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Abstract

One loop contributions to the CP even-CP odd Higgs boson mixings arising from contri-

butions due to exchange of a vectorlike multiplet are computed under the Higgs boson mass

constraint. The vectorlike multiplet consists of a fourth generation of quarks and a mirror

generation. This sector brings in new CP phases which can be large consistent with EDM

constraints. In this work we compute the contributions from the exchange of quarks and

mirror quarks t4L, t4R, TL, TR, and their scalar partners, the squarks and the mirror squarks.

The effect of their contributions to the Higgs boson masses and mixings are computed and

analyzed. The possibility of measuring the effects of mixing of CP even and CP odd Higgs

in experiment is discussed. It is shown that the branching ratios of the Higgs bosons into

fermion pairs are sensitive to new physics and specifically to CP phases.
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1 Introduction

One of the important phenomenon in MSSM is the observation that the CP even-CP odd

Higgs bosons can mix in the presence of an explicit CP violation [1, 2, 3, 4, 5, 6, 7, 8, 9,

10, 11, 12, 13]. Such mixings give rise to effects which are observable at colliders. All of the

early analyses, however, were done in the era before the experimental observation of the light

Higgs boson at 125 GeV by ATLAS [14] and by CMS [15]. It turns out that the Higgs boson

mass constraint is rather stringent and severely limits the parameter space of supersymmetry

models. In this work we consider the effects of including a vectorlike multiplet in an MSSM

extension. In this case the loop correction to the Higgs boson arises from two contributions:

one from the MSSM sector and the other from the vectorlike multiplet. It is shown that

such an inclusion leads to a significant enhancement of the CP even-CP odd mixing. The

explicit CP violation in the Higgs sector can be in conformity with the current limits on

the EDM of quarks and the leptons due to either mass suppression [16, 17] in the sfermion

sector or via the cancellation mechanism [18, 19, 20, 18, 21, 22]. The neutral Higgs boson

mixing is of great import since the observation of such a mixing would be a direct indication

of the existence of a new source of CP violation beyond what is observed in the Kaon and

the B-meson system (for a review see [23]).

The outline of the rest of the paper is as follows: In section 2 we describe the model

and define notation. Inclusion of a vectorlike generation allowing for mixings between the

vectorlike and the regular generations increases the dimensionality of the quark mass matrices

from three to five and increases the dimensionality of the squark mass squared matrices from

six to ten. In section 3 the effect of the vectorlike generation on the induced CP violation

in the Higgs sector as a consequence of CP violation in the matter sector including the

vectorlike matter is discussed. In section 4 a detailed computation of the corrections to the

Higgs boson mass matrices is given. A numerical analysis of the mixing of the CP even-CP

odd sector is discussed in section 5. A discussion of the constraints arising from the EDM of

the quarks is also given in this section. Conclusions are given in section 6. Further details of

the squark mass squared matrices including the vectorlike squarks are given in the Appendix.

2 The Model and Notation

Here we briefly describe the model and further details are given in the appendix. The model

we consider is an extension of MSSM with an additional vectorlike multiplet. Like MSSM
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the vectorlike extension is free of anomalies and vectorlike multiplets appear in a variety

of settings which include grand unified models, string and D brane models [24, 25, 26, 27].

Several analyses have recently appeared which utilize vectorlike multiplets [28, 29, 30, 31,

32, 33, 34, 35, 36]

Here we focus on the quark sector where the vectorlike multiplet consists of a fourth

generation of quarks and their mirror quarks. Thus the quark sector of the extended MSSM

model is given by

qiL ≡
(
tiL
biL

)
∼
(

3, 2,
1

6

)
; tciL ∼

(
3∗, 1,−2

3

)
; bciL ∼

(
3∗, 1,

1

3

)
; i = 1, 2, 3, 4. (1)

Qc ≡
(
Bc
L

T cL

)
∼
(

3∗, 2,−1

6

)
; TL ∼

(
3, 1,

2

3

)
; BL ∼

(
3∗, 1,−1

3

)
. (2)

