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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)

ŝ S S̃ 1 (0,1,1)

2 Superpotential and Lagrangian

2.1 Superpotential

W = − Yd d̂ q̂ Ĥd − Ye ê l̂ Ĥd + λ Ĥu Ĥd ŝ +
1

3
κ ŝ ŝ ŝ + Yu û q̂ Ĥu (1)

2.2 Softbreaking terms

−LSB,W = +
1

3
S3Tκ −H0

dH
0
uSTλ +H−d H

+
u STλ +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 ν̃jTe,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 +m2

S |S|2 + d̃∗L,iαδαβm
2
q,ij d̃L,jβ

+ d̃∗R,iαδαβm
2
d,ij d̃R,jβ + ẽ∗L,im

2
l,ij ẽL,j + ẽ∗R,im

2
e,ij ẽR,j + ũ∗L,iαδαβm

2
q,ij ũL,jβ

+ ũ∗R,iαδαβm
2
u,ij ũR,jβ + ν̃∗im

2
l,ij ν̃j (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 − |λ|2Y †uYu

− 2Y †d YdY
†
d Yd − 2Y †uYuY

†
uYu + Y †d Yd

(
− 3Tr

(
YdY

†
d

)
+

2

5
g21 − |λ|2 − Tr

(
YeY

†
e

))
− 3Y †uYuTr

(
YuY

†
u

)
(8)

γ
(1)

l̂
= − 3

10

(
5g22 + g21

)
1 + Y †e Ye (9)

γ
(2)

l̂
= +

3

100

(
125g42 + 30g21g

2
2 + 69g41

)
1− 2Y †e YeY

†
e Ye

+ Y †e Ye

(
− 3Tr

(
YdY

†
d

)
+

6

5
g21 − |λ|2 − Tr

(
YeY

†
e

))
(10)

γ
(1)

Ĥd
= 3Tr

(
YdY

†
d

)
− 3

10
g21 −

3

2
g22 + |λ|2 + Tr

(
YeY

†
e

)
(11)

γ
(2)

Ĥd
= +

207

100
g41 +

9

10
g21g

2
2 +

15

4
g42 − 2λ|κ|2λ∗ − 3λ2λ∗,2 − 2

5
g21Tr

(
YdY

†
d

)
+ 16g23Tr

(
YdY

†
d

)
+

6

5
g21Tr

(
YeY

†
e

)
− 3|λ|2Tr

(
YuY

†
u

)
− 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

)
+ |λ|2 (13)
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γ
(2)

Ĥu
= +

207

100
g41 +

9

10
g21g

2
2 +

15

4
g42 − 2λ|κ|2λ∗ − 3λ2λ∗,2 − |λ|2

(
3Tr
(
YdY

†
d

)
+ Tr

(
YeY

†
e

))
+

4

5
g21Tr

(
YuY

†
u

)
+ 16g23Tr

(
YuY

†
u

)
− 3Tr

(
YdY

†
uYuY

†
d

)
− 9Tr

(
YuY

†
uYuY

†
u

)
(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

)
+ Y ∗d Y

T
d

(
− 2|λ|2 − 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

5

(
5
(
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

(
− 15g22 + 15Tr

(
YuY

†
u

)
+ 5|λ|2 + 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

(
− 2|λ|2 − 2Tr

(
YeY

†
e

)
+ 6g22 − 6Tr

(
YdY

†
d

)
− 6

5
g21

)
(20)

γ
(1)
ŝ = 2

(
|κ|2 + |λ|2

)
(21)

γ
(2)
ŝ = −8κ2κ∗,2 − 8λ|κ|2λ∗

− 2

5
|λ|2

(
10λλ∗ − 15g22 + 15Tr

(
YdY

†
d

)
+ 15Tr

(
YuY

†
u

)
− 3g21 + 5Tr

(
YeY

†
e

))
(22)

3.2 Gauge Couplings

β(1)
g1 =

33

5
g31 (23)

β(2)
g1 =

1

25
g31

(
− 130Tr

(
YuY

†
u

)
+ 135g22 + 199g21 − 30|λ|2 + 440g23 − 70Tr

(
YdY

†
d

)
− 90Tr

(
YeY

†
e

))
(24)

β(1)
g2 = g32 (25)

β(2)
g2 =

1

5
g32

(
− 10|λ|2 − 10Tr

(
YeY

†
e

)
+ 120g23 + 125g22 − 30Tr

(
YdY

†
d

)
− 30Tr

(
YuY

†
u

)
+ 9g21

)
(26)

β(1)
g3 = −3g33 (27)

β(2)
g3 =

1

5
g33

(
11g21 − 20Tr

(
YdY

†
d

)
− 20Tr

(
YuY

†
u

)
+ 45g22 + 70g23

)
(28)

3.3 Gaugino Mass Parameters

β
(1)
M1

=
66

5
g21M1 (29)
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β
(2)
M1

=
2

25
g21

(
398g21M1 + 135g22M1 + 440g23M1 + 440g23M3 + 135g22M2 − 30λ∗

(
M1λ− Tλ

)
− 70M1Tr

(
YdY

†
d

)
− 90M1Tr

(
YeY

†
e

)
− 130M1Tr

(
YuY

†
u

)
+ 70Tr

(
Y †d Td

)
+ 90Tr

(
Y †e Te

)
+ 130Tr

(
Y †uTu

))
(30)

β
(1)
M2

= 2g22M2 (31)

β
(2)
M2

=
2

5
g22

(
9g21M1 + 120g23M3 + 9g21M2 + 250g22M2 + 120g23M2 − 10λ∗

(
M2λ− Tλ

)
− 30M2Tr

(
YdY

†
d

)
− 10M2Tr

(
YeY

†
e

)
− 30M2Tr

(
YuY

†
u

)
+ 30Tr

(
Y †d Td

)
+ 10Tr

(
Y †e Te

)
+ 30Tr

(
Y †uTu

))
(32)

β
(1)
M3

= −6g23M3 (33)

β
(2)
M3

=
2

5
g23

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

(
YdY

†
d

)
− 20M3Tr

(
YuY

†
u

)
+ 20Tr

(
Y †d Td

)
+ 20Tr

(
Y †uTu

))
(34)

3.4 Trilinear Superpotential Parameters

β
(1)
Yd

= 3YdY
†
d Yd + Yd

(
− 3g22 + 3Tr

(
YdY

†
d

)
− 16

3
g23 −

7

15
g21 + |λ|2 + Tr

(
YeY

†
e

))
+ YdY

†
uYu (35)

β
(2)
Yd

= +
4

5
g21YdY

†
uYu − |λ|2YdY †uYu − 4YdY

†
d YdY

†
d Yd − 2YdY

†
uYuY

†
d Yd

− 2YdY
†
uYuY

†
uYu + YdY

†
d Yd

(
− 3|λ|2 − 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 − 2λ|κ|2λ∗ − 3λ2λ∗,2

− 2

5
g21Tr

(
YdY

†
d

)
+ 16g23Tr

(
YdY

†
d

)
+

6

5
g21Tr

(
YeY

†
e

)
− 3|λ|2Tr

(
YuY

†
u

)
− 9Tr

(
YdY

†
d YdY

†
d

)
− 3Tr

(
YdY

†
uYuY

†
d

)
− 3Tr

(
YeY

†
e YeY

†
e

))
(36)

β
(1)
Ye

= 3YeY
†
e Ye + Ye

(
− 3g22 + 3Tr

(
YdY

†
d

)
− 9

5
g21 + |λ|2 + Tr

(
YeY

†
e

))
(37)

β
(2)
Ye

= −4YeY
†
e YeY

†
e Ye + YeY

†
e Ye

(
− 3|λ|2 − 3Tr

(
YeY

†
e

)
+ 6g22 − 9Tr

(
YdY

†
d

))
+ Ye

(27

2
g41 +

9

5
g21g

2
2 +

15

2
g42 − 2λ|κ|2λ∗ − 3λ2λ∗,2 − 2

5
g21Tr

(
YdY

†
d

)
+ 16g23Tr

(
YdY

†
d

)
+

6

5
g21Tr

(
YeY

†
e

)
− 3|λ|2Tr

(
YuY

†
u

)
− 9Tr

(
YdY

†
d YdY

†
d

)
− 3Tr

(
YdY

†
uYuY

†
d

)
− 3Tr

(
YeY

†
e YeY

†
e

))
(38)

β
(1)
λ = 2λ|κ|2 − 3g22λ+ 3λTr

(
YdY

†
d

)
+ 3λTr

(
YuY

†
u

)
+ 4λ2λ∗ − 3

5
g21λ+ λTr

(
YeY

†
e

)
(39)

β
(2)
λ = − 1

50
λ
(
− 207g41 − 90g21g

2
2 − 375g42 + 400κ2κ∗,2 + 600λ|κ|2λ∗ + 500λ2λ∗,2 + 20g21Tr

(
YdY

†
d

)
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− 800g23Tr
(
YdY

†
d

)
− 60g21Tr

(
YeY

†
e

)
− 30|λ|2

(
10g22 − 15Tr

(
YdY

†
d

)
− 15Tr

(
YuY

†
u

)
+ 2g21 − 5Tr

(
YeY

†
e

))
− 40g21Tr

(
YuY

†
u

)
− 800g23Tr

(
YuY

†
u

)
+ 450Tr

(
YdY

†
d YdY

†
d

)
+ 300Tr

(
YdY

†
uYuY

†
d

)
+ 150Tr

(
YeY

†
e YeY

†
e

)
+ 450Tr

(
YuY

†
uYuY

†
u

))
(40)

β(1)
κ = 6κ

(
|κ|2 + |λ|2

)
(41)

β(2)
κ = −6

5
κ
(

20κ2κ∗,2 + 20λ|κ|2λ∗

+ |λ|2
(

10λλ∗ − 15g22 + 15Tr
(
YdY

†
d

)
+ 15Tr

(
YuY

†
u

)
− 3g21 + 5Tr

(
YeY

†
e

)))
(42)

β
(1)
Yu

= 3YuY
†
uYu + Yu

(
− 3g22 + 3Tr

(
YuY

†
u

)
− 13

15
g21 −

16

3
g23 + |λ|2

)
+ YuY

†
d Yd (43)

β
(2)
Yu

= +
2

5
g21YuY

†
uYu + 6g22YuY

†
uYu − 3|λ|2YuY †uYu − 2YuY

†
d YdY

†
d Yd

− 2YuY
†
d YdY

†
uYu − 4YuY

†
uYuY

†
uYu

+ YuY
†
d Yd

(
− 3Tr

(
YdY

†
d

)
+

2

5
g21 − |λ|2 − 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 − 2λ|κ|2λ∗ − 3λ2λ∗,2

− |λ|2
(

3Tr
(
YdY

†
d

)
+ Tr

(
YeY

†
e

))
+

4

5
g21Tr

(
YuY

†
u

)
+ 16g23Tr

(
YuY

†
u

)
− 3Tr

(
YdY

†
uYuY

†
d

)
− 9Tr

(
YuY

†
uYuY

†
u

))
(44)

