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Abstract

We describe the implementation of the Abelian Higgs Model model using the FeynRules package.
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1 Introduction

We describe the implementation of the Abelian Higgs Model model using the FeynRules [2] package. More information about
this model can be found in [1].

∗email: claude.duhr@uclouvain.be
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2 Gauge Symmetries

The gauge group of this model is
U1Y × U1X × SU2L × SU3C. (1)

Details of these gauge groups can be found in Table 1.

Gauge Coupling Structure Symmetric
Group Abelian

Boson Constant
Charge

Constant Tensor
Reps

U1Y T B g1 Y

U1X T X ee QX

SU2L F Wi gw Eps FSU2LMRIndForm[SU2W],MRIndForm[SU2W ]

SU3C F G gs f dSUN Ti,i

FSU3Ca,a

Table 1: Details of gauge groups.

The definitions of the indices can be found in Table 2.

Index Symbol Range

Generation f 1-3

Colour i 1-3

Gluon a 1-8

SU2W SU2W 1-3

Table 2: Definition of the indices.
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3 Fields

In this section, we describe the field content of our model implementation.

3.1 Vector Fields

In this subsection, we describe the vector fields of our model. The details of the physical vectors can be found in Table 3.

Class SC I FI QN Mem M W PDG

A T A 0 0 22

Z T Z MZ= 91.188 WZ= 2.4414 23

Zp T Zp MZp= 500 WZp= 0.0008252 1023

W F Q = 1 W MW= 80.419 WW= 2.0476 24

G T a G 0 0 21

Table 3: Details of physical vector fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.

The details of the unphysical vectors can be found in Table 4.

Class SC I FI QN Mem Definitions

Bp T Bp Bpµ :→ cwAµ − swcαZµ + swsαZpµ

Xp T Xp Xpµ :→ sαZµ + cαZpµ

Wi T SU2W SU2W Wi Wiµ,1 → Wµ+Wµ
†

√
2

Wiµ,2 → − i(−Wµ+Wµ
†)√

2

Wiµ,3 → swAµ + cαcwZµ − cwsαZpµ

B T B Bµ → Bpµ + ηXpµ

X T X Xµ → ηχXpµ

Table 4: Details of unphysical vector fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, and Mem = members.

3.2 Fermion Fields

In this subsection, we describe the fermion fields of our model. The details of the physical fermions can be found in Table 5.

3.3 Scalar Fields

In this subsection, we describe the scalar fields of our model. The details of the physical scalars can be found in Table 6.
The details of the unphysical scalars can be found in Table 7.

3.4 Ghost Fields

In this subsection, we describe the ghost fields of our model. The details of the physical ghosts can be found in Table 8.
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Class SC I FI QN Mem M W PDG

vl F f f LeptonNumber = 1

ve 12

vm 14

vt 16

l F f f Q = −1 Ml

LeptonNumber = 1 e ME= 0 11

m MM= 0 13

tt MTA= 1.777 15

uq F f, i f Q = 2/3 Mu

u MU= 0 0 2

c MC= 1.42 0 4

t MT= 174.3 WT= 1.50834 6

dq F f, i f Q = −1/3 Md

d MD= 0 1

s MS= 0 3

b MB= 4.7 5

Table 5: Details of physical fermion fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.

Class SC I FI QN Mem M W PDG

h1 T h1 MH1= Internal WH1= 0.00282299 25

h2 T h2 MH2= Internal WH2= 5.23795 35

Table 6: Details of physical scalar fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index, QN
= quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.

Class SC I FI QN Mem Definitions

H T H H → chh1 + h2sh

phih F phih phih → chh2 − h1sh + ξ√
2

Table 7: Details of unphysical scalar fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index,
QN = quantum numbers, and Mem = members.

Class SC I FI QN Mem M W PDG

ghG F a GhostNumber = 1 ghG 0 0

Table 8: Details of physical ghost fields. The headers are as follows: SC = self conjugate, I = indices, FI = flavor index, QN
= quantum numbers, Mem = members, M = mass, W = width, and PDG = particle data group number.
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4 Lagrangian

In this section, we describe the Lagrangian of our model implementation.