The numbers in the braces show the properties under SU(3)C × SU(2)L × U(1)Y where the

first two entries label the representations for SU(3)C and SU(2)L and the last one gives

the value of the hypercharge normalized so that Q = T3 + Y . We allow the mixing of

the vectorlike generation with the first three generations. Specifically we will focus on the

mixings of the mirrors in the vectorlike generation with the first three generations. Here we

display some relevant features. In the up quark sector we choose a basis as follows

ξ̄TR =
(
t̄R T̄R c̄R ūR t̄4R

)
, ξTL =

(
tL TL cL uL t̄4L

)
. (3)

and we write the mass term so that

−Lum = ξ̄TR(Mu)ξL + h.c., (4)

The superpotential of the theory (as shown in the appendix) leads to the up-quark mass

matrix Mu which is given by

Mu =


y′1v2/

√
2 h5 0 0 0

−h3 y2v1/
√

2 −h′3 −h′′3 −h6
0 h′5 y′3v2/

√
2 0 0

0 h′′5 0 y′4v2/
√

2 0

0 h8 0 0 y′5v2/
√

2

 (5)
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This mass matrix is not hermitian and a bi-unitary transformation is needed to diagonalize

it. Thus one has

Du†
R (Mu)D

u
L = diag(mu1 ,mu2 ,mu3 ,mu4 ,mu5). (6)

Under the bi-unitary transformations the basis vectors transform so that
tR
TR
cR
uR
t4R

 = Du
R


u1R
u2R
u3R
u4R
u5R

 ,


tL
TL
cL
uL
t4L

 = Du
L


u1L
u2L
u3L
u4L
u5L

 . (7)

A similar analysis can be carried out for the down quarks. Here we choose the basis set

as

η̄TR =
(
b̄R B̄R s̄R d̄R b̄4R

)
, ηTL =

(
bL BL sL dL b4L

)
. (8)

In this basis the down quark mass terms are given by

−Ldm = η̄TR(Md)ηL + h.c., (9)

where the superpotential of the theory leads to the down-quark mass matrix Md of the

following form

Md =


y1v1/

√
2 h4 0 0 0

h3 y′2v2/
√

2 h′3 h′′3 h6
0 h′4 y3v1/

√
2 0 0

0 h′′4 0 y4v1/
√

2 0

0 h7 0 0 y5v1/
√

2

 . (10)

In general h3, h4, h5, h
′
3, h
′
4, h
′
5, h
′′
3, h

′′
4, h

′′
5, h6, h7, h8 can be complex and we define their phases

so that

hk = |hk|eiχk , h′k = |h′k|eiχ
′
k , h′′k = |h′′k|eiχ

′′
k (11)

The squark sector of the model contains a variety of terms including F -type, D-type, soft

as well as mixings terms involving squarks and mirror squarks. The details of these contri-

butions to squark mass square matrices are discussed in the appendix.
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3 Computation of correction to the Higgs boson mass

In MSSM the Higgs sector at the one loop level is described by the scalar potential

V (H1, H2) = V0 + ∆V

In our analysis we use the renormalization group improved effective potential where

V0 = m2
1|H1|2 +m2

2|H2|2 + (m2
3H1.H2 +H.C.)

+
(g22 + g21)

8
|H1|4 +

(g22 + g21)

8
|H2|4 −

g22
2
|H1.H2|2 +

(g22 − g21)

4
|H1|2|H2|2 (12)

where m2
1 = m2

H1
+ |µ|2, m2

2 = m2
H2

+ |µ|2, m2
3 = |µB| and mH1,2 and B are the soft

SUSY breaking parameters, and ∆V is the one loop correction to the effective potential and

is given by

∆V =
1

64π2
Str(M4(H1, H2)(log

M2(H1, H2)

Q2
− 3

2
)) (13)

where Str =
∑

iCi(2Ji + 1)(−1)2Ji where the sum runs over all particles with spin Ji and

Ci(2Ji + 1) counts the degrees of freedom of the particle i, and Q is the running scale. In

the evaluation of ∆V one should include the contributions of all of the fields that enter

in MSSM. This includes the Standard Model fields and their superpartners, the sfermions,

the higgsinos and the gauginos. The one loop corrections to the effective potential make

significant contributions to the minimization conditions.

