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Abstract

We write down the mass matrices and couplings needed for the ε–model cal-

culations. These include the mass matrices for all the particles in the model, the

charged and neutral current couplings of the spin 1
2 particles with the gauge bosons,

and the couplings of the charged and neutral scalars with the spin 1
2 particles. We

have not included the couplings of the gauge bosons with themselves, because these

are the same as in the SM. Missing are still the couplings of the scalars with the

gauge bosons, and the couplings of the scalars among themselves.
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1 The Superpotential and the Soft Breaking Terms

Using the conventions of refs. [1, 2, 3] we introduce the model by specifying the superpo-

tential, which includes BRpV [4] in three generations. It is given by

W = εab

[
hij

U Q̂
a
i ÛjĤ

b
u + hij

DQ̂
b
iD̂jĤ

a
d + hij

EL̂
b
iR̂jĤ

a
d − µĤa

d Ĥ
b
u + εiL̂

a
i Ĥ

b
u

]
(1)

where i, j = 1, 2, 3 are generation indices, a, b = 1, 2 are SU(2) indices, and ε is a com-

pletely antisymmetric 2 × 2 matrix, with ε12 = 1. The symbol “hat” over each letter

indicates a superfield, with Q̂i, L̂i, Ĥd, and Ĥu being SU(2) doublets with hypercharges
1
3
, −1, −1, and 1 respectively, and Û , D̂, and R̂ being SU(2) singlets with hypercharges

−4
3
, 2

3
, and 2 respectively. The couplings hU , hD and hE are 3 × 3 Yukawa matrices, and

µ and εi are parameters with units of mass. The last term in eq. (1) is the only R–parity

violating term.

Supersymmetry breaking is parameterized with a set of soft supersymmetry breaking

terms. In the MSSM these are given by

V MSSM
soft = M ij2

Q Q̃a∗
i Q̃

a
j +M ij2

U ŨiŨ
∗
j +M ij2

D D̃iD̃
∗
j +M ij2

L L̃a∗
i L̃

a
j +M ij2

R R̃iR̃
∗
j

+m2
Hd
Ha∗

d H
a
d +m2

Hu
Ha∗

u H
a
u −

[
1
2
Msλsλs + 1

2
Mλλ+ 1

2
M ′λ′λ′ + h.c.

]
(2)

+εab

[
Aij

U Q̃
a
i ŨjH

b
u + Aij

DQ̃
b
iD̃jH

a
d + Aij

EL̃
b
iR̃jH

a
d −BµHa

dH
b
u

]
.

In addition to the MSSM soft SUSY breaking terms in LMSSM
soft the BRpV model contains

the following extra term

V BRpV
soft = BiεiεabL̃

a
iH

b
u , (3)

where the Bi have units of mass. In what follows, we neglect intergenerational mixing in

the soft terms in eq. (2).

The electroweak symmetry is broken when the two Higgs doublets Hd and Hu, and

the neutral component of the slepton doublets L̃1
i acquire vacuum expectation values. We

introduce the notation:

Hd =

(
H0

d

H−
d

)
, Hu =

(
H+

u

H0
u

)
, L̃i =

(
L̃0

i

˜̀−
i

)
, (4)

where we shift the neutral fields with non–zero vevs as

H0
d ≡ 1√

2
[σ0

d + vd + iϕ0
d] , H0

u ≡ 1√
2
[σ0

u + vu + iϕ0
u] , L̃0

i ≡
1√
2
[ν̃R

i + vi + iν̃I
i ] . (5)

Note that the W boson acquires a mass m2
W = 1

4
g2v2, where v2 ≡ v2

d + v2
u + v2

1 + v2
2 + v2

3 '
(246 GeV)2. We introduce the following notation in spherical coordinates for the vacuum

expectation values:

vd = v sin θ1 sin θ2 sin θ3 cos β

vu = v sin θ1 sin θ2 sin θ3 sin β
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v3 = v sin θ1 sin θ2 cos θ3 (6)

v2 = v sin θ1 cos θ2

v1 = v cos θ1

which preserves the MSSM definition tan β = vu/vd. In the MSSM limit, where εi =

vi = 0, the angles θi are equal to π/2. In addition to the above MSSM parameters, our

model contains nine new parameters, εi, vi and Bi. The three vevs are determined by the

one–loop tadpole equations, and we will assume universality of the B–terms, B = Bi at

the unification scale. Therefore, the only new and free parameters can be chosen as the

εi.

2 The Scalar Potential

The electroweak symmetry is broken when the Higgs and lepton fields acquire non–zero

vevs. These are calculated via the minimization of the effective potential or, in the

diagramatic method, via the tadpole equations. The full scalar potential at tree level is

V 0
total =

∑

i

∣∣∣∣∣
∂W

∂zi

∣∣∣∣∣

2

+ VD + V MSSM
soft + V BRpV

soft (7)

where zi is any one of the scalar fields in the superpotential in eq. (1), VD are the D-terms,

and V BRpV
soft is given in eq. (3).

The tree level scalar potential contains the following linear terms

V 0
linear = t0dσ

0
d + t0uσ

0
u + t01ν̃

R
1 + t02ν̃

R
2 + t03ν̃

R
3 , (8)

where the different t0 are the tadpoles at tree level. They are given by

t0d =
(
m2

Hd
+ µ2

)
vd + vdD − µ

(
Bvu + viεi

)

t0u = −Bµvd +
(
m2

Hu
+ µ2

)
vu − vuD + viBiεi + vuε

2

t01 = v1D + ε1
(
− µvd + vuB1 + viεi

)
+ 1

2

(
viM

2
Li1 +M2

L1ivi

)
(9)

t02 = v2D + ε2
(
− µvd + vuB2 + viεi

)
+ 1

2

(
viM

2
Li2 +M2

L2ivi

)

t03 = v3D + ε3
(
− µvd + vuB3 + viεi

)
+ 1

2

(
viM

2
Li3 +M2

L3ivi

)

where we have defined D = 1
8
(g2 + g′2)(v2

1 + v2
2 + v2

3 + v2
d − v2

u) and ε2 = ε21 + ε22 + ε23. A

repeated index i in eq. (9) implies summation over i = 1, 2, 3. The five tree level tadpoles

t0α are equal to zero at the minimum of the tree level potential, and from there one can

determine the five tree level vacuum expectation values.

It is well known that in order to find reliable results for the electroweak symmetry

breaking it is necessary to include the one–loop radiative corrections. The full scalar

potential at one loop level, called effective potential, is

Vtotal = V 0
total + VRC (10)
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where VRC include the quantum corrections. In this paper we use the diagramatic method,

which incorporates the radiative corrections through the one–loop corrected tadpole equa-

tions. The one loop tadpoles are

tα = t0α − δtDR
α + Tα(Q) = t0α + T̃DR

α (Q) (11)

where α = d, u, 1, 2, 3 and T̃DR
α (Q) ≡ −δtMS

α + Tα(Q) are the finite one loop tadpoles.

At the minimum of the potential we have tα = 0, and the vevs calculated from these

equations are the renormalized vevs.

3 Mass Matrices

3.1 Scalar Mass Matrices

3.1.1 Charged Scalars

The mass matrix of the charged scalar sector follows from the quadratic terms in the

scalar potential

Vquadratic = S ′−M2
S±M2
S±M2
S±S ′+ (12)

where the unrotated charged scalars are S ′+ = (H+
d , H

+
u , ẽ

+
L , µ̃

+
L τ̃

+
L , ẽ

+
R, µ̃

+
Rτ̃

+
R ). For conve-

nience we will divide this (8 × 8) matrix into blocks in the following way:

M2
S±M2
S±M2
S± =

[
MMM 2

HH MMM 2T
H ˜̀

MMM 2
H ˜̀ MMM 2

˜̀̀̃

]
+ ξm2

W

[
MMM2

A MMM 2T
B

MMM 2
B MMM 2

C

]
(13)

where the charged Higgs block is

MMM 2
HH =




Bµvu

vd
+ 1

4
g2(v2

2 −
∑3

i=1 v
2
i ) + td

vd
Bµ+ 1

4
g2vdvu

+µ
∑3

i=1 εi
vi

vd
+ 1

2

∑3
i,j=1 vi

(
hEh

†
E

)
ij
vj

Bµ+ 1
4
g2vdvu Bµ vd

vu
+ 1

4
g2(v2

d +
∑3

i=1 v
2
i )

−∑3
i=1Biεi

vi

vu
+ tu

vu




(14)