4.1 L1

− 1
4 (−∂ν [Bµ] + ∂µ [Bν ]) 2 + 1

2χ (−∂ν [Bµ] + ∂µ [Bν ]) (−∂ν [Xµ] + ∂µ [Xν ]) − 1
4 (−∂ν [Xµ] + ∂µ [Xν ]) 2 −

1
4 (−∂ν [Gµ,a1] + ∂µ [Gν,a1] + gsfa1,a2,a3Gµ,a2Gν,a3) (−∂ν [Gµ,a1] + ∂µ [Gν,a1] + gsfa1,a4,a5Gµ,a4Gν,a5) −
1
4 (−∂ν [Wiµ,i1] + ∂µ [Wiν,i1] + gwǫi1,i2,i3Wiµ,i2Wiν,i3) (−∂ν [Wiµ,i1] + ∂µ [Wiν,i1] + gwǫi1,i4,i5Wiµ,i4Wiν,i5)

4.2 L2

− 1
2phihphih†(H+v)2κ− 1

4 (H+v)4λ+phihphih†µH
2+ 1

2 (H+v)2µSM
2−phih2

(

phih†) 2ρ+
e2(H+v)2(Wiµ,1−iWiµ,2)(Wiµ,1+iWiµ,2)

8sw
2 +

(

e(H+v)Bµ

2
√

2cw
− i∂µ[H]√

2
− e(H+v)Wiµ,3

2
√

2sw

)(

e(H+v)Bµ

2
√

2cw
+

i∂µ [H]√
2

− e(H+v)Wiµ,3

2
√

2sw

)

+(∂µ[phih] − igXphihXµ)
(

∂µ

[

phih†] + igXphih†Xµ

)

4.3 L3

− (H+v)
−

dqs$1234,n$1234,i$1234.dqr$1234,n$1234,i$1234P+s$1234,r$1234ydn$1234√
2

− (H+v)
−

dqr$1236,n$1235,i$1235.dqr$1237,n$1235,i$1235P−r$1236,r$1237ydn$1235√
2

−
(H+v)

−

l s$1234,n$1234.lr$1234,n$1234P+s$1234,r$1234yln$1234√
2

− (H+v)
−

l r$1238,n$1235.lr$1239,n$1235P−r$1238,r$1239yln$1235√
2

−
(H+v)

−
uqs$1234,n$1234,i$1234.uqr$1234,n$1234,i$1234P+s$1234,r$1234yun$1234√

2
− (H+v)

−
uqr$1240,n$1235,i$1235.uqr$1241,n$1235,i$1235P−r$1240,r$1241yun$1235√

2

4.4 L4

i
−
dq.γµ.∂µ[dq] + i

−
l .γµ.∂µ[l] + i

−
uq.γµ.∂µ[uq] + i

−
vl.γµ.∂µ[vl] +

eBµ

−

dq.γµ.P−.dq
6cw

− eBµ

−

dq.γµ.P+.dq
3cw

− eBµ

−

l .γµ.P−.l
2cw

− eBµ

−

l .γµ.P+.l
cw

+

eBµ
−
uq.γµ.P−.uq

6cw
+

2eBµ
−
uq.γµ.P+.uq

3cw
− eBµ

−

vl.γµ.P−.vl
2cw

+ gs

(

−
dq.T a.γµ.dq +

−
uq.T a.γµ.uq

)

Gµ,a +

e

„√
2
−

vl.γµ.P−.lWµ+
√

2
−
uq.CKM.γµ.P−.dqWµ+

√
2
−

l .γµ.P−.vlWµ
†+

√
2

−

dq.CKM†.γµ.P−.uqWµ
†−

−

dq.γµ.P−.dqWiµ,3−
−

l .γµ.P−.lWiµ,3+
−
uq.γµ.P−.uqWiµ,3+

−

vl.γ

2sw
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5 Parameters

In this section, we describe the parameters of our model implementation.

5.1 External Parameters

In this subsection, we describe the external parameters of our model. The details of the external parameters can be found in

P C I V D PN BN OB IO Description

αEWM1 F 127.9 aEWM1 SMINPUTS QED, -2 Inverse of the electroweak

coupling constant

Gf F 0.0000116639 SMINPUTS QED, 2 Fermi constant

αS F 0.118 aS SMINPUTS QCD, 2 Strong coupling constant at

the Z pole.