It is well known that the presence of CP violating effect in the one loop effective potential

induce CP violating phase in the Higgs VEV through the minimization of the effective

potential. One can parametrize this effect by the CP phase θH where

(H1) =

(
H0

1

H−1

)
=

( 1√
2
(v1 + φ1 + iψ1)

H−1

)
(14)

(H2) =

(
H+

2

H0
2

)
= eiθH

(
H+

2
1√
2
(v2 + φ2 + iψ2)

)
(15)

The non-vanishing of the phase θH can be seen by looking at the minimization of the ef-

fective potential. For the present case with the inclusion of CP violating effects the variations

with respect to the fields φ1, φ2, ψ1, ψ2 give the following
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− 1

v1
(
∂∆V

∂φ1

)0 = m2
1 +

g22 + g21
8

(v21 − v22) +m2
3 tan β cos θH (16)

− 1

v2
(
∂∆V

∂φ2

)0 = m2
2 −

g22 + g21
8

(v21 − v22) +m2
3cotβ cos θH (17)

1

v1
(
∂∆V

∂ψ2

)0 = m2
3 sin θH =

1

v2
(
∂∆V

∂ψ1

)0 (18)

where the subscript 0 means that the quantities are evaluated at the point φ1 = φ2 = ψ1 =

ψ2 = 0.

The masses M to be included in the ∆V analysis are the masses of three MSSM quark

and their squark partners along with the masses of the generations in the vectorlike sector

of the theory. In this case the phase θH is determined by

m2
3 sin θH =

1

2
βht |µ||At| sin γtf1(M2

ũ1
,M2

ũ3
) +

1

2
βhu |µ||Au| sin γuf1(M2

ũ7
,M2

ũ8
)

+
1

2
βhc|µ||Ac| sin γcf1(M2

ũ5
,M2

ũ6
) +

1

2
βh4t|µ||A4t| sin γ4tf1(M2

ũ9
,M2

ũ10
)

+
1

2
βhT |µ||AT | sin γTf1(M2

ũ2
,M2

ũ4
) +

1

2
βhb|µ||Ab| sin γbf1(M2

d̃1
,M2

d̃3
)

+
1

2
βhd |µ||Ad| sin γdf1(M2

d̃7
,M2

d̃8
) +

1

2
βhs|µ||As| sin γsf1(M2

d̃5
,M2

d̃6
)

+
1

2
βh4b|µ||A4b| sin γ4bf1(M2

d̃9
,M2

d̃10
) +

1

2
βhB |µ||AB| sin γBf1(M2

d̃2
,M2

d̃4
) (19)

where

f1(x, y) = −2 + log(
xy

Q2
) +

y + x

y − x
log

y

x

βhq =
3h2q
16π2

, γq = θµ + αAq (20)

To construct the mass squared matrix of the Higgs scalars we need to compute the quantities

M2
ab = (

∂2V

∂Φa∂Φb

)0 (21)

where Φa (a=1-4) are defined by

{Φa} = {φ1, φ2, ψ1, ψ2} (22)

and as already specified the subscript 0 means that we set φ1 = φ2 = ψ1 = ψ2 = 0 after the

evaluation of the mass matrix. The tree and loop contributions to M2
ab are given by
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M2
ab = M

2(0)
ab + ∆M2

ab (23)

where M
2(0)
ab are the contributions at the tree level and ∆M2

ab are the loop contributions

where

∆M2
ab =

1

32π2
Str(

∂M2

∂Φa

∂M2

∂Φb

log
M2

Q2
+M2 ∂2M2

∂Φa∂Φb

log
M2

eQ2
)0 (24)

where e=2.718. Computation of the 4× 4 Higgs mass matrix in the basis of Eq.(22) gives