This matrix reduces to the usual charged Higgs mass matrix in the MSSM when we set

vi = εi = 0 and we call m2
12 = Bµ. The slepton block is given by

MMM 2
˜̀̀̃ =

[
MMM 2

LL MMM 2
LR

MMM 2
RL MMM 2

RR

]
(15)

where

(
MMM 2

LL

)
ij

= 1
2
v2

d

(
h∗Eh

T
E

)
ij

+ 1
4
g2

(
−

3∑

k=1

v2
k − v2

d + v2
u

)
δij + 1

4
g2vivj −

vu

vi

Biεiδij +
ti
vi

δij
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+µ
vd

vi

εiδij − εi

(
3∑

k=1

vk

vi

εk

)
δij + εiεj +M2

Lji

−1
2

3∑

k=1

vk

vi

(
M2

Lik +M2
Lki

)
δij (16)

MMM 2
LR =

1√
2

(vdAE − µvuhE) (17)

MMM 2
RL =

(
MMM2

LR

)†
(18)

(
MMM 2

RR

)
ij

= 1
4
g′2
(
−

3∑

k=1

v2
k − v2

d + v2
u

)
δij + 1

2
v2

d

(
hT

Eh
∗
E

)
ij

+

(
3∑

k=1

(
hT

E

)
ik
vk

)(
3∑

s=1

(h∗E)sj vs

)
+M2

Rji (19)

We recover the usual stau mass matrix again by replacing vi = εi = 0 (note that we need

to replace the expression of the tadpole ti in eq. (9) before taking the limit). The mixing

between the charged Higgs sector and the slepton sector is given by the following 6 × 2

block (repeated indices are not summed unless an explicit sum appears):

MMM 2
H ˜̀ =




−µεi − 1
2
vd

3∑

k=1

(
h∗Eh

T
E

)
ik
vk + 1

4
g2vdvi −Biεi + 1

4
g2vuvi

− 1√
2
vu

3∑

k=1

(
hT

E

)
ik
εk − 1√

2

3∑

k=1

(
AT

E

)
ik
vk − 1√

2

3∑

k=1

(
hT

E

)
ik

(µvk + εkvd)


 (20)

and as expected, this mixing vanishes in the limit vi = εi = 0. The charged scalar mass

matrix in eq. (13), after setting tu = td = ti = 0, has determinant equal to zero for

ξ = 0, since one of the eigenvectors corresponds to the charged Goldstone boson with zero

eigenvalue.

For our one loop calculations one has to had the gauge fixing. The part of the mass

matrix in Eq. (13) that comes from the gauge fixing reads for the (2 × 2) A block

MMM 2
A =




v2
d

v2

−vuvd

v2

−vuvd

v2

v2
u

v2


 (21)

for the (6 × 2) B and the (6 × 6) C blocks

MMM 2
B =




vivd

v2

−vivu

v2

0 0


 ; MMM 2

C =



MMM 2

D 0

0 0


 (22)

where the (3 × 3) D block is

MMM2
D =




v2
1

v2

v1v2

v2

v1v3

v2

v2v1

v2

v2
2

v2

v2v3

v2

v3v1

v2

v2v3

v2

v2
3

v2




(23)
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The charged scalar mass matrices are diagonalized by the following rotation matrices,

S±
i = RRRS±

ij S
±′

j (24)

with the eigenvalues diag(m2
S1
, . . . ,m2

S8
) = RRRS±

MMM 2
S±

(
RRRS±

)T
.

3.1.2 CP–Even Neutral Scalars

The quadratic scalar potential includes

Vquadratic = 1
2
[σ0

d, σ
0
u, ν̃

R
i ]MMM 2

S0




σ0
d

σ0
u

ν̃R
i


+ · · · (25)

where the neutral CP-even scalar sector mass matrix in eq. (25) is given by

MMM 2
S0 =



MMM 2

SS MMM 2
Sν̃R

MMM 2
Sν̃R

T
MMM2

ν̃Rν̃R


 (26)

where

MMM 2
SS =




Bµ
vu

vd

+ 1
4
g2

Zv
2
d + µ

3∑

k=1

εk
vk

v1
+
td
vd

−Bµ− 1
4
g2

Zvdvu

−Bµ− 1
4
g2

Zvdvu Bµ
vd

vu

+ 1
4
g2

Zv
2
u −

3∑

k=1

Bkεk
vk

v2
+
tu
vu


 (27)

MMM 2
Sν̃R

=



−µεi + 1

4
g2

Zvdvi

Biεi − 1
4
g2

Zvuvi


 (28)

and

(
MMM 2

ν̃Rν̃R

)
ij
=

(
µεi

vd

vi

− Biεi
vu

vi

− εi
3∑

k=1

εk
vk

vi

− 1
2

3∑

k=1

vk

vi

(
M2

Lik +M2
Lki

)
+
ti
vi

)
δij + 1

4
g2

Zvivj

+εiεj + 1
2

(
M2

Lij +M2
Lji

)
(29)

where we have defined g2
Z ≡ g2 +g′2. In the upper–left 2×2 block, in the limit vi = εi = 0,

the reader can recognize the MSSM mass matrix corresponding to the CP–even neutral

Higgs sector. To define the rotation matrices let us define the unrotated fields by

S ′0 = (σ0
d, σ

0
u, ν̃

R
1 , ν̃

R
2 , ν̃

R
2 ) (30)

Then the mass eigenstates are S0
i given by

S0
i = RRRS0

ij S
′0
j (31)

with the eigenvalues diag(m2
S1
, . . . ,m2

S5
) = RRRS0

MMM2
S0

(
RRRS0

)T
.
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3.1.3 CP–Odd Neutral Scalars

The quadratic scalar potential includes

Vquadratic = 1
2
[ϕ0

1, ϕ
0
2, ν̃

I
i ]MMM2

P 0




ϕ0
1

ϕ0
2

ν̃I
i


 + · · · (32)

where the CP-odd neutral scalar mass matrix is

MMM 2
P 0 =



MMM2

PP MMM 2
P ν̃I

MMM 2
P ν̃I

T
MMM 2

ν̃I ν̃I


+ ξm2

Z

[
MMM 2

E MMM 2T
F

MMM 2
F MMM 2

G

]
(33)

where

MMM 2
PP =




Bµ
vu

vd

+ µ
3∑

k=1

εk
vk

vd

+
td
vd

Bµ

Bµ Bµ
vd

vu

−
3∑

k=1

Bkεk
vk

vu

+
tu
vu


 (34)

MMM2
P ν̃I

=




−µεi
− Biεi


 (35)

and

(
MMM 2

ν̃I ν̃I

)
ij

=

(
µεi

vd

vi

− Biεi
vu

vi

− εi
3∑

k=1

εk
vk

vi

− 1
2

3∑

k=1

vk

vi

(
M2

Lik +M2
Lki

)
+
ti
vi

)
δij

+εiεj + 1
2

(
M2

Lij +M2
Lji

)
(36)

Finally the part of the mass matrix in Eq. (33) that comes from the gauge fixing

reads for the (2 × 2) E block

MMM 2
E =




v2
d

v2

−vuvd

v2

−vuvd

v2

v2
u

v2


 (37)

for the (3 × 2) F block

MMM 2
F =

[ vivd

v2

−vivu

v2

]
(38)

and for the (3 × 3) G block

MMM 2
G =




v2
1

v2

v1v2

v2

v1v3

v2

v2v1

v2

v2
2

v2

v2v3

v2

v3v1

v2

v3v2

v2

v2
3

v2




(39)
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The charged pseudo–scalar mass matrices are diagonalized by the following rotation ma-

trices,

Pi = RRRP 0

ij P
′
j (40)

with the eigenvalues diag(m2
A1
, . . . ,m2

A5
) = RRRP0

MMM 2
P0

(
RRRP0

)T
. where the unrotated fields

are

P ′0 = (ϕ0
d, ϕ

0
u, ν̃

I
1 , ν̃

I
2 , ν̃

I
2 ) (41)

3.1.4 Squark Mass Matrices

In the unrotated basis ũ′i = (ũLi, ũ
∗
Ri) and d̃′i = (d̃Li, d̃

∗
Ri) we get

Vquadratic = 1
2
ũ′†MũMũMũ

2 ũ′ + 1
2
d̃′†M

d̃
M

d̃
M

d̃
2 d̃′ (42)

where

Mq̃Mq̃Mq̃
2 =



M2

q̃LL
M2

q̃LL
M2

q̃LL
M2

q̃LR
M2

q̃LR
M2

q̃LR

M2
q̃RL

M2
q̃RL

M2
q̃RL

M2
q̃RR

M2
q̃RR

M2
q̃RR


 (43)

with q̃ = (ũ, d̃). The blocks are different for up and down type squarks. We have