3.5 Trilinear Soft-Breaking Parameters

β
(1)
Td

= +4YdY
†
d Td + 2YdY

†
uTu + 5TdY

†
d Yd + TdY

†
uYu −

7

15
g21Td − 3g22Td −

16

3
g23Td

+ |λ|2Td + 3TdTr
(
YdY

†
d

)
+ TdTr

(
YeY

†
e

)
+ Yd

(
2λ∗Tλ + 2Tr

(
Y †e Te

)
+ 6g22M2 + 6Tr

(
Y †d Td

)
+

14

15
g21M1 +

32

3
g23M3

)
(45)

β
(2)
Td

= +
6

5
g21YdY

†
d Td + 6g22YdY

†
d Td − 4|λ|2YdY †d Td −

8

5
g21M1YdY

†
uYu

+
8

5
g21YdY

†
uTu − 2|λ|2YdY †uTu +

6

5
g21TdY

†
d Yd + 12g22TdY

†
d Yd

− 5|λ|2TdY †d Yd +
4

5
g21TdY

†
uYu − |λ|2TdY †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

8



+
287

90
g41Td + g21g

2
2Td +

15

2
g42Td +

8

9
g21g

2
3Td + 8g22g

2
3Td −

16

9
g43Td − 2λ|κ|2λ∗Td

− 3λ2λ∗,2Td − 2λ∗YdY
†
uYuTλ − 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

)
− 3|λ|2TdTr

(
YuY

†
u

)
− 2

5
YdY

†
d Yd

(
15λ∗Tλ + 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 + 270λλ∗,2Tλ + 90κ∗λ∗

(
κTλ + λTκ

)
− 18g21M1Tr

(
YdY

†
d

)
+ 720g23M3Tr

(
YdY

†
d

)
+ 54g21M1Tr

(
YeY

†
e

)
+ 18g21Tr

(
Y †d Td

)
− 720g23Tr

(
Y †d Td

)
− 54g21Tr

(
Y †e Te

)
+ 135λ∗

(
λTr

(
Y †uTu

)
+ TλTr

(
YuY

†
u

))
+ 810Tr

(
YdY

†
d TdY

†
d

)
+ 135Tr

(
YdY

†
uTuY

†
d

)
+ 270Tr

(
YeY

†
e TeY

†
e

)
+ 135Tr

(
YuY

†
d TdY

†
u

))
(46)

β
(1)
Te

= +4YeY
†
e Te + 5TeY

†
e Ye −

9

5
g21Te − 3g22Te + |λ|2Te + 3TeTr

(
YdY

†
d

)
+ TeTr

(
YeY

†
e

)
+ Ye

(
2λ∗Tλ + 2Tr

(
Y †e Te

)
+ 6g22M2 + 6Tr

(
Y †d Td

)
+

18

5
g21M1

)
(47)

β
(2)
Te

= +
6

5
g21YeY

†
e Te + 6g22YeY

†
e Te − 4|λ|2YeY †e Te −

6

5
g21TeY

†
e Ye

+ 12g22TeY
†
e Ye − 5|λ|2TeY †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 − 2λ|κ|2λ∗Te − 3λ2λ∗,2Te

− 12YeY
†
e TeTr

(
YdY

†
d

)
− 15TeY

†
e YeTr

(
YdY

†
d

)
− 2

5
g21TeTr

(
YdY

†
d

)
+ 16g23TeTr

(
YdY

†
d

)
− 4YeY

†
e TeTr

(
YeY

†
e

)
− 5TeY

†
e YeTr

(
YeY

†
e

)
+

6

5
g21TeTr

(
YeY

†
e

)
− 3|λ|2TeTr

(
YuY

†
u

)
− 6YeY

†
e Ye

(
2g22M2 + 3Tr

(
Y †d Td

)
+ λ∗Tλ + 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 + 30λλ∗,2Tλ + 10κ∗λ∗

(
κTλ + λTκ

)

9



− 2g21M1Tr
(
YdY

†
d

)
+ 80g23M3Tr

(
YdY

†
d

)
+ 6g21M1Tr

(
YeY

†
e

)
+ 2g21Tr

(
Y †d Td

)
− 80g23Tr

(
Y †d Td

)
− 6g21Tr

(
Y †e Te

)
+ 15λ∗

(
λTr

(
Y †uTu

)
+ TλTr

(
YuY

†
u

))
+ 90Tr

(
YdY

†
d TdY

†
d

)
+ 15Tr

(
YdY

†
uTuY

†
d

)
+ 30Tr

(
YeY

†
e TeY

†
e

)
+ 15Tr

(
YuY

†
d TdY

†
u

))
(48)

β
(1)
Tλ

= +
6

5
g21M1λ+ 6g22M2λ+ 2κ∗

(
2λTκ + κTλ

)
+ Tλ

(
12|λ|2 − 3g22 + 3Tr

(
YdY

†
d

)
+ 3Tr

(
YuY

†
u

)
− 3

5
g21 + Tr

(
YeY

†
e

))
+ 6λTr

(
Y †d Td

)
+ 2λTr

(
Y †e Te

)
+ 6λTr

(
Y †uTu

)
(49)

β
(2)
Tλ

= −414

25
g41M1λ−

18

5
g21g

2
2M1λ−

18

5
g21g

2
2M2λ− 30g42M2λ+

207

50
g41Tλ +

9

5
g21g

2
2Tλ

+
15

2
g42Tλ − 50λ2λ∗,2Tλ − 8κκ∗,2

(
4λTκ + κTλ

)
+

4

5
g21M1λTr

(
YdY

†
d

)
− 32g23M3λTr

(
YdY

†
d

)
− 2

5
g21TλTr

(
YdY

†
d

)
+ 16g23TλTr

(
YdY

†
d

)
− 12

5
g21M1λTr

(
YeY

†
e

)
+

6

5
g21TλTr

(
YeY

†
e

)
− 8

5
g21M1λTr

(
YuY

†
u

)
− 32g23M3λTr

(
YuY

†
u

)
+

4

5
g21TλTr

(
YuY

†
u

)
+ 16g23TλTr

(
YuY

†
u

)
− 4

5
g21λTr

(
Y †d Td

)
+ 32g23λTr

(
Y †d Td

)
+

12

5
g21λTr

(
Y †e Te

)
+

8

5
g21λTr

(
Y †uTu

)
+ 32g23λTr

(
Y †uTu

)
− 3

5
|λ|2

(
20κ∗

(
2λTκ + 3κTλ

)
+ Tλ

(
15Tr

(
YeY

†
e

)
− 30g22 + 45Tr

(
YdY

†
d

)
+ 45Tr

(
YuY

†
u

)
− 6g21

)
+ 2λ

(
10g22M2 + 15Tr

(
Y †d Td

)
+ 15Tr

(
Y †uTu

)
+ 2g21M1 + 5Tr

(
Y †e Te

)))
− 9TλTr

(
YdY

†
d YdY

†
d

)
− 36λTr

(
YdY

†
d TdY

†
d

)
− 6TλTr

(
YdY

†
uYuY

†
d

)
− 12λTr

(
YdY

†
uTuY

†
d

)
− 3TλTr

(
YeY

†
e YeY

†
e

)
− 12λTr

(
YeY

†
e TeY

†
e

)
− 12λTr

(
YuY

†
d TdY

†
u

)
− 9TλTr

(
YuY

†
uYuY

†
u

)
− 36λTr

(
YuY

†
uTuY

†
u

)
(50)

β
(1)
Tκ

= 6
(

3|κ|2Tκ + λ∗
(

2κTλ + λTκ

))
(51)

β
(2)
Tκ

= −6

5

(
100κ2κ∗,2Tκ + 10λλ∗,2

(
4κTλ + λTκ

)
+ λ∗

(
λTκ

(
− 15g22 + 15Tr

(
YdY

†
d

)
+ 15Tr

(
YuY

†
u

)
− 3g21 + 5Tr

(
YeY

†
e

)
+ 60|κ|2

)
+ 2κ

(
Tλ

(
− 15g22 + 15Tr

(
YdY

†
d

)
+ 15Tr

(
YuY

†
u

)
+ 20|κ|2 − 3g21 + 5Tr

(
YeY

†
e

))
+ λ
(

15g22M2 + 15Tr
(
Y †d Td

)
+ 15Tr

(
Y †uTu

)
+ 3g21M1 + 5Tr

(
Y †e Te

)))))
(52)

β
(1)
Tu

= +2YuY
†
d Td + 4YuY

†
uTu + TuY

†
d Yd + 5TuY

†
uYu −

13

15
g21Tu − 3g22Tu −

16

3
g23Tu

+ |λ|2Tu + 3TuTr
(
YuY

†
u

)
+ Yu

(
2λ∗Tλ + 6g22M2 + 6Tr

(
Y †uTu

)
+

26

15
g21M1 +

32

3
g23M3

)
(53)
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β
(2)
Tu

= +
4

5
g21YuY

†
d Td − 2|λ|2YuY †d Td −

4

5
g21M1YuY

†
uYu − 12g22M2YuY

†
uYu

+
6

5
g21YuY

†
uTu + 6g22YuY

†
uTu − 4|λ|2YuY †uTu +

2

5
g21TuY

†
d Yd

− |λ|2TuY †d Yd + 12g22TuY
†
uYu − 5|λ|2TuY †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 − 2λ|κ|2λ∗Tu − 3λ2λ∗,2Tu

− 6λ∗YuY
†
uYuTλ − 6YuY

†
d TdTr

(
YdY

†
d

)
− 3TuY

†
d YdTr

(
YdY

†
d

)
− 3|λ|2TuTr

(
YdY

†
d

)
− 2YuY

†
d TdTr

(
YeY

†
e

)
− TuY †d YdTr

(
YeY

†
e

)
− |λ|2TuTr

(
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 + 5λ∗Tλ + 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 + 1350λλ∗,2Tλ + 450κ∗λ∗

(
κTλ + λTκ

)
+ 180g21M1Tr

(
YuY

†
u

)
+ 3600g23M3Tr

(
YuY

†
u

)
+ 225λ∗

(
λ
(

3Tr
(
Y †d Td

)
+ Tr

(
Y †e Te

))
+ Tλ

(
3Tr
(
YdY

†
d

)
+ Tr

(
YeY

†
e

)))
− 180g21Tr

(
Y †uTu

)
− 3600g23Tr

(
Y †uTu

)
+ 675Tr

(
YdY

†
uTuY

†
d

)
+ 675Tr

(
YuY

†
d TdY

†
u

)
+ 4050Tr

(
YuY

†
uTuY

†
u

))
(54)

3.6 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

))
(55)

σ2,11 =
1

10
g21

(
2Tr
(
m2
d

)
+ 3Tr

(
m2
l

)
+ 3m2

Hd
+ 3m2

Hu + 6Tr
(
m2
e

)
+ 8Tr

(
m2
u

)
+ Tr

(
m2
q

))
(56)

σ3,1 =
1

20

1√
15
g1

(
− 9g21m

2
Hd
− 45g22m

2
Hd

+ 9g21m
2
Hu + 45g22m

2
Hu + 30

(
−m2

Hu +m2
Hd

)
|λ|2 + 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

)
11



− 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

))
(57)

σ2,2 =
1

2

(
3Tr
(
m2
q

)
+m2

Hd
+m2

Hu + Tr
(
m2
l

))
(58)

σ2,3 =
1

2

(
2Tr
(
m2
q

)
+ Tr

(
m2
d

)
+ Tr

(
m2
u

))
(59)

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 (60)

β
(2)
m2
q

= +
2

5
g21g

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

2
31|M2|2

+
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 − 4m2

Hd
|λ|2Y †d Yd − 2m2

Hu |λ|
2Y †d Yd

− 2m2
S |λ|2Y

†
d Yd − 2|Tλ|2Y †d Yd − 2λT ∗λY

†
d Td +

8

5
g21m

2
HuY

†
uYu

− 2m2
Hd
|λ|2Y †uYu − 4m2

Hu |λ|
2Y †uYu − 2m2

S |λ|2Y †uYu − 2|Tλ|2Y †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

))
− 2λT ∗λY

†
uTu −

4

5
g21M1T

†
dYd +

4

5
g21T

†
dTd − 2|λ|2T †dTd

− 8

5
g21M1T

†
uYu +

8

5
g21T

†
uTu − 2|λ|2T †uTu +

2

5
g21m

2
qY
†
d Yd

− |λ|2m2
qY
†
d Yd +

4

5
g21m

2
qY
†
uYu − |λ|2m2

qY
†
uYu +

4

5
g21Y

†
dm

2
dYd

− 2|λ|2Y †dm
2
dYd +

2

5
g21Y

†
d Ydm

2
q − |λ|2Y

†
d Ydm

2
q +

8

5
g21Y

†
um

2
uYu

− 2|λ|2Y †um2
uYu +

4

5
g21Y

†
uYum

2
q − |λ|2Y †uYum2

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 − 2λ∗T †dYdTλ
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− 2λ∗T †uYuTλ + 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

)
(61)

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 (62)

β
(2)

m2
l

= +
3

5
g22

(
3g21

(
2M2 +M1

)
+ 55g22M2

)
1M∗2 +

12

5
g21m

2
Hd
Y †e Ye − 4m2

Hd
|λ|2Y †e Ye

− 2m2
Hu |λ|

2Y †e Ye − 2m2
S |λ|2Y †e Ye − 2|Tλ|2Y †e Ye

+
3

25
g21M

∗
1

(
− 20Y †e Te + 3

(
5g22

(
2M1 +M2

)
+ 69g21M1

)
1 + 40M1Y

†
e Ye

)
− 2λT ∗λY

†
e Te

− 12

5
g21M1T

†
e Ye +

12

5
g21T

†
e Te − 2|λ|2T †e Te +

6

5
g21m

2
l Y
†
e Ye

− |λ|2m2
l Y
†
e Ye +

12

5
g21Y

†
em

2
eYe − 2|λ|2Y †em2

eYe +
6

5
g21Y

†
e Yem

2
l

− |λ|2Y †e Yem2
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 − 2λ∗T †e YeTλ + 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

)
13



− 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

)
(63)

β
(1)

m2
Hd

= −6

5
g21 |M1|2 − 6g22 |M2|2 + 2m2

Hd
|λ|2 + 2m2

Hu |λ|
2 + 2m2

S |λ|2 + 2|Tλ|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

)
(64)

β
(2)

m2
Hd

=
1

25

(
g21M

∗
1

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

(
YdY

†
d

)
+ 120M1Tr

(
YeY

†
e

)
+ 20Tr

(
Y †d Td

)
− 60Tr

(
Y †e Te

))
+ 5
(

3g22

(
3g21

(
2M2 +M1

)
+ 55g22M2

)
M∗2

− 2
(

30
(
m2
Hd

+m2
Hu +m2

S

)
λ2λ∗,2 + 10κ∗

((
4m2

S +m2
Hd

+m2
Hu

)
κ|λ|2 + T ∗λ

(
κTλ + λTκ

))
− 15g42σ2,2 − 3g21σ2,11

+ 2
√

15g1σ3,1 + 2g21m
2
Hd

Tr
(
YdY

†
d

)
− 80g23m

2
Hd

Tr
(
YdY

†
d

)
− 160g23 |M3|2Tr

(
YdY

†
d

)
− 6g21m

2
Hd

Tr
(
YeY

†
e

)
+ 15|Tλ|2Tr

(
YuY

†
u

)
+ 80g23M

∗
3Tr

(
Y †d Td

)
+ 15λT ∗λTr

(
Y †uTu

)
− 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

)
+ 5λ∗

(
2T ∗κ

(
κTλ + λTκ

)
+ 3
(

4λ|Tλ|2 +
(

2m2
Hu +m2

Hd
+m2

S

)
λTr

(
YuY

†
u

)
+ TλTr

(
T ∗uY

T
u

)
+ λTr

(
T ∗uT

T
u

)
+ λTr

(
m2
qY
†
uYu

)
+ λTr

(
m2
uYuY

†
u

)))
+ 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

)
+ 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

))))
(65)
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β
(1)

m2
Hu

= −6

5
g21 |M1|2 − 6g22 |M2|2 + 2m2

Hd
|λ|2 + 2m2

Hu |λ|
2 + 2m2

S |λ|2 + 2|Tλ|2 +

√
3

5
g1σ1,1

+ 6m2
HuTr

(
YuY

†
u

)
+ 6Tr

(
T ∗uT

T
u

)
+ 6Tr

(
m2
qY
†
uYu

)
+ 6Tr

(
m2
uYuY

†
u

)
(66)

β
(2)

m2
Hu

=
1

25

(
g21M

∗
1

(
− 40Tr

(
Y †uTu

)
+ 45g22M2 + 621g21M1 + 80M1Tr

(
YuY

†
u

)
+ 90g22M1

)
+ 5
(

3g22

(
3g21

(
2M2 +M1

)
+ 55g22M2

)
M∗2

− 2
(

30
(
m2
Hd

+m2
Hu +m2

S

)
λ2λ∗,2 + 10κ∗

((
4m2

S +m2
Hd

+m2
Hu

)
κ|λ|2 + T ∗λ

(
κTλ + λTκ

))
− 15g42σ2,2 − 3g21σ2,11

− 2
√

15g1σ3,1 + 15|Tλ|2Tr
(
YdY

†
d

)
+ 5|Tλ|2Tr

(
YeY

†
e

)
− 4g21m

2
HuTr

(
YuY

†
u

)
− 80g23m

2
HuTr

(
YuY

†
u

)
− 160g23 |M3|2Tr

(
YuY

†
u

)
+ 15λT ∗λTr

(
Y †d Td

)
+ 5λT ∗λTr

(
Y †e Te

)
+ 80g23M

∗
3Tr

(
Y †uTu

)
+ 4g21M1Tr

(
T ∗uY

T
u

)
+ 80g23M3Tr

(
T ∗uY

T
u

)
− 4g21Tr

(
T ∗uT

T
u

)
− 80g23Tr

(
T ∗uT

T
u

)
+ 5λ∗

(
12λ|Tλ|2 + 2T ∗κ

(
κTλ + λTκ

)
+ 6m2

Hd
λTr

(
YdY

†
d

)
+ 3m2

HuλTr
(
YdY

†
d

)
+ 3m2

SλTr
(
YdY

†
d

)
+ 2m2

Hd
λTr

(
YeY

†
e

)
+m2

HuλTr
(
YeY

†
e

)
+m2

SλTr
(
YeY

†
e

)
+ 3TλTr

(
T ∗d Y

T
d

)
+ 3λTr

(
T ∗d T

T
d

)
+ TλTr

(
T ∗e Y

T
e

)
+ λTr

(
T ∗e T

T
e

)
+ 3λTr

(
m2
dYdY

†
d

)
+ λTr

(
m2
eYeY

†
e

)
+ λTr

(
m2
l Y
†
e Ye

)
+ 3λTr

(
m2
qY
†
d Yd

))
− 4g21Tr

(
m2
qY
†
uYu

)
− 80g23Tr

(
m2
qY
†
uYu

)
− 4g21Tr

(
m2
uYuY

†
u

)
− 80g23Tr

(
m2
uYuY

†
u

)
+ 15m2

Hd
Tr
(
YdY

†
uYuY

†
d

)
+ 15m2

HuTr
(
YdY

†
uYuY

†
d

)
+ 15Tr

(
YdY

†
uTuT

†
d

)
+ 15Tr

(
YdT

†
uTuY

†
d

)
+ 15Tr

(
YuY

†
d TdT

†
u

)
+ 90m2

HuTr
(
YuY

†
uYuY

†
u

)
+ 90Tr

(
YuY

†
uTuT

†
u

)
+ 15Tr

(
YuT

†
dTdY

†
u

)
+ 90Tr

(
YuT

†
uTuY

†
u

)
+ 15Tr

(
m2
dYdY

†
uYuY

†
d

)
+ 15Tr

(
m2
qY
†
d YdY

†
uYu

)
+ 15Tr

(
m2
qY
†
uYuY

†
d Yd

)
+ 90Tr

(
m2
qY
†
uYuY

†
uYu

)
+ 15Tr

(
m2
uYuY

†
d YdY

†
u

)
+ 90Tr

(
m2
uYuY

†
uYuY

†
u

))))
(67)

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 (68)

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 − 8m2
Hd
|λ|2YdY †d − 4m2

Hu |λ|
2YdY

†
d

− 4m2
S |λ|2YdY

†
d − 4|Tλ|2YdY †d −

4

5
g21M1YdT

†
d − 12g22M2YdT

†
d

15



+
4

225
g21M

∗
1

(
2
(

303g21M1 + 40g23

(
2M1 +M3

))
1− 45TdY

†
d + 90M1YdY

†
d

)
− 12g22M

∗
2TdY

†
d

− 4λT ∗λTdY
†
d +

4

5
g21TdT

†
d + 12g22TdT

†
d − 4|λ|2TdT †d

+
2

5
g21m

2
dYdY

†
d + 6g22m

2
dYdY

†
d − 2|λ|2m2

dYdY
†
d +

4

5
g21Ydm

2
qY
†
d

+ 12g22Ydm
2
qY
†
d − 4|λ|2Ydm2

qY
†
d +

2

5
g21YdY

†
dm

2
d + 6g22YdY

†
dm

2
d

− 2|λ|2YdY †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

− 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 − 4λ∗YdT

†
dTλ +

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

)
(69)

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 (70)

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 − 4m2
Hd
|λ|2YuY †u − 8m2

Hu |λ|
2YuY

†
u

− 4m2
S |λ|2YuY †u − 4|Tλ|2YuY †u +

4

5
g21M1YuT

†
u − 12g22M2YuT

†
u

− 12g22M
∗
2TuY

†
u − 4λT ∗λTuY

†
u

+
4

225
g21M

∗
1

(
45
(
− 2M1YuY

†
u + TuY

†
u

)
+ 8
(

321g21M1 + 40g23

(
2M1 +M3

))
1
)
− 4

5
g21TuT

†
u

+ 12g22TuT
†
u − 4|λ|2TuT †u −

2

5
g21m

2
uYuY

†
u + 6g22m

2
uYuY

†
u
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− 2|λ|2m2
uYuY

†
u −

4

5
g21Yum

2
qY
†
u + 12g22Yum

2
qY
†
u − 4|λ|2Yum2

qY
†
u

− 2

5
g21YuY

†
um

2
u + 6g22YuY

†
um

2
u − 2|λ|2YuY †um2

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 − 4λ∗YuT

†
uTλ +

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

)
− 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

)
(71)

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 (72)

β
(2)
m2
e

=
2

25

(
6g21M

∗
1

(
234g21M11 + 5

(
− 2M1YeY

†
e + TeY

†
e

))
+ 20g11

(
3g1σ2,11 +

√
15σ3,1

)
− 5
(

30g22M
∗
2TeY

†
e + 10λT ∗λTeY

†
e + 6g21TeT

†
e − 30g22TeT

†
e

+ 10|λ|2TeT †e + 3g21m
2
eYeY

†
e − 15g22m

2
eYeY

†
e + 5|λ|2m2

eYeY
†
e

+ 6g21Yem
2
l Y
†
e − 30g22Yem

2
l Y
†
e + 10|λ|2Yem2

l Y
†
e + 3g21YeY

†
em

2
e

− 15g22YeY
†
em

2
e + 5|λ|2YeY †em2

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

(
10λ∗Tλ + 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

)
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+ 2YeY
†
e

(
3g21m

2
Hd
− 15g22m

2
Hd
− 30g22 |M2|2 + 5

(
2m2

Hd
+m2

Hu +m2
S

)
|λ|2 + 5|Tλ|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

))))
(73)

β
(1)

m2
S

= 4
(

3m2
S |κ|2 +

(
m2
Hd

+m2
Hu +m2

S

)
|λ|2 + |Tκ|2 + |Tλ|2

)
(74)

β
(2)

m2
S

= −4

5

(
120m2

Sκ
2κ∗,2 + 20

(
m2
Hd

+m2
Hu +m2

S

)
λ2λ∗,2

+ 20κ∗
(

4κ|Tκ|2 +
(

4m2
S +m2

Hd
+m2

Hu

)
κ|λ|2 + T ∗λ

(
κTλ + λTκ

))
+ T ∗λ

(
Tλ

(
15Tr

(
YdY

†
d

)
− 3
(

5g22 − 5Tr
(
YuY

†
u

)
+ g21

)
+ 5Tr

(
YeY

†
e

))
+ λ
(

15Tr
(
Y †d Td

)
+ 3
(

5g22M2 + 5Tr
(
Y †uTu

)
+ g21M1

)
+ 5Tr

(
Y †e Te

)))
+ λ∗

(
− 3g21m

2
Hd
λ− 15g22m

2
Hd
λ− 3g21m

2
Huλ− 15g22m

2
Huλ− 3g21m

2
Sλ− 15g22m

2
Sλ

+ 20λ|Tκ|2 + 40λ|Tλ|2 + 20κT ∗κTλ + 3g21M
∗
1

(
− 2M1λ+ Tλ

)
+ 15g22M

∗
2

(
− 2M2λ+ Tλ

)
+ 30m2

Hd
λTr

(
YdY

†
d

)
+ 15m2

HuλTr
(
YdY

†
d

)
+ 15m2

SλTr
(
YdY

†
d

)
+ 10m2

Hd
λTr

(
YeY

†
e

)
+ 5m2

HuλTr
(
YeY

†
e

)
+ 5m2

SλTr
(
YeY

†
e

)
+ 15m2

Hd
λTr

(
YuY

†
u

)
+ 30m2

HuλTr
(
YuY

†
u

)
+ 15m2

SλTr
(
YuY

†
u

)
+ 15TλTr

(
T ∗d Y

T
d

)
+ 15λTr

(
T ∗d T

T
d

)
+ 5TλTr

(
T ∗e Y

T
e

)
+ 5λTr

(
T ∗e T

T
e

)
+ 15TλTr

(
T ∗uY

T
u

)
+ 15λTr

(
T ∗uT

T
u

)
+ 15λTr

(
m2
dYdY

†
d

)
+ 5λTr

(
m2
eYeY

†
e

)
+ 5λTr

(
m2
l Y
†
e Ye

)
+ 15λTr

(
m2
qY
†
d Yd

)
+ 15λTr

(
m2
qY
†
uYu

)
+ 15λTr

(
m2
uYuY

†
u

)))
(75)

3.7 Vacuum expectation values

β(1)
vd

=
1

20
vd

(
15g22 + 15g22Xi− 20|λ|2 − 20Tr

(
YeY

†
e

)
+ 3g21 + 3g21Xi− 60Tr

(
YdY

†
d

))
(76)

β(2)
vd

=
1

400
vd

(
− 414g41 − 180g21g

2
2 − 1200g42 − 9g41Xi− 90g21g

2
2Xi + 875g42Xi + 9g41Xi

2 + 90g21g
2
2Xi

2

− 225g42Xi
2 + 1200λ2λ∗,2 − 40

(
5
(

32g23 + 9g22Xi
)

+ g21

(
9Xi− 4

))
Tr
(
YdY

†
d

)
− 480g21Tr

(
YeY

†
e

)
− 120g21XiTr

(
YeY

†
e

)
− 600g22XiTr

(
YeY

†
e

)
− 40|λ|2

(
15g22Xi− 20κκ∗ − 30Tr

(
YuY

†
u

)
+ 3g21Xi

)
+ 3600Tr

(
YdY

†
d YdY

†
d

)
+ 1200Tr

(
YdY

†
uYuY

†
d

)
+ 1200Tr

(
YeY

†
e YeY

†
e

))
(77)

β(1)
vu =

1

20
vu

(
− 20|λ|2 + 3

(
− 20Tr

(
YuY

†
u

)
+
(

5g22 + g21

)(
1 + Xi

)))
(78)

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 + 1200λ2λ∗,2 − 40|λ|2

(
− 10Tr

(
YeY

†
e

)
+ 15g22Xi− 20κκ∗ − 30Tr

(
YdY

†
d

)
+ 3g21Xi

)
− 40

(
5
(

32g23 + 9g22Xi
)

+ g21

(
9Xi + 8

))
Tr
(
YuY

†
u

)
+ 1200Tr

(
YdY

†
uYuY

†
d

)
+ 3600Tr

(
YuY

†
uYuY

†
u

))
(79)

β(1)
vs = −2vs

(
|κ|2 + |λ|2

)
(80)

β(2)
vs = +8vsκ

2κ∗,2 + 8vsλ|κ|2λ∗

+
2

5
vs|λ|2

(
10λλ∗ − 15g22 + 15Tr

(
YdY

†
d

)
+ 15Tr

(
YuY

†
u

)
− 3g21 + 5Tr

(
YeY

†
e

))
(81)

4 Field Rotations

4.1 Rotations in gauge sector for eigenstates ’EWSB’(
Bρ

W3ρ

)
=ZγZ

(
γρ

Zρ

)
(82)(

W1ρ

W2ρ

)
=ZW

(
W−ρ

W−ρ

)
(83)

λW̃ ,1

λW̃ ,2

λW̃ ,3

 =ZW̃


W̃−

W̃+

W̃ 0

 (84)

(85)

The mixing matrices are parametrized by

ZγZ =

(
cos ΘW − sin ΘW

sin ΘW cos ΘW

)
(86)

ZW =

(
1√
2

1√
2

−i 1√
2

i 1√
2

)
(87)

ZW̃ =


1√
2

1√
2

0

−i 1√
2

i 1√
2

0

0 0 1

 (88)

(89)

4.2 Rotations in Mass sector for eigenstates ’EWSB’

4.2.1 Mass Matrices for Scalars

• Mass matrix for Higgs, Basis: (φd, φu, φs) , (φd, φu, φs)
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m2
h =


mφdφd mφuφd mφsφd

mφdφu mφuφu mφsφu

mφdφs mφuφs mφsφs

 (90)

mφdφd =
1

2

(
v2s + v2u

)
|λ|2 +

1

8

(
g21 + g22

)(
3v2d − v2u

)
+m2

Hd
(91)

mφdφu =
1

4

(
− 2
√

2vs<
(
Tλ

)
+
(

4vdvuλ− v2sκ
)
λ∗ − v2sλκ∗

)
− 1

4

(
g21 + g22

)
vdvu (92)

mφuφu =
1

2

(
v2d + v2s

)
|λ|2 − 1

8

(
g21 + g22

)(
− 3v2u + v2d

)
+m2

Hu (93)

mφdφs = − 1√
2
vu<

(
Tλ

)
+ vs

((
− 1

2
vuκ+ vdλ

)
λ∗ − 1

2
vuλκ

∗
)

(94)

mφuφs =
1

2

(
− vd

(√
2<
(
Tλ

)
+ vsλκ

∗
)
− vs

(
− 2vuλ+ vdκ

)
λ∗
)

(95)

mφsφs =
1

2

(
2
√

2vs<
(
Tκ

)
+
(

6v2sκ− vdvuλ
)
κ∗ +

((
v2d + v2u

)
λ− vdvuκ

)
λ∗
)

+m2
S (96)

This matrix is diagonalized by ZH :
ZHm2

hZ
H,† = mdia

2,h (97)

with

φd =
∑
j

ZHj1hj , φu =
∑
j

ZHj2hj , φs =
∑
j

ZHj3hj (98)

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

m2
A0 =


mσdσd

1
4vs

(
2
√

2<
(
Tλ

)
+ 2vs<

(
λκ∗

))
mσsσd

1
4vs

(
2
√

2<
(
Tλ

)
+ 2vs<

(
λκ∗

))
mσuσu mσsσu

mσdσs mσuσs mσsσs

+ ξZm
2(Z) (99)

mσdσd =
1

2

(
v2s + v2u

)
|λ|2 +

1

8

(
g21 + g22

)(
− v2u + v2d

)
+m2

Hd
(100)

mσuσu =
1

2

(
v2d + v2s

)
|λ|2 − 1

8

(
g21 + g22

)(
− v2u + v2d

)
+m2

Hu (101)

mσdσs = −1

2
vu

(
2vs<

(
λκ∗

)
−
√

2<
(
Tλ

))
(102)

mσuσs = −1

2
vd

(
2vs<

(
λκ∗

)
−
√

2<
(
Tλ

))
(103)

mσsσs =
1

2

(
− 2
√

2vs<
(
Tκ

)
+
(

2v2sκ+ vdvuλ
)
κ∗ +

((
v2d + v2u

)
λ+ vdvuκ

)
λ∗
)

+m2
S (104)
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Gauge fixing contributions:

m2(ξZ) =


mσdσd mσuσd 0

mσdσu mσuσu 0

0 0 0

 (105)

mσdσd =
1

4
v2d

(
g1 sin ΘW + g2 cos ΘW

)2
(106)

mσdσu = −1

4
vdvu

(
g1 sin ΘW + g2 cos ΘW

)2
(107)

mσuσu =
1

4
v2u

(
g1 sin ΘW + g2 cos ΘW

)2
(108)

This matrix is diagonalized by ZA:
ZAm2

A0ZA,† = mdia
2,A0 (109)

with

σd =
∑
j

ZAj1A
0
j , σu =

∑
j

ZAj2A
0
j , σs =

∑
j

ZAj3A
0
j (110)

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

+,∗
u

)
,
(
H−,∗d , H+

u

)
m2
H− =

 mH−
d H

−,∗
d

m∗
H+,∗
u H−,∗

d

mH−
d H

+
u

mH+,∗
u H+

u

+ ξW−m2(W−) (111)

mH−
d H

−,∗
d

=
1

2
v2s |λ|2 +

1

8

(
g21

(
− v2u + v2d

)
+ g22

(
v2d + v2u

))
+m2

Hd
(112)

mH−
d H

+
u

=
1

2

(
λ
(
− vdvuλ∗ + v2sκ

∗
)

+
√

2vsTλ

)
+

1

4
g22vdvu (113)

mH+,∗
u H+

u
=

1

2
v2s |λ|2 +

1

8

(
g21

(
− v2d + v2u

)
+ g22

(
v2d + v2u

))
+m2

Hu (114)

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

)
(115)

This matrix is diagonalized by Z+:
Z+m2

H−Z+,† = mdia
2,H− (116)

with

H−d =
∑
j

Z+
j1H

−
j , H+

u =
∑
j

Z+
j2H

+
j (117)
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• Mass matrix for Down-Squarks, Basis:
(
d̃L,α1

, d̃R,α2

)
,
(
d̃∗L,β1

, d̃∗R,β2

)

m2
d̃

=

 md̃Ld̃∗L

1
2Delta

(√
2vdT

†
d − vsvuλY

†
d

)
δα1β2

1
2Deltaδα2β1

(√
2vdTd − vsvuYdλ∗

)
md̃Rd̃∗R

 (118)

md̃Ld̃∗L
=

1

2

(
2m2

q + 1v2dYdY
∗
d,o1o1

)
δα1β1

− 1

24

(
3g22 + g21

)
1
(
− v2u + v2d

)
δα1β1

(119)

md̃Rd̃∗R
=

1

12
g211
(
− v2d + v2u

)
δα2β2

+
1

2
δα2β2

(
2m2

d + 1v2dY
†
d Yd,o2o2

)
(120)

This matrix is diagonalized by ZD:
ZDm2

d̃
ZD,† = mdia

2,d̃
(121)

with

d̃L,iα =
∑
j

ZD,∗ji d̃jft1α , d̃R,iα =
∑
j

ZD,∗ji d̃jft1α (122)

• Mass matrix for Up-Squarks, Basis: (ũL,α1 , ũR,α2) ,
(
ũ∗L,β1

, ũ∗R,β2

)

m2
ũ =

 mũLũ∗
L

1
2Delta

(√
2vuT

†
u − vdvsλY †u

)
δα1β2

1
2Deltaδα2β1

(√
2vuTu − vdvsYuλ∗

)
mũRũ∗

R

 (123)

mũLũ∗
L

=
1

2

(
2m2

q + 1v2uYuY
∗
u,o1o1

)
δα1β1 −

1

24

(
− 3g22 + g21

)
1
(
− v2u + v2d

)
δα1β1 (124)

mũRũ∗
R

=
1

2
δα2β2

(
2m2

u + 1v2uY
†
uYu,o2o2

)
+

1

6
g211
(
− v2u + v2d

)
δα2β2 (125)

This matrix is diagonalized by ZU :
ZUm2

ũZ
U,† = mdia

2,ũ (126)

with

ũL,iα =
∑
j

ZU,∗ji ũjft1α , ũR,iα =
∑
j

ZU,∗ji ũjft1α (127)

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

m2
ẽ =

 mẽLẽ∗L
1
2Delta

(√
2vdT

†
e − vsvuλY †e

)
1
2Delta

(√
2vdTe − vsvuYeλ∗

)
mẽRẽ∗R

 (128)

mẽLẽ∗L
=

1

2
1v2dYeY

∗
e,o1o1 +

1

8

(
− g22 + g21

)
1
(
− v2u + v2d

)
+m2

l (129)
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mẽRẽ∗R
=

1

2
1v2dY

†
e Ye,o2o2 +

1

4
g211
(
− v2d + v2u

)
+m2

e (130)

This matrix is diagonalized by ZE :
ZEm2

ẽZ
E,† = mdia

2,ẽ (131)

with

ẽL,i =
∑
j

ZE,∗ji ẽjft1 , ẽR,i =
∑
j

ZE,∗ji ẽjft1 (132)

4.2.2 Mass Matrices for Fermions

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

0, H̃0
d , H̃

0
u, S̃

)
,
(
λB̃ , W̃

0, H̃0
d , H̃

0
u, S̃

)

mχ̃0 =



M1 0 − 1
2g1vd

1
2g1vu 0

0 M2
1
2g2vd − 1

2g2vu 0

− 1
2g1vd

1
2g2vd 0 − 1√

2
vsλ − 1√

2
vuλ

1
2g1vu − 1

2g2vu − 1√
2
vsλ 0 − 1√

2
vdλ

0 0 − 1√
2
vuλ − 1√

2
vdλ

√
2vsκ


(133)

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

χ̃0 (134)

with

λB̃ =
∑
j

N∗j1λ
0
j , W̃ 0 =

∑
j

N∗j2λ
0
j , H̃0

d =
∑
j

N∗j3λ
0
j (135)

H̃0
u =

∑
j

N∗j4λ
0
j , S̃ =

∑
j

N∗j5λ
0
j (136)

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

)
,
(
W̃+, H̃+

u

)

mχ̃− =

(
M2

1√
2
g2vu

1√
2
g2vd

1√
2
vsλ

)
(137)

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

χ̃− (138)

with

W̃− =
∑
t2

U∗j1λ
−
j , H̃−d =

∑
t2

U∗j2λ
−
j (139)

W̃+ =
∑
t2

V ∗1jλ
+
j , H̃+

u =
∑
t2

V ∗2jλ
+
j (140)
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5 Vacuum Expectation Values

H0
d =

1√
2
φd +

1√
2
vd + i

1√
2
σd (141)

H0
u =

1√
2
φu +

1√
2
vu + i

1√
2
σu (142)

S =
1√
2
φs +

1√
2
vs + i

1√
2
σs (143)

6 Tadpole Equations

∂V

∂φd
=

1

4

((
2vd

(
v2s + v2u

)
λ− v2svuκ

)
λ∗ + 4m2

Hd
vd − vsvu

(
2
√

2<
(
Tλ

)
+ vsλκ

∗
))

+
1

8

(
g21 + g22

)
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(
− vu + vd

)(
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)
(144)

∂V

∂φu
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1

8

(
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vu

(
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+

1
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2
(
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(

2
√
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(
Tλ
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∗
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(145)

∂V

∂φs
=

1

4

((
− 2vdvsvuλ+ 4v3sκ

)
κ∗ + vs

(
2
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v2d + v2u

)
λ− vdvuκ

)
λ∗ + 4m2

S

)
+
√

2
(
− vdvu

(
T ∗λ + Tλ

)
+ v2s

(
T ∗κ + Tκ

)))
(146)

7 Particle content for eigenstates ’EWSB’

Name Type complex/real Generations Indices

ν̃L Scalar complex 3 generation, 3
h Scalar real 3 generation, 3
A0 Scalar real 3 generation, 3
H− Scalar complex 2 generation, 2
d̃ Scalar complex 3 generation, 3, flavor, 2, color, 3
ũ Scalar complex 3 generation, 3, flavor, 2, color, 3
ẽ Scalar complex 3 generation, 3, flavor, 2

g̃ Fermion Majorana 1 color, 8
d Fermion Dirac 3 generation, 3, color, 3
u Fermion Dirac 3 generation, 3, color, 3
e Fermion Dirac 3 generation, 3
ν Fermion Dirac 3 generation, 3
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χ̃0 Fermion Majorana 5 generation, 5
χ̃− Fermion Dirac 2 generation, 2

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

8 Interactions for eigenstates ’EWSB’

8.1 Three Scalar-Interaction
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− vdZAk3 + vsZ

A
k1

))
+ ZAi1

(
vsZ

A
j2Z

A
k3 + ZAj3

(
vsZ

A
k2 − vuZAk3

))
− ZAi3
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ũjft2β
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ũjft2β
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8.2 Two Scalar-One Vector Boson-Interaction
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∗
jft2
µ + pẽift1µ
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∗
jft2
µ + pẽift1µ
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8.3 One Scalar-Two Vector Boson-Interaction
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8.4 Two Fermion-One Vector Boson-Interaction
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ēi

ej

Zµ

i

2
δij

(
− g1 sin ΘW + g2 cos ΘW

)(
γµ ·

1− γ5
2

)
(209)

+ −ig1δij sin ΘW

(
γµ ·

1 + γ5
2

)
(210)

ν̄i

ej

W+
µ

45



− i 1√
2
g2δij

(
γµ ·

1− γ5
2

)
(211)
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ũ∗kft3γ

− i 1√
2
g3φg̃δjkλ

α
γ,βZU

(
gt3
)(

ft3, 1
)(1− γ5

2

)
(277)

+ i
1√
2
g3φ
∗
g̃δjkλ

α
γ,βZU

(
gt3
)(

ft3, 2
)(1 + γ5

2

)
(278)
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8.6 Three Vector Boson-Interaction
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ũkft3γ

− 1

2

1√
2
δγδδkl

(
2conj

(
ZU
(
gt3
)(

ft3, 2
))(

λY ∗u,klZ
A
i3Z

+
j1ZD

(
gt4
)(

ft4, 1
)

+ Y ∗u,kkYd,lk

(
ZAi1Z

+
j2 − Z

A
i2Z

+
j1

)
ZD
(
gt4
)(

ft4, 2
))

+ conj
(
ZU
(
gt3
)(

ft3, 1
))((

− 2Y ∗d,klYd,kk + g22

)
ZAi1Z

+
j1ZD

(
gt4
)(

ft4, 1
)
− Z+

j2

(
2λ∗Yd,lkZ

A
i3ZD

(
gt4
)(

ft4, 2
)

+
(
− 2Y ∗u,klYu,kk + g22

)
ZAi2ZD

(
gt4
)(

ft4, 1
))))

(308)

A0
i
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)

+ g22Z
A
i2ZE

(
gt4
)(

ft4, 1
)))

(309)

A0
i

ũ∗lft4δ

d̃jft2β

H+
k

1

2

1√
2
δβδδjl

(
conj

(
ZD
(
gt2
)(

ft2, 1
))(

2λ∗Yu,ljZ
A
i3Z

+
k1ZU

(
gt4
)(

ft4, 2
)

+
(
− 2Y ∗d,jlYd,jj + g22

)
ZAi1Z

+
k1ZU

(
gt4
)(

ft4, 1
)
−
(
− 2Y ∗u,jlYu,jj + g22

)
ZAi2Z

+
k2ZU

(
gt4
)(

ft4, 1
))

− 2conj
(
ZD
(
gt2
)(

ft2, 2
))(

λY ∗d,jlZ
A
i3Z

+
k2ZU

(
gt4
)(

ft4, 1
)

+ Y ∗d,jjYu,lj

(
− ZAi1Z+

k2 + ZAi2Z
+
k1

)
ZU
(
gt4
)(

ft4, 2
)))

(310)

A0
i

ν̃∗l

ẽjft2

H+
k

− 1

2

1√
2
δjl

(
2λY ∗e,jlconj

(
ZE
(
gt2
)(

ft2, 2
))
ZAi3Z

+
k2 + conj

(
ZE
(
gt2
)(

ft2, 1
))(

−
(
− 2Y ∗e,jlYe,jj + g22

)
ZAi1Z

+
k1 + g22Z

A
i2Z

+
k2

))
(311)

hi

hl

hj

hk
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i

4

(
ZHi1

(
ZHj1

(
− 3
(
g21 + g22

)
ZHk1Z

H
l1 +

(
− 4|λ|2 + g21 + g22

)
ZHk2Z

H
l2 − 4|λ|2ZHk3ZHl3

)
+ ZHj2

(
2
(
κλ∗ + λκ∗

)
ZHk3Z

H
l3 +

(
− 4|λ|2 + g21 + g22

)
ZHk1Z

H
l2 +

(
− 4|λ|2 + g21 + g22

)
ZHk2Z

H
l1

)
+ 2ZHj3

(
λ∗
((
− 2λZHk1 + κZHk2

)
ZHl3 + ZHk3

(
− 2λZHl1 + κZHl2

))
+ λκ∗

(
ZHk2Z

H
l3 + ZHk3Z

H
l2

)))
+ ZHi2

(
ZHj2

(
− 3
(
g21 + g22

)
ZHk2Z

H
l2 +

(
− 4|λ|2 + g21 + g22

)
ZHk1Z

H
l1 − 4|λ|2ZHk3ZHl3

)
+ ZHj1

(
2
(
κλ∗ + λκ∗

)
ZHk3Z

H
l3 +

(
− 4|λ|2 + g21 + g22

)
ZHk1Z

H
l2 +

(
− 4|λ|2 + g21 + g22

)
ZHk2Z

H
l1

)
+ 2ZHj3

(
λ∗
((
− 2λZHk2 + κZHk1

)
ZHl3 + ZHk3

(
− 2λZHl2 + κZHl1

))
+ λκ∗

(
ZHk1Z

H
l3 + ZHk3Z

H
l1

)))
+ 2ZHi3

(
λ∗
(
ZHj3

(
ZHk1

(
− 2λZHl1 + κZHl2

)
+ ZHk2

(
− 2λZHl2 + κZHl1

))
+ ZHj1

((
− 2λZHk1 + κZHk2

)
ZHl3 + ZHk3

(
− 2λZHl1 + κZHl2

))
+ ZHj2

((
− 2λZHk2 + κZHk1

)
ZHl3 + ZHk3

(
− 2λZHl2 + κZHl1

)))
+ κ∗

(
ZHj3

(
− 12κZHk3Z

H
l3 + λZHk1Z

H
l2 + λZHk2Z

H
l1

)
+ λ
(
ZHj1

(
ZHk2Z

H
l3 + ZHk3Z

H
l2

)
+ ZHj2

(
ZHk1Z

H
l3 + ZHk3Z

H
l1

)))))
(312)

hi

H+
l

hj

H−k

i

4

(
− ZHi1

((
− 2|λ|2 + g22

)
ZHj2

(
Z+
k1Z

+
l2 + Z+

k2Z
+
l1

)
+ ZHj1

((
g21 + g22

)
Z+
k1Z

+
l1 +

(
− g21 + g22

)
Z+
k2Z

+
l2

))
+ ZHi2

(
−
(
− 2|λ|2 + g22

)
ZHj1

(
Z+
k1Z

+
l2 + Z+

k2Z
+
l1

)
+ ZHj2

(
−
(
g21 + g22

)
Z+
k2Z

+
l2 +

(
− g22 + g21

)
Z+
k1Z

+
l1

))
− 4ZHi3Z

H
j3

(
λκ∗Z+

k1Z
+
l2 + λ∗

(
λZ+

k1Z
+
l1 + Z+

k2

(
κZ+

l1 + λZ+
l2

))))
(313)
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hi

d̃∗lft4δ

hj

d̃kft3γ

i

12
δγδδkl

(
2conj

(
ZD
(
gt3
)(

ft3, 2
))(

3λY ∗d,kl

(
ZHi2Z

H
j3 + ZHi3Z

H
j2

)
ZD
(
gt4
)(

ft4, 1
)

+
((
− 6Y ∗d,kkYd,lk + g21

)
ZHi1Z

H
j1 − g21ZHi2ZHj2

)
ZD
(
gt4
)(

ft4, 2
))

+ conj
(
ZD
(
gt3
)(

ft3, 1
))((

− 12Y ∗d,klYd,kk + 3g22 + g21

)
ZHi1Z

H
j1ZD

(
gt4
)(

ft4, 1
)

+ 6λ∗Yd,lkZ
H
i3Z

H
j2ZD

(
gt4
)(

ft4, 2
)

− ZHi2
((

3g22 + g21

)
ZHj2ZD

(
gt4
)(

ft4, 1
)
− 6λ∗Yd,lkZ

H
j3ZD

(
gt4
)(

ft4, 2
))))

(314)

hi

ẽ∗lft4

hj

ẽkft3

i

4
δkl

(
2conj

(
ZE
(
gt3
)(

ft3, 2
))(((

− 2Y ∗e,kkYe,lk + g21

)
ZHi1Z

H
j1 − g21ZHi2ZHj2

)
ZE
(
gt4
)(

ft4, 2
)

+ λY ∗e,kl

(
ZHi2Z

H
j3 + ZHi3Z

H
j2

)
ZE
(
gt4
)(

ft4, 1
))

+ conj
(
ZE
(
gt3
)(

ft3, 1
))((

− 4Y ∗e,klYe,kk − g21 + g22

)
ZHi1Z

H
j1ZE

(
gt4
)(

ft4, 1
)

+ 2λ∗Ye,lkZ
H
i3Z

H
j2ZE

(
gt4
)(

ft4, 2
)

+ ZHi2

(
2λ∗Ye,lkZ

H
j3ZE

(
gt4
)(

ft4, 2
)

+
(
− g22 + g21

)
ZHj2ZE

(
gt4
)(

ft4, 1
))))

(315)

hi

ũ∗lft4δ

hj

ũkft3γ
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i

12
δγδδkl

(
2conj

(
ZU
(
gt3
)(

ft3, 2
))(

− 2
(
−
(
− 3Y ∗u,kkYu,lk + g21

)
ZHi2Z

H
j2 + g21Z

H
i1Z

H
j1

)
ZU
(
gt4
)(

ft4, 2
)

+ 3λY ∗u,kl

(
ZHi1Z

H
j3 + ZHi3Z

H
j1

)
ZU
(
gt4
)(

ft4, 1
))

+ conj
(
ZU
(
gt3
)(

ft3, 1
))(

−
(

12Y ∗u,klYu,kk − 3g22 + g21

)
ZHi2Z

H
j2ZU

(
gt4
)(

ft4, 1
)

+ 6λ∗Yu,lkZ
H
i3Z

H
j1ZU

(
gt4
)(

ft4, 2
)

+ ZHi1

((
− 3g22 + g21

)
ZHj1ZU

(
gt4
)(

ft4, 1
)

+ 6λ∗Yu,lkZ
H
j3ZU

(
gt4
)(

ft4, 2
))))

(316)

hi

ν̃∗l

hj

ν̃k

− i

4

(
g21 + g22

)
δkl

(
ZHi1Z

H
j1 − ZHi2ZHj2

)
(317)

hi

d̃∗lft4δ

H−j

ũkft3γ

i

2

1√
2
δγδδkl

(
2conj

(
ZU
(
gt3
)(

ft3, 2
))(

λY ∗u,klZ
H
i3Z

+
j1ZD

(
gt4
)(

ft4, 1
)

+ Y ∗u,kkYd,lk

(
ZHi1Z

+
j2 + ZHi2Z

+
j1

)
ZD
(
gt4
)(

ft4, 2
))

+ conj
(
ZU
(
gt3
)(

ft3, 1
))(

−
(
− 2Y ∗d,klYd,kk + g22

)
ZHi1Z

+
j1ZD

(
gt4
)(

ft4, 1
)

+ Z+
j2

(
2λ∗Yd,lkZ

H
i3ZD

(
gt4
)(

ft4, 2
)
−
(
− 2Y ∗u,klYu,kk + g22

)
ZHi2ZD

(
gt4
)(

ft4, 1
))))

(318)

hi

ẽ∗lft4

H−j

ν̃k
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− i

2

1√
2
δkl

((
− 2Y ∗e,klYe,kk + g22

)
ZHi1Z

+
j1ZE

(
gt4
)(

ft4, 1
)

+ Z+
j2

(
− 2λ∗Ye,lkZ

H
i3ZE

(
gt4
)(

ft4, 2
)

+ g22Z
H
i2ZE

(
gt4
)(

ft4, 1
)))

(319)

hi

ũ∗lft4δ

d̃jft2β

H+
k

− i

2

1√
2
δβδδjl

(
conj

(
ZD
(
gt2
)(

ft2, 1
))(

− 2λ∗Yu,ljZ
H
i3Z

+
k1ZU

(
gt4
)(

ft4, 2
)

+
(
− 2Y ∗d,jlYd,jj + g22

)
ZHi1Z

+
k1ZU

(
gt4
)(

ft4, 1
)

+
(
− 2Y ∗u,jlYu,jj + g22

)
ZHi2Z

+
k2ZU

(
gt4
)(

ft4, 1
))

− 2conj
(
ZD
(
gt2
)(

ft2, 2
))(

λY ∗d,jlZ
H
i3Z

+
k2ZU

(
gt4
)(

ft4, 1
)

+ Y ∗d,jjYu,lj

(
ZHi1Z

+
k2 + ZHi2Z

+
k1

)
ZU
(
gt4
)(

ft4, 2
)))

(320)

hi

ν̃∗l

ẽjft2

H+
k

− i

2

1√
2
δjl

(
− 2λY ∗e,jlconj

(
ZE
(
gt2
)(

ft2, 2
))
ZHi3Z

+
k2 + conj

(
ZE
(
gt2
)(

ft2, 1
))((

− 2Y ∗e,jlYe,jj + g22

)
ZHi1Z

+
k1 + g22Z

H
i2Z

+
k2

))
(321)

H−i

H+
l

H−j

H+
k
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i

4

(
Z+
i2

(
− 2
(
g21 + g22

)
Z+
j2Z

+
k2Z

+
l2 +

(
− 4|λ|2 + g21 + g22

)
Z+
j1

(
Z+
k1Z

+
l2 + Z+

k2Z
+
l1

))
+ Z+

i1

(
− 2
(
g21 + g22

)
Z+
j1Z

+
k1Z

+
l1 +

(
− 4|λ|2 + g21 + g22

)
Z+
j2

(
Z+
k1Z

+
l2 + Z+

k2Z
+
l1

)))
(322)

H−i

d̃∗lft4δ

d̃jft2β

H+
k

i

12
δβδδjl

(
conj

(
ZD
(
gt2
)(

ft2, 1
))(

−
(

12Y ∗u,jlYu,jj − 3g22 + g21

)
Z+
i2Z

+
k2 +

(
− 3g22 + g21

)
Z+
i1Z

+
k1

)
ZD
(
gt4
)(

ft4, 1
)

+ 2conj
(
ZD
(
gt2
)(

ft2, 2
))((

− 6Y ∗d,jjYd,lj + g21

)
Z+
i1Z

+
k1 − g

2
1Z

+
i2Z

+
k2

)
ZD
(
gt4
)(

ft4, 2
))

(323)

H−i

ẽ∗lft4

ẽjft2

H+
k

− i

4
δjl

((
g21 + g22

)
conj

(
ZE
(
gt2
)(

ft2, 1
))(

Z+
i1Z

+
k1 − Z

+
i2Z

+
k2

)
ZE
(
gt4
)(

ft4, 1
)

+ 2conj
(
ZE
(
gt2
)(

ft2, 2
))(

−
(
− 2Y ∗e,jjYe,lj + g21

)
Z+
i1Z

+
k1 + g21Z

+
i2Z

+
k2

)
ZE
(
gt4
)(

ft4, 2
))

(324)

H−i

ũ∗lft4δ

ũjft2β

H+
k
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i

12
δβδδjl

(
conj

(
ZU
(
gt2
)(

ft2, 1
))((

− 12Y ∗d,jlYd,jj + 3g22 + g21

)
Z+
i1Z

+
k1 −

(
3g22 + g21

)
Z+
i2Z

+
k2

)
ZU
(
gt4
)(

ft4, 1
)

− 4conj
(
ZU
(
gt2
)(

ft2, 2
))(

−
(
− 3Y ∗u,jjYu,lj + g21

)
Z+
i2Z

+
k2 + g21Z

+
i1Z

+
k1

)
ZU
(
gt4
)(

ft4, 2
))

(325)

H−i

ν̃∗l

ν̃j

H+
k

i

4
δjl

((
− 4Y ∗e,jlYe,jj − g21 + g22

)
Z+
i1Z

+
k1 +

(
− g22 + g21

)
Z+
i2Z

+
k2

)
(326)

d̃ift1α

d̃∗lft4δ

d̃jft2β

d̃∗kft3γ

i

36

(
− conj

(
ZD
(
gt1
)(

ft1, 1
))(

conj
(
ZD
(
gt2
)(

ft2, 1
))(

δαδδβγ

(
18g23δikδjl +

(
− 6g23 + 9g22 + g21

)
δilδjk

)
+ δαγδβδ

(
18g23δilδjk +

(
− 6g23 + 9g22 + g21

)
δikδjl

))
ZD
(
gt3
)(

ft3, 1
)
ZD
(
gt4
)(

ft4, 1
)

+ 2conj
(
ZD
(
gt2
)(

ft2, 2
))(

δαγδβδ

(
− 9g23δilδjkZD

(
gt3
)(

ft3, 2
)
ZD
(
gt4
)(

ft4, 1
)

+ δikδjl

(
18Y ∗d,jlYd,kiZD

(
gt3
)(

ft3, 2
)
ZD
(
gt4
)(

ft4, 1
)

+
(

3g23 + g21

)
ZD
(
gt3
)(

ft3, 1
)
ZD
(
gt4
)(

ft4, 2
)))

+ δαδδβγ

(
− 9g23δikδjlZD

(
gt3
)(

ft3, 1
)
ZD
(
gt4
)(

ft4, 2
)

+ δilδjk

(
18Y ∗d,jkYd,liZD

(
gt3
)(

ft3, 1
)
ZD
(
gt4
)(

ft4, 2
)

+
(

3g23 + g21

)
ZD
(
gt3
)(

ft3, 2
)
ZD
(
gt4
)(

ft4, 1
)))))

+ 2conj
(
ZD
(
gt1
)(

ft1, 2
))(

− conj
(
ZD
(
gt2
)(

ft2, 2
))(

δαδδβγ

((
2g21 − 3g23

)
δilδjk + 9g23δikδjl

)
+ δαγδβδ

((
2g21 − 3g23

)
δikδjl + 9g23δilδjk

))
ZD
(
gt3
)(

ft3, 2
)
ZD
(
gt4
)(

ft4, 2
)

+ conj
(
ZD
(
gt2
)(

ft2, 1
))(

δαδδβγ

(
9g23δikδjlZD

(
gt3
)(

ft3, 2
)
ZD
(
gt4
)(

ft4, 1
)
− δilδjk

(
18Y ∗d,ilYd,kjZD

(
gt3
)(

ft3, 2
)
ZD
(
gt4
)(

ft4, 1
)

+
(

3g23 + g21

)
ZD
(
gt3
)(

ft3, 1
)
ZD
(
gt4
)(

ft4, 2
)))

− δαγδβδ
(
− 9g23δilδjkZD

(
gt3
)(

ft3, 1
)
ZD
(
gt4
)(

ft4, 2
)

+ δikδjl

(
18Y ∗d,ikYd,ljZD

(
gt3
)(

ft3, 1
)
ZD
(
gt4
)(

ft4, 2
)

+
(

3g23 + g21

)
ZD
(
gt3
)(

ft3, 2
)
ZD
(
gt4
)(

ft4, 1
))))))

(327)

74



d̃ift1α

ẽ∗lft4

ẽjft2

d̃∗kft3γ

i

12
δαγδikδjl

(
conj

(
ZD
(
gt1
)(

ft1, 1
))(

− 2conj
(
ZE
(
gt2
)(

ft2, 2
))(

6Y ∗e,jlYd,kiZD
(
gt3
)(

ft3, 2
)
ZE
(
gt4
)(

ft4, 1
)

+ g21ZD
(
gt3
)(

ft3, 1
)
ZE
(
gt4
)(

ft4, 2
))

+
(
− 3g22 + g21

)
conj

(
ZE
(
gt2
)(

ft2, 1
))

ZD
(
gt3
)(

ft3, 1
)
ZE
(
gt4
)(

ft4, 1
))

+ 2conj
(
ZD
(
gt1
)(

ft1, 2
))(

− 2g21conj
(
ZE
(
gt2
)(

ft2, 2
))

ZD
(
gt3
)(

ft3, 2
)
ZE
(
gt4
)(

ft4, 2
)

+ conj
(
ZE
(
gt2
)(

ft2, 1
))(

− 6Y ∗d,ikYe,ljZD
(
gt3
)(

ft3, 1
)
ZE
(
gt4
)(

ft4, 2
)

+ g21ZD
(
gt3
)(

ft3, 2
)
ZE
(
gt4
)(

ft4, 1
))))

(328)

d̃ift1α

ũ∗lft4δ

ũjft2β

d̃∗kft3γ

i

36

(
2conj

(
ZD
(
gt1
)(

ft1, 2
))

ZD
(
gt3
)(

ft3, 2
)(

conj
(
ZU
(
gt2
)(

ft2, 1
))(

−
(

3g23 + g21

)
δαγδβδδikδjl + 9δαδδβγ

(
− 2Y ∗d,ilδilδjkYd,kj + g23δikδjl

))
ZU
(
gt4
)(

ft4, 1
)

+ conj
(
ZU
(
gt2
)(

ft2, 2
))((

3g23 + 4g21

)
δαγδβδ − 9g23δαδδβγ

)
δikδjlZU

(
gt4
)(

ft4, 2
))

− conj
(
ZD
(
gt1
)(

ft1, 1
))

ZD
(
gt3
)(

ft3, 1
)(

conj
(
ZU
(
gt2
)(

ft2, 1
))(

18δαδδβγ

(
g22δilδjk + g23δikδjl

)
+
(
− 6g23 − 9g22 + g21

)
δαγδβδδikδjl

)
ZU
(
gt4
)(

ft4, 1
)

+ 2conj
(
ZU
(
gt2
)(

ft2, 2
))((

− 2g21 + 3g23

)
δαγδβδδikδjl − 9δαδδβγ

(
− 2Y ∗u,jkδilδjkYu,li + g23δikδjl

))
ZU
(
gt4
)(

ft4, 2
)))

(329)

d̃ift1α

ν̃∗l

ν̃j

d̃∗kft3γ
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i

12
δαγδikδjl

(
2g21conj

(
ZD
(
gt1
)(

ft1, 2
))

ZD
(
gt3
)(

ft3, 2
)

+
(

3g22 + g21

)
conj

(
ZD
(
gt1
)(

ft1, 1
))

ZD
(
gt3
)(

ft3, 1
))
(330)

d̃ift1α

ũ∗lft4δ

ν̃j

ẽ∗kft3

− i

2
δαδδilδjk

(
2Y ∗d,ilconj

(
ZD
(
gt1
)(

ft1, 2
))
Ye,kjZE

(
gt3
)(

ft3, 2
)

+ g22conj
(
ZD
(
gt1
)(

ft1, 1
))

ZE
(
gt3
)(

ft3, 1
))

ZU
(
gt4
)(

ft4, 1
)

(331)

ẽift1

ẽ∗lft4

ẽjft2

ẽ∗kft3

i

4

(
− conj

(
ZE
(
gt1
)(

ft1, 1
))((

g21 + g22

)
conj

(
ZE
(
gt2
)(

ft2, 1
))(

δikδjl + δilδjk

)
ZE
(
gt3
)(

ft3, 1
)
ZE
(
gt4
)(

ft4, 1
)

− 2conj
(
ZE
(
gt2
)(

ft2, 2
))(

δikδjl

(
− 2Y ∗e,jlYe,kiZE

(
gt3
)(

ft3, 2
)
ZE
(
gt4
)(

ft4, 1
)

+ g21ZE
(
gt3
)(

ft3, 1
)
ZE
(
gt4
)(

ft4, 2
))

+ δilδjk

(
− 2Y ∗e,jkYe,liZE

(
gt3
)(

ft3, 1
)
ZE
(
gt4
)(

ft4, 2
)

+ g21ZE
(
gt3
)(

ft3, 2
)
ZE
(
gt4
)(

ft4, 1
))))

+ 2conj
(
ZE
(
gt1
)(

ft1, 2
))(

− 2g21conj
(
ZE
(
gt2
)(

ft2, 2
))(

δikδjl + δilδjk

)
ZE
(
gt3
)(

ft3, 2
)
ZE
(
gt4
)(

ft4, 2
)

+ conj
(
ZE
(
gt2
)(

ft2, 1
))(

δikδjl

(
− 2Y ∗e,ikYe,ljZE

(
gt3
)(

ft3, 1
)
ZE
(
gt4
)(

ft4, 2
)

+ g21ZE
(
gt3
)(

ft3, 2
)
ZE
(
gt4
)(

ft4, 1
))

+ δilδjk

(
− 2Y ∗e,ilYe,kjZE

(
gt3
)(

ft3, 2
)
ZE
(
gt4
)(

ft4, 1
)

+ g21ZE
(
gt3
)(

ft3, 1
)
ZE
(
gt4
)(

ft4, 2
)))))

(332)

76
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8.8 Two Scalar-Two Vector Boson-Interaction
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ZU
(
gt1
)(

ft1, 2
))
δij

3∑
a=1

λγβ,aλ
δ
a,αZU

(
gt2
)(

ft2, 2
))(

gµν

)
(371)

ũift1α

γν

ũ∗jft2β

gγµ

(
+
i

6
g1g3conj

(
ZU
(
gt1
)(

ft1, 1
))

cos ΘW δijλ
γ
β,αZU

(
gt2
)(

ft2, 1
)

+
i

2
g2g3conj

(
ZU
(
gt1
)(

ft1, 1
))
δijλ

γ
β,α sin ΘWZU

(
gt2
)(

ft2, 1
)

+
2i

3
g1g3conj

(
ZU
(
gt1
)(

ft1, 2
))

cos ΘW δijλ
γ
β,αZU

(
gt2
)(

ft2, 2
))(

gµν

)
(372)

ũift1α

W−ν

d̃∗jft2β

gγµ
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i
1√
2
g2g3conj

(
ZU
(
gt1
)(

ft1, 1
))
δijλ

γ
β,αZD

(
gt2
)(

ft2, 1
)(
gµν

)
(373)

ũift1α

Zν

ũ∗jft2β

gγµ

(
+
i

2
g2g3conj

(
ZU
(
gt1
)(

ft1, 1
))

cos ΘW δijλ
γ
β,αZU

(
gt2
)(

ft2, 1
)
− i

6
g1g3conj

(
ZU
(
gt1
)(

ft1, 1
))
δijλ

γ
β,α sin ΘWZU

(
gt2
)(

ft2, 1
)

− 2i

3
g1g3conj

(
ZU
(
gt1
)(

ft1, 2
))
δijλ

γ
β,α sin ΘWZU

(
gt2
)(

ft2, 2
))(

gµν

)
(374)

ũift1α

γν

ũ∗jft2β

γµ

(
+

i

18
g21conj

(
ZU
(
gt1
)(

ft1, 1
))

cos Θ2
W δαβδijZU

(
gt2
)(

ft2, 1
)

+
i

3
g1g2conj

(
ZU
(
gt1
)(

ft1, 1
))

cos ΘW δαβδij sin ΘWZU
(
gt2
)(

ft2, 1
)

+
i

2
g22conj

(
ZU
(
gt1
)(

ft1, 1
))
δαβδij sin Θ2

WZU
(
gt2
)(

ft2, 1
)

+
8i

9
g21conj

(
ZU
(
gt1
)(

ft1, 2
))

cos Θ2
W δαβδijZU

(
gt2
)(

ft2, 2
))(

gµν

)
(375)

ũift1α

W−ν

d̃∗jft2β

γµ
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i

3

1√
2
g1g2conj

(
ZU
(
gt1
)(

ft1, 1
))

cos ΘW δαβδijZD
(
gt2
)(

ft2, 1
)(
gµν

)
(376)

ũift1α

Zν

ũ∗jft2β

γµ

(
+
i

6
g1g2conj

(
ZU
(
gt1
)(

ft1, 1
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cos 2ΘW δαβδijZU
(
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)(

ft2, 1
)
− i

36
g21conj

(
ZU
(
gt1
)(

ft1, 1
))
δαβδij sin 2ΘWZU

(
gt2
)(

ft2, 1
)

+
i

4
g22conj

(
ZU
(
gt1
)(

ft1, 1
))
δαβδij sin 2ΘWZU

(
gt2
)(

ft2, 1
)
− 4i

9
g21conj

(
ZU
(
gt1
)(

ft1, 2
))
δαβδij sin 2ΘWZU

(
gt2
)(

ft2, 2
))(

gµν

)
(377)

ũift1α

Zν

d̃∗jft2β

W−µ

− i

3

1√
2
g1g2conj

(
ZU
(
gt1
)(

ft1, 1
))
δαβδij sin ΘWZD

(
gt2
)(

ft2, 1
)(
gµν

)
(378)

ũift1α

W−ν

ũ∗jft2β

W+
µ
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2
g22conj

(
ZU
(
gt1
)(

ft1, 1
))
δαβδijZU

(
gt2
)(

ft2, 1
)(
gµν

)
(379)

ũift1α

Zν

ũ∗jft2β

Zµ

(
+
i

2
g22conj

(
ZU
(
gt1
)(

ft1, 1
))

cos Θ2
W δαβδijZU

(
gt2
)(

ft2, 1
)
− i

3
g1g2conj

(
ZU
(
gt1
)(

ft1, 1
))

cos ΘW δαβδij sin ΘWZU
(
gt2
)(

ft2, 1
)

+
i

18
g21conj

(
ZU
(
gt1
)(

ft1, 1
))
δαβδij sin Θ2

WZU
(
gt2
)(

ft2, 1
)

+
8i

9
g21conj

(
ZU
(
gt1
)(

ft1, 2
))
δαβδij sin Θ2

WZU
(
gt2
)(

ft2, 2
))(

gµν

)
(380)

ν̃i

W−ν

ẽ∗jft2

γµ

− i 1√
2
g1g2 cos ΘW δijZE

(
gt2
)(

ft2, 1
)(
gµν

)
(381)

ν̃i

Zν

ẽ∗jft2

W−µ
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i
1√
2
g1g2δij sin ΘWZE

(
gt2
)(

ft2, 1
)(
gµν

)
(382)

ν̃i

W−ν

ν̃∗j

W+
µ

i

2
g22δij

(
gµν

)
(383)

ν̃i

Zν

ν̃∗j

Zµ

( i
2
g21δij sin Θ2

W +
i

2
g22 cos Θ2

W δij + ig1g2 cos ΘW δij sin ΘW

)(
gµν

)
(384)

8.9 Four Vector Boson-Interaction

gαρ

gδν

gβσ

gγµ
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ig23

(
−

8∑
a=1

fα,δ,afβ,γ,a −
8∑
a=1

fα,γ,afβ,δ,a

)(
gρσgµν

)
(385)

+ ig23

(
−

8∑
a=1

fα,β,afγ,δ,a +

8∑
a=1

fα,δ,afβ,γ,a

)(
gρµgσν

)
(386)

+ ig23

( 8∑
a=1

fα,γ,afβ,δ,a +

8∑
a=1

fα,β,afγ,δ,a

)(
gρνgσµ

)
(387)

W+
ρ

W−ν

γσ

γµ

ig22 sin Θ2
W

(
gρσgµν

)
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+ ig22 sin Θ2
W

(
gρµgσν

)
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+ −2ig22 sin Θ2
W

(
gρνgσµ

)
(390)

W+
ρ
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2
g22 sin 2ΘW

(
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)
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+ −ig22 sin 2ΘW

(
gρµgσν

)
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+
i

2
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(
gρνgσµ

)
(393)
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2ig22

(
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)
(394)

+ −ig22
(
gρµgσν

)
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(
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)
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W+
ρ

Zν
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Zµ

− 2ig22 cos Θ2
W

(
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)
(397)

+ ig22 cos Θ2
W

(
gρµgσν

)
(398)

+ ig22 cos Θ2
W

(
gρνgσµ

)
(399)

8.10 Two Ghosts-One Vector Boson-Interaction

η̄Gα

ηGβ

gγµ
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g3fα,β,γ

(
p
ηGβ
µ

)
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ηγ
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ig2 sin ΘW

(
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)
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)
(404)
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ig2 sin ΘW
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)
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)
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ig2 sin ΘW
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)
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)
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)
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ig2 cos ΘW
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)
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ig2 cos ΘW
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)
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µ
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(
pη

Z
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)
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8.11 Two Ghosts-One Scalar-Interaction

η̄−

η−

A0
k

1

4
g22ξW−

(
vdZ

A
k1 − vuZAk2

)
(413)

η̄+

η+

A0
k

− 1

4
g22ξW−

(
vdZ

A
k1 − vuZAk2

)
(414)

η̄Z

ηγ

hk

i

8
ξZ

(
2g1g2 cos 2ΘW +

(
− g22 + g21

)
sin 2ΘW

)(
vdZ

H
k1 + vuZ

H
k2

)
(415)
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η̄−

ηγ

H−k

i

4
g2ξW−

(
g1 cos ΘW + g2 sin ΘW

)(
vdZ

+
k1 − vuZ

+
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)
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η̄+
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k

i

4
g2ξW−

(
g1 cos ΘW + g2 sin ΘW

)(
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+
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+
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)
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η̄−

η−

hk
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4
g22ξW−

(
vdZ

H
k1 + vuZ

H
k2

)
(418)
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η̄Z

η−

H+
k

− i

4
g2ξZ

(
g1 sin ΘW + g2 cos ΘW

)(
vdZ

+
k1 − vuZ

+
k2

)
(419)

η̄+

η+

hk

− i

4
g22ξW−

(
vdZ

H
k1 + vuZ

H
k2

)
(420)

η̄Z

η+

H−k

− i

4
g2ξZ

(
g1 sin ΘW + g2 cos ΘW

)(
vdZ

+
k1 − vuZ

+
k2

)
(421)
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η̄Z

ηZ

hk

− i

4
ξZ

(
g1 sin ΘW + g2 cos ΘW

)2(
vdZ

H
k1 + vuZ

H
k2

)
(422)

η̄−

ηZ

H−k

i

4
g2ξW−

(
− g1 sin ΘW + g2 cos ΘW

)(
vdZ

+
k1 − vuZ

+
k2

)
(423)

η̄+

ηZ

H+
k

i

4
g2ξW−

(
− g1 sin ΘW + g2 cos ΘW

)(
vdZ

+
k1 − vuZ

+
k2

)
(424)

9 Clebsch-Gordan Coefficients
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