ymc F 0. YUKAWA 4 Charm Yukawa mass

ymb F 4.7 YUKAWA 5 Bottom Yukawa mass

ymt F 174.3 YUKAWA 6 Top Yukawa mass

ymtau F 1.777 YUKAWA 15 Tau Yukawa mass

λ F 0.42568 l HIGGS QED, 2 SM Higgs self-coupling

θc F 0.488 CKMBLOCK 1 Cabibbo angle

αXM1 F 127.9 aXM1 HIDDEN QED, -2 Inverse of the U(1)X coupling

constant

η F 0.01 η HIDDEN U(1)X - U(1)Y mixing

parameter

ρ F 0.010142 ρ HIDDEN QED, 2 Abelian Higgs self-coupling

κ F 0.0977392 kap HIDDEN QED, 2 Coupling between the abelian

and the SM Higgs

Table 9: Details of external parameters. The headers are as follows: P = parameter, C = complex, I = indices, V = value,
D = definition, PN = parameter name, BN = block name, OB = order block, and IO = interaction order.

Table 9.
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5.2 Internal Parameters

In this subsection, we describe the internal parameters of our model. The details of the internal parameters can be found

P C I V NV D PN IO Description

cw F Eq. 2 0.881903 Cos of the Weinberg angle

sw F Eq. 3 0.47143 Sin of the Weinberg angle

αEW F Eq. 4 0.00781861 aEW QED, 2 Electroweak coupling constant

e F Eq. 5 0.313451 QED, 1 Electric coupling constant

gw F Eq. 6 0.664894 QED, 1 Weak coupling constant

g1 F Eq. 7 0.355426 QED, 1 U(1)Y coupling constant

gs F Eq. 8 1.21772 G QCD, 1 Strong coupling constant

αX F Eq. 9 0.00781861 aX QED, 2 U(1)X coupling contant

gX F Eq. 10 0.313451 QED, 1 U(1)X coupling constant

MZ0 F 91.188 Z mass before mixing

MX F 500. X mass before mixing

∆Z F Eq. 13 30.0652 DZ Ratio of scales

v F Eq. 14 246.218 QED, -1 SM Higgs VEV

ξ F Eq. 15 1595.15 ξ QED, -1 Abelian Higgs VEV

MH1 F Eq. 16 115. Mass of H1

MH2 F Eq. 17 300. Mass of H2

µSM
2 F Eq. 18 124656. muSM2 Quadratic SM potential term

µH
2 F Eq. 19 544532. muH2 Quadratic abelian potential

term

θα F Eq. 20 0.000162197 alp Mixing in the weak sector

cα F Eq. 21 1. Cosine of alp

sα F Eq. 22 0.000162197 Sine of alp

χ F Eq. 23 0.009999 χ kinetic mixing parameter

θh F Eq. 24 −0.785398 th Mixing in the Higgs sector

ch F Eq. 25 0.707107 Cosine of th

sh F Eq. 26 −0.707107 Sine of th

yl F f Eq. 27 yl1 → 0. yl1 → 0 yl1 → ye QED, 1 Lepton Yukawa coupling

yl2 → 0. yl2 → 0 yl2 → ym

yl3 → 0.0102066 yl3 → ytau

Table 10: Details of internal parameters. The headers are as follows: P = parameter, C = complex, I = Indices, V = value,
NV = numerical value, D = definition, PN = parameter name, and IO = interaction order.

in Tables 10, 11. The values and definitions of the internal parameters will be written below.

cw =
MW

MZ
(2)

sw =
√

1 − cw
2 (3)

αEW =
1

αEWM1
(4)

e = 2
√

π
√

αEW (5)

gw =
e

sw
(6)
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P C I V NV D PN IO Description

yu F f Eq. 28 yu1 → 0. yu1 → 0 yu1 → yu QED, 1 U-quark Yukawa coupling

yu2 → 0. yu2 → yc

yu3 → 1.00113 yu3 → yt

yd F f Eq. 29 yd1 → 0. yd1 → 0 yd1 → yd QED, 1 D-quark Yukawa coupling

yd2 → 0. yd2 → 0 yd2 → ys

yd3 → 0.0269956 yd3 → yb

CKM F f, f Eq. 30 CKM1,1 → 0.883272 CKM3,3 → 1 CKM-Matrix

CKM1,2 → 0.46886 CKMi,3 :→ 0/;i 6= 3

CKM1,3 → 0. CKM3,i :→ 0/;i 6= 3

CKM2,1 → −0.46886

CKM2,2 → 0.883272

CKM2,3 → 0.

CKM3,1 → 0.

CKM3,2 → 0.

CKM3,3 → 1.

Table 11: Details of internal parameters. The headers are as follows: P = parameter, C = complex, I = Indices, V = value,
NV = numerical value, D = definition, PN = parameter name, and IO = interaction order.

g1 =
e

cw
(7)

gs = 2
√

π
√

αS (8)

αX =
1

αXM1
(9)

gX = 2
√

π
√

αX (10)

MZ0 = MZ (11)

MX = MZp (12)

∆Z =
MX2

MZ02
(13)

v =
1

21/4
√

Gf
(14)

ξ =
MX

gX
(15)

MH1 =

√

v2λ + ξ2ρ −
√

v2κ2ξ2 + (v2λ − ξ2ρ) 2 (16)

MH2 =

√

v2λ + ξ2ρ +
√

v2κ2ξ2 + (v2λ − ξ2ρ) 2 (17)

µSM
2 =

1

2

(

κξ2 + v2ρ
)

(18)
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µH
2 =

1

2

(

v2κ + λξ2
)

(19)

θα = −1

2
ArcTan

[

2swη

1 − ∆Z − sw
2η2

]

(20)

cα = Cos [θα] (21)

sα = Sin [θα] (22)

χ =
−1 +

√

1 + 4η2

2η
(23)

θh =
1

2
ArcTan

[

vκξ

−v2λ + ξ2ρ

]

(24)

ch = Cos [θh] (25)

sh = Sin [θh] (26)

yl1 = 0

yl2 = 0

yl3 =
√

2ymtau
v

(27)

yu1 = 0

yu2 =
√

2ymc
v

yu3 =
√

2ymt
v

(28)

yd1 = 0

yd2 = 0

yd3 =
√

2ymb
v

(29)

CKM1,2 = Sin [θc]

CKM1,1 = Cos [θc]

CKM2,1 = −Sin [θc]

CKM2,2 = Cos [θc]

(30)
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6 Vertices

In this section, we describe the vertices of our model implementation.

6.1 V1











h1 1

h1 2

h2 3

h2 4











−2ich
4κ + 8ich

2sh
2κ − 2ish

4κ − 6ich
2sh

2λ − 24ich
2sh

2ρ











h1 1

h1 2

h1 3

h2 4











6ich
3shκ − 6ichsh

3κ − 6ich
3shλ + 24ichsh

3ρ











h1 1

h2 2

h2 3

h2 4











−6ich
3shκ + 6ichsh

3κ − 6ichsh
3λ + 24ich

3shρ











h1 1

h1 2

h1 3

h1 4











−12ich
2sh

2κ − 6ich
4λ − 24ish

4ρ











h2 1

h2 2

h2 3

h2 4











−12ich
2sh

2κ − 6ish
4λ − 24ich

4ρ







h1 1

h2 2

h2 3





 −2ich
3vκ + 4ichsh

2vκ − 6ichsh
2vλ − 2i

√
2ch

2shκξ + i
√

2sh
3κξ + 12i

√
2ch

2shξρ







h1 1

h1 2

h2 3





 4ich
2shvκ − 2ish

3vκ − 6ich
2shvλ − i

√
2ch

3κξ + 2i
√

2chsh
2κξ − 12i

√
2chsh

2ξρ







h2 1

h2 2

h2 3





 −6ich
2shvκ − 6ish

3vλ − 3i
√

2chsh
2κξ − 12i

√
2ch

3ξρ







h1 1

h1 2

h1 3





 −6ichsh
2vκ − 6ich

3vλ + 3i
√

2ch
2shκξ + 12i

√
2sh

3ξρ







G 1

ghG† 2

ghG 3







gsfa1,a2,a3
p1

µ1 + gsfa1,a2,a3
p3

µ1







G 1

G 2

G 3







gsfa1,a2,a3
p1

µ3ηµ1,µ2
− gsfa1,a2,a3

p2
µ3ηµ1,µ2

− gsfa1,a2,a3
p1

µ2ηµ1,µ3
+ gsfa1,a2,a3

p3
µ2ηµ1,µ3

+
gsfa1,a2,a3

p2
µ1ηµ2,µ3

− gsfa1,a2,a3
p3

µ1ηµ2,µ3











G 1

G 2

G 3

G 4











igs
2fa1,a3,a1fa2,a4,a1ηµ1,µ4

ηµ2,µ3
+igs

2fa1,a2,a1fa3,a4,a1ηµ1,µ4
ηµ2,µ3

+igs
2fa1,a4,a1fa2,a3,a1ηµ1,µ3

ηµ2,µ4
−

igs
2fa1,a2,a1fa3,a4,a1ηµ1,µ3

ηµ2,µ4
− igs

2fa1,a4,a1fa2,a3,a1ηµ1,µ2
ηµ3,µ4

− igs
2fa1,a3,a1fa2,a4,a1ηµ1,µ2

ηµ3,µ4
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







dq 1
−
dq 2

G 3









igsγs2,s1
µ3δf1,f2Ti2,i1

a3







G 1

uq 2
−
uq 3







igsγs3,s2
µ1δf2,f3Ti3,i2

a1







A 1

W 2

W † 3







−igwswp1
µ3ηµ1,µ2

+ igwswp2
µ3ηµ1,µ2

+ igwswp1
µ2ηµ1,µ3

− igwswp3
µ2ηµ1,µ3

− igwswp2
µ1ηµ2,µ3

+
igwswp3

µ1ηµ2,µ3











h1 1

h1 2

W 3

W † 4











ich
2e2ηµ3,µ4

2sw
2











h1 1

h2 2

W 3

W † 4











iche2shηµ3,µ4

2sw
2











h2 1

h2 2

W 3

W † 4











ie2sh
2ηµ3,µ4

2sw
2







h1 1

W 2

W † 3







iche2vηµ2,µ3

2sw
2







h2 1

W 2

W † 3







ie2shvηµ2,µ3

2sw
2











A 1

A 2

W 3

W † 4











igw
2sw

2ηµ1,µ4
ηµ2,µ3

+ igw
2sw

2ηµ1,µ3
ηµ2,µ4

− 2igw
2sw

2ηµ1,µ2
ηµ3,µ4







W 1

W † 2

Z 3







−icαcwgwp1
µ3ηµ1,µ2

+ icαcwgwp2
µ3ηµ1,µ2

+ icαcwgwp1
µ2ηµ1,µ3

− icαcwgwp3
µ2ηµ1,µ3

−
icαcwgwp2

µ1ηµ2,µ3
+ icαcwgwp3

µ1ηµ2,µ3







W 1

W † 2

Zp 3







icwgwsαp1
µ3ηµ1,µ2

− icwgwsαp2
µ3ηµ1,µ2

− icwgwsαp1
µ2ηµ1,µ3

+ icwgwsαp3
µ2ηµ1,µ3

+
icwgwsαp2

µ1ηµ2,µ3
− icwgwsαp3

µ1ηµ2,µ3











W 1

W 2

W † 3

W † 4











−igw
2ηµ1,µ4

ηµ2,µ3
− igw

2ηµ1,µ3
ηµ2,µ4

+ 2igw
2ηµ1,µ2

ηµ3,µ4









dq 1
−
dq 2

h1 3









− ichδi1,i2
δf1,f2

δs2,s1
ydf1√

2
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







dq 1
−
dq 2

h2 3









− ishδi1,i2
δf1,f2

δs2,s1
ydf1√

2









h1 1

l 2
−
l 3









− ichδf2,f3
δs3,s2

ylf2√
2









h2 1

l 2
−
l 3









− ishδf2,f3
δs3,s2

ylf2√
2







h1 1

uq 2
−
uq 3






− ichδi2,i3

δf2,f3
δs3,s2

yuf2√
2







h2 1

uq 2
−
uq 3






− ishδi2,i3

δf2,f3
δs3,s2

yuf2√
2











A 1

W 2

W † 3

Z 4











−2icαcwgw
2swηµ1,µ4

ηµ2,µ3
+ icαcwgw

2swηµ1,µ3
ηµ2,µ4

+ icαcwgw
2swηµ1,µ2

ηµ3,µ4











h1 1

h1 2

Z 3

Z 4











icα
2ch

2e2ηµ3,µ4
+

icα
2ch

2cw
2e2ηµ3,µ4

2sw
2 +

icα
2ch

2e2sw
2ηµ3,µ4

2cw
2 − icαch

2e2sαηηµ3 ,µ4

sw
− icαch

2e2sαswηηµ3 ,µ4

cw
2 +

ich
2e2sα

2η2ηµ3,µ4

2cw
2 + 4igX

2sα
2sh

2η2χ2ηµ3,µ4











h1 1

h2 2

Z 3

Z 4











icα
2che2shηµ3,µ4

+
icα

2chcw
2e2shηµ3,µ4

2sw
2 +

icα
2che2shsw

2ηµ3,µ4

2cw
2 − icαche2sαshηηµ3 ,µ4

sw
−

icαche2sαshswηηµ3 ,µ4

cw
2 +

iche2sα
2shη2ηµ3,µ4

2cw
2 − 4ichgX

2sα
2shη2χ2ηµ3,µ4











h2 1

h2 2

Z 3

Z 4











icα
2e2sh

2ηµ3,µ4
+

icα
2cw

2e2sh
2ηµ3,µ4

2sw
2 +

icα
2e2sh

2sw
2ηµ3,µ4

2cw
2 − icαe2sαsh

2ηηµ3 ,µ4

sw
− icαe2sαsh

2swηηµ3,µ4

cw
2 +

ie2sα
2sh

2η2ηµ3,µ4

2cw
2 + 4ich

2gX
2sα

2η2χ2ηµ3,µ4







h1 1

Z 2

Z 3







icα
2che2vηµ2,µ3

+
icα

2chcw
2e2vηµ2,µ3

2sw
2 +

icα
2che2sw

2vηµ2,µ3

2cw
2 − icαche2sαvηηµ2,µ3

sw
− icαche2sαswvηηµ2,µ3

cw
2 +

iche2sα
2vη2ηµ2,µ3

2cw
2 − 2i

√
2gX

2sα
2shη2ξχ2ηµ2,µ3







h2 1

Z 2

Z 3







icα
2e2shvηµ2,µ3

+
icα

2cw
2e2shvηµ2,µ3

2sw
2 +

icα
2e2shsw

2vηµ2,µ3

2cw
2 − icαe2sαshvηηµ2,µ3

sw
− icαe2sαshswvηηµ2 ,µ3

cw
2 +

ie2sα
2shvη2ηµ2,µ3

2cw
2 + 2i

√
2chgX

2sα
2η2ξχ2ηµ2,µ3











W 1

W † 2

Z 3

Z 4











icα
2cw

2gw
2ηµ1,µ4

ηµ2,µ3
+ icα

2cw
2gw

2ηµ1,µ3
ηµ2,µ4

− 2icα
2cw

2gw
2ηµ1,µ2

ηµ3,µ4











A 1

W 2

W † 3

Zp 4











2icwgw
2sαswηµ1,µ4

ηµ2,µ3
− icwgw

2sαswηµ1,µ3
ηµ2,µ4

− icwgw
2sαswηµ1,µ2

ηµ3,µ4
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









h1 1

h1 2

Z 3

Zp 4











−icαch
2e2sαηµ3,µ4

− icαch
2cw

2e2sαηµ3,µ4

2sw
2 − icαch

2e2sαsw
2ηµ3,µ4

2cw
2 − icα

2ch
2e2ηηµ3,µ4

2sw
+

ich
2e2sα

2ηηµ3,µ4

2sw
−

icα
2ch

2e2swηηµ3,µ4

2cw
2 +

ich
2e2sα

2swηηµ3,µ4

2cw
2 +

icαch
2e2sαη2ηµ3,µ4

2cw
2 + 4icαgX

2sαsh
2η2χ2ηµ3,µ4











h1 1

h2 2

Z 3

Zp 4











−icαche2sαshηµ3,µ4
− icαchcw

2e2sαshηµ3,µ4

2sw
2 − icαche2sαshsw

2ηµ3,µ4

2cw
2 − icα

2che2shηηµ3,µ4

2sw
+

iche2sα
2shηηµ3 ,µ4

2sw
−

icα
2che2shswηηµ3 ,µ4

2cw
2 +

iche2sα
2shswηηµ3,µ4

2cw
2 +

icαche2sαshη2ηµ3,µ4

2cw
2 − 4icαchgX

2sαshη2χ2ηµ3,µ4











h2 1

h2 2

Z 3

Zp 4











−icαe2sαsh
2ηµ3,µ4

− icαcw
2e2sαsh

2ηµ3,µ4

2sw
2 − icαe2sαsh

2sw
2ηµ3,µ4

2cw
2 − icα

2e2sh
2ηηµ3,µ4

2sw
+

ie2sα
2sh

2ηηµ3,µ4

2sw
−

icα
2e2sh

2swηηµ3,µ4

2cw
2 +

ie2sα
2sh

2swηηµ3,µ4

2cw
2 +

icαe2sαsh
2η2ηµ3,µ4

2cw
2 + 4icαch

2gX
2sαη2χ2ηµ3,µ4







h1 1

Z 2

Zp 3







−icαche2sαvηµ2,µ3
− icαchcw

2e2sαvηµ2,µ3

2sw
2 − icαche2sαsw

2vηµ2,µ3

2cw
2 − icα

2che2vηηµ2 ,µ3

2sw
+

iche2sα
2vηηµ2 ,µ3

2sw
−

icα
2che2swvηηµ2,µ3

2cw
2 +

iche2sα
2swvηηµ2 ,µ3

2cw
2 +

icαche2sαvη2ηµ2,µ3

2cw
2 − 2i

√
2cαgX

2sαshη2ξχ2ηµ2,µ3







h2 1

Z 2

Zp 3







−icαe2sαshvηµ2,µ3
− icαcw

2e2sαshvηµ2,µ3

2sw
2 − icαe2sαshsw

2vηµ2 ,µ3

2cw
2 − icα

2e2shvηηµ2 ,µ3

2sw
+

ie2sα
2shvηηµ2 ,µ3

2sw
−

icα
2e2shswvηηµ2 ,µ3

2cw
2 +

ie2sα
2shswvηηµ2,µ3

2cw
2 +

icαe2sαshvη2ηµ2,µ3

2cw
2 + 2i

√
2cαchgX

2sαη2ξχ2ηµ2,µ3











W 1

W † 2

Z 3

Zp 4











−icαcw
2gw

2sαηµ1,µ4
ηµ2,µ3

− icαcw
2gw

2sαηµ1,µ3
ηµ2,µ4

+ 2icαcw
2gw

2sαηµ1,µ2
ηµ3,µ4











h1 1

h1 2

Zp 3

Zp 4











ich
2e2sα

2ηµ3,µ4
+

ich
2cw

2e2sα
2ηµ3,µ4

2sw
2 +

ich
2e2sα

2sw
2ηµ3,µ4

2cw
2 +

icαch
2e2sαηηµ3,µ4

sw
+

icαch
2e2sαswηηµ3,µ4

cw
2 +

icα
2ch

2e2η2ηµ3,µ4

2cw
2 + 4icα

2gX
2sh

2η2χ2ηµ3,µ4











h1 1

h2 2

Zp 3

Zp 4











iche2sα
2shηµ3,µ4

+
ichcw

2e2sα
2shηµ3,µ4

2sw
2 +

iche2sα
2shsw

2ηµ3,µ4

2cw
2 +

icαche2sαshηηµ3,µ4

sw
+

icαche2sαshswηηµ3 ,µ4

cw
2 +

icα
2che2shη2ηµ3,µ4

2cw
2 − 4icα

2chgX
2shη2χ2ηµ3,µ4











h2 1

h2 2

Zp 3

Zp 4











ie2sα
2sh

2ηµ3,µ4
+

icw
2e2sα

2sh
2ηµ3,µ4

2sw
2 +

ie2sα
2sh

2sw
2ηµ3,µ4

2cw
2 +

icαe2sαsh
2ηηµ3,µ4

sw
+

icαe2sαsh
2swηηµ3 ,µ4

cw
2 +

icα
2e2sh

2η2ηµ3,µ4

2cw
2 + 4icα

2ch
2gX

2η2χ2ηµ3,µ4







h1 1

Zp 2

Zp 3







iche2sα
2vηµ2,µ3

+
ichcw

2e2sα
2vηµ2,µ3

2sw
2 +

iche2sα
2sw

2vηµ2,µ3

2cw
2 +

icαche2sαvηηµ2 ,µ3

sw
+

icαche2sαswvηηµ2,µ3

cw
2 +

icα
2che2vη2ηµ2,µ3

2cw
2 − 2i

√
2cα

2gX
2shη2ξχ2ηµ2,µ3







h2 1

Zp 2

Zp 3







ie2sα
2shvηµ2,µ3

+
icw

2e2sα
2shvηµ2,µ3

2sw
2 +

ie2sα
2shsw

2vηµ2,µ3

2cw
2 +

icαe2sαshvηηµ2 ,µ3

sw
+

icαe2sαshswvηηµ2,µ3

cw
2 +

icα
2e2shvη2ηµ2,µ3

2cw
2 + 2i

√
2cα

2chgX
2η2ξχ2ηµ2,µ3











W 1

W † 2

Zp 3

Zp 4











icw
2gw

2sα
2ηµ1,µ4

ηµ2,µ3
+ icw

2gw
2sα

2ηµ1,µ3
ηµ2,µ4

− 2icw
2gw

2sα
2ηµ1,µ2

ηµ3,µ4









A 1

dq 2
−
dq 3









− 1
3 ieγs3,s2

µ1δi2,i3δf2,f3
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







A 1

l 2
−
l 3









−ieγs3,s2
µ1δf2,f3







A 1

uq 2
−
uq 3







2
3 ieγs3,s2

µ1δi2,i3δf2,f3









l 1
−
vl 2

W 3









ieδf1,f2
γµ3 .P−s2,s1√
2sw







dq 1
−
uq 2

W 3







ieCKMf2,f1
δi1,i2

γµ3 .P−s2,s1√
2sw









−
l 1

vl 2

W † 3









ieδf1,f2
γµ3 .P−s1,s2√
2sw









−
dq 1

uq 2

W † 3









ieCKMf2,f1
∗δi1,i2

γµ3 .P−s1,s2√
2sw









dq 1
−
dq 2

Z 3









− icαcweδi1,i2
δf1,f2

γµ3 .P−s2,s1

2sw
− icαeswδi1,i2

δf1,f2
γµ3 .P−s2,s1

6cw
+

iesαηδi1,i2
δf1,f2

γµ3 .P−s2,s1

6cw
+

icαeswδi1,i2
δf1,f2

γµ3 .P+s2,s1

3cw
− iesαηδi1,i2

δf1,f2
γµ3 .P+s2,s1

3cw









l 1
−
l 2

Z 3









− icαcweδf1,f2
γµ3 .P−s2,s1

2sw
+

icαeswδf1,f2
γµ3 .P−s2,s1

2cw
− iesαηδf1,f2

γµ3 .P−s2,s1

2cw
+

icαeswδf1,f2
γµ3 .P+s2,s1

cw
−

iesαηδf1,f2
γµ3 .P+s2,s1

cw







uq 1
−
uq 2

Z 3







icαcweδi1,i2
δf1,f2

γµ3 .P−s2,s1

2sw
− icαeswδi1,i2

δf1,f2
γµ3 .P−s2,s1

6cw
+

iesαηδi1,i2
δf1,f2

γµ3 .P−s2,s1

6cw
−

2icαeswδi1,i2
δf1,f2

γµ3 .P+s2,s1

3cw
+

2iesαηδi1,i2
δf1,f2

γµ3 .P+s2,s1

3cw









vl 1
−
vl 2

Z 3









icαcweδf1,f2
γµ3 .P−s2,s1

2sw
+

icαeswδf1,f2
γµ3 .P−s2,s1

2cw
− iesαηδf1,f2

γµ3 .P−s2,s1

2cw









dq 1
−
dq 2

Zp 3









icwesαδi1,i2
δf1,f2

γµ3 .P−s2,s1

2sw
+

iesαswδi1,i2
δf1,f2

γµ3 .P−s2,s1

6cw
+

icαeηδi1,i2
δf1,f2

γµ3 .P−s2,s1

6cw
−

iesαswδi1,i2
δf1,f2

γµ3 .P+s2,s1

3cw
− icαeηδi1,i2

δf1,f2
γµ3 .P+s2,s1

3cw









l 1
−
l 2

Zp 3









icwesαδf1,f2
γµ3 .P−s2,s1

2sw
− iesαswδf1,f2

γµ3 .P−s2,s1

2cw
− icαeηδf1,f2

γµ3 .P−s2,s1

2cw
− iesαswδf1,f2

γµ3 .P+s2,s1

cw
−

icαeηδf1,f2
γµ3 .P+s2,s1

cw







uq 1
−
uq 2

Zp 3







− icwesαδi1,i2
δf1,f2

γµ3 .P−s2,s1

2sw
+

iesαswδi1,i2
δf1,f2

γµ3 .P−s2,s1

6cw
+

icαeηδi1,i2
δf1,f2

γµ3 .P−s2,s1

6cw
+

2iesαswδi1,i2
δf1,f2

γµ3 .P+s2,s1

3cw
+

2icαeηδi1,i2
δf1,f2

γµ3 .P+s2,s1

3cw









vl 1
−
vl 2

Zp 3









− icwesαδf1,f2
γµ3 .P−s2,s1

2sw
− iesαswδf1,f2

γµ3 .P−s2,s1

2cw
− icαeηδf1,f2

γµ3 .P−s2,s1

2cw
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