M2
ũLL

M2
ũLL

M2
ũLL

= 1
2
v2

u h
∗
Uh

T
U +M2

Q + 1
6
(4m2

W −m2
Z)

1

v2

(
v2

d − v2
u +

∑

i

v2
i

)

M2
ũRR

M2
ũRR

M2
ũRR

= 1
2
v2

u h
T
Uh

∗
U +M2

U + 2
3
(m2

Z −m2
W )

1

v2

(
v2

d − v2
u +

∑

i

v2
i

)

M2
ũLR

M2
ũLR

M2
ũLR

=
vu√
2
A∗

U − µ
vd√
2
h∗U +

3∑

i=1

vi√
2
εi h

∗
U

M2
ũRL

M2
ũRL

M2
ũRL

= M2
ũLR

M2
ũLR

M2
ũLR

†
(44)

and

M2
d̃LL

M2
d̃LL

M2
d̃LL

=
1

2
v2

d h
∗
Dh

T
D +M2

Q − 1
6
(2m2

W +m2
Z)

1

v2

(
v2

d − v2
u +

∑

i

v2
i

)

M2

d̃RR
M2

d̃RR
M2

d̃RR
= 1

2
v2

d h
T
Dh

∗
D +M2

D − 1
3
(m2

Z −m2
W )

1

v2

(
v2

d − v2
u +

∑

i

v2
i

)

M2

d̃LR
M2

d̃LR
M2

d̃LR
=

vd√
2
A∗

D − µ
vu√
2
h∗D

M2

d̃RL
M2

d̃RL
M2

d̃RL
= M2

d̃LR
M2

d̃LR
M2

d̃LR

†
(45)

We define the mass eigenstates

q̃ = Rq̃Rq̃Rq̃ q̃′ (46)

which implies

q̃′i = Rq̃Rq̃Rq̃
∗

ji q̃j (47)

The rotation matrices are obtained from

Rq̃Rq̃Rq̃
† (
Mdiag

q̃
Mdiag

q̃
Mdiag

q̃

)2
Rq̃Rq̃Rq̃ = Mq̃Mq̃Mq̃

2 (48)

In our case the matrices in Eq. (43) are real and therefore the rotation matrices Rq̃Rq̃Rq̃ are

orthogonal matrices.
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3.2 Chargino Mass Matrix

The charginos mix with the charged leptons forming a set of five charged fermions F ±
i , i =

1, . . . , 5 in two component spinor notation. In a basis where ψ+T = (−iλ+, H̃+
u , e

+
R, µ

+
R, τ

+
R )

and ψ−T = (−iλ−, H̃−
d , e

−
L , µ

−
L , τ

−
L ), the charged fermion mass terms in the Lagrangian are

Lm = −1

2
(ψ+T , ψ−T )

(
000 MMMT

C

MMMC 000

)(
ψ+

ψ−

)
+ h.c. (49)

where the chargino/lepton mass matrix is given by

MMMC =




M 1√
2
gvu 0 0 0

1√
2
gvd µ − 1√

2
vi (hE)i1 − 1√

2
vi (hE)i2 − 1√

2
vi (hE)i3

1√
2
gv1 −ε1 1√

2
(hE)11 vd

1√
2
(hE)12 vd

1√
2
(hE)13 vd

1√
2
gv2 −ε2 1√

2
(hE)21 vd

1√
2
(hE)22 vd

1√
2
(hE)23 vd

1√
2
gv3 −ε3 1√

2
(hE)31 vd

1√
2
(hE)32 vd

1√
2
(hE)33 vd




(50)

and M is the SU(2) gaugino soft mass. We note that chargino sector decouples from the

lepton sector in the limit εi = vi = 0. As in the MSSM, the chargino mass matrix is

diagonalized by two rotation matrices UUU and VVV defined by

F−
i = Uij ψ

−
j ; F+

i = Vij ψ
+
j (51)

Then

UUU ∗MCMCMCVVV
−1 = MCDMCDMCD (52)

where MCDMCDMCD is the diagonal charged fermion mass matrix. To determine UUU and VVV we note

that

M2
CDM2
CDM2
CD = VVVM †

CM †
CM †
CMCMCMCVVV

−1 = U∗U∗U∗MCMCMCM
†
CM †
CM †
C(U∗U∗U∗)−1 (53)

implying that VVV diagonalizes M †
CMCM †
CMCM †
CMC and U∗U∗U∗ diagonalizes MCM

†
CMCM
†
CMCM
†
C . For future reference

we note that

ψ−
j = U∗U∗U∗

kj F
−
k ; ψ+

j = V ∗V ∗V ∗
kj F

+
k (54)

In the previous expressions the F±
i are two component spinors. We construct the four

component Dirac spinors out of the two component spinors with the conventions∗,

χ−
i =



F−

i

F+
i


 (55)

The chargino masses coming from Eq. (52) can have a negative sign. We fix that by

defining a sign parameter

ηi =
mχ−

i

|mχ−

i
| (56)

∗Here we depart from the conventions of ref. [2] because we want the e
−, µ

− and τ
− to be the particles

and not the anti–particles.
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This corresponds to the following substitution

χ−
i → γ5 χ

−
i (57)

and therefore

χ−
i → (ηiPL + PR)χ−

i ; χ−
i → χ−

i (PL + ηiPR)

χ+
i → (PL + ηiPR)χ+

i ; χ+
i → χ+

i (ηiPL + PR) (58)

3.3 Neutralino Mass Matrix

In our model, the neutrinos acquires mass [5], and this is due to a mixing between the

neutralino sector and the neutrinos, forming a set of seven neutral two component fermions

F 0
i , i = 1, ...7. In the basis ψ0T = (−iλ′,−iλ3, H̃1

d , H̃
2
u, νe, νµ, ντ ) the neutral fermions mass

terms in the Lagrangian are given by

Lm = −1

2
(ψ0)TMMMNψ

0 + h.c. (59)

where the neutralino/neutrino mass matrix is

MMMN =




M ′ 0 −1
2
g′vd

1
2
g′vu −1

2
g′v1 −1

2
g′v2 −1

2
g′v3

0 M 1
2
gvd −1

2
gvu

1
2
gv1

1
2
gv2

1
2
gv3

−1
2
g′vd

1
2
gvd 0 −µ 0 0 0

1
2
g′vu −1

2
gvu −µ 0 ε1 ε2 ε3

−1
2
g′v1

1
2
gv1 0 ε1 0 0 0

−1
2
g′v2

1
2
gv2 0 ε2 0 0 0

−1
2
g′v3

1
2
gv3 0 ε3 0 0 0




(60)

and M ′ is the U(1) gaugino soft mass. This neutralino/neutrino mass matrix is diagonal-

ized by a 7 × 7 rotation matrix NNN such that

NNN∗MMMNNNN
−1 = diag(mχ0

1
, mχ0

2
, mχ0

3
, mχ0

4
, mνe

, mνµ
, mντ

) (61)

For future reference we note that

ψ0
j = N∗N∗N∗

kj F
0
k (62)

and the four component Majorana neutral fermions are obtained from the two component

via the relation

χ0
i =



F 0

i

F 0
i


 (63)

The neutralino masses coming from Eq. (61) can have a negative sign. We fix that by

defining a sign parameter

εi =
mχ0

i

|mχ0

i
| (64)
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This corresponds to the following substitution

χ0
i → γ5χ

0
i (65)

and therefore

χ0
i → (εiPL + PR)χ0

i ; χ0
i → χ0

i (PL + εiPR) (66)

3.4 Quark Mass Matrices

In two component spinor notation the relevant terms in the Lagrangian are

LM = − v1√
2

(hD)ij d
′
Li d

′c
Lj −

v2√
2

(hU)ij u
′
Li u

′c
Lj + h.c. (67)

where the primed states are again the interaction eigenstates. In 4–component spinor

notation with the definitions

d′ =



d′L

d′cL


 ; u′ =



u′L

u′cL


 (68)

we get

LM = −d′LMDMDMDd
′
R − u′LMUMUMUu

′
R + h.c. (69)

where

(MDMDMD)ij =
v1√
2

(h∗D)ij ; (MUMUMU)ij =
v2√
2

(h∗U)ij (70)

To obtain the eigenstates of the mass we rotate the quark fields through

dR = Rd
RR
d
RR
d
R d

′
R ; dL = Rd

LR
d
LR
d
L d

′
L ; uR = Ru

RR
u
RR
u
R u

′
R ; uL = Ru

LR
u
LR
u
L u

′
L (71)

For future reference we write the relations between the mass and the interaction eigen-

states. We have

q′Ri = (Rq
RR
q
RR
q
R)

∗
ji qRj ; q′Ri = qRj (Rq

RR
q
RR
q
R)ji

q = (d, u)

q′Li = (Rq
LR
q
LR
q
L)

∗
ji qLj ; q′Li = qLj (Rq

LR
q
LR
q
L)ji (72)

Then

Rd
LR
d
LR
d
LMDMDMDRd

R
†Rd

R
†Rd

R
† = Mdiag

DMdiag
DMdiag
D and Ru

LR
u
LR
u
LMUMUMURu

R
†Ru

R
†Ru

R
† = Mdiag

UMdiag
UMdiag
U (73)

where Mdiag
D(U)Mdiag
D(U)Mdiag
D(U) are a diagonal matrices. These are diagonalized by noticing that

Rd
LR
d
LR
d
LMDMDMDMDMDMD

†Rd
LR
d
LR
d
L

†
=
(
Mdiag

DMdiag
DMdiag
D

)2
; Rd

RR
d
RR
d
RMDMDMD

†MDMDMDRd
RR
d
RR
d
R

†
=
(
Mdiag

DMdiag
DMdiag
D

)2

Ru
LR
u
LR
u
LMUMUMUMUMUMU

†Ru
LR
u
LR
u
L
† =

(
Mdiag

UMdiag
UMdiag
U

)2
; Ru

RR
u
RR
u
RMUMUMU

†MUMUMU Ru
RR
u
RR
u
R
† =

(
Mdiag

UMdiag
UMdiag
U

)2
(74)

10



Before we close this section let us write down the Cabibbo-Kobayashi-Maskawa (CKM)

mixing matrix with our conventions. The couplings of the W± with the quarks are

LCC = − g√
2
W−

µ d
′
Li γ

µ u′Li −
g√
2
W+

µ u
′
Li γ

µ d′Li (75)

Then in terms of the mass eigenstates the charged current Lagrangian reads

LCC = − g√
2
VVV CKM

ij

∗
W−

µ dLj γ
µ uLi −

g√
2
VVV CKM

ij W+
µ uLi γ

µ dLj (76)

where the CKM matrix VVV CKM is defined through

VVV CKM = Ru
LR
u
LR
u
LR

d
LR
d
LR
d
L

†
(77)

4 Couplings in the ε-model

In this section we give a list of all the couplings of the ε-model. In Table 1 we give a guide

to the various couplings of the model†.

4.1 Gauge Self-Interactions

The gauge sector of the ε-model is exactly the same as the SM and the MSSM. So we

refer the reader to ref. [3] for details and just give here the vertices for completeness and

to fix our notation.

4.1.1 V V V

We have

L = i e

[ (
∂µW

−
ν − ∂νW

−
µ

)
W+µAν −

(
∂µW

+
ν − ∂νW

+
µ

)
W−µAν

− (∂µAν − ∂νAµ)W+µW−ν

]

+i g cos θW

[ (
∂µW

−
ν − ∂νW

−
µ

)
W+µ Zν −

(
∂µW

+
ν − ∂νW

+
µ

)
W−µZν

− (∂µZν − ∂νZµ)W+µW−ν

]
(78)

which gives the following Feynman rule for the vertices

i gV

[
gµν(p2 − p3)

ρ + gνρ(p3 − p1)
µ + gρµ(p1 − p2)

ν

]
(79)

Vρ

Wµ
+

Wν
−

p1

p2

p3

†This is work in progress, therefore the list is still incomplete.
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Name Type Equations Explanation Notes

Section

3-Point Gauge V χχ (89), (101) 4.2, 4.3 V = Aµ, Z
0
µ,W

±
µ

Coupling V qq (91) 4.2 q = u, d, c, s, t, b

V q̃q̃ q̃ = ũ, d̃, c̃, s̃, t̃, b̃

V HH (96) 4.2.4 H = S0, P 0, H±

3-Point Higgs Hχχ (108),(109),(117), (119) 4.4.1, 4.4.2

Coupling Hqq (125) 4.4.3

Hq̃q̃

HV V

Other 3-Point f̃ fχ

q̃qχ (135),(141),(148),(154) 4.5

4-Point V V χχ

Coupling HHV V

HHq̃q̃

Gauge V V V (79) 4.1

Self-Interaction V V V V (81),(82) 4.1

Higgs HHH

Interaction HHHH

Ghost ωωV

ωωH

Table 1: List of the couplings of the ε-model
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where V = A(Z) and gA = e, gZ = g cos θW .

4.1.2 V V V V

For the quartic self–interactions we have

LV V V V = 1
2
g2
[(
W+

µ W
+µ
) (
W−

ν W
−ν
)
−
(
W+

µ W
−µ
)2
]

+g2 cos2 θW

[
W+

µ W
−
ν Z

µZν −W+
µ W

−µ ZνZ
ν
]

+e2
[
W+

µ W
−
ν A

µAν −W+
µ W

−µAνA
ν
]

+e g cos θW

[
W+

µ W
−
ν (ZµAν + ZνAµ) − 2W+

µ W
−µAνZ

ν
]

(80)

which gives the following Feynman rules for the quartic vertices,

i g2
[
2 gµαgνβ − gανgµβ − gµνgαβ

]
(81)

Vρ

Wµ
+

Wν
−

p1

p2

p3

i gV gV

[
gµαgνβ + gµβgαν − 2 gµνgαβ

]
(82)

Vρ

Wµ
+

Wν
−

p1

p2

p3

where V = A(Z) and gA = e, gZ = g cos θW .

4.2 Charged Current Couplings

4.2.1 Wχχ

In the ε-model the charged leptons and the neutrinos are mixed with the charginos and

neutralinos. Hence the couplings in this subsection also include those. Using two compo-

nent spinors and following the notation of ref. [2] the relevant part of the Lagrangian can

be written as

L = gW−
µ

[(
λ3 σµ λ+ − λ− σµ λ3

)
− 1√

2

(
H̃0

u σ
µ H̃+

u + H̃−
d σ

µ H̃0
d +

3∑

i=1

L−
i σ

µ L0
i

)]
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+ gW+
µ

[(
λ+ σµ λ3 − λ3 σµ λ−

)
− 1√

2

(
H̃+

u σ
µ H̃0

u + H̃0
d σ

µ H̃−
d +

3∑

i=1

L0
i σ

µ L−
i

)]
(83)

To obtain the couplings in four component notation we first write eq.(83) in terms of the

mass eigenstates in two component notation, F±
i and F 0

i . In order to do that we recall

that
−iλ′ = N∗N∗N∗

i1F
0
i iλ′ = NNN i1F 0

i

− iλ3 = N∗N∗N∗
i2F

0
i iλ3 = NNN i2F

0
i

H̃0
d = N∗N∗N∗

i3F
0
i H̃0

d = NNN i3F
0
i

H̃0
u = N∗N∗N∗

i4F
0
i H̃0

u = NNN i4F 0
i

L̃0
k = N∗N∗N∗

i,4+kF
0
i L̃0

k = NNN i,4+kF 0
i

(84)

−iλ− = U∗U∗U∗
j1F

−
j iλ− = UUU j1F

−
j

H̃−
d = U∗U∗U∗

j2F
−
j H̃−

d = UUU j2F
−
j

L−
k = U∗U∗U∗

j,2+kF
−
j L−

k = UUU j,2+kF
−
j

(85)

−iλ+ = V ∗V ∗V ∗
j1F

+
j iλ+ = VVV j1F

+
j

H̃+
u = V ∗V ∗V ∗

j2F
+
j H̃+

u = VVV j2F
+
j

R+
k = V ∗V ∗V ∗

j,2+kF
+
j R+

k = VVV j,2+kF
+
j

(86)

We obtain then

L = gW−
µ

[
F 0

i σ
µ F+

j

(
NNN i2V

∗V ∗V ∗
j1 −

1√
2
NNN i4V

∗V ∗V ∗
j2

)

+F−
j σµ F 0

i

(
−N∗N∗N∗

i2UUU j1 −
1√
2

(
N∗N∗N∗

i3UUU j2 +
3∑

k=1

N∗N∗N∗
i,4+kUUU j,2+k

))]

+ gW+
µ

[
F+

j σµ F 0
i

(
N∗N∗N∗

i2VVV j1 −
1√
2
N∗N∗N∗

i4VVV j2

)

+F 0
i σ

µ F−
j

(
−NNN i2U

∗U∗U∗
j1 −

1√
2

(
NNN i3U

∗U∗U∗
j2 +

3∑

k=1

NNN i,4+kU
∗U∗U∗
j,2+k

))]
(87)

Finally using

F 0
i σ

µ F+
j = −χ−

j γ
µPRχ

0
i

F−
j σµ F 0

i = χ−
j γ

µPLχ
0
i

F 0
i σ

µ F−
j = χ0

i γ
µPLχ

−
j

F+
j σµ F 0

i = −χ0
i γ

µPRχ
−
j (88)

and remembering the sign conventions, Eq. (57) and Eq. (65), we get

L = χ−
i γ

µ
(
Ocnw

Lij PL +Ocnw
Rij PR

)
χ0

j W
−
µ + χ0

i γ
µ
(
Oncw

Lij PL +Oncw
Lij PR

)
χ−

j W+
µ (89)
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where

Ocnw
Lij = g ηiεj

[
−N∗N∗N∗

j2UUU i1 − 1√
2

(
N∗N∗N∗

j3UUU i2 +
3∑

k=1

N∗N∗N∗
j,4+kUUU i,2+k

)]

Ocnw
Rij = g

(
−NNN j2V

∗V ∗V ∗
i1 + 1√

2
NNN j4V

∗V ∗V ∗
i2

)

Oncw
Lij =

(
Ocnw

Lji

)∗
; Oncw

Rij =
(
Ocnw

Rji

)∗

(90)

4.2.2 Wqq′

This couplings were already presented before when we discussed the quark mass matrices

and the VVV CKM matrix in Section 3.4. We just copy the result without further discussion.

In terms of the mass eigenstates the charged current Lagrangian reads

LCC = − g√
2
VVV CKM

ij

∗
W−

µ dLj γ
µ uLi −

g√
2
VVV CKM

ij W+
µ uLi γ

µ dLj (91)

where the CKM matrix VVV CKM is defined in Eq. (77).

4.2.3 Wq̃q̃′

4.2.4 WHH

The trilinear couplings of the W bosons with the charged and neutral scalars result from

the following terms written in terms of the unrotated doublets

LWHH ⊂ (DµHd)
†Dµ +Hd (DµHu)

†DµHu +
3∑

i=1

(
DµL̃i

)†
DµL̃i (92)

In terms of the unrotated fields we get

LWHH = i
g√
2
W−

µ

[
H

′0
d ∂µH

′+
d −H

′+
d ∂µH

′0
d −H

′0∗
u ∂µH

′+
u +H

′+
u ∂µH

′0∗
u (93)

+
3∑

i=1

(
L̃′0

i∂
µL̃′+

i − L̃′+
i ∂

µL̃′0
i

)]
+ h.c.

which can be written as

LWHH = O
′wc s
ij W−

µ

(
S

′0
i ∂

µS
′+
j − S

′+
j ∂µS

′0
i

)
+O

′wcp
ij W−

µ

(
P

′0
i ∂

µS
′+
j − S

′+
j ∂µP

′0
i

)
+h.c. (94)

where

O
′wc s
11 =

ig

2

O
′wc s
22 = − ig

2

O
′wc s
jj =

ig

2
j = 1, 2, 3

O
′wc p
11 = −g

2

O
′wc p
22 = −g

2
(95)

O
′wc p
jj = −g

2
j = 1, 2, 3
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all other entries vanishing. In terms of the mass eigenstates we have

Owc s
ij = RRRS0

im

∗
RRRS±

jn

∗
O

′wc s
mn , Owc p

ij = RRRP 0

im

∗
RRRS±

jn

∗
O

′wc p
mn (96)

4.3 Neutral Current Couplings

4.3.1 (A,Z)χχ

In the ε-model the charged leptons and the neutrinos are mixed with the charginos and

neutralinos. Hence the couplings in this subsection also include those. Using two compo-

nent spinors and following the notation of ref. [2] the relevant part of the Lagrangian can

be written as

L = −1

2

(
gW 3

µ + g′Bµ

) (
H̃+

u σ
µ H̃+

u − H̃0
d σ

µ H̃−
d

)

−1

2

(
−gW 3

µ + g′Bµ

) (
H̃0

u σ
µ H̃0

u − H̃0
d σ

µ H̃0
d

)

−gW 3
µ

(
λ+ σµ λ+ − λ− σµ λ−

)
− g′Bµ

3∑

i=1

R+
i σ

µR+
i

+
1

2

3∑

i=1

(
−gW 3

µ + g′Bµ

)
L0

i σ
µ L0

i +
1

2

3∑

i=1

(
gW 3

µ + g′Bµ

)
L−

i σ
µ L−

i (97)

To obtain the couplings in four component notation we first write eq.(83) in terms of the

mass eigenstates in two component notation, F±
i and F 0

i . We also use

gW 3
µ = eAµ +

g

cos θw

(
1 − sin2 θw

)
Zµ

g′B3
µ = eAµ − g

cos θw

sin2 θwZµ (98)

We get in two component notation

L = −eAµ

[
5∑

k=1

VVV ikV
∗V ∗V ∗
jkF

+
i σµ F+

j −
5∑

k=1

UUU ikU
∗U∗U∗
jkF

−
i σµ F−

j

]

+
g

cos θw

Zµ


 1

2

(
NNN i4N

∗N∗N∗
j4 −NNN i3N

∗N∗N∗
j3 −

3∑

k=1

NNN i,4+kN
∗N∗N∗
j,4+k

)
F 0

i σ
µ F 0

j

(
1
2
UUU i2U

∗U∗U∗
j2 +UUU i1U

∗U∗U∗
j1 + 1

2

3∑

k=1

UUU i,2+kU
∗U∗U∗
j,2+k − sin2 θw

5∑

k=1

UUU ikU
∗U∗U∗
jk

)
F−

i σµ F−
j

(
−1

2
VVV i2V

∗V ∗V ∗
j2 − VVV i1V

∗V ∗V ∗
j1 + sin2 θw

5∑

k=1

VVV ikV
∗V ∗V ∗
jk

)
F+

i σµ F+
j


 (99)

Now using the unitarity of the diagonalization matrices we get, still in two component

spinor notation,

L = eAµ

[
5∑

i=1

(
F−

i σµ F−
i − F+

i σµ F+
i

)]
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+
g

cos θw

Zµ


 1

2

(
NNN i4N

∗N∗N∗
j4 −NNN i3N

∗N∗N∗
j3 −

3∑

k=1

NNN i,4+kN
∗N∗N∗
j,4+k

)
F 0

i σ
µ F 0

j

(
1
2
UUU i2U

∗U∗U∗
j2 + UUU i1U

∗U∗U∗
j1 +

3∑

k=1

1
2
UUU i,2+kU

∗U∗U∗
j,2+k − sin2 θw δij

)
F−

i σµ F−
j

(
−1

2
VVV i2V

∗V ∗V ∗
j2 − VVV i1V

∗V ∗V ∗
j1 + sin2 θw δij

)
F+

i σµ F+
j


 (100)

Finally we get in four component notation

L = eAµ

3∑

i=1

χ−
i γ

µχ−
i

+Z0
µ

1
2
χ0

i γ
µ
(
Onnz

LijPL +Onnz
RijPR

)
χ0

j + Z0
µ χ

−
i γ

µ
(
Occz

LijPL +Occz
RijPR

)
χ−

j (101)

where

Onnz
Lij =

g

cos θw

εiεj
1
2

(
NNN i4N

∗N∗N∗
j4 −NNN i3N

∗N∗N∗
j3 −

3∑

k=1

NNN i,4+kN
∗N∗N∗
j,4+k

)

Onnz
Rij = −

(
Onnz

Lji

)∗
(102)

and

Occz
Lij =

g

cos θw

ηiηj

(
1
2
UUU i2U

∗U∗U∗
j2 +UUU i1U

∗U∗U∗
j1 +

3∑

k=1

1
2
UUU i,2+kU

∗U∗U∗
j,2+k − sin2 θw δij

)

Occz
Rij =

g

cos θw

(
1
2
VVV j2V

∗V ∗V ∗
i2 + VVV j1V

∗V ∗V ∗
i1 − sin2 θw δij

) (103)

4.3.2 (A,Z)qq

4.3.3 (A,Z)q̃q̃

4.3.4 (A,Z)HH

4.4 Scalar 3-Point Interactions

4.4.1 S∓χ0χ±

Using two component spinors and following the notation of ref. [2] the relevant part of

the Lagrangian can be written as

L = H+
d

[
g√
2

(−iλ3) H̃−
d +

g′√
2

(−iλ′) H̃−
d − g (−iλ−) H̃0

d + hij
EL

0
i R

+
j

]

+ H+
u

[
− g√

2
(iλ3) H̃+

u − g′√
2

(iλ′) H̃+
u − g (iλ+) H̃0

u

]

+ L̃−
i

∗
[(

g√
2

(−iλ3) +
g′√
2

(−iλ′)
)
L−

i − g (−iλ−)L0
i − hij

E R
+
j H̃0

d

]
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+ R̃+
j

[
−g′

√
2 (iλ′) R+

j − hij
E L

−
i H̃

0
d + hij

E L
0
i H̃

−
d

]
+ h.c. (104)

The previous expression can be written in terms of the two component fermions F ±
i and

F 0
i

L = H+
d

[(
g√
2
N∗N∗N∗

i2U
∗U∗U∗
j2 +

g′√
2
N∗N∗N∗

i1U
∗U∗U∗
j2 − gN∗N∗N∗

i3U
∗U∗U∗
j1

)
F 0

i F
−
j + hkm

E NNN i,4+kVVV j,2+m F
+
j F 0

i

]

+ H+
u

[(
− g√

2
NNN i2VVV j2 −

g′√
2
NNN i1VVV j2 − gNNN i4VVV j1

)
F+

j F 0
i

]

+ L̃−
k

∗
[(

g√
2
N∗N∗N∗

i2U
∗U∗U∗
j,2+k+

g′√
2
N∗N∗N∗

i1U
∗U∗U∗
j,2+k−gN∗N∗N∗

i,4+kU
∗U∗U∗
j1

)
F 0

i F
−
j −hkm

E NNN i3VVV j,2+mF
+
j F

0
i

]

+ R̃+
k

[
−g′

√
2NNN i1VVV j,2+k F

+
j F 0

i + hmk
E (N∗N∗N∗

i,4+mU
∗U∗U∗
j2 −N∗N∗N∗

i3U
∗U∗U∗
j,2+m)F 0

i F
−
j

]
+ h.c.(105)

Now we define the weak basis charged scalars S ′+
i = (H+

d , H
+
u , L̃

+
i , R̃

+
j ). The mass eigen-

states S±
i are obtained from S ′±

i through the rotation matrix RS±RS±RS±. Then in terms of the

unrotated fields S ′±
i and in terms of the mass eigenstates S±

i , the Lagrangian reads

L = χ−
i

(
O′cns

Lijk PL +O′cns
Rijk PR

)
χ0

jS
′−
k + χ0

i

(
O′ncs

Lijk PL +O′ncs
Rijk PR

)
χ−

j S
′+
k

= χ−
i

(
Ocns

Lijk PL +Ocns
Rijk PR

)
χ0

jS
−
k + χ0

i

(
Oncs

Lijk PL +Oncs
Rijk PR

)
χ−

j S
+
k (106)

where

Ocns
Lijk = RRRS±

km

∗
O′cns

Lijm ; Ocns
Rijk = RRRS±

km

∗
O′cns

Rijm

Oncs
Lijk = RRRS±

km

∗
O′ncs

Lijm ; Oncs
Rijk = RRRS±

km

∗
O′ncs

Rijm (107)

The coupling matrices can be read from eq.( 105). We get

O′cns
Lij1 = εj

(
hmn

E NNN∗
j,4+mVVV

∗
i,2+n

)

O′cns
Lij2 = εj

(
− g√

2
NNN ∗

j2VVV
∗
i2 −

g′√
2
NNN ∗

j1VVV
∗
i2 − gNNN∗

j4VVV
∗
i1

)

O′cns
Lij,2+m = εj

(
−hmr

E NNN ∗
j3VVV

∗
i,2+r

)
; (m = 1, 2, 3)

O′cns
Lij,5+m = εj

(
−g′

√
2NNN ∗

j1VVV
∗
i,2+m

)
; (m = 1, 2, 3) (108)

and

O′cns
Rij1 = ηi

(
g√
2
NNN j2UUU i2 +

g′√
2
NNN j1UUU i2 − gNNN j3UUU i1

)

O′cns
Rij2 = 0

O′cns
Rij,2+m = ηi

(
g√
2
NNN j2UUU i,2+m +

g′√
2
NNN j1UUU i,2+m − gNNN j,4+mUUU i1

)
; (m = 1, 2, 3)

O′cns
Rij,5+m = ηi h

rm
E (NNN j,4+rUUU i2 −NNN j3UUU i,2+r) ; (m = 1, 2, 3) (109)

For the couplings with S ′+
k we have the relations, in an obvious notation

O′ncs
Lijk =

(
O′cns

Rjik

)∗

O′ncs
Rijk =

(
O′cns

Ljik

)∗
(110)
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4.4.2 S0χχ and P 0χχ

Using two component spinors and following the notation of ref. [2] the relevant part of

the Lagrangian can be written as

L =
(
H0

d

)∗
[
− g√

2
(−iλ3) H̃0

d +
g′√
2

(−iλ′) H̃0
d − g (−iλ+) H̃−

d − hij
E L

−
i R+

j

]

+
(
H0

u

)∗
[
g√
2

(−iλ3) H̃0
u − g′√

2
(−iλ′) H̃0

u − g (−iλ−) H̃+
u

]

+
(
L̃0

k

)∗
[
− g√

2
(−iλ3)L0

k +
g′√
2

(−iλ′)L0
k − g (−iλ+)L−

k + hkj
E R+

j H̃−
d

]

+ h.c. (111)

Now we write this expression in terms of the two component fermion eigenstates

L =
(
H0

d

)∗
[(

− g√
2
N∗N∗N∗

i2N
∗N∗N∗
j3 +

g′√
2
N∗N∗N∗

i1N
∗N∗N∗
j3

)
F 0

i F
0
j − gV ∗V ∗V ∗

i1U
∗U∗U∗
j2 F

+
i F

−
j

− hmn
E UUU j,2+mVVV i,2+n F

−
j F+

i

]

+
(
H0

u

)∗
[(

g√
2
N∗N∗N∗

i2N
∗N∗N∗
j4 −

g′√
2
N∗N∗N∗

i1N
∗N∗N∗
j4

)
F 0

i F
0
j − g V ∗V ∗V ∗

i2U
∗U∗U∗
j1 F

+
i F

−
j

]

+
(
L̃0

k

)∗
[(

− g√
2
N∗N∗N∗

i2N
∗N∗N∗
j,4+k +

g′√
2
N∗N∗N∗

i1N
∗N∗N∗
j,4+k

)
F 0

i F
0
j − g V ∗V ∗V ∗

i1U
∗U∗U∗
j,2+k F

+
i F

−
j

+ hkm
E UUU j2VVV i,2+m F

−
j F+

i

]

+ h.c. (112)

To proceed we separate the real and imaginary parts of the complex scalars. Using

L̃0
k =

L̃0R
k + i L̃0I

k√
2

(113)

we get

L =
σ0

1√
2

[(
− g√

2
N∗N∗N∗

i2N
∗N∗N∗
j3 +

g′√
2
N∗N∗N∗

i1N
∗N∗N∗
j3

)
F 0

i F
0
j − gV ∗V ∗V ∗

i1U
∗U∗U∗
j2 F

+
i F

−
j

− hmn
E UUU j,2+mVVV i,2+n F

−
j F+

i + h.c

]

+
σ0

2√
2

[(
g√
2
N∗N∗N∗

i2N
∗N∗N∗
j4 −

g′√
2
N∗N∗N∗

i1N
∗N∗N∗
j4

)
F 0

i F
0
j − g V ∗V ∗V ∗

i2U
∗U∗U∗
j1 F

+
i F

−
j + h.c

]

+
L̃0R

k√
2

[(
− g√

2
N∗N∗N∗

i2N
∗N∗N∗
j,4+k +

g′√
2
N∗N∗N∗

i1N
∗N∗N∗
j,4+k

)
F 0

i F
0
j − gV ∗V ∗V ∗

i1U
∗U∗U∗
j,2+k F

+
i F

−
j

+ hkm
E UUU j2VVV i,2+m F

−
j F+

i + h.c

]
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−i ϕ
0
1√
2

[(
− g√

2
N∗N∗N∗

i2N
∗N∗N∗
j3 +

g′√
2
N∗N∗N∗

i1N
∗N∗N∗
j3

)
F 0

i F
0
j − g V ∗V ∗V ∗

i1U
∗U∗U∗
j2 F

+
i F

−
j

− hmn
E UUU j,2+mVVV i,2+n F

−
j F+

i − h.c

]

−i ϕ
0
2√
2

[(
g√
2
N∗N∗N∗

i2N
∗N∗N∗
j4 −

g′√
2
N∗N∗N∗

i1N
∗N∗N∗
j4

)
F 0

i F
0
j − g V ∗V ∗V ∗

i2U
∗U∗U∗
j1 F

+
i F

−
j − h.c

]

−i L̃
0I
k√
2

[(
− g√

2
N∗N∗N∗

i2N
∗N∗N∗
j,4+k +

g′√
2
N∗N∗N∗

i1N
∗N∗N∗
j,4+k

)
F 0

i F
0
j − g V ∗V ∗V ∗

i1U
∗U∗U∗
j,2+k F

+
i F

−
j

+ hkm
E UUU j2VVV i,2+m F

−
j F+

i − h.c

]
(114)

Introducing the notation S ′0
i = (σ0

1 , σ
0
2, L̃

0R
k ) and P ′0

i = (ϕ0
1, ϕ

0
2, L̃

0I
k ) for the unrotated

scalar and pseudoscalar fields, we can write the Lagrangian in the form,

L = 1
2
χ0

i

(
O′nns

Lijk PL +O′nns
Rijk PR

)
χ0

j S
′0
k + 1

2
χ0

i

(
O′nnp

Lijk PL +O′nnp
Rijk PR

)
χ0

j P
′0
k

+χ−
i

(
O′ccs

Lijk PL +O′ccs
Rijk PR

)
χ−

j S
′0
k + χ−

i

(
O′ccp

Lijk PL +O′ccp
Rijk PR

)
χ−

j P
′0
k

= 1
2
χ0

i

(
Onns

Lijk PL +Onns
Rijk PR

)
χ0

j S
0
k + 1

2
χ0

i

(
Onnp

Lijk PL +Onnp
Rijk PR

)
χ0

j P
0
k

+χ−
i

(
Occs

Lijk PL +Occs
Rijk PR

)
χ−

j S
0
k + χ−

i

(
Occp

Lijk PL +Occp
Rijk PR

)
χ−

j P
0
k (115)

where

Onns
L(R) ijk = RRRS0

km

∗
O′nns

L(R) ijm ; Onnp
L(R) ijk = RRRP 0

km

∗
O′nnp

L(R) ijm

Occs
L(R) ijk = RRRS0

km

∗
O′ccs

L(R) ijm ; Occp
L(R) ijk = RRRP 0

km

∗
O′ccp

L(R) ijm (116)

The unrotated couplings can be read from eq. (114). We get for the couplings with neutral

fermions,

O′nns
Lij1 = εi

(
−g

2
N∗N∗N∗

i2N
∗N∗N∗
j3 +

g′

2
N∗N∗N∗

i1N
∗N∗N∗
j3 + (i↔ j)

)

O′nns
Lij2 = εi

(
g

2
N∗N∗N∗

i2N
∗N∗N∗
j4 −

g′

2
N∗N∗N∗

i1N
∗N∗N∗
j4 + (i↔ j)

)

O′nns
Lij,2+k = εi

(
−g

2
N∗N∗N∗

i2N
∗N∗N∗
j,4+k +

g′

2
N∗N∗N∗

i1N
∗N∗N∗
j,4+k + (i↔ j)

)

O′nnp
Lijk = −i O′nns

Lijk (117)

and

O′nns
Rijk =

(
O′nns

Ljik

)∗

O′nnp
Rijk =

(
O′nnp

Ljik

)∗
(118)

The couplings with the charged fermions are

O′ccs
Lij1 = ηj

(
− g√

2
V ∗V ∗V ∗

i1U
∗U∗U∗
j2 −

hmn
E√
2
U∗U∗U∗

j,2+m V
∗V ∗V ∗
i,2+n

)
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O′ccs
Lij2 = ηj

(
− g√

2
V ∗V ∗V ∗

i2U
∗U∗U∗
j1

)

O′ccs
Lij,2+k = ηj

(
− g√

2
V ∗V ∗V ∗

i1U
∗U∗U∗
j,2+k +

hkm
E√
2
V ∗V ∗V ∗

i,2+mU
∗U∗U∗
j2

)
(119)

O′ccp
Lij1 = −i ηj

(
− g√

2
V ∗V ∗V ∗

i1U
∗U∗U∗
j2 +

hmn
E√
2
U∗U∗U∗

j,2+m V
∗V ∗V ∗
i,2+n

)

O′ccp
Lij2 = i ηj

g√
2
V ∗V ∗V ∗

i2U
∗U∗U∗
j1

O′ccp
Lij,2+k = −i ηj

(
− g√

2
V ∗V ∗V ∗

i1U
∗U∗U∗
j,2+k −

hkm
E√
2
V ∗V ∗V ∗

i,2+mU
∗U∗U∗
j2

)
(120)

and

O′ccs
Rijk =

(
O′ccs

Ljik

)∗

O′ccp
Rijk =

(
O′ccp

Ljik

)∗
(121)

4.4.3 S+qq′

The couplings of the charged scalars in the ε–model to the quarks come from the corre-

sponding couplings of the MSSM charged Higgs bosons. They originate from the following

Yukawa Lagrangian [3],

LYukawa = (hD)ij H
−
1 u

′
Li d

′c
Lj + (hU)ij H

+
2 d

′
Li u

′c
Lj + h.c. (122)

which reads in four component notation,

LYukawa = (hD)ij H
−
1 d

′
Ri u

′
Li + (hU)ij H

+
2 u

′
Rj d

′
Li + h.c. (123)

Now using Eq. (72) we can write,

LYukawa = H+
2 V CKM

ij mu
i

√
2

vu

uRi dLj +H+
1 V CKM

ij md
j

√
2

vd

uLi dRj + h.c. (124)

In terms of the charged scalars mass eigenstates we obtain

LYukawa = S+
k ui

(
Osqq

LijkPL +Osqq
RijkPR

)
dj + h.c. (125)

where

Osqq
L,R ijk = RRRS±

km

∗
O′sqq

L,R ijm (126)

and

O′sqq
Rij1 = V CKM

ij md
j

√
2

vd

(127)

O′sqq
Rijk = 0, ∀k 6= 1 (128)

O′sqq
Lij2 = V CKM

ij mu
i

√
2

vu

(129)

O′sqq
Lijk = 0, ∀k 6= 2 (130)
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4.4.4 S0qq and P 0qq

4.4.5 Hq̃q̃

4.4.6 HV V

4.5 Gaugino-Fermion-Sfermion

4.5.1 χ0qq̃: Neutralino-Quark up-Squark up

In two component spinor notation the relevant part of the Lagrangian is

L = i g

√
2

2
λ3u′Li ũ

∗
Li + i g′

√
2

6
λ′u′Li ũ

∗
Li − i g′

2
√

2

3
λ′u′cLi ũ

∗
Ri

−hij
U H̃

0
uu

′
Li ũRj − hij

U H̃
0
uu

′c
Lj ũLi + h.c. (131)

We first use Eq. (84) to obtain

L = F 0
i u

′
Lm

(
− g√

2
N∗N∗N∗

i2 ũ
∗
Lm − g′√

2

1

3
N∗N∗N∗

i1 ũ
∗
Lm − hmn

U N∗N∗N∗
i4 ũRn

)

+F 0
i u

′c
Lm

(
g′√
2

4

3
N∗N∗N∗

i1 ũ
∗
Rm − hnm

U N∗N∗N∗
i4 ũLn

)
+ h.c. (132)

which can be written in four component notation as

L = u′m PLχ
0
i

(
4

3

g√
2

tan θwN
∗N∗N∗
i1 ũ

∗
Rm − hnm

U N∗N∗N∗
i4 ũLn

)

−u′m PRχ
0
i

[
g√
2

(
NNN i2 +

1

3
tan θwNNN i1

)
ũLm + h∗mn

U NNN i4 ũ
∗
Rn

]
+ h.c. (133)

Now we use Eq. (47) and Eq. (72) to rotate to the quark and squark mass eigenstates.

We obtain,

L = ui

(
Ouns

LijkPL +Ouns
RijkPR

)
χ0

j ũ
∗
k + χ0

j

(
Onus

LjikPL +Onus
RjikPR

)
ui ũk (134)

where

Ouns
Lijk = εj

(
4

3

g√
2

tan θwN
∗N∗N∗
j1R

ũRũRũ
∗
k,m+3R

u
RR
u
RR
u
Rim − hnm

U N∗N∗N∗
j4R

ũRũRũ
∗
knR

u
RR
u
RR
u
Rim

)

Ouns
Rijk =ηu

i

(
− g√

2

(
NNN j2 +

1

3
tan θwNNN j1

)
RũRũRũ

∗
kmR

u
LR
u
LR
u
Lim − h∗mn

U NNN j4R
ũRũRũ
∗
k,n+3R

u
LR
u
LR
u
Lim

)
(135)

and

Onus
Ljik =

(
Ouns

Rijk

)∗
; Onus

Rjik =
(
Ouns

Lijk

)∗
(136)

In Eq. (135) we have introduced the sign factor ηu
i for the up–quarks defined in the same

way as for the charginos.
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4.5.2 χ0qq̃: Neutralino-Quark down-Squark down

In two component spinor notation the relevant part of the Lagrangian is

L = −i g
√

2

2
λ3d′Li d̃

∗
Li + i g′

√
2

6
λ′d′Li d̃

∗
Li + i g′

√
2

3
λ′d′cLi d̃

∗
Ri

− hij
D H̃

0
dd

′
Li d̃Rj − hij

D H̃
0
dd

′c
Lj d̃Li + h.c. (137)

We first use Eq. (84) to obtain

L = F 0
i d

′
Lm

[(
g√
2
N∗N∗N∗

i2 −
g′√
2

1

3
N∗N∗N∗

i1

)
d̃∗Lm − hmn

D N∗N∗N∗
i3 d̃Rn

]

+F 0
i d

′c
Lm

(
− g′√

2

2

3
N∗N∗N∗

i1 d̃
∗
Rm − hnm

D N∗N∗N∗
i3 d̃Ln

)
+ h.c. (138)

which can be written in four component notation as

L = d′m PLχ
0
i

(
−2

3

g√
2

tan θwN
∗N∗N∗
i1 d̃

∗
Rm − hnm

D N∗N∗N∗
i3 d̃Ln

)

+d′m PRχ
0
i

[
g√
2

(
NNN i2 −

1

3
tan θwNNN i1

)
d̃Lm − h∗mn

D NNN i3 d̃
∗
Rn

]
+ h.c. (139)

Now we use Eq. (47) and Eq. (72) to rotate to the quark and squark mass eigenstates.

We obtain,

L = di

(
Odns

LijkPL +Odns
RijkPR

)
χ0

j d̃
∗
k + χ0

j

(
Onds

LjikPL +Onds
RjikPR

)
di d̃k (140)

where

Odns
Lijk = εj

(
−2

3

g√
2

tan θwN
∗N∗N∗
j1R

d̃Rd̃Rd̃
∗
k,m+3R

d
RR
d
RR
d
Rim − hnm

D N∗N∗N∗
j3R

d̃Rd̃Rd̃
∗
knR

d
RR
d
RR
d
Rim

)

Odns
Rijk =ηd

i

(
g√
2

(
NNN j2 −

1

3
tan θwNNN j1

)
Rd̃Rd̃Rd̃

∗
kmR

d
LR
d
LR
d
Lim − h∗mn

D NNN j3R
d̃Rd̃Rd̃
∗
k,n+3R

d
LR
d
LR
d
Lim

)
(141)

and

Onds
Ljik =

(
Odns

Rijk

)∗
; Onds

Rjik =
(
Odns

Lijk

)∗
(142)

4.5.3 χ−qq̃′: Chargino-Quark up-Squark down

In two component spinor notation the relevant part of the Lagrangian is

L = i g λ−u′Lm d̃
∗
Lm + hmn

U H̃+
u u

′c
Ln d̃Lm + hmn

D H̃−
d u

′
Lm d̃Rn + h.c. (143)

We first use Eq. (84) to obtain

L = −g U∗U∗U∗
i1 F

−
i u

′
Lm d̃

∗
Lm + h∗mn

U VVV i2 F
+
i u

′c
Ln d̃

∗
Lm + hmn

D U∗U∗U∗
i2 F

−
i u

′
Lm d̃Rn + h.c. (144)
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which can be written in four component notation as

L = χ+
i PLu

′
m

(
−g U∗U∗U∗

i1 d̃
∗
Lm + hmn

D U∗U∗U∗
i2 d̃Rn

)
+ χ+

i PRu
′
n

(
h∗mn

U VVV i2 d̃
∗
Lm

)
+ h.c. (145)

where we have introduced χ+, the antiparticle of χ− in Eq. (55),

χ+
i =



F+

i

F−
i


 (146)

Now we use Eq. (47) and Eq. (72) to rotate to the quark and squark mass eigenstates.

We obtain,

L = χ+
i

(
Ocus

LijkPL +Ocus
RijkPR

)
uj d̃

∗
k + uj

(
Oucs

LjikPL +Oucs
RjikPR

)
χ+

i d̃k (147)

where

Ocus
Lijk = ηi η

u
j

(
−g U∗U∗U∗

i1R
d̃Rd̃Rd̃
kmR

u
LR
u
LR
u
L
∗
jm + hmn

D U∗U∗U∗
i2R

d̃Rd̃Rd̃
k,n+3R

u
LR
u
LR
u
L
∗
jm

)

Ocus
Rijk = h∗mn

U VVV i2R
d̃Rd̃Rd̃
kmR

u
RR
u
RR
u
R
∗
jn (148)

and

Oucs
Ljik =

(
Ocus

Rijk

)∗
; Oucs

Rjik =
(
Ocus

Lijk

)∗
(149)

4.5.4 χ−qq̃′: Chargino-Quark down-Squark up

In two component spinor notation the relevant part of the Lagrangian is

L = i g λ+d′Li ũ
∗
Li + hij

U H̃
+
u d

′
Li ũRj + hij

D H̃
−
d d

′c
Lj ũLi + h.c. (150)

We first use Eq. (84) to obtain

L = −g V ∗V ∗V ∗
i1 F

+
i d

′
Lm ũ

∗
Lm + hmn

U V ∗V ∗V ∗
i2 F

+
i d

′
Lm ũRn + h∗mn

D UUU i2 F
−
i d

′c
Ln ũ

∗
Lm + h.c. (151)

which can be written in four component notation as

L = χ−
i PLd

′
m (−g V ∗V ∗V ∗

i1 ũ
∗
Lm + hmn

D V ∗V ∗V ∗
i2 ũRn) + χ−

i PRd
′
n (h∗mn

U UUU i2 ũ
∗
Lm) + h.c. (152)

Now we use Eq. (47) and Eq. (72) to rotate to the quark and squark mass eigenstates.

We obtain,

L = χ−
i

(
Ocds

LijkPL +Ocds
RijkPR

)
dj ũ

∗
k + dj

(
Odcs

LjikPL +Odcs
RjikPR

)
χ−

i ũk (153)

where

Ocds
Lijk = ηd

j

(
−g V ∗V ∗V ∗

i1R
ũRũRũ

kmR
d
LR
d
LR
d
L

∗
jm + hmn

U V ∗V ∗V ∗
i2R

ũRũRũ
k,n+3R

d
LR
d
LR
d
L

∗
jm

)

Ocds
Rijk = ηi h

∗mn
D UUU i2R

ũRũRũ
kmR

d
RR
d
RR
d
R

∗
jn (154)

and

Odcs
Ljik =

(
Ocds

Rijk

)∗
; Odcs

Rjik =
(
Ocds

Lijk

)∗
(155)
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4.6 4-Point Interactions

4.6.1 V V χχ

4.6.2 V V HH

4.6.3 V V q̃q̃

4.7 Higgs Self-Interactions

4.7.1 HHH

4.7.2 HHHH

4.8 Ghost Interactions

4.8.1 ωωV

4.8.2 ωωH
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A Changelog

• 13/11/2006

– Introduced the couplings of charged scalars to W and neutral scalars in Sec-

tion 4.2.4

• 30/10/2006

– Introduced the couplings of charged scalars to quarks in Section 4.4.3.

• 10/7/2003

– Corrected signs in Eq. (2) and Eq. (3).

• 17/6/2001

– The gauge self–interactions in Section 4.1 were introduced.

• 15/6/2001

– The sign factors were introduced in Eq. (117) and Eq. (119) and in all vertices

in Section 4.5.

• 12/6/2001

– Some mistakes were correcetd in Eq. (117) and Eq. (119).

• 6/6/2001

– Introduced neutralino and chargino couplings to neutral scalars, in Section

4.4.2.

• 1/6/2001

– Indices corrected in Eq. (148) and Eq. (154).

• 30/5/2001

– Introduced neutralino and chargino couplings to quarks and squarks, in Sec-

tion 4.5.

• 29/5/2001

– Delete in Eq. (67) an extra factor (h∗
U)ij.

– Change L−
3 → L−

k in Eq. (85).

– Change L→ R and R → L in Eq. (110) and correct also the indices.

• 27/5/2001
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– Introduced the section on the quark mass matrices.

• 24/4/2001

– Change v2 → vu in Eq. (14).

– Change A∗
E → AE ; h∗E → hE in Eq. (17).

– Change cos 2β → 1
v2 (v2

d − v2
u +

∑
i v

2
i ) in Eq. (44) and Eq. (45).

• 20/4/2001

– Introduced the version numbering convention.
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