M2

Zc
2
β +M2

As
2
β + ∆11 −(M2

Z +M2
A)sβcβ + ∆12 ∆13sβ ∆13cβ

−(M2
Z +M2

A)sβcβ + ∆12 M2
Zs

2
β +M2

Ac
2
β + ∆22 ∆23sβ ∆23cβ

∆13sβ ∆23sβ (M2
A + ∆33)s

2
β (M2

A + ∆33)sβcβ
∆13cβ ∆23cβ (M2

A + ∆33)sβcβ (M2
A + ∆33)c

2
β


(25)

where (cβ, sβ) = (cos β, sin β). In the above the explicit Q dependence has been absorbed in

m2
A which is given by

m2
A =

1

sin β cos β
[−m2

3 cos θH +
1

2
βht |µ||At| cos γtf1(M

2
ũ1
,M2

ũ3
) +

1

2
βhu |µ||Au| cos γuf1(M

2
ũ7
,M2

ũ8
)

+
1

2
βhc |µ||Ac| cos γcf1(M

2
ũ5
,M2

ũ6
) +

1

2
βh4t|µ||A4t| cos γ4tf1(M

2
ũ9
,M2

ũ10
)

+
1

2
βhT |µ||AT | cos γTf1(M

2
ũ2
,M2

ũ4
) +

1

2
βhb|µ||Ab| cos γbf1(M

2
d̃1
,M2

d̃3
)

+
1

2
βhd|µ||Ad| cos γdf1(M

2
d̃7
,M2

d̃8
) +

1

2
βhs|µ||As| cos γsf1(M

2
d̃5
,M2

d̃6
)

+
1

2
βh4b|µ||A4b| cos γ4bf1(M

2
d̃9
,M2

d̃10
) +

1

2
βhB |µ||AB| cos γBf1(M

2
d̃2
,M2

d̃4
)](26)

The first term in the second brace on the right hand side of the above equation is the tree

term, while the rest ten terms are coming from the three generations of MSSM (six terms)

and four terms from the vectorlike multiplet. One may reduce the 4× 4 matrix of the Higgs

matrix by introducing a new basis {φ1, φ2, ψ1D, ψ2D} where

ψ1D = sin βψ1 + cos βψ2

ψ2D = − cos βψ1 + sin βψ2 (27)

In this basis the field ψ2D decouples from the other three fields as a Goldstone field with

a zero mass eigen value. The Higgs mass squared matrix of the remaining three fields are
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given by

M2
Higgs =

 M2
Zc

2
β +M2

As
2
β + ∆11 −(M2

Z +M2
A)sβcβ + ∆12 ∆13

−(M2
Z +M2

A)sβcβ + ∆12 M2
Zs

2
β +M2

Ac
2
β + ∆22 ∆23

∆13 ∆23 (M2
A + ∆33)

 (28)

4 Computation of Corrections ∆ij to the Higgs boson

mass squared matrix

We consider the exchange contribution from the quarks/mirror quarks and from the squarks/mirror

squarks in the susy standard model enriched with the vectorlike generation.

∆V (u, ũ, d, d̃) =
1

64π2

(
10∑
a=1

6M4
ũa(log

M2
ũa

Q2
− 3

2
)− 12

∑
q=u,c,t,t4,T

m4
q(log

m2
q

Q2
− 3

2
)

)

+
1

64π2

(
10∑
a=1

6M4
d̃a

(log
M2

d̃a

Q2
− 3

2
)− 12

∑
q=d,s,b,b4,B

m4
q(log

m2
q

Q2
− 3

2
)

)
(29)

Note that in the supersymmetric limit, quark masses would be equal to the squark masses

and the loop corrections vanish.

Using the above loop corrections we can calculate the corrections to the different Higgs

mass squared elements as

∆ij = ∆ijq̃u + ∆ijq̃d (30)

where

∆ijq̃u = ∆ijt̃ + ∆ijc̃ + ∆ijũ + ∆ijt̃4 + ∆ijT̃

∆ijq̃d = ∆ijb̃ + ∆ijs̃ + ∆ijd̃ + ∆ijb̃4
+ ∆ijB̃ (31)
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For the up quarks/squarks we have the contributions

∆11q̃ = −2βhqm
2
q|µ|2

(|Aq| cos γq − |µ| cot β)2

(M2
ũi
−M2

ũj
)2

f2(M
2
ũi
,M2

ũj
)

∆22q̃ = −2βhqm
2
q|Aq|2

(|Aq| − |µ| cot β cos γq)
2

(M2
ũi
−M2

ũj
)2

f2(M
2
ũi
,M2

ũj
) +

2βhqm
2
q log(

M2
ũi
M2

ũj

m4
q

) + 4βhqm
2
q|Aq|

(|Aq| − |µ| cot β cos γq)

(M2
ũi
−M2

ũj
)

log(
M2

ũi

M2
ũj

)

∆12q̃ = −2βhqm
2
q|µ|

(|Aq| cos γq − |µ| cot β)

(M2
ũi
−M2

ũj
)

log(
M2

ũi

M2
ũj

) +

2βhqm
2
q|µ||Aq|

(|Aq| cos γq − |µ| cot β)(|Aq| − |µ| cot β cos γq)

(M2
ũi
−M2

ũj
)2

f2(M
2
ũi
,M2

ũj
)

∆13q̃ = −2βhqm
2
q|µ|2|Aq| sin γq

(|µ| cot β − |Aq| cos γq)

sin β(M2
ũi
−M2

ũj
)2

f2(M
2
ũi
,M2

ũj
)

∆23q̃ = −2βhqm
2
q|µ||Aq|2 sin γq

(|Aq| − |µ| cot β cos γq)

sin β(M2
ũi
−M2

ũj
)2

f2(M
2
ũi
,M2

ũj
)

+2βhq
m2
q|µ||Aq| sin γq

sin β(M2
ũi
−M2

ũj
)

log(
M2

ũi

M2
ũj

)

∆33q̃ = −2βhq
m2
q|µ|2|Aq|2 sin2 γq

sin2 β(M2
ũi
−M2

ũj
)2
f2(M

2
ũi
,M2

ũj
) (32)

where (i, j) = (1, 3) for q = t, (i, j) = (7, 8) for q = u, (i, j) = (5, 6) for q = c, (i, j) = (9, 10)

for q = t4 and

f2(x, y) = −2 +
y + x

y − x
log

y

x
(33)
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For the mirror q = T the contribution is given by

∆11T̃ = −2βhTm
2
T |AT |2

(|AT | − |µ| tan β cos γT )2

(M2
ũ2
−M2

ũ4
)2

f2(M
2
ũ2
,M2

ũ4
) +

2βhTm
2
T log(

M2
ũ2
M2

ũ4

m4
T

) + 4βhTm
2
T |AT |

(|AT | − |µ| tan β cos γT )

(M2
ũ2
−M2

ũ4
)

log(
M2

ũ2

M2
ũ4

)

∆22T̃ = −2βhTm
2
T |µ|2

(|AT | cos γT − |µ| tan β)2

(M2
ũ2
−M2

ũ4
)2

f2(M
2
ũ2
,M2

ũ4
)

∆12T̃ = −2βhTm
2
T |µ|

(|AT | cos γT − |µ| tan β)

(M2
ũ2
−M2

ũ4
)

log(
M2

ũ2

M2
ũ4

) +

2βhTm
2
T |µ||AT |

(|AT | cos γT − |µ| tan β)(|AT | − |µ| tan β cos γT )

(M2
ũ2
−M2

ũ4
)2

f2(M
2
ũ2
,M2

ũ4
)

∆13T̃ = −2βhTm
2
T |µ||AT |2 sin γT

(|AT | − |µ| tan β cos γT )

cos β(M2
ũ2
−M2

ũ4
)2

f2(M
2
ũ2
,M2

ũ4
)

+2βhT
m2
T |µ||AT | sin γT

cos β(M2
ũ2
−M2

ũ4
)

log(
M2

ũ2

M2
ũ4

)

∆23T̃ = −2βhTm
2
T |µ|2|AT | sin γT

(|µ| tan β − |AT | cos γT )

cos β(M2
ũ2
−M2

ũ4
)2

f2(M
2
ũ2
,M2

ũ4
)

∆33T̃ = −2βhT
m2
T |µ|2|AT |2 sin2 γT

cos2 β(M2
ũ2
−M2

ũ4
)2
f2(M

2
ũ2
,M2

ũ4
) (34)
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For the down quarks/squarks we have the contributions

∆11q̃ = −2βhqm
2
q|Aq|2

(|Aq| − |µ| tan β cos γq)
2

(M2
d̃i
−M2

d̃j
)2

f2(M
2
d̃i
,M2

d̃j
) +

2βhqm
2
q log(

M2
d̃i
M2

d̃j

m4
q

) + 4βhqm
2
q|Aq|

(|Aq| − |µ| tan β cos γq)

(M2
d̃i
−M2

d̃j
)

log(
M2

d̃i

M2
d̃j

)

∆22q̃ = −2βhqm
2
q|µ|2

(|Aq| cos γq − |µ| tan β)2

(M2
d̃i
−M2

d̃j
)2

f2(M
2
d̃i
,M2

d̃j
)

∆12q̃ = −2βhqm
2
q|µ|

(|Aq| cos γq − |µ| tan β)

(M2
d̃i
−M2

d̃j
)

log(
M2

d̃i

M2
d̃j

) +

2βhqm
2
q|µ||Aq|

(|Aq| cos γq − |µ| tan β)(|Aq| − |µ| tan β cos γq)

(M2
d̃i
−M2

d̃j
)2

f2(M
2
d̃i
,M2

d̃j
)

∆13q̃ = −2βhqm
2
q|µ||Aq|2 sin γq

(|Aq| − |µ| tan β cos γq)

cos β(M2
d̃i
−M2

d̃j
)2

f2(M
2
d̃i
,M2

d̃j
)

+2βhq
m2
q|µ||Aq| sin γq

cos β(M2
d̃i
−M2

d̃j
)

log(
M2

d̃i

M2
d̃j

)

∆23q̃ = −2βhqm
2
q|µ|2|Aq| sin γq

(|µ| tan β − |Aq| cos γq)

cos β(M2
d̃i
−M2

d̃j
)2

f2(M
2
d̃i
,M2

d̃j
)

∆33q̃ = −2βhq
m2
q|µ|2|Aq|2 sin2 γq

cos2 β(M2
d̃i
−M2

d̃j
)2
f2(M

2
d̃i
,M2

d̃j
) (35)

where (i, j) = (1, 3) for q = b, (i, j) = (7, 8) for q = d, (i, j) = (5, 6) for q = s and

(i, j) = (9, 10) for q = b4.
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Finally the contribution of the mirror B is given by

∆11B̃ = −2βhBm
2
B|µ|2

(|AB| cos γB − |µ| cot β)2

(M2
d̃2
−M2

d̃4
)2

f2(M
2
d̃2
,M2

d̃4
)

∆22B̃ = −2βhBm
2
B|AB|2

(|AB| − |µ| cot β cos γq)
2

(M2
d̃2
−M2

d̃4
)2

f2(M
2
d̃2
,M2

d̃4
) +

2βhBm
2
B log(

M2
d̃2
M2

d̃4

m4
B

) + 4βhBm
2
B|AB|

(|AB| − |µ| cot β cos γB)

(M2
d̃2
−M2

d̃4
)

log(
M2

d̃2

M2
d̃4

)

∆12B̃ = −2βhBm
2
B|µ|

(|AB| cos γB − |µ| cot β)

(M2
d̃2
−M2

d̃4
)

log(
M2

d̃2

M2
d̃4

) +

2βhBm
2
B|µ||AB|

(|AB| cos γB − |µ| cot β)(|AB| − |µ| cot β cos γB)

(M2
d̃2
−M2

d̃4
)2

f2(M
2
d̃2
,M2

d̃4
)

∆13B̃ = −2βhBm
2
B|µ|2|AB| sin γB

(|µ| cot β − |Aq| cos γB)

sin β(M2
d̃2
−M2

d̃4
)2

f2(M
2
d̃2
,M2

d̃4
)

∆23B̃ = −2βhBm
2
B|µ||AB|2 sin γB

(|AB| − |µ| cot β cos γB)

sin β(M2
d̃2
−M2

d̃4
)2

f2(M
2
d̃2
,M2

d̃4
)

+2βhB
m2
B|µ||AB| sin γB

sin β(M2
d̃2
−M2

d̃4
)

log(
M2

d̃2

M2
d̃4

)

∆33B̃ = −2βhB
m2
B|µ|2|AB|2 sin2 γB

sin2 β(M2
d̃2
−M2

d̃4
)2
f2(M

2
d̃2
,M2

d̃4
) (36)

The Yukawa couplings and quark masses in the ∆ij elements are defined as follows

ht4 = y′5, ht = y′1, hc = y′3, hu = y′4, hT = y2

hb4 = y5, hb = y1, hs = y3, hd = y4, hB = y′2

m2
T =

v21|y2|2

2
, m2

t4
=
v22|y′5|2

2
, m2

u =
v22|y′4|2

2

m2
c =

v22|y′3|2

2
, m2

t =
v22|y′1|2

2
, m2

B =
v22|y′2|2

2

m2
b4

=
v21|y5|2

2
, m2

d =
v21|y4|2

2
, m2

s =
v21|y3|2

2
, m2

b =
v21|y1|2

2
(37)

The mass eigen values of the squark mass squared matrices M2
q̃i

are defined in the appendix.
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5 Numerical Analysis

We present now a numerical analysis of the CP even-CP odd mixings of the Higgs bosons.

The mixings arise from the Higgs boson mass squared matrix which as discussed above will

be 3 × 3. In the preceding section this mass squared matrix has been computed in the

basis φ1, φ2, ψ1D as explained in the text of the previous section. The Higgs mass squared

matrix computed in section 4 is a real symmetric 3 × 3 matrix and can be diagonalized by

an orthogonal transformations so that

DM2DT = diag(M2
H1,M

2
H2,M

2
H3) (38)

Here the H1 is the lightest field and the remaining two fields H2, H3 are typically significantly

heavier than H1. We can investigate the CP structure of the two heavy fields through the

estimate of the eigen vectors of the Higgs mass squared matrix.

H2 = D21φ1 +D22φ2 +D23ψ1D

H3 = D31φ1 +D32φ2 +D33ψ1D (39)

The percentage of CP odd part of H2 is defined to be |D23|2 × 100 and its CP even part

is defined to be (|D22|2 + |D21|2) × 100. The same definitions apply to the other neutral

heavy Higgs H3. The CP even-CP odd Higgs mixing depends directly on CP phases. On the

other hand CP phases also generate EDM for the quarks and for the neutron. The current

experimental limit on the EDM of the neutron is [37] |dn| < 2.9 × 10−26ecm(90%CL). We

note that the combinations of the phases that enter in the EDM of the quarks are not the

same that enter in the CP even-CP odd Higgs mixings. Thus significant CP even-CP odd

Higgs mixings can occur while at the same time the EDM constraint can be satisfied.

We give now an analysis of the CP structure of the two heavy physical fields H2 and

H3. We order the eigen values so that in the limit of no mixing between the CP even and

the CP odd states one has that (MH1, MH2, MH3) tend to (mh, mH , mA) where mh is the

mass of the light CP even state, mH the mass of the heavy CP even and mA is the mass

of the CP odd Higgs in MSSM when all CP phases are set to zero. In the squark sector

we assume mu2

0 = M2
T̃

= M2
t̃1

= M2
t̃2

= M2
t̃3

and md2

0 = M2
1̃L

= M2
B̃

= M2
b̃1

= M2
Q̃

= M2
2̃L

=

M2
b̃2

= M2
3̃L

= M2
b̃3

. and mu
0 = md

0 = m0. Additionally the trilinear couplings are chosen so

12



that: Au0 = At = AT = