− 4m2
HuYuY

†
d YdY

†
u − 4YuY

†
d TdT

†
u − 8m2

HuYuY
†
uYuY

†
u − 4YuY

†
uTuT

†
u

− 4YuT
†
dTdY

†
u − 4YuT

†
uTuY

†
u − 4TuY

†
d YdT

†
u − 4TuY

†
uYuT

†
u

− 4TuT
†
dYdY

†
u − 4TuT

†
uYuY

†
u − 2m2

uYuY
†
d YdY

†
u − 2m2

uYuY
†
uYuY

†
u

− 4Yum
2
qY
†
d YdY

†
u − 4Yum

2
qY
†
uYuY

†
u − 4YuY

†
dm

2
dYdY

†
u

− 4YuY
†
d Ydm

2
qY
†
u − 2YuY

†
d YdY

†
um

2
u − 4YuY

†
um

2
uYuY

†
u − 4YuY

†
uYum

2
qY
†
u

− 2YuY
†
uYuY

†
um

2
u +

32

3
g431σ2,3 +

32

15
g211σ2,11 − 16

1√
15
g11σ3,1 − 24m2

HuYuY
†
uTr

(
YuY

†
u

)
− 12TuT

†
uTr

(
YuY

†
u

)
− 6m2

uYuY
†
uTr

(
YuY

†
u

)
− 12Yum

2
qY
†
uTr

(
YuY

†
u

)
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− 6YuY
†
um

2
uTr
(
YuY

†
u

)
− 12YuT

†
uTr

(
Y †uTu

)
− 12TuY

†
uTr

(
T ∗uY

T
u

)
− 12YuY

†
uTr

(
T ∗uT

T
u

)
− 12YuY

†
uTr

(
m2
qY
†
uYu

)
− 12YuY

†
uTr

(
m2
uYuY

†
u

)
(65)

β
(1)
m2
e

= −24

5
g211|M1|2 + 2

(
2m2

Hd
YeY

†
e + 2TeT

†
e + 2Yem

2
l Y
†
e +m2

eYeY
†
e + YeY

†
em

2
e

)
+ 2

√
3

5
g11σ1,1 (66)

β
(2)
m2
e

=
2

25

(
6g21M

∗
1

(
234g21M11 + 5

(
− 2M1YeY

†
e + TeY

†
e

))
+ 20g11

(
3g1σ2,11 +

√
15σ3,1

)
− 5
(

30g22M
∗
2TeY

†
e + 6g21TeT

†
e − 30g22TeT

†
e + 3g21m

2
eYeY

†
e

− 15g22m
2
eYeY

†
e + 6g21Yem

2
l Y
†
e − 30g22Yem

2
l Y
†
e + 3g21YeY

†
em

2
e

− 15g22YeY
†
em

2
e + 20m2

Hd
YeY

†
e YeY

†
e + 10YeY

†
e TeT

†
e + 10YeT

†
e TeY

†
e

+ 10TeY
†
e YeT

†
e + 10TeT

†
e YeY

†
e + 5m2

eYeY
†
e YeY

†
e + 10Yem

2
l Y
†
e YeY

†
e

+ 10YeY
†
em

2
eYeY

†
e + 10YeY

†
e Yem

2
l Y
†
e + 5YeY

†
e YeY

†
em

2
e + 30TeT

†
eTr

(
YdY

†
d

)
+ 15m2

eYeY
†
e Tr

(
YdY

†
d

)
+ 30Yem

2
l Y
†
e Tr

(
YdY

†
d

)
+ 15YeY

†
em

2
eTr
(
YdY

†
d

)

+ 10TeT
†
eTr

(
YeY

†
e

)
+ 5m2

eYeY
†
e Tr

(
YeY

†
e

)
+ 10Yem

2
l Y
†
e Tr

(
YeY

†
e

)
+ 5YeY

†
em

2
eTr
(
YeY

†
e

)
+ YeT

†
e

(
10Tr

(
Y †e Te

)
+ 30g22M2 + 30Tr

(
Y †d Td

)
− 6g21M1

)
+ 30TeY

†
e Tr

(
T ∗d Y

T
d

)
+ 10TeY

†
e Tr

(
T ∗e Y

T
e

)
+ 2YeY

†
e

(
3g21m

2
Hd
− 15g22m

2
Hd
− 30g22 |M2|2 + 30m2

Hd
Tr
(
YdY

†
d

)
+ 10m2

Hd
Tr
(
YeY

†
e

)
+ 15Tr

(
T ∗d T

T
d

)
+ 5Tr

(
T ∗e T

T
e

)
+ 15Tr

(
m2
dYdY

†
d

)
+ 5Tr

(
m2
eYeY

†
e

)
+ 5Tr

(
m2
l Y
†
e Ye

)
+ 15Tr

(
m2
qY
†
d Yd

))))
(67)

3.9 Vacuum expectation values

β(1)
vd

=
1

20
vd

(
− 20Tr

(
YeY

†
e

)
+ 3
(

5g22 + g21

)(
1 + Xi

)
− 60Tr

(
YdY

†
d

))
(68)

β(2)
vd

=
1

400
vd

(
− 414g41 − 180g21g

2
2 − 1200g42 − 9g41Xi− 90g21g

2
2Xi + 875g42Xi + 9g41Xi

2 + 90g21g
2
2Xi

2

− 225g42Xi
2 − 40

(
5
(

32g23 + 9g22Xi
)

+ g21

(
9Xi− 4

))
Tr
(
YdY

†
d

)
− 120

(
5g22Xi + g21

(
4 + Xi

))
Tr
(
YeY

†
e

)
+ 3600Tr

(
YdY

†
d YdY

†
d

)
+ 1200Tr

(
YdY

†
uYuY

†
d

)
+ 1200Tr

(
YeY

†
e YeY

†
e

))
(69)

β(1)
vu =

3

20
vu

(
− 20Tr

(
YuY

†
u

)
+
(

5g22 + g21

)(
1 + Xi

))
(70)

β(2)
vu =

1

400
vu

(
− 414g41 − 180g21g

2
2 − 1200g42 − 9g41Xi− 90g21g

2
2Xi + 875g42Xi + 9g41Xi

2 + 90g21g
2
2Xi

2
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− 225g42Xi
2 − 40

(
5
(

32g23 + 9g22Xi
)

+ g21

(
9Xi + 8

))
Tr
(
YuY

†
u

)
+ 1200Tr

(
YdY

†
uYuY

†
d

)
+ 3600Tr

(
YuY

†
uYuY

†
u

))
(71)

4 Field Rotations

4.1 Rotations in gauge sector for eigenstates ’EWSB’

(
Bρ

W3ρ

)
=ZγZ

(
γρ

Zρ

)
(72)(

W1ρ

W2ρ

)
=ZW

(
W−ρ

W−ρ

)
(73)

λW̃ ,1

λW̃ ,2

λW̃ ,3

 =ZW̃


W̃−

W̃+

W̃ 0

 (74)

(75)

The mixing matrices are parametrized by

ZγZ =

(
cos ΘW − sin ΘW

sin ΘW cos ΘW

)
(76)

ZW =

(
1√
2

1√
2

−i 1√
2

i 1√
2

)
(77)

ZW̃ =


1√
2

1√
2

0

−i 1√
2

i 1√
2

0

0 0 1

 (78)

(79)

4.2 Rotations in Mass sector for eigenstates ’EWSB’

4.2.1 Mass Matrices for Scalars

• Mass matrix for Down Squark, Basis:
(
d̃L,α1 , d̃R,α2

)
,
(
d̃∗L,β1

, d̃∗R,β2

)

m2
d̃

=

 md̃Ld̃∗L

1√
2

(
vdT

∗
d,11 − vuµY ∗d,11

)
δα1β2

1√
2
δα2β1

(
vdTd,11 − vuµ∗Yd,11

)
md̃Rd̃∗R

 (80)
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md̃Ld̃∗L
= − 1

24

(
3g22 + g21

)(
− v2u + v2d

)
δα1β1

+
1

2
δα1β1

(
2m2

q,11 + v2d|Yd,11|2
)

(81)

md̃Rd̃∗R
=

1

12
g21

(
− v2d + v2u

)
δα2β2

+
1

2
δα2β2

(
2m2

d,11 + v2d|Yd,11|2
)

(82)

This matrix is diagonalized by ZD:
ZDm2

d̃
ZD,† = mdia

2,d̃
(83)

with

d̃L,α =
∑
j

ZD,∗j1 d̃jα , d̃R,α =
∑
j

ZD,∗j2 d̃jα (84)

• Mass matrix for Up Squark, Basis: (ũL,α1
, ũR,α2

) ,
(
ũ∗L,β1

, ũ∗R,β2

)

m2
ũ =

 mũLũ∗
L

1√
2

(
− vdµY ∗u,11 + vuT

∗
u,11

)
δα1β2

1√
2
δα2β1

(
− vdµ∗Yu,11 + vuTu,11

)
mũRũ∗

R

 (85)

mũLũ∗
L

= − 1

24

(
− 3g22 + g21

)(
− v2u + v2d

)
δα1β1 +

1

2
δα1β1

(
2m2

q,11 + v2u|Yu,11|2
)

(86)

mũRũ∗
R

=
1

2
δα2β2

(
2m2

u,11 + v2u|Yu,11|2
)

+
1

6
g21

(
− v2u + v2d

)
δα2β2 (87)

This matrix is diagonalized by ZU :
ZUm2

ũZ
U,† = mdia

2,ũ (88)

with

ũL,α =
∑
j

ZU,∗j1 ũjα , ũR,α =
∑
j

ZU,∗j2 ũjα (89)

• Mass matrix for Selectron, Basis: (ẽL, ẽR) , (ẽ∗L, ẽ
∗
R)

m2
ẽ =

 mẽLẽ∗L
1√
2

(
vdT

∗
e,11 − vuµY ∗e,11

)
1√
2

(
vdTe,11 − vuµ∗Ye,11

)
1
2v

2
d|Ye,11|2 + 1

4g
2
1

(
− v2d + v2u

)
+m2

e,11

 (90)

mẽLẽ∗L
=

1

2
v2d|Ye,11|2 +

1

8

(
− g22 + g21

)(
− v2u + v2d

)
+m2

l,11 (91)

This matrix is diagonalized by ZE :
ZEm2

ẽZ
E,† = mdia

2,ẽ (92)

with

ẽL =
∑
j

ZE,∗j1 ẽj , ẽR =
∑
j

ZE,∗j2 ẽj (93)
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• Mass matrix for Smuon, Basis: (µ̃L, µ̃R) , (µ̃∗L, µ̃
∗
R)

m2
µ̃ =

 mµ̃Lµ̃∗
L

1√
2

(
vdT

∗
e,22 − vuµY ∗e,22

)
1√
2

(
vdTe,22 − vuµ∗Ye,22

)
1
2v

2
d|Ye,22|2 + 1

4g
2
1

(
− v2d + v2u

)
+m2

e,22

 (94)

mµ̃Lµ̃∗
L

=
1

2
v2d|Ye,22|2 +

1

8

(
− g22 + g21

)(
− v2u + v2d

)
+m2

l,22 (95)

This matrix is diagonalized by Zµ:
Zµm2

µ̃Z
µ,† = mdia

2,µ̃ (96)

with

µ̃L =
∑
j

Zµ,∗j1 µ̃j , µ̃R =
∑
j

Zµ,∗j2 µ̃j (97)

• Mass matrix for Stau, Basis: (τ̃L, τ̃R) , (τ̃∗L, τ̃
∗
R)

m2
τ̃ =

 mτ̃Lτ̃∗
L

1√
2

(
vdT

∗
e,33 − vuµY ∗e,33

)
1√
2

(
vdTe,33 − vuµ∗Ye,33

)
1
2v

2
d|Ye,33|2 + 1

4g
2
1

(
− v2d + v2u

)
+m2

e,33

 (98)

mτ̃Lτ̃∗
L

=
1

2
v2d|Ye,33|2 +

1

8

(
− g22 + g21

)(
− v2u + v2d

)
+m2

l,33 (99)

This matrix is diagonalized by Zτ :
Zτm2

τ̃Z
τ,† = mdia

2,τ̃ (100)

with

τ̃L =
∑
j

Zτ,∗j1 τ̃j , τ̃R =
∑
j

Zτ,∗j2 τ̃j (101)

• Mass matrix for Strange Squark, Basis: (s̃L,α1
, s̃R,α2

) ,
(
s̃∗L,β1

, s̃∗R,β2

)

m2
s̃ =

 ms̃Ls̃∗L
1√
2

(
vdT

∗
d,22 − vuµY ∗d,22

)
δα1β2

1√
2
δα2β1

(
vdTd,22 − vuµ∗Yd,22

)
ms̃Rs̃∗R

 (102)

ms̃Ls̃∗L
= − 1

24

(
3g22 + g21

)(
− v2u + v2d

)
δα1β1

+
1

2
δα1β1

(
2m2

q,22 + v2d|Yd,22|2
)

(103)

ms̃Rs̃∗R
=

1

12
g21

(
− v2d + v2u

)
δα2β2

+
1

2
δα2β2

(
2m2

d,22 + v2d|Yd,22|2
)

(104)

This matrix is diagonalized by ZS :
ZSm2

s̃Z
S,† = mdia

2,s̃ (105)

with

s̃L,α =
∑
j

ZS,∗j1 s̃jα , s̃R,α =
∑
j

ZS,∗j2 s̃jα (106)
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• Mass matrix for Charmed Squark, Basis: (c̃L,α1
, c̃R,α2

) ,
(
c̃∗L,β1

, c̃∗R,β2

)

m2
c̃ =

 mc̃Lc̃∗L
1√
2

(
− vdµY ∗u,22 + vuT

∗
u,22

)
δα1β2

1√
2
δα2β1

(
− vdµ∗Yu,22 + vuTu,22

)
mc̃Rc̃∗R

 (107)

mc̃Lc̃∗L
= − 1

24

(
− 3g22 + g21

)(
− v2u + v2d

)
δα1β1 +

1

2
δα1β1

(
2m2

q,22 + v2u|Yu,22|2
)

(108)

mc̃Rc̃∗R
=

1

2
δα2β2

(
2m2

u,22 + v2u|Yu,22|2
)

+
1

6
g21

(
− v2u + v2d

)
δα2β2 (109)

This matrix is diagonalized by ZC :
ZCm2

c̃Z
C,† = mdia

2,c̃ (110)

with

c̃L,α =
∑
j

ZC,∗j1 c̃jα , c̃R,α =
∑
j

ZC,∗j2 c̃jα (111)

• Mass matrix for Bottom Squark, Basis:
(
b̃L,α1 , b̃R,α2

)
,
(
b̃∗L,β1

, b̃∗R,β2

)

m2
b̃

=

 mb̃Lb̃∗L

1√
2

(
vdT

∗
d,33 − vuµY ∗d,33

)
δα1β2

1√
2
δα2β1

(
vdTd,33 − vuµ∗Yd,33

)
mb̃Rb̃∗R

 (112)

mb̃Lb̃∗L
= − 1

24

(
3g22 + g21

)(
− v2u + v2d

)
δα1β1

+
1

2
δα1β1

(
2m2

q,33 + v2d|Yd,33|2
)

(113)

mb̃Rb̃∗R
=

1

12
g21

(
− v2d + v2u

)
δα2β2

+
1

2
δα2β2

(
2m2

d,33 + v2d|Yd,33|2
)

(114)

This matrix is diagonalized by ZB :
ZBm2

b̃
ZB,† = mdia

2,b̃
(115)

with

b̃L,α =
∑
j

ZB,∗j1 b̃jα , b̃R,α =
∑
j

ZB,∗j2 b̃jα (116)

• Mass matrix for Top Squark, Basis:
(
t̃L,α1

, t̃R,α2

)
,
(
t̃∗L,β1

, t̃∗R,β2

)

m2
t̃ =

 mt̃L t̃∗L

1√
2

(
− vdµY ∗u,33 + vuT

∗
u,33

)
δα1β2

1√
2
δα2β1

(
− vdµ∗Yu,33 + vuTu,33

)
mt̃R t̃∗R

 (117)

mt̃L t̃∗L
= − 1

24

(
− 3g22 + g21

)(
− v2u + v2d

)
δα1β1 +

1

2
δα1β1

(
2m2

q,33 + v2u|Yu,33|2
)

(118)
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mt̃R t̃∗R
=

1

2
δα2β2

(
2m2

u,33 + v2u|Yu,33|2
)

+
1

6
g21

(
− v2u + v2d

)
δα2β2

(119)

This matrix is diagonalized by ZT :
ZTm2

t̃Z
T,† = mdia

2,t̃ (120)

with

t̃L,α =
∑
j

ZT,∗j1 t̃jα , t̃R,α =
∑
j

ZT,∗j2 t̃jα (121)

• Mass matrix for Higgs, Basis: (φd, φu) , (φd, φu)

m2
h =

 1
8

(
g21 + g22

)(
3v2d − v2u

)
+m2

Hd
+ |µ|2 − 1

4

(
g21 + g22

)
vdvu −<

(
Bµ

)
− 1

4

(
g21 + g22

)
vdvu −<

(
Bµ

)
− 1

8

(
g21 + g22

)(
− 3v2u + v2d

)
+m2

Hu
+ |µ|2

 (122)

This matrix is diagonalized by ZH :
ZHm2

hZ
H,† = mdia

2,h (123)

with

φd =
∑
j

ZHj1hj , φu =
∑
j

ZHj2hj (124)

• Mass matrix for Pseudo-Scalar Higgs, Basis: (σd, σu) , (σd, σu)

m2
A0 =

 1
8

(
g21 + g22

)(
− v2u + v2d

)
+m2

Hd
+ |µ|2 <

(
Bµ

)
<
(
Bµ

)
− 1

8

(
g21 + g22

)(
− v2u + v2d

)
+m2

Hu
+ |µ|2

+ ξZm
2(Z)

(125)
Gauge fixing contributions:

m2(ξZ) =

 1
4v

2
d

(
g1 sin ΘW + g2 cos ΘW

)2
− 1

4vdvu

(
g1 sin ΘW + g2 cos ΘW

)2
− 1

4vdvu

(
g1 sin ΘW + g2 cos ΘW

)2
1
4v

2
u

(
g1 sin ΘW + g2 cos ΘW

)2
 (126)

This matrix is diagonalized by ZA:
ZAm2

A0ZA,† = mdia
2,A0 (127)

with

σd =
∑
j

ZAj1A
0
j , σu =

∑
j

ZAj2A
0
j (128)

• Mass matrix for Charged Higgs, Basis:
(
H−d , H

+,∗
u

)
,
(
H−,∗d , H+

u

)
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m2
H− =

(
mH−

d H
−,∗
d

1
4g

2
2vdvu +B∗µ

1
4g

2
2vdvu +Bµ mH+,∗

u H+
u

)
+ ξW−m2(W−) (129)

mH−
d H

−,∗
d

=
1

8

(
g21

(
− v2u + v2d

)
+ g22

(
v2d + v2u

))
+m2

Hd
+ |µ|2 (130)

mH+,∗
u H+

u
=

1

8

(
g21

(
− v2d + v2u

)
+ g22

(
v2d + v2u

))
+m2

Hu + |µ|2 (131)

Gauge fixing contributions:

m2(ξW−) =

(
1
4g

2
2v

2
d − 1

4g
2
2vdvu

− 1
4g

2
2vdvu

1
4g

2
2v

2
u

)
(132)

This matrix is diagonalized by Z+:
Z+m2

H−Z+,† = mdia
2,H− (133)

with

H−d =
∑
j

Z+
j1H

−
j , H+

u =
∑
j

Z+
j2H

+
j (134)

4.2.2 Mass Matrices for Fermions

• Mass matrix for Neutralinos, Basis:
(
λB̃ , W̃

0, H̃0
d , H̃

0
u

)
,
(
λB̃ , W̃

0, H̃0
d , H̃

0
u

)

mχ̃0 =


M1 0 − 1

2g1vd
1
2g1vu

0 M2
1
2g2vd − 1

2g2vu

− 1
2g1vd

1
2g2vd 0 −µ

1
2g1vu − 1

2g2vu −µ 0

 (135)

This matrix is diagonalized by N :
N∗mχ̃0N† = mdia

χ̃0 (136)

with

λB̃ =
∑
j

N∗j1λ
0
j , W̃ 0 =

∑
j

N∗j2λ
0
j , H̃0

d =
∑
j

N∗j3λ
0
j (137)

H̃0
u =

∑
j

N∗j4λ
0
j (138)

• Mass matrix for Charginos, Basis:
(
W̃−, H̃−d

)
,
(
W̃+, H̃+

u

)

mχ̃− =

(
M2

1√
2
g2vu

1√
2
g2vd µ

)
(139)
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This matrix is diagonalized by U and V
U∗mχ̃−V † = mdia

χ̃− (140)

with

W̃− =
∑
t2

U∗j1λ
−
j , H̃−d =

∑
t2

U∗j2λ
−
j (141)

W̃+ =
∑
t2

V ∗1jλ
+
j , H̃+

u =
∑
t2

V ∗2jλ
+
j (142)

5 Vacuum Expectation Values

H0
d =

1√
2
φd +

1√
2
vd + i

1√
2
σd (143)

H0
u =

1√
2
φu +

1√
2
vu + i

1√
2
σu (144)

6 Flavor decomposition

dR → dR, sR, bR (145)
dL → dL, sL, bL (146)
uL →uL, cL, tL (147)
uR →uR, cR, tR (148)
ν → νe, νµ, ντ (149)

d̃R → d̃R, s̃R, b̃R (150)

d̃L → d̃L, s̃L, b̃L (151)

ũL → ũL, c̃L, t̃L (152)

ũR → ũR, c̃R, t̃R (153)
eL → eL, µL, τL (154)
eR → eR, µR, τR (155)
ẽR → ẽR, µ̃R, τ̃R (156)
ẽL → ẽL, µ̃L, τ̃L (157)
ν̃L → ν̃e, ν̃µ, ν̃τ (158)

7 Tadpole Equations

∂V

∂φd
= −1

2
vu

(
Bµ +B∗µ

)
+

1

8

(
g21 + g22

)
vd

(
− vu + vd

)(
vd + vu

)
+ vd

(
m2
Hd

+ |µ|2
)

(159)

∂V

∂φu
=

1

8

(
g21 + g22

)
vu

(
− v2d + v2u

)
− vd<

(
Bµ

)
+ vu

(
m2
Hu + |µ|2

)
(160)
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8 Particle content for eigenstates ’EWSB’

Name Type complex/real Generations Indices

ν̃e Scalar complex 1
ν̃µ Scalar complex 1
ν̃τ Scalar complex 1
d̃ Scalar complex 2 generation, 2, color, 3
ũ Scalar complex 2 generation, 2, color, 3
ẽ Scalar complex 2 generation, 2
µ̃ Scalar complex 2 generation, 2
τ̃ Scalar complex 2 generation, 2
s̃ Scalar complex 2 generation, 2, color, 3
c̃ Scalar complex 2 generation, 2, color, 3
b̃ Scalar complex 2 generation, 2, color, 3
t̃ Scalar complex 2 generation, 2, color, 3
h Scalar real 2 generation, 2
A0 Scalar real 2 generation, 2
H− Scalar complex 2 generation, 2

g̃ Fermion Majorana 1 color, 8
d Fermion Dirac 1 color, 3
s Fermion Dirac 1 color, 3
b Fermion Dirac 1 color, 3
u Fermion Dirac 1 color, 3
c Fermion Dirac 1 color, 3
t Fermion Dirac 1 color, 3
νe Fermion Dirac 1
νµ Fermion Dirac 1
ντ Fermion Dirac 1
e Fermion Dirac 1
m Fermion Dirac 1
τ Fermion Dirac 1
χ̃0 Fermion Majorana 4 generation, 4
χ̃− Fermion Dirac 2 generation, 2

g Vector real 1 color, 8, lorentz, 4
γ Vector real 1 lorentz, 4
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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
η− Ghost complex 1
η+ Ghost complex 1

9 Interactions for eigenstates ’EWSB’

9.1 Three Scalar-Interaction

A0
i

A0
j

hk

− i

4

(
g21 + g22

)(
ZAi1Z

A
j1 − ZAi2ZAj2

)(
vdZ

H
k1 − vuZHk2

)
(161)

A0
i

H−j

H+
k

1

4
g22

(
vdZ

A
i2 + vuZ

A
i1

)(
− Z+

j1Z
+
k2 + Z+

j2Z
+
k1

)
(162)
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A0
i

b̃jβ

b̃∗kγ

− 1√
2
δβγ

(
− ZB,∗j1 ZBk2

(
µ∗Yd,33Z

A
i2 + ZAi1Td,33

)
+ ZB,∗j2

(
µY ∗d,33Z

A
i2 + T ∗d,33Z

A
i1

)
ZBk1

)
(163)

A0
i

c̃jβ

c̃∗kγ

− 1√
2
δβγ

(
µY ∗u,22Z

C,∗
j2 ZAi1Z

C
k1 − Z

C,∗
j1 ZCk2

(
µ∗Yu,22Z

A
i1 + ZAi2Tu,22

)
+ ZC,∗j2 T ∗u,22Z

A
i2Z

C
k1

)
(164)

A0
i

d̃jβ

d̃∗kγ

− 1√
2
δβγ

(
− ZD,∗j1 ZDk2

(
µ∗Yd,11Z

A
i2 + ZAi1Td,11

)
+ ZD,∗j2

(
µY ∗d,11Z

A
i2 + T ∗d,11Z

A
i1

)
ZDk1

)
(165)
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A0
i

ẽj

ẽ∗k

− 1√
2

(
− ZE,∗j1 ZEk2

(
µ∗Ye,11Z

A
i2 + ZAi1Te,11

)
+ ZE,∗j2

(
µY ∗e,11Z

A
i2 + T ∗e,11Z

A
i1

)
ZEk1

)
(166)

A0
i

µ̃j

µ̃∗k

− 1√
2

(
− Zµ,∗j1 Z

µ
k2

(
µ∗Ye,22Z

A
i2 + ZAi1Te,22

)
+ Zµ,∗j2

(
µY ∗e,22Z

A
i2 + T ∗e,22Z

A
i1

)
Zµk1

)
(167)

A0
i

s̃jβ

s̃∗kγ

− 1√
2
δβγ

(
− ZS,∗j1 Z

S
k2

(
µ∗Yd,22Z

A
i2 + ZAi1Td,22

)
+ ZS,∗j2

(
µY ∗d,22Z

A
i2 + T ∗d,22Z

A
i1

)
ZSk1

)
(168)
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A0
i

t̃jβ

t̃∗kγ

− 1√
2
δβγ

(
µY ∗u,33Z

T,∗
j2 ZAi1Z

T
k1 − Z

T,∗
j1 ZTk2

(
µ∗Yu,33Z

A
i1 + ZAi2Tu,33

)
+ ZT,∗j2 T ∗u,33Z

A
i2Z

T
k1

)
(169)

A0
i

τ̃j

τ̃∗k

− 1√
2

(
− Zτ,∗j1 Z

τ
k2

(
µ∗Ye,33Z

A
i2 + ZAi1Te,33

)
+ Zτ,∗j2

(
µY ∗e,33Z

A
i2 + T ∗e,33Z

A
i1

)
Zτk1

)
(170)

A0
i

ũjβ

ũ∗kγ

− 1√
2
δβγ

(
µY ∗u,11Z

U,∗
j2 ZAi1Z

U
k1 − Z

U,∗
j1 ZUk2

(
µ∗Yu,11Z

A
i1 + ZAi2Tu,11

)
+ ZU,∗j2 T ∗u,11Z

A
i2Z

U
k1

)
(171)
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hi

hj

hk

i

4

(
g21 + g22

)(
ZHi2

(
ZHj1

(
vdZ

H
k2 + vuZ

H
k1

)
+ ZHj2

(
− 3vuZ

H
k2 + vdZ

H
k1

))
+ ZHi1

(
ZHj1

(
− 3vdZ

H
k1 + vuZ

H
k2

)
+ ZHj2

(
vdZ

H
k2 + vuZ

H
k1

)))
(172)

hi

H−j

H+
k

i

4

(
− ZHi1

(
Z+
j1

((
g21 + g22

)
vdZ

+
k1 + g22vuZ

+
k2

)
+ Z+

j2

((
− g21 + g22

)
vdZ

+
k2 + g22vuZ

+
k1

))
+ ZHi2

(
Z+
j1

((
− g22 + g21

)
vuZ

+
k1 − g

2
2vdZ

+
k2

)
− Z+

j2

((
g21 + g22

)
vuZ

+
k2 + g22vdZ

+
k1

)))
(173)

hi

b̃jβ

b̃∗kγ

i

12
δβγ

(
− 2ZB,∗j2

(
− 3
√

2µY ∗d,33Z
B
k1Z

H
i2 + 3

√
2T ∗d,33Z

B
k1Z

H
i1 + ZBk2

(
g21vuZ

H
i2 − vd

(
− 6|Yd,33|2 + g21

)
ZHi1

))
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+ ZB,∗j1

(
ZBk1

(
−
(

3g22 + g21

)
vuZ

H
i2 + vd

(
− 12|Yd,33|2 + 3g22 + g21

)
ZHi1

)
+ 6
√

2ZBk2

(
µ∗Yd,33Z

H
i2 − ZHi1Td,33

)))
(174)

hi

c̃jβ

c̃∗kγ

i

12
δβγ

(
2ZC,∗j2

(
− 3
√

2T ∗u,22Z
C
k1Z

H
i2 + 2g21Z

C
k2

(
− vdZHi1 + vuZ

H
i2

)
+ 3Y ∗u,22

(
− 2vuYu,22Z

C
k2Z

H
i2 +

√
2µZCk1Z

H
i1

))
+ ZC,∗j1

(
ZCk1

((
− 3g22 + g21

)
vdZ

H
i1 − vu

(
12|Yu,22|2 − 3g22 + g21

)
ZHi2

)
+ 6
√

2ZCk2

(
µ∗Yu,22Z

H
i1 − ZHi2Tu,22

)))
(175)

hi

d̃jβ

d̃∗kγ

i

12
δβγ

(
− 2ZD,∗j2

(
− 3
√

2µY ∗d,11Z
D
k1Z

H
i2 + 3

√
2T ∗d,11Z

D
k1Z

H
i1 + ZDk2

(
g21vuZ

H
i2 − vd

(
− 6|Yd,11|2 + g21

)
ZHi1

))
+ ZD,∗j1

(
ZDk1

(
−
(

3g22 + g21

)
vuZ

H
i2 + vd

(
− 12|Yd,11|2 + 3g22 + g21

)
ZHi1

)
+ 6
√

2ZDk2

(
µ∗Yd,11Z

H
i2 − ZHi1Td,11

)))
(176)
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hi

ẽj

ẽ∗k

i

4

(
− 2ZE,∗j2

(
−
√

2µY ∗e,11Z
E
k1Z

H
i2 +

√
2T ∗e,11Z

E
k1Z

H
i1 + ZEk2

(
g21vuZ

H
i2 − vd

(
− 2|Ye,11|2 + g21

)
ZHi1

))
+ ZE,∗j1

(
ZEk1

((
− g22 + g21

)
vuZ

H
i2 + vd

(
− 4|Ye,11|2 − g21 + g22

)
ZHi1

)
+ 2
√

2ZEk2

(
µ∗Ye,11Z

H
i2 − ZHi1Te,11

)))
(177)

hi

µ̃j

µ̃∗k

i

4

(
− 2Zµ,∗j2

(√
2T ∗e,22Z

H
i1Z

µ
k1 + g21

(
− vdZHi1 + vuZ

H
i2

)
Zµk2

+ Y ∗e,22

(
2vdYe,22Z

H
i1Z

µ
k2 −

√
2µZHi2Z

µ
k1

))
+ Zµ,∗j1

(
ZHi2

(
2
√

2µ∗Ye,22Z
µ
k2 +

(
− g22 + g21

)
vuZ

µ
k1

)
− ZHi1

(
2
√

2Zµk2Te,22 + vd

(
4|Ye,22|2 − g22 + g21

)
Zµk1

)))
(178)

hi

s̃jβ

s̃∗kγ
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i

12
δβγ

(
− 2ZS,∗j2

(
3
√

2T ∗d,22Z
H
i1Z

S
k1 + g21

(
− vdZHi1 + vuZ

H
i2

)
ZSk2

+ Y ∗d,22

(
− 3
√

2µZHi2Z
S
k1 + 6vdYd,22Z

H
i1Z

S
k2

))
+ ZS,∗j1

(
− ZHi2

((
3g22 + g21

)
vuZ

S
k1 − 6

√
2µ∗Yd,22Z

S
k2

)
+ ZHi1

(
− 6
√

2ZSk2Td,22 + vd

(
− 12|Yd,22|2 + 3g22 + g21

)
ZSk1

)))
(179)

hi

t̃jβ

t̃∗kγ

i

12
δβγ

(
2ZT,∗j2

(
− 3
√

2T ∗u,33Z
H
i2Z

T
k1 + 2g21

(
− vdZHi1 + vuZ

H
i2

)
ZTk2

+ 3Y ∗u,33

(
− 2vuYu,33Z

H
i2Z

T
k2 +

√
2µZHi1Z

T
k1

))
+ ZT,∗j1

(
ZHi1

((
− 3g22 + g21

)
vdZ

T
k1 + 6

√
2µ∗Yu,33Z

T
k2

)
− ZHi2

(
6
√

2ZTk2Tu,33 + vu

(
12|Yu,33|2 − 3g22 + g21

)
ZTk1

)))
(180)

hi

τ̃j

τ̃∗k

i

4

(
− 2Zτ,∗j2

(√
2T ∗e,33Z

H
i1Z

τ
k1 + g21

(
− vdZHi1 + vuZ

H
i2

)
Zτk2

+ Y ∗e,33

(
2vdYe,33Z

H
i1Z

τ
k2 −

√
2µZHi2Z

τ
k1

))
+ Zτ,∗j1

(
ZHi2

(
2
√

2µ∗Ye,33Z
τ
k2 +

(
− g22 + g21

)
vuZ

τ
k1

)
− ZHi1

(
2
√

2Zτk2Te,33 + vd

(
4|Ye,33|2 − g22 + g21

)
Zτk1

)))
(181)
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hi

ũjβ

ũ∗kγ

i

12
δβγ

(
2ZU,∗j2

(
− 3
√

2T ∗u,11Z
H
i2Z

U
k1 + 2g21

(
− vdZHi1 + vuZ

H
i2

)
ZUk2

+ 3Y ∗u,11

(
− 2vuYu,11Z

H
i2Z

U
k2 +

√
2µZHi1Z

U
k1

))
+ ZU,∗j1

(
ZHi1

((
− 3g22 + g21

)
vdZ

U
k1 + 6

√
2µ∗Yu,11Z

U
k2

)
− ZHi2

(
6
√

2ZUk2Tu,11 + vu

(
12|Yu,11|2 − 3g22 + g21

)
ZUk1

)))
(182)

hi

ν̃e

ν̃∗e

− i

4

(
g21 + g22

)(
vdZ

H
i1 − vuZHi2

)
(183)

hi

ν̃µ

ν̃∗µ

32



− i

4

(
g21 + g22

)(
vdZ

H
i1 − vuZHi2

)
(184)

hi

ν̃τ

ν̃∗τ

− i

4

(
g21 + g22

)(
vdZ

H
i1 − vuZHi2

)
(185)

H−i

c̃jβ

s̃∗kγ

− i

4
δβγ

(
− 2ZC,∗j2

(
2T ∗u,22Z

+
i2Z

S
k1 + Y ∗u,22

(√
2vdYd,22Z

+
i2Z

S
k2 + Z+

i1

(
2µZSk1 +

√
2vuYd,22Z

S
k2

)))
+ ZC,∗j1

(
Z+
i2

(
− 4µ∗Yd,22Z

S
k2 +

√
2vu

(
− 2|Yu,22|2 + g22

)
ZSk1

)
+ Z+

i1

(
− 4ZSk2Td,22 +

√
2vd

(
− 2|Yd,22|2 + g22

)
ZSk1

)))
(186)

H−i

t̃jβ

b̃∗kγ
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i

4
δβγ

(
2ZT,∗j2

(
2T ∗u,33Z

B
k1Z

+
i2 + Y ∗u,33

(
2µZBk1Z

+
i1 +
√

2Yd,33Z
B
k2

(
vdZ

+
i2 + vuZ

+
i1

)))
+ ZT,∗j1

(
4ZBk2

(
µ∗Yd,33Z

+
i2 + Z+

i1Td,33

)
−
√

2ZBk1

(
vd

(
− 2|Yd,33|2 + g22

)
Z+
i1 + vu

(
− 2|Yu,33|2 + g22

)
Z+
i2

)))
(187)

H−i

ũjβ

d̃∗kγ

i

4
δβγ

(
2ZU,∗j2

(
2T ∗u,11Z

D
k1Z

+
i2 + Y ∗u,11

(
2µZDk1Z

+
i1 +
√

2Yd,11Z
D
k2

(
vdZ

+
i2 + vuZ

+
i1

)))
+ ZU,∗j1

(
4ZDk2

(
µ∗Yd,11Z

+
i2 + Z+

i1Td,11

)
−
√

2ZDk1

(
vd

(
− 2|Yd,11|2 + g22

)
Z+
i1 + vu

(
− 2|Yu,11|2 + g22

)
Z+
i2

)))
(188)

H−i

ν̃e

ẽ∗k

i

4

(
4ZEk2

(
µ∗Ye,11Z

+
i2 + Z+

i1Te,11

)
−
√

2ZEk1

(
g22vuZ

+
i2 + vd

(
− 2|Ye,11|2 + g22

)
Z+
i1

))
(189)

H−i

ν̃µ

µ̃∗k
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i

4

(
4Zµk2

(
µ∗Ye,22Z

+
i2 + Z+

i1Te,22

)
−
√

2Zµk1

(
g22vuZ

+
i2 + vd

(
− 2|Ye,22|2 + g22

)
Z+
i1

))
(190)

H−i

ν̃τ

τ̃∗k

i

4

(
Z+
i1

(
4Zτk2Te,33 −

√
2vd

(
− 2|Ye,33|2 + g22

)
Zτk1

)
+ Z+

i2

(
4µ∗Ye,33Z

τ
k2 −

√
2g22vuZ

τ
k1

))
(191)

b̃iα

H+
j

t̃∗kγ

− i

4
δαγ

(
− 2ZB,∗i2

(
2T ∗d,33Z

+
j1Z

T
k1 + Y ∗d,33

(√
2vuYu,33Z

+
j1Z

T
k2 + Z+

j2

(
2µZTk1 +

√
2vdYu,33Z

T
k2

)))
+ ZB,∗i1

(
Z+
j1

(
− 4µ∗Yu,33Z

T
k2 +

√
2vd

(
− 2|Yd,33|2 + g22

)
ZTk1

)
+ Z+

j2

(
− 4ZTk2Tu,33 +

√
2vu

(
− 2|Yu,33|2 + g22

)
ZTk1

)))
(192)

d̃iα

H+
j

ũ∗kγ
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− i

4
δαγ

(
− 2ZD,∗i2

(
2T ∗d,11Z

+
j1Z

U
k1 + Y ∗d,11

(√
2vuYu,11Z

+
j1Z

U
k2 + Z+

j2

(
2µZUk1 +

√
2vdYu,11Z

U
k2

)))
+ ZD,∗i1

(
Z+
j1

(
− 4µ∗Yu,11Z

U
k2 +

√
2vd

(
− 2|Yd,11|2 + g22

)
ZUk1

)
+ Z+

j2

(
− 4ZUk2Tu,11 +

√
2vu

(
− 2|Yu,11|2 + g22

)
ZUk1

)))
(193)

ẽi

H+
j

ν̃∗e

i

4

(
4ZE,∗i2

(
µY ∗e,11Z

+
j2 + T ∗e,11Z

+
j1

)
−
√

2ZE,∗i1

(
g22vuZ

+
j2 + vd

(
− 2|Ye,11|2 + g22

)
Z+
j1

))
(194)

µ̃i

H+
j

ν̃∗µ

i

4

(
4Zµ,∗i2

(
µY ∗e,22Z

+
j2 + T ∗e,22Z

+
j1

)
−
√

2Zµ,∗i1

(
g22vuZ

+
j2 + vd

(
− 2|Ye,22|2 + g22

)
Z+
j1

))
(195)

s̃iα

H+
j

c̃∗kγ
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i

4
δαγ

(
2ZS,∗i2

(
2T ∗d,22Z

C
k1Z

+
j1 + Y ∗d,22

(
2µZCk1Z

+
j2 +

√
2Yu,22Z

C
k2

(
vdZ

+
j2 + vuZ

+
j1

)))
+ ZS,∗i1

(
4ZCk2

(
µ∗Yu,22Z

+
j1 + Z+

j2Tu,22

)
−
√

2ZCk1

(
vd

(
− 2|Yd,22|2 + g22

)
Z+
j1 + vu

(
− 2|Yu,22|2 + g22

)
Z+
j2

)))
(196)

τ̃i

H+
j

ν̃∗τ

i

4

(
4Zτ,∗i2

(
µY ∗e,33Z

+
j2 + T ∗e,33Z

+
j1

)
−
√

2Zτ,∗i1

(
g22vuZ

+
j2 + vd

(
− 2|Ye,33|2 + g22

)
Z+
j1

))
(197)

9.2 Two Scalar-One Vector Boson-Interaction

A0
i

hj

Zµ

1

2

(
g1 sin ΘW + g2 cos ΘW

)(
ZAi1Z

H
j1 − ZAi2ZHj2

)(
− phjµ + p

A0
i

µ

)
(198)

A0
i

H−j

W+
µ

37



1

2
g2

(
ZAi1Z

+
j1 + ZAi2Z

+
j2

)(
− pH

−
j

µ + p
A0
i

µ

)
(199)

A0
i

H+
j

W−µ

1

2
g2

(
ZAi1Z

+
j1 + ZAi2Z

+
j2

)(
− pH

+
j

µ + p
A0
i

µ

)
(200)

hi

H−j

W+
µ

i

2
g2

(
ZHi1Z

+
j1 − Z

H
i2Z

+
j2

)(
− pH

−
j

µ + phiµ

)
(201)

hi

H+
j

W−µ

− i

2
g2

(
ZHi1Z

+
j1 − Z

H
i2Z

+
j2

)(
− pH

+
j

µ + phiµ

)
(202)
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H−i

H+
j

γµ

i

2
δij

(
g1 cos ΘW + g2 sin ΘW

)(
− pH

+
j

µ + p
H−
i

µ

)
(203)

H−i

H+
j

Zµ

i

2
δij

(
− g1 sin ΘW + g2 cos ΘW

)(
− pH

+
j

µ + p
H−
i

µ

)
(204)

b̃iα

b̃∗jβ

gγµ

− i

2
g3δijλ

γ
β,α

(
− pb̃

∗
jβ
µ + pb̃iαµ

)
(205)
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b̃iα

b̃∗jβ

γµ

− i

6
δαβ

(
− 2g1Z

B,∗
i2 cos ΘWZ

B
j2 + ZB,∗i1

(
− 3g2 sin ΘW + g1 cos ΘW

)
ZBj1

)(
− pb̃

∗
jβ
µ + pb̃iαµ

)
(206)

b̃iα

b̃∗jβ

Zµ

i

6
δαβ

(
− 2g1Z

B,∗
i2 sin ΘWZ

B
j2 + ZB,∗i1

(
3g2 cos ΘW + g1 sin ΘW

)
ZBj1

)(
− pb̃

∗
jβ
µ + pb̃iαµ

)
(207)

b̃iα

t̃∗jβ

W+
µ

− i 1√
2
g2Z

B,∗
i1 δαβZ

T
j1

(
− pt̃

∗
jβ
µ + pb̃iαµ

)
(208)
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c̃iα

c̃∗jβ

gγµ

− i

2
g3δijλ

γ
β,α

(
− pc̃

∗
jβ
µ + pc̃iαµ

)
(209)

c̃iα

c̃∗jβ

γµ

− i

6
δαβ

(
4g1Z

C,∗
i2 cos ΘWZ

C
j2 + ZC,∗i1

(
3g2 sin ΘW + g1 cos ΘW

)
ZCj1

)(
− pc̃

∗
jβ
µ + pc̃iαµ

)
(210)

c̃iα

s̃∗jβ

W−µ

− i 1√
2
g2Z

C,∗
i1 δαβZ

S
j1

(
− ps̃

∗
jβ
µ + pc̃iαµ

)
(211)
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c̃iα

c̃∗jβ

Zµ

− i

6
δαβ

(
− 4g1Z

C,∗
i2 sin ΘWZ

C
j2 + ZC,∗i1

(
3g2 cos ΘW − g1 sin ΘW

)
ZCj1

)(
− pc̃

∗
jβ
µ + pc̃iαµ

)
(212)

d̃iα

d̃∗jβ

gγµ

− i

2
g3δijλ

γ
β,α

(
− pd̃

∗
jβ
µ + pd̃iαµ

)
(213)

d̃iα

d̃∗jβ

γµ

− i

6
δαβ

(
− 2g1Z

D,∗
i2 cos ΘWZ

D
j2 + ZD,∗i1

(
− 3g2 sin ΘW + g1 cos ΘW

)
ZDj1

)(
− pd̃

∗
jβ
µ + pd̃iαµ

)
(214)
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d̃iα

d̃∗jβ

Zµ

i

6
δαβ

(
− 2g1Z

D,∗
i2 sin ΘWZ

D
j2 + ZD,∗i1

(
3g2 cos ΘW + g1 sin ΘW

)
ZDj1

)(
− pd̃

∗
jβ
µ + pd̃iαµ

)
(215)

d̃iα

ũ∗jβ

W+
µ

− i 1√
2
g2Z

D,∗
i1 δαβZ

U
j1

(
− pũ

∗
jβ
µ + pd̃iαµ

)
(216)

ẽi

ẽ∗j

γµ

i

2

(
2g1Z

E,∗
i2 cos ΘWZ

E
j2 + ZE,∗i1

(
g1 cos ΘW + g2 sin ΘW

)
ZEj1

)(
− pẽ

∗
j
µ + pẽiµ

)
(217)
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ẽi

ẽ∗j

Zµ

i

2

(
− 2g1Z

E,∗
i2 sin ΘWZ

E
j2 + ZE,∗i1

(
− g1 sin ΘW + g2 cos ΘW

)
ZEj1

)(
− pẽ

∗
j
µ + pẽiµ

)
(218)

ẽi
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W+
µ

− i 1√
2
g2Z

E,∗
i1

(
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∗
e
µ + pẽiµ

)
(219)

µ̃i

µ̃∗j

γµ

i

2

(
2g1Z

µ,∗
i2 cos ΘWZ

µ
j2 + Zµ,∗i1

(
g1 cos ΘW + g2 sin ΘW

)
Zµj1

)(
− pµ̃

∗
j
µ + pµ̃iµ

)
(220)
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µ̃i

µ̃∗j

Zµ

i

2

(
− 2g1Z

µ,∗
i2 sin ΘWZ

µ
j2 + Zµ,∗i1

(
− g1 sin ΘW + g2 cos ΘW

)
Zµj1

)(
− pµ̃

∗
j
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)
(221)

µ̃i
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W+
µ

− i 1√
2
g2Z

µ,∗
i1

(
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∗
µ
µ + pµ̃iµ

)
(222)

s̃iα

s̃∗jβ

gγµ

− i

2
g3δijλ

γ
β,α

(
− ps̃

∗
jβ
µ + ps̃iαµ

)
(223)
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s̃iα

s̃∗jβ

γµ

− i

6
δαβ

(
− 2g1Z

S,∗
i2 cos ΘWZ

S
j2 + ZS,∗i1

(
− 3g2 sin ΘW + g1 cos ΘW

)
ZSj1

)(
− ps̃

∗
jβ
µ + ps̃iαµ

)
(224)

s̃iα

s̃∗jβ

Zµ

i

6
δαβ

(
− 2g1Z

S,∗
i2 sin ΘWZ

S
j2 + ZS,∗i1

(
3g2 cos ΘW + g1 sin ΘW

)
ZSj1

)(
− ps̃

∗
jβ
µ + ps̃iαµ

)
(225)

s̃iα

c̃∗jβ

W+
µ

− i 1√
2
g2Z

S,∗
i1 δαβZ

C
j1

(
− pc̃

∗
jβ
µ + ps̃iαµ

)
(226)
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t̃iα

t̃∗jβ

gγµ

− i

2
g3δijλ

γ
β,α

(
− pt̃

∗
jβ
µ + pt̃iαµ

)
(227)

t̃iα

t̃∗jβ

γµ

− i

6
δαβ

(
4g1Z

T,∗
i2 cos ΘWZ

T
j2 + ZT,∗i1

(
3g2 sin ΘW + g1 cos ΘW

)
ZTj1

)(
− pt̃

∗
jβ
µ + pt̃iαµ

)
(228)

t̃iα

b̃∗jβ

W−µ

− i 1√
2
g2Z

T,∗
i1 δαβZ

B
j1

(
− pb̃

∗
jβ
µ + pt̃iαµ

)
(229)
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t̃iα

t̃∗jβ

Zµ

− i

6
δαβ

(
− 4g1Z

T,∗
i2 sin ΘWZ

T
j2 + ZT,∗i1

(
3g2 cos ΘW − g1 sin ΘW

)
ZTj1

)(
− pt̃

∗
jβ
µ + pt̃iαµ

)
(230)

τ̃i

τ̃∗j
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i

2

(
2g1Z

τ,∗
i2 cos ΘWZ

τ
j2 + Zτ,∗i1

(
g1 cos ΘW + g2 sin ΘW

)
Zτj1

)(
− pτ̃

∗
j
µ + pτ̃iµ

)
(231)

τ̃i

τ̃∗j

Zµ

i

2

(
− 2g1Z

τ,∗
i2 sin ΘWZ

τ
j2 + Zτ,∗i1

(
− g1 sin ΘW + g2 cos ΘW

)
Zτj1

)(
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∗
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µ + pτ̃iµ

)
(232)
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τ,∗
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(
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∗
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)
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ũiα

ũ∗jβ
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− i
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(
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∗
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)
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− i
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(
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i2 cos ΘWZ

U
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)
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− pũ

∗
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)
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i1 δαβZ
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(
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)
(236)
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(
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U
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(
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)
ZUj1

)(
− pũ

∗
jβ
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)
(237)
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2
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E
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(
− pẽ

∗
j
µ + pν̃eµ

)
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ν̃e
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Zµ

− i
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(
g1 sin ΘW + g2 cos ΘW

)(
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)
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− i 1√
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µ
j1

(
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∗
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µ + pν̃µµ

)
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2

(
g1 sin ΘW + g2 cos ΘW
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∗
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)
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ūα

uβ

Zµ

− i

6
δαβ

(
3g2 cos ΘW − g1 sin ΘW

)(
γµ ·

1− γ5
2

)
(315)

+
2i

3
g1δαβ sin ΘW

(
γµ ·

1 + γ5
2

)
(316)

ē
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i

3
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2
√
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χ̃0
i
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d̃∗kγ
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δβγ
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√
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∗
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D
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√
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D
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)
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√
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χ̃0
i

e

ẽ∗k

i
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2
g1N

∗
i1Z

E
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1√
2
g2N

∗
i2Z

E
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)(1− γ5
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)
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+ i
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√
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)
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χ̃0
i

m
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i
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2
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∗
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∗
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)
(382)
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√
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)
(383)
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i

sβ
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6
δβγ
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√
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∗
i2Z

S
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S
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√
2g1N

∗
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S
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+ − i
3
δβγ
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3Y ∗d,22Ni3Z

S
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√
2g1Ni1Z

S
k2

)(1 + γ5
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)
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χ̃0
i

tβ

t̃∗kγ

− i

6
δβγ

(
3
√

2g2N
∗
i2Z

T
k1 + 6N∗i4Yu,33Z

T
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√
2g1N

∗
i1Z

T
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)
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+
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3
δβγ
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2
√

2g1Ni1Z
T
k2 − 3Y ∗u,33Ni4Z

T
k1

)(1 + γ5
2

)
(387)

χ̃0
i

τ

τ̃∗k

i
( 1√

2
g1N

∗
i1Z

τ
k1 +

1√
2
g2N

∗
i2Z

τ
k1 −N∗i3Ye,33Zτk2

)(1− γ5
2

)
(388)

+ i
(
−
√

2g1Ni1Z
τ
k2 − Y ∗e,33Ni3Zτk1

)(1 + γ5
2

)
(389)

χ̃0
i

uβ

ũ∗kγ
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− i

6
δβγ

(
3
√

2g2N
∗
i2Z

U
k1 + 6N∗i4Yu,11Z

U
k2 +

√
2g1N

∗
i1Z

U
k1

)(1− γ5
2

)
(390)

+
i

3
δβγ

(
2
√

2g1Ni1Z
U
k2 − 3Y ∗u,11Ni4Z

U
k1

)(1 + γ5
2

)
(391)

χ̃0
i

νe

ν̃∗e

i
1√
2

(
g1N

∗
i1 − g2N∗i2

)(1− γ5
2

)
(392)

χ̃0
i

νµ

ν̃∗µ

i
1√
2

(
g1N

∗
i1 − g2N∗i2

)(1− γ5
2

)
(393)

χ̃0
i

ντ

ν̃∗τ
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i
1√
2

(
g1N

∗
i1 − g2N∗i2

)(1− γ5
2

)
(394)

χ̃+
i

χ̃0
j

H−k

− i

2

(
2g2V

∗
i1N

∗
j4 +

√
2V ∗i2

(
g1N

∗
j1 + g2N

∗
j2

))
Z+
k2

(1− γ5
2

)
(395)

+
i

2

(
− 2g2Ui1Nj3 +

√
2Ui2

(
g1Nj1 + g2Nj2

))
Z+
k1

(1 + γ5
2

)
(396)

b̄α

χ̃0
j

b̃kγ

− i

3
δαγ

(
3ZB,∗k1 N∗j3Yd,33 +

√
2g1Z

B,∗
k2 N∗j1

)(1− γ5
2

)
(397)

+ − i
6
δαγ

(
6Y ∗d,33Z

B,∗
k2 Nj3 +

√
2ZB,∗k1

(
− 3g2Nj2 + g1Nj1

))(1 + γ5
2

)
(398)

c̄α

χ̃0
j

c̃kγ
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i

3
δαγ

(
2
√

2g1Z
C,∗
k2 N∗j1 − 3ZC,∗k1 N∗j4Yu,22

)(1− γ5
2

)
(399)

+ − i
6
δαγ

(
6Y ∗u,22Z

C,∗
k2 Nj4 +

√
2ZC,∗k1

(
3g2Nj2 + g1Nj1

))(1 + γ5
2

)
(400)

d̄α

χ̃0
j

d̃kγ

− i

3
δαγ

(
3ZD,∗k1 N∗j3Yd,11 +

√
2g1Z

D,∗
k2 N∗j1

)(1− γ5
2

)
(401)

+ − i
6
δαγ

(
6Y ∗d,11Z

D,∗
k2 Nj3 +

√
2ZD,∗k1

(
− 3g2Nj2 + g1Nj1

))(1 + γ5
2

)
(402)

ē

χ̃0
j

ẽk

i
(
−
√

2g1Z
E,∗
k2 N∗j1 − Z

E,∗
k1 N∗j3Ye,11

)(1− γ5
2

)
(403)

+ i
( 1√

2
ZE,∗k1

(
g1Nj1 + g2Nj2

)
− Y ∗e,11Z

E,∗
k2 Nj3

)(1 + γ5
2

)
(404)

m̄

χ̃0
j

µ̃k
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i
(
−
√

2g1Z
µ,∗
k2 N

∗
j1 − Z

µ,∗
k1 N

∗
j3Ye,22

)(1− γ5
2

)
(405)

+ i
( 1√

2
Zµ,∗k1

(
g1Nj1 + g2Nj2

)
− Y ∗e,22Z

µ,∗
k2 Nj3

)(1 + γ5
2

)
(406)

s̄α

χ̃0
j

s̃kγ

− i

3
δαγ

(
3N∗j3Z

S,∗
k1 Yd,22 +

√
2g1N

∗
j1Z

S,∗
k2

)(1− γ5
2

)
(407)

+ − i
6
δαγ

(
6Y ∗d,22Z

S,∗
k2 Nj3 +

√
2ZS,∗k1

(
− 3g2Nj2 + g1Nj1

))(1 + γ5
2

)
(408)

t̄α

χ̃0
j

t̃kγ

i

3
δαγ

(
2
√

2g1N
∗
j1Z

T,∗
k2 − 3N∗j4Z

T,∗
k1 Yu,33

)(1− γ5
2

)
(409)

+ − i
6
δαγ

(
6Y ∗u,33Z

T,∗
k2 Nj4 +

√
2ZT,∗k1

(
3g2Nj2 + g1Nj1

))(1 + γ5
2

)
(410)

τ̄

χ̃0
j

τ̃k
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i
(
−N∗j3Z

τ,∗
k1 Ye,33 −

√
2g1N

∗
j1Z

τ,∗
k2

)(1− γ5
2

)
(411)

+ i
( 1√

2
Zτ,∗k1

(
g1Nj1 + g2Nj2

)
− Y ∗e,33Z

τ,∗
k2 Nj3

)(1 + γ5
2

)
(412)

ūα

χ̃0
j

ũkγ

i

3
δαγ

(
2
√

2g1N
∗
j1Z

U,∗
k2 − 3N∗j4Z

U,∗
k1 Yu,11

)(1− γ5
2

)
(413)

+ − i
6
δαγ

(
6Y ∗u,11Z

U,∗
k2 Nj4 +

√
2ZU,∗k1

(
3g2Nj2 + g1Nj1

))(1 + γ5
2

)
(414)

ν̄e

χ̃0
j

ν̃e

(415)

+ i
1√
2

(
g1Nj1 − g2Nj2

)(1 + γ5
2

)
(416)

ν̄µ

χ̃0
j

ν̃µ
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(417)

+ i
1√
2

(
g1Nj1 − g2Nj2

)(1 + γ5
2

)
(418)

ν̄τ

χ̃0
j

ν̃τ

(419)

+ i
1√
2

(
g1Nj1 − g2Nj2

)(1 + γ5
2

)
(420)

g̃α

bβ

b̃∗kγ

− i 1√
2
g3φg̃λ

α
γ,βZ

B
k1

(1− γ5
2

)
(421)

+ i
1√
2
g3φ
∗
g̃λ
α
γ,βZ

B
k2

(1 + γ5
2

)
(422)

b̄α

bβ

hk
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− i 1√
2
δαβYd,33Z

H
k1

(1− γ5
2

)
(423)

+ −i 1√
2
Y ∗d,33δαβZ

H
k1

(1 + γ5
2

)
(424)

χ̃+
i

bβ

t̃∗kγ

iδβγ

(
− g2V ∗i1ZTk1 + V ∗i2Yu,33Z

T
k2

)(1− γ5
2

)
(425)

+ iY ∗d,33δβγUi2Z
T
k1

(1 + γ5
2

)
(426)

t̄α

bβ

H+
k

iδαβYu,33Z
+
k2

(1− γ5
2

)
(427)

+ iY ∗d,33δαβZ
+
k1

(1 + γ5
2

)
(428)

g̃α

cβ

c̃∗kγ
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− i 1√
2
g3φg̃λ

α
γ,βZ

C
k1

(1− γ5
2

)
(429)

+ i
1√
2
g3φ
∗
g̃λ
α
γ,βZ

C
k2

(1 + γ5
2

)
(430)

c̄α

cβ

hk

− i 1√
2
δαβYu,22Z

H
k2

(1− γ5
2

)
(431)

+ −i 1√
2
Y ∗u,22δαβZ

H
k2

(1 + γ5
2

)
(432)

s̄α

cβ

H−k

iδαβYd,22Z
+
k1

(1− γ5
2

)
(433)

+ iY ∗u,22δαβZ
+
k2

(1 + γ5
2

)
(434)

g̃α

dβ

d̃∗kγ
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− i 1√
2
g3φg̃λ

α
γ,βZ

D
k1

(1− γ5
2

)
(435)

+ i
1√
2
g3φ
∗
g̃λ
α
γ,βZ

D
k2

(1 + γ5
2

)
(436)

d̄α

dβ

hk

− i 1√
2
δαβYd,11Z

H
k1

(1− γ5
2

)
(437)

+ −i 1√
2
Y ∗d,11δαβZ

H
k1

(1 + γ5
2

)
(438)

χ̃+
i

dβ

ũ∗kγ

iδβγ

(
− g2V ∗i1ZUk1 + V ∗i2Yu,11Z

U
k2

)(1− γ5
2

)
(439)

+ iY ∗d,11δβγUi2Z
U
k1

(1 + γ5
2

)
(440)

ūα

dβ

H+
k
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iδαβYu,11Z
+
k2

(1− γ5
2

)
(441)

+ iY ∗d,11δαβZ
+
k1

(1 + γ5
2

)
(442)

ē

e

hk

− i 1√
2
Ye,11Z

H
k1

(1− γ5
2

)
(443)

+ −i 1√
2
Y ∗e,11Z

H
k1

(1 + γ5
2

)
(444)

χ̃+
i

e

ν̃∗e

− ig2V ∗i1
(1− γ5

2

)
(445)

+ iY ∗e,11Ui2

(1 + γ5
2

)
(446)

ν̄e

e

H+
k
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(447)

+ iY ∗e,11Z
+
k1

(1 + γ5
2

)
(448)

m̄

m

hk

− i 1√
2
Ye,22Z

H
k1

(1− γ5
2

)
(449)

+ −i 1√
2
Y ∗e,22Z

H
k1

(1 + γ5
2

)
(450)

χ̃+
i

m

ν̃∗µ
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(1− γ5

2

)
(451)

+ iY ∗e,22Ui2

(1 + γ5
2

)
(452)

ν̄µ

m
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k
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(453)

+ iY ∗e,22Z
+
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(1 + γ5
2

)
(454)
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sβ

s̃∗kγ

− i 1√
2
g3φg̃λ

α
γ,βZ

S
k1

(1− γ5
2

)
(455)

+ i
1√
2
g3φ
∗
g̃λ
α
γ,βZ

S
k2

(1 + γ5
2

)
(456)

s̄α

sβ

hk

− i 1√
2
δαβYd,22Z

H
k1

(1− γ5
2

)
(457)

+ −i 1√
2
Y ∗d,22δαβZ

H
k1

(1 + γ5
2

)
(458)

χ̃+
i

sβ

c̃∗kγ
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iδβγ

(
− g2V ∗i1ZCk1 + V ∗i2Yu,22Z

C
k2

)(1− γ5
2

)
(459)

+ iY ∗d,22δβγUi2Z
C
k1

(1 + γ5
2

)
(460)

c̄α

sβ

H+
k

iδαβYu,22Z
+
k2

(1− γ5
2

)
(461)

+ iY ∗d,22δαβZ
+
k1

(1 + γ5
2

)
(462)

g̃α

tβ

t̃∗kγ

− i 1√
2
g3φg̃λ

α
γ,βZ

T
k1

(1− γ5
2

)
(463)

+ i
1√
2
g3φ
∗
g̃λ
α
γ,βZ

T
k2

(1 + γ5
2

)
(464)

t̄α

tβ

hk
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− i 1√
2
δαβYu,33Z

H
k2

(1− γ5
2

)
(465)

+ −i 1√
2
Y ∗u,33δαβZ

H
k2

(1 + γ5
2

)
(466)

b̄α

tβ

H−k

iδαβYd,33Z
+
k1

(1− γ5
2

)
(467)

+ iY ∗u,33δαβZ
+
k2

(1 + γ5
2

)
(468)

τ̄

τ

hk

− i 1√
2
Ye,33Z

H
k1

(1− γ5
2

)
(469)

+ −i 1√
2
Y ∗e,33Z

H
k1

(1 + γ5
2

)
(470)

χ̃+
i

τ

ν̃∗τ
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− ig2V ∗i1
(1− γ5

2

)
(471)

+ iY ∗e,33Ui2

(1 + γ5
2

)
(472)

ν̄τ

τ

H+
k

(473)

+ iY ∗e,33Z
+
k1

(1 + γ5
2

)
(474)

g̃α

uβ

ũ∗kγ

− i 1√
2
g3φg̃λ

α
γ,βZ

U
k1

(1− γ5
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)
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1√
2
g3φ
∗
g̃λ
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γ,βZ

U
k2

(1 + γ5
2

)
(476)

ūα

uβ
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− i 1√
2
δαβYu,11Z

H
k2

(1− γ5
2

)
(477)

+ −i 1√
2
Y ∗u,11δαβZ

H
k2

(1 + γ5
2

)
(478)

d̄α

uβ
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iδαβYd,11Z
+
k1

(1− γ5
2

)
(479)

+ iY ∗u,11δαβZ
+
k2

(1 + γ5
2

)
(480)

ē

νe

H−k

iYe,11Z
+
k1

(1− γ5
2

)
(481)
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iYe,22Z
+
k1

(1− γ5
2

)
(482)

τ̄

ντ

H−k

iYe,33Z
+
k1

(1− γ5
2

)
(483)

b̄α

g̃β
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i
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2
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(1− γ5
2

)
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2
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∗
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(1 + γ5
2

)
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i
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2
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k2 λβα,γ

(1− γ5
2

)
(486)

+ −i 1√
2
g3φ
∗
g̃Z
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k1 λβα,γ

(1 + γ5
2

)
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d̄α

g̃β
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i
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2
g3φg̃Z

D,∗
k2 λβα,γ

(1− γ5
2

)
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+ −i 1√
2
g3φ
∗
g̃Z

D,∗
k1 λβα,γ

(1 + γ5
2

)
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g̃β
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i
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2
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β
α,γ

(1− γ5
2

)
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2
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∗
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β
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2
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g̃β
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i
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)
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ūα
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ũkγ

i
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2
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β
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2

)
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+ −i 1√
2
g3φ
∗
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β
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(1 + γ5
2

)
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χ̃+
i
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b̃kγ

iV ∗i2Z
B,∗
k1 δβγYu,33

(1− γ5
2

)
(496)

+ iδβγ

(
− g2ZB,∗k1 Ui1 + Y ∗d,33Z
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)
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χ̃+
i

ūβ

d̃kγ
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iV ∗i2Z
D,∗
k1 δβγYu,11

(1− γ5
2

)
(498)

+ iδβγ

(
− g2ZD,∗k1 Ui1 + Y ∗d,11Z

D,∗
k2 Ui2

)(1 + γ5
2

)
(499)

χ̃+
i

ν̄e

ẽk

(500)

+ i
(
− g2ZE,∗k1 Ui1 + Y ∗e,11Z

E,∗
k2 Ui2

)(1 + γ5
2

)
(501)

χ̃+
i

ν̄µ

µ̃k

(502)

+ i
(
− g2Zµ,∗k1 Ui1 + Y ∗e,22Z

µ,∗
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)(1 + γ5
2

)
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χ̃+
i

c̄β
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iV ∗i2Z
S,∗
k1 δβγYu,22

(1− γ5
2

)
(504)

+ iδβγ

(
− g2ZS,∗k1 Ui1 + Y ∗d,22Z

S,∗
k2 Ui2

)(1 + γ5
2

)
(505)

χ̃+
i

ν̄τ

τ̃k

(506)

+ i
(
− g2Zτ,∗k1 Ui1 + Y ∗e,33Z

τ,∗
k2 Ui2

)(1 + γ5
2

)
(507)

9.6 Three Vector Boson-Interaction

gαρ

gβσ

gγµ

g3fα,β,γ

(
gρµ

(
− pgγµσ + pgαρσ

)
+ gρσ

(
− pgαρµ + p

gβσ
µ

)
+ gσµ

(
− pgβσρ + pgγµρ

))
(508)

W+
ρ

γσ

W−µ
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ig2 sin ΘW

(
gρµ

(
− pW

−
µ

σ + p
W+
ρ

σ

)
+ gρσ

(
− pW

+
ρ

µ + pγσµ

)
+ gσµ

(
− pγσρ + p

W−
µ

ρ

))
(509)

W+
ρ

W−σ

Zµ

− ig2 cos ΘW

(
gρµ

(
− pZµσ + p

W+
ρ

σ

)
+ gρσ

(
− pW

+
ρ

µ + p
W−
σ

µ

)
+ gσµ

(
− pW

−
σ

ρ + pZµρ

))
(510)

9.7 Four Scalar-Interaction

A0
i

A0
l

A0
j

A0
k

i

4

(
g21 + g22

)(
ZAi2

(
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ẽk

i

4

(
ZE,∗k1

((
− 4|Ye,11|2 − g21 + g22

)
ZAi1Z

A
j1 +

(
− g22 + g21

)
ZAi2Z

A
j2

)
ZEl1

+ 2ZE,∗k2

((
− 2|Ye,11|2 + g21

)
ZAi1Z

A
j1 − g21ZAi2ZAj2

)
ZEl2

)
(517)

A0
i

µ̃∗l

A0
j

µ̃k

105



i

4

(
Zµ,∗k1

((
− 4|Ye,22|2 − g21 + g22

)
ZAi1Z

A
j1 +

(
− g22 + g21

)
ZAi2Z

A
j2

)
Zµl1

+ 2Zµ,∗k2

((
− 2|Ye,22|2 + g21

)
ZAi1Z

A
j1 − g21ZAi2ZAj2

)
Zµl2

)
(518)

A0
i

s̃∗lδ

A0
j

s̃kγ

i

12
δγδ

(
ZS,∗k1

((
− 12|Yd,22|2 + 3g22 + g21

)
ZAi1Z

A
j1 −

(
3g22 + g21

)
ZAi2Z

A
j2

)
ZSl1

+ 2ZS,∗k2

((
− 6|Yd,22|2 + g21

)
ZAi1Z

A
j1 − g21ZAi2ZAj2

)
ZSl2

)
(519)

A0
i

t̃∗lδ

A0
j

t̃kγ

i

12
δγδ

(
ZT,∗k1

(
−
(

12|Yu,33|2 − 3g22 + g21

)
ZAi2Z

A
j2 +

(
− 3g22 + g21

)
ZAi1Z

A
j1

)
ZTl1

− 4ZT,∗k2

(
−
(
− 3|Yu,33|2 + g21

)
ZAi2Z

A
j2 + g21Z

A
i1Z

A
j1

)
ZTl2

)
(520)

A0
i

τ̃∗l

A0
j

τ̃k

106



i

4

(
Zτ,∗k1

((
− 4|Ye,33|2 − g21 + g22

)
ZAi1Z

A
j1 +

(
− g22 + g21

)
ZAi2Z

A
j2

)
Zτl1

+ 2Zτ,∗k2

((
− 2|Ye,33|2 + g21

)
ZAi1Z

A
j1 − g21ZAi2ZAj2

)
Zτl2

)
(521)

A0
i
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ũ∗lδ

d̃jβ

H+
k

i

2

1√
2
δβδ

(
− ZD,∗j1

((
− 2|Yd,11|2 + g22

)
ZHi1Z

+
k1 +

(
− 2|Yu,11|2 + g22

)
ZHi2Z

+
k2

)
ZUl1

+ 2Y ∗d,11Z
D,∗
j2 Yu,11

(
ZHi1Z

+
k2 + ZHi2Z

+
k1

)
ZUl2

)
(560)

119



hi

ν̃∗e

ẽj
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ũjβ

b̃∗kγ

i

36

(
ZB,∗i1 ZBk1

(
ZU,∗j1

(
− 18g23δαδδβγ +

(
6g23 + 9g22 − g21

)
δαγδβδ

)
ZUl1

+ 2ZU,∗j2

((
2g21 − 3g23

)
δαγδβδ + 9g23δαδδβγ

)
ZUl2

)
+ 2ZB,∗i2 ZBk2

(
ZU,∗j1

(
−
(

3g23 + g21

)
δαγδβδ + 9g23δαδδβγ

)
ZUl1

+ ZU,∗j2

((
3g23 + 4g21

)
δαγδβδ − 9g23δαδδβγ

)
ZUl2

))
(587)

b̃iα

t̃∗lδ
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ZCk2Z

T
l2

+ ZT,∗j1

(
9g23δαδδβγZ

C
k2Z

T
l1 + δαγδβδ

(
− 18Y ∗u,22Yu,33Z

C
k1Z

T
l2 +

(
2g21 − 3g23

)
ZCk2Z

T
l1

))))
(603)

c̃iα

τ̃∗l

τ̃j

c̃∗kγ

i

12
δαγ

(
− 4g21Z

C,∗
i2 ZCk2

(
− 2Zτ,∗j2 Z

τ
l2 + Zτ,∗j1 Z

τ
l1

)
+ ZC,∗i1 ZCk1

(
− 2g21Z

τ,∗
j2 Z

τ
l2 +

(
3g22 + g21

)
Zτ,∗j1 Z

τ
l1

))
(604)
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c̃iα

ν̃∗τ

τ̃j

s̃∗kγ

− i

2
ZC,∗i1 δαγ

(
2Y ∗e,33Z

τ,∗
j2 Yd,22Z

S
k2 + g22Z

τ,∗
j1 Z

S
k1

)
(605)

c̃iα

ũ∗lδ

ũjβ

c̃∗kγ

i

36

(
− ZC,∗i1

(
ZU,∗j1

(
18g23δαδδβγ +

(
− 6g23 + 9g22 + g21

)
δαγδβδ

)
ZCk1Z

U
l1

+ 2ZU,∗j2

(
18Y ∗u,11δαγδβδYu,22Z

C
k2Z

U
l1 +

((
− 2g21 + 3g23

)
δαγδβδ − 9g23δαδδβγ

)
ZCk1Z

U
l2

))
+ 2ZC,∗i2

(
ZU,∗j2

((
3g23 − 8g21

)
δαγδβδ − 9g23δαδδβγ

)
ZCk2Z

U
l2

+ ZU,∗j1

(
9g23δαδδβγZ

C
k2Z

U
l1 + δαγδβδ

(
− 18Y ∗u,22Yu,11Z

C
k1Z

U
l2 +

(
2g21 − 3g23

)
ZCk2Z

U
l1

))))
(606)

c̃iα

ν̃∗e

ν̃e

c̃∗kγ
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i

12
δαγ

((
− 3g22 + g21

)
ZC,∗i1 ZCk1 − 4g21Z

C,∗
i2 ZCk2

)
(607)

c̃iα

ν̃∗µ

ν̃µ

c̃∗kγ

i

12
δαγ

((
− 3g22 + g21

)
ZC,∗i1 ZCk1 − 4g21Z

C,∗
i2 ZCk2

)
(608)

c̃iα

ν̃∗τ

ν̃τ

c̃∗kγ

i

12
δαγ

((
− 3g22 + g21

)
ZC,∗i1 ZCk1 − 4g21Z

C,∗
i2 ZCk2

)
(609)

d̃iα

d̃∗lδ

d̃jβ

d̃∗kγ

i

36

(
− ZD,∗i1

((
12g23 + 9g22 + g21

)
ZD,∗j1

(
δαδδβγ + δαγδβδ

)
ZDk1Z

D
l1
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+ 2ZD,∗j2

(
δαγδβδ

((
3g23 + g21

)
ZDk1Z

D
l2 − 9

(
− 2|Yd,11|2 + g23

)
ZDk2Z

D
l1

)
+ δαδδβγ

((
3g23 + g21

)
ZDk2Z

D
l1 − 9

(
− 2|Yd,11|2 + g23

)
ZDk1Z

D
l2

)))
+ 2ZD,∗i2

(
− 2
(

3g23 + g21

)
ZD,∗j2

(
δαδδβγ + δαγδβδ

)
ZDk2Z

D
l2

+ ZD,∗j1

(
δαδδβγ

(
−
(

3g23 + g21

)
ZDk1Z

D
l2 + 9

(
− 2|Yd,11|2 + g23

)
ZDk2Z

D
l1

)
− δαγδβδ

((
3g23 + g21

)
ZDk2Z

D
l1 − 9

(
− 2|Yd,11|2 + g23

)
ZDk1Z

D
l2

))))
(610)

d̃iα

ẽ∗l

ẽj

d̃∗kγ

i

12
δαγ

(
ZD,∗i1

(
− 2ZE,∗j2

(
6Y ∗e,11Yd,11Z

D
k2Z

E
l1 + g21Z

D
k1Z

E
l2

)
+
(
− 3g22 + g21

)
ZE,∗j1 ZDk1Z

E
l1

)
+ 2ZD,∗i2

(
− 2g21Z

E,∗
j2 ZDk2Z

E
l2 + ZE,∗j1

(
− 6Y ∗d,11Ye,11Z

D
k1Z

E
l2 + g21Z

D
k2Z

E
l1

)))
(611)

d̃iα

µ̃∗l

µ̃j

d̃∗kγ

i

12
δαγ

(
ZD,∗i1

(
− 2Zµ,∗j2

(
6Y ∗e,22Yd,11Z

D
k2Z

µ
l1 + g21Z

D
k1Z

µ
l2

)
+
(
− 3g22 + g21

)
Zµ,∗j1 Z

D
k1Z

µ
l1

)
+ 2ZD,∗i2

(
− 2g21Z

µ,∗
j2 Z

D
k2Z

µ
l2 + Zµ,∗j1

(
− 6Y ∗d,11Ye,22Z

D
k1Z

µ
l2 + g21Z

D
k2Z

µ
l1

)))
(612)
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d̃iα

s̃∗lδ

s̃jβ

d̃∗kγ

i

36

(
− ZD,∗i1

(
ZS,∗j1

(
18g23δαδδβγ +

(
− 6g23 + 9g22 + g21

)
δαγδβδ

)
ZDk1Z

S
l1

+ 2ZS,∗j2

(
18Y ∗d,22δαγδβδYd,11Z

D
k2Z

S
l1 +

((
3g23 + g21

)
δαγδβδ − 9g23δαδδβγ

)
ZDk1Z

S
l2

))
+ 2ZD,∗i2

(
ZS,∗j2

((
− 2g21 + 3g23

)
δαγδβδ − 9g23δαδδβγ

)
ZDk2Z

S
l2

+ ZS,∗j1

(
9g23δαδδβγZ

D
k2Z

S
l1 − δαγδβδ

(
18Y ∗d,11Yd,22Z

D
k1Z

S
l2 +

(
3g23 + g21

)
ZDk2Z

S
l1

))))
(613)

d̃iα

ũ∗lδ

t̃jβ

b̃∗kγ

− i

2
δαδδβγ

(
2Y ∗d,11Z

D,∗
i2 ZT,∗j1 Yd,33Z

B
k2Z

U
l1 + ZD,∗i1 ZBk1

(
2Y ∗u,33Z

T,∗
j2 Yu,11Z

U
l2 + g22Z

T,∗
j1 ZUl1

))
(614)

d̃iα

t̃∗lδ

t̃jβ

d̃∗kγ
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i

36

(
ZD,∗i1 ZDk1

(
ZT,∗j1

(
− 18g23δαδδβγ +

(
6g23 + 9g22 − g21

)
δαγδβδ

)
ZTl1

+ 2ZT,∗j2

((
2g21 − 3g23

)
δαγδβδ + 9g23δαδδβγ

)
ZTl2

)
+ 2ZD,∗i2 ZDk2

(
ZT,∗j1

(
−
(

3g23 + g21

)
δαγδβδ + 9g23δαδδβγ

)
ZTl1

+ ZT,∗j2

((
3g23 + 4g21

)
δαγδβδ − 9g23δαδδβγ

)
ZTl2

))
(615)

d̃iα

τ̃∗l

τ̃j

d̃∗kγ

i

12
δαγ

(
ZD,∗i1

(
− 2Zτ,∗j2

(
6Y ∗e,33Yd,11Z

D
k2Z

τ
l1 + g21Z

D
k1Z

τ
l2

)
+
(
− 3g22 + g21

)
Zτ,∗j1 Z

D
k1Z

τ
l1

)
+ 2ZD,∗i2

(
− 2g21Z

τ,∗
j2 Z

D
k2Z

τ
l2 + Zτ,∗j1

(
− 6Y ∗d,11Ye,33Z

D
k1Z

τ
l2 + g21Z

D
k2Z

τ
l1

)))
(616)

d̃iα

ũ∗lδ

ũjβ

d̃∗kγ

i

36

(
− ZD,∗i1 ZDk1

(
ZU,∗j1

(
18
(
g22 + g23

)
δαδδβγ +

(
− 6g23 − 9g22 + g21

)
δαγδβδ

)
ZUl1

+ 2ZU,∗j2

((
− 2g21 + 3g23

)
δαγδβδ − 9

(
− 2|Yu,11|2 + g23

)
δαδδβγ

)
ZUl2

)
+ 2ZD,∗i2 ZDk2

(
ZU,∗j1

(
−
(

3g23 + g21

)
δαγδβδ + 9

(
− 2|Yd,11|2 + g23

)
δαδδβγ

)
ZUl1

+ ZU,∗j2

((
3g23 + 4g21

)
δαγδβδ − 9g23δαδδβγ

)
ZUl2

))
(617)
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d̃iα

ν̃∗e

ν̃e

d̃∗kγ

i

12
δαγ

(
2g21Z

D,∗
i2 ZDk2 +

(
3g22 + g21

)
ZD,∗i1 ZDk1

)
(618)

d̃iα

ũ∗lδ

ν̃e

ẽ∗k

− i

2
δαδ

(
2Y ∗d,11Z

D,∗
i2 Ye,11Z

E
k2 + g22Z

D,∗
i1 ZEk1

)
ZUl1 (619)

d̃iα

ν̃∗µ

ν̃µ

d̃∗kγ

i

12
δαγ

(
2g21Z

D,∗
i2 ZDk2 +

(
3g22 + g21

)
ZD,∗i1 ZDk1

)
(620)
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d̃iα

ũ∗lδ

ν̃µ

µ̃∗k

− i

2
δαδ

(
2Y ∗d,11Z

D,∗
i2 Ye,22Z

µ
k2 + g22Z

D,∗
i1 Zµk1

)
ZUl1 (621)

d̃iα

ν̃∗τ

ν̃τ

d̃∗kγ

i

12
δαγ

(
2g21Z

D,∗
i2 ZDk2 +

(
3g22 + g21

)
ZD,∗i1 ZDk1

)
(622)

d̃iα

ũ∗lδ

ν̃τ

τ̃∗k

− i

2
δαδ

(
2Y ∗d,11Z

D,∗
i2 Ye,33Z

τ
k2 + g22Z

D,∗
i1 Zτk1

)
ZUl1 (623)
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ẽi

ẽ∗l

ẽj

ẽ∗k

i

2

(
ZE,∗i2

((
− 2|Ye,11|2 + g21

)
ZE,∗j1

(
ZEk1Z

E
l2 + ZEk2Z

E
l1

)
− 4g21Z

E,∗
j2 ZEk2Z

E
l2

)
− ZE,∗i1

(
−
(
− 2|Ye,11|2 + g21

)
ZE,∗j2

(
ZEk1Z

E
l2 + ZEk2Z

E
l1

)
+
(
g21 + g22

)
ZE,∗j1 ZEk1Z

E
l1

))
(624)

ẽi

µ̃∗l

µ̃j

ẽ∗k

i

4

(
− ZE,∗i1

(
2Zµ,∗j2

(
2Y ∗e,22Ye,11Z

E
k2Z

µ
l1 − g

2
1Z

E
k1Z

µ
l2

)
+
(
g21 + g22

)
Zµ,∗j1 Z

E
k1Z

µ
l1

)
+ 2ZE,∗i2

(
− 2g21Z

µ,∗
j2 Z

E
k2Z

µ
l2 + Zµ,∗j1

(
− 2Y ∗e,11Ye,22Z

E
k1Z

µ
l2 + g21Z

E
k2Z

µ
l1

)))
(625)

ẽi

s̃∗lδ

s̃jβ

ẽ∗k

i

12
δβδ

(
ZE,∗i1

(
2ZS,∗j2

(
− 6Y ∗d,22Ye,11Z

E
k2Z

S
l1 + g21Z

E
k1Z

S
l2

)
+
(
− 3g22 + g21

)
ZS,∗j1 Z

E
k1Z

S
l1

)
− 2ZE,∗i2

(
2g21Z

S,∗
j2 Z

E
k2Z

S
l2 + ZS,∗j1

(
6Y ∗e,11Yd,22Z

E
k1Z

S
l2 + g21Z

E
k2Z

S
l1

)))
(626)
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ẽi

ν̃∗e

t̃jβ

b̃∗kγ

− i

2
ZT,∗j1 δβγ

(
2Y ∗e,11Z

E,∗
i2 Yd,33Z

B
k2 + g22Z

E,∗
i1 ZBk1

)
(627)

ẽi

t̃∗lδ

t̃jβ

ẽ∗k

i

12
δβδ

(
− 2g21Z

E,∗
i2 ZEk2

(
− 4ZT,∗j2 ZTl2 + ZT,∗j1 ZTl1

)
+ ZE,∗i1 ZEk1

((
3g22 + g21

)
ZT,∗j1 ZTl1 − 4g21Z

T,∗
j2 ZTl2

))
(628)

ẽi

τ̃∗l

τ̃j

ẽ∗k

i

4

(
− ZE,∗i1

(
2Zτ,∗j2

(
2Y ∗e,33Ye,11Z

E
k2Z

τ
l1 − g21ZEk1Zτl2

)
+
(
g21 + g22

)
Zτ,∗j1 Z

E
k1Z

τ
l1

)
+ 2ZE,∗i2

(
− 2g21Z

τ,∗
j2 Z

E
k2Z

τ
l2 + Zτ,∗j1

(
− 2Y ∗e,11Ye,33Z

E
k1Z

τ
l2 + g21Z

E
k2Z

τ
l1

)))
(629)
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ẽi

ν̃∗e

ũjβ

d̃∗kγ

− i

2
ZU,∗j1 δβγ

(
2Y ∗e,11Z

E,∗
i2 Yd,11Z

D
k2 + g22Z

E,∗
i1 ZDk1

)
(630)

ẽi

ũ∗lδ

ũjβ

ẽ∗k

i

12
δβδ

(
− 2g21Z

E,∗
i2 ZEk2

(
− 4ZU,∗j2 ZUl2 + ZU,∗j1 ZUl1

)
+ ZE,∗i1 ZEk1

((
3g22 + g21

)
ZU,∗j1 ZUl1 − 4g21Z

U,∗
j2 ZUl2

))
(631)

ẽi

ν̃∗e

ν̃e

ẽ∗k

i

4

(
2
(
− 2|Ye,11|2 + g21

)
ZE,∗i2 ZEk2 −

(
g21 + g22

)
ZE,∗i1 ZEk1

)
(632)
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ẽi

ν̃∗µ

ν̃µ

ẽ∗k

i

4

(
2g21Z

E,∗
i2 ZEk2 +

(
− g21 + g22

)
ZE,∗i1 ZEk1

)
(633)

ẽi

ν̃∗e

ν̃µ

µ̃∗k

i
(
− 1

2
g22Z

E,∗
i1 Zµk1 − Y

∗
e,11Z

E,∗
i2 Ye,22Z

µ
k2

)
(634)

ẽi

ν̃∗τ

ν̃τ

ẽ∗k

i

4

(
2g21Z

E,∗
i2 ZEk2 +

(
− g21 + g22

)
ZE,∗i1 ZEk1

)
(635)
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ẽi

ν̃∗e

ν̃τ

τ̃∗k

i
(
− 1

2
g22Z

E,∗
i1 Zτk1 − Y ∗e,11Z

E,∗
i2 Ye,33Z

τ
k2

)
(636)

µ̃i

µ̃∗l

µ̃j

µ̃∗k

i

2

(
Zµ,∗i2

((
− 2|Ye,22|2 + g21

)
Zµ,∗j1

(
Zµk1Z

µ
l2 + Zµk2Z

µ
l1

)
− 4g21Z

µ,∗
j2 Z

µ
k2Z

µ
l2

)
− Zµ,∗i1

(
−
(
− 2|Ye,22|2 + g21

)
Zµ,∗j2

(
Zµk1Z

µ
l2 + Zµk2Z

µ
l1

)
+
(
g21 + g22

)
Zµ,∗j1 Z

µ
k1Z

µ
l1

))
(637)

µ̃i

s̃∗lδ

s̃jβ

µ̃∗k

i

12
δβδ

(
Zµ,∗i1

(
2ZS,∗j2

(
− 6Y ∗d,22Ye,22Z

µ
k2Z

S
l1 + g21Z

µ
k1Z

S
l2

)
+
(
− 3g22 + g21

)
ZS,∗j1 Z

µ
k1Z

S
l1

)
− 2Zµ,∗i2

(
2g21Z

S,∗
j2 Z

µ
k2Z

S
l2 + ZS,∗j1

(
6Y ∗e,22Yd,22Z

µ
k1Z

S
l2 + g21Z

µ
k2Z

S
l1

)))
(638)
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µ̃i

ν̃∗µ

t̃jβ

b̃∗kγ

− i

2
ZT,∗j1 δβγ

(
2Y ∗e,22Z

µ,∗
i2 Yd,33Z

B
k2 + g22Z

µ,∗
i1 ZBk1

)
(639)

µ̃i

t̃∗lδ

t̃jβ

µ̃∗k

i

12
δβδ

(
− 2g21Z

µ,∗
i2 Zµk2

(
− 4ZT,∗j2 ZTl2 + ZT,∗j1 ZTl1

)
+ Zµ,∗i1 Zµk1

((
3g22 + g21

)
ZT,∗j1 ZTl1 − 4g21Z

T,∗
j2 ZTl2

))
(640)

µ̃i

τ̃∗l

τ̃j

µ̃∗k

i

4

(
− Zµ,∗i1

(
2Zτ,∗j2

(
2Y ∗e,33Ye,22Z

µ
k2Z

τ
l1 − g21Z

µ
k1Z

τ
l2

)
+
(
g21 + g22

)
Zτ,∗j1 Z

µ
k1Z

τ
l1

)
+ 2Zµ,∗i2

(
− 2g21Z

τ,∗
j2 Z

µ
k2Z

τ
l2 + Zτ,∗j1

(
− 2Y ∗e,22Ye,33Z

µ
k1Z

τ
l2 + g21Z

µ
k2Z

τ
l1

)))
(641)
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µ̃i

ν̃∗µ

ũjβ

d̃∗kγ

− i

2
ZU,∗j1 δβγ

(
2Y ∗e,22Z

µ,∗
i2 Yd,11Z

D
k2 + g22Z

µ,∗
i1 ZDk1

)
(642)

µ̃i

ũ∗lδ

ũjβ

µ̃∗k

i

12
δβδ

(
− 2g21Z

µ,∗
i2 Zµk2

(
− 4ZU,∗j2 ZUl2 + ZU,∗j1 ZUl1

)
+ Zµ,∗i1 Zµk1

((
3g22 + g21

)
ZU,∗j1 ZUl1 − 4g21Z

U,∗
j2 ZUl2

))
(643)

µ̃i

ν̃∗µ

ν̃e

ẽ∗k

i
(
− 1

2
g22Z

µ,∗
i1 ZEk1 − Y ∗e,22Z

µ,∗
i2 Ye,11Z

E
k2

)
(644)
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µ̃i

ν̃∗e

ν̃e

µ̃∗k

i

4

(
2g21Z

µ,∗
i2 Zµk2 +

(
− g21 + g22

)
Zµ,∗i1 Zµk1

)
(645)

µ̃i

ν̃∗µ

ν̃µ

µ̃∗k

i

4

(
2
(
− 2|Ye,22|2 + g21

)
Zµ,∗i2 Zµk2 −

(
g21 + g22

)
Zµ,∗i1 Zµk1

)
(646)

µ̃i

ν̃∗τ

ν̃τ

µ̃∗k

i

4

(
2g21Z

µ,∗
i2 Zµk2 +

(
− g21 + g22

)
Zµ,∗i1 Zµk1

)
(647)
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µ̃i

ν̃∗µ

ν̃τ

τ̃∗k

i
(
− 1

2
g22Z

µ,∗
i1 Zτk1 − Y ∗e,22Z

µ,∗
i2 Ye,33Z

τ
k2

)
(648)

s̃iα

s̃∗lδ

s̃jβ

s̃∗kγ

i
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(
− ZS,∗i1

((
12g23 + 9g22 + g21

)
ZS,∗j1

(
δαδδβγ + δαγδβδ

)
ZSk1Z

S
l1

+ 2ZS,∗j2

(
δαγδβδ

((
3g23 + g21

)
ZSk1Z

S
l2 − 9

(
− 2|Yd,22|2 + g23

)
ZSk2Z

S
l1

)
+ δαδδβγ

((
3g23 + g21

)
ZSk2Z

S
l1 − 9

(
− 2|Yd,22|2 + g23

)
ZSk1Z

S
l2

)))
+ 2ZS,∗i2

(
− 2
(

3g23 + g21

)
ZS,∗j2

(
δαδδβγ + δαγδβδ

)
ZSk2Z

S
l2

+ ZS,∗j1

(
δαδδβγ

(
−
(

3g23 + g21

)
ZSk1Z

S
l2 + 9

(
− 2|Yd,22|2 + g23

)
ZSk2Z

S
l1

)
− δαγδβδ

((
3g23 + g21

)
ZSk2Z

S
l1 − 9

(
− 2|Yd,22|2 + g23

)
ZSk1Z

S
l2

))))
(649)

s̃iα

c̃∗lδ
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ũjβ

s̃∗kγ

i

36

(
ZS,∗i1 ZSk1

(
ZU,∗j1

(
− 18g23δαδδβγ +

(
6g23 + 9g22 − g21

)
δαγδβδ

)
ZUl1

+ 2ZU,∗j2

((
2g21 − 3g23

)
δαγδβδ + 9g23δαδδβγ

)
ZUl2

)
+ 2ZS,∗i2 ZSk2

(
ZU,∗j1

(
−
(

3g23 + g21

)
δαγδβδ + 9g23δαδδβγ

)
ZUl1

+ ZU,∗j2

((
3g23 + 4g21

)
δαγδβδ − 9g23δαδδβγ

)
ZUl2

))
(654)

s̃iα
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ũjβ

τ̃∗k

i

12
δβδ

(
− 2g21Z

τ,∗
i2 Z

τ
k2

(
− 4ZU,∗j2 ZUl2 + ZU,∗j1 ZUl1

)
+ Zτ,∗i1 Z

τ
k1

((
3g22 + g21

)
ZU,∗j1 ZUl1 − 4g21Z

U,∗
j2 ZUl2

))
(670)

τ̃i

ν̃∗τ

ν̃e
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ν̃∗τ

W+
µ

− i 1√
2
g1g2Z

τ,∗
i1 cos ΘW

(
gµν

)
(766)
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τ̃i

W−ν

τ̃∗j

W+
µ

i

2
g22Z

τ,∗
i1 Z

τ
j1

(
gµν

)
(767)

τ̃i

Zν

τ̃∗j

Zµ

(
+
i

2
g22Z

τ,∗
i1 cos Θ2

WZ
τ
j1 − ig1g2Z

τ,∗
i1 cos ΘW sin ΘWZ

τ
j1

+
i

2
g21Z

τ,∗
i1 sin Θ2

WZ
τ
j1 + 2ig21Z

τ,∗
i2 sin Θ2

WZ
τ
j2

)(
gµν

)
(768)

τ̃i

Zν

ν̃∗τ

W+
µ

i
1√
2
g1g2Z

τ,∗
i1 sin ΘW

(
gµν

)
(769)
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ũiα

gδν

ũ∗jβ

gγµ

(
+
i

4
g23Z

U,∗
i1

3∑
a=1

λγa,αλ
δ
β,aZ

U
j1 +

i

4
g23Z

U,∗
i1

3∑
a=1

λγβ,aλ
δ
a,αZ

U
j1 +

i

4
g23Z

U,∗
i2

3∑
a=1

λγa,αλ
δ
β,aZ

U
j2

+
i

4
g23Z

U,∗
i2

3∑
a=1

λγβ,aλ
δ
a,αZ

U
j2

)(
gµν

)
(770)

ũiα

γν

ũ∗jβ

gγµ

(
+
i

6
g1g3Z

U,∗
i1 cos ΘWλ

γ
β,αZ

U
j1 +

i

2
g2g3Z

U,∗
i1 λγβ,α sin ΘWZ

U
j1

+
2i

3
g1g3Z

U,∗
i2 cos ΘWλ

γ
β,αZ

U
j2

)(
gµν

)
(771)

ũiα

W−ν

d̃∗jβ

gγµ
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i
1√
2
g2g3Z

U,∗
i1 λγβ,αZ

D
j1

(
gµν

)
(772)

ũiα

Zν

ũ∗jβ

gγµ

(
+
i

2
g2g3Z

U,∗
i1 cos ΘWλ

γ
β,αZ

U
j1 −

i

6
g1g3Z

U,∗
i1 λγβ,α sin ΘWZ

U
j1

− 2i

3
g1g3Z

U,∗
i2 λγβ,α sin ΘWZ

U
j2

)(
gµν

)
(773)

ũiα

γν

ũ∗jβ

γµ

(
+

i

18
g21Z

U,∗
i1 cos Θ2

W δαβZ
U
j1 +

i

3
g1g2Z

U,∗
i1 cos ΘW δαβ sin ΘWZ

U
j1

+
i

2
g22Z

U,∗
i1 δαβ sin Θ2

WZ
U
j1 +

8i

9
g21Z

U,∗
i2 cos Θ2

W δαβZ
U
j2

)(
gµν

)
(774)

ũiα

W−ν

d̃∗jβ

γµ
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3

1√
2
g1g2Z

U,∗
i1 cos ΘW δαβZ

D
j1

(
gµν

)
(775)

ũiα

Zν

ũ∗jβ

γµ

(
+
i

6
g1g2Z

U,∗
i1 cos 2ΘW δαβZ

U
j1 −

i

36
g21Z

U,∗
i1 δαβ sin 2ΘWZ

U
j1

+
i

4
g22Z

U,∗
i1 δαβ sin 2ΘWZ

U
j1 −

4i

9
g21Z

U,∗
i2 δαβ sin 2ΘWZ

U
j2

)(
gµν

)
(776)

ũiα

Zν

d̃∗jβ

W−µ

− i

3

1√
2
g1g2Z

U,∗
i1 δαβ sin ΘWZ

D
j1

(
gµν

)
(777)

ũiα

W−ν

ũ∗jβ

W+
µ
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i

2
g22Z

U,∗
i1 δαβZ

U
j1

(
gµν

)
(778)

ũiα

Zν

ũ∗jβ

Zµ

(
+
i

2
g22Z

U,∗
i1 cos Θ2

W δαβZ
U
j1 −

i

3
g1g2Z

U,∗
i1 cos ΘW δαβ sin ΘWZ

U
j1

+
i
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g21Z

U,∗
i1 δαβ sin Θ2

WZ
U
j1 +

8i

9
g21Z

U,∗
i2 δαβ sin Θ2

WZ
U
j2

)(
gµν

)
(779)

ν̃e

W−ν

ẽ∗j

γµ

− i 1√
2
g1g2 cos ΘWZ

E
j1

(
gµν

)
(780)

ν̃e

Zν

ẽ∗j

W−µ

195



i
1√
2
g1g2 sin ΘWZ

E
j1

(
gµν

)
(781)

ν̃e

W−ν

ν̃∗e

W+
µ

i

2
g22

(
gµν

)
(782)

ν̃e

Zν

ν̃∗e

Zµ

( i
2
g21 sin Θ2

W +
i

2
g22 cos Θ2

W + ig1g2 cos ΘW sin ΘW

)(
gµν

)
(783)

ν̃µ

W−ν

µ̃∗j

γµ

− i 1√
2
g1g2 cos ΘWZ

µ
j1

(
gµν

)
(784)
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ν̃µ

Zν

µ̃∗j

W−µ

i
1√
2
g1g2 sin ΘWZ

µ
j1

(
gµν

)
(785)

ν̃µ

W−ν

ν̃∗µ

W+
µ

i

2
g22

(
gµν

)
(786)

ν̃µ

Zν

ν̃∗µ

Zµ

( i
2
g21 sin Θ2

W +
i

2
g22 cos Θ2

W + ig1g2 cos ΘW sin ΘW

)(
gµν

)
(787)
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ν̃τ

W−ν

τ̃∗j

γµ

− i 1√
2
g1g2 cos ΘWZ

τ
j1

(
gµν

)
(788)

ν̃τ

Zν

τ̃∗j

W−µ

i
1√
2
g1g2 sin ΘWZ

τ
j1

(
gµν

)
(789)

ν̃τ

W−ν

ν̃∗τ

W+
µ

i

2
g22

(
gµν

)
(790)
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ν̃τ

Zν

ν̃∗τ

Zµ

( i
2
g21 sin Θ2

W +
i

2
g22 cos Θ2

W + ig1g2 cos ΘW sin ΘW

)(
gµν

)
(791)

9.9 Four Vector Boson-Interaction

gαρ

gδν

gβσ

gγµ

ig23

(
−

8∑
a=1

fα,δ,afβ,γ,a −
8∑
a=1

fα,γ,afβ,δ,a

)(
gρσgµν

)
(792)

+ ig23

(
−

8∑
a=1

fα,β,afγ,δ,a +

8∑
a=1

fα,δ,afβ,γ,a

)(
gρµgσν

)
(793)

+ ig23

( 8∑
a=1

fα,γ,afβ,δ,a +

8∑
a=1

fα,β,afγ,δ,a

)(
gρνgσµ

)
(794)

W+
ρ

W−ν

γσ

γµ
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)
(803)
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− 2ig22 cos Θ2
W

(
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)
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+ ig22 cos Θ2
W

(
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)
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+ ig22 cos Θ2
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(
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)
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9.10 Two Ghosts-One Vector Boson-Interaction
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µ

)
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ηγ
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ig2 sin ΘW
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)
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µ
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(
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9.11 Two Ghosts-One Scalar-Interaction

η̄−

η−

A0
k

1

4
g22ξW−

(
vdZ

A
k1 − vuZAk2

)
(820)
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(
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A
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)
(821)

η̄Z
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sin 2ΘW

)(
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H
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H
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)
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(
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)
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4
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)
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η−

hk
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4
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(
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)
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η̄Z
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4
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(
g1 sin ΘW + g2 cos ΘW

)(
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+
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)
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η̄+

η+
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− i

4
g22ξW−

(
vdZ

H
k1 + vuZ

H
k2

)
(827)

η̄Z
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H−k

− i

4
g2ξZ

(
g1 sin ΘW + g2 cos ΘW

)(
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+
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)
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4
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(
g1 sin ΘW + g2 cos ΘW

)2(
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H
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H
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)
(829)
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η̄−

ηZ

H−k

i

4
g2ξW−

(
− g1 sin ΘW + g2 cos ΘW

)(
vdZ

+
k1 − vuZ

+
k2

)
(830)
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H+
k

i

4
g2ξW−

(
− g1 sin ΘW + g2 cos ΘW

)(
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+
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+
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)
(831)

10 Clebsch-Gordan Coefficients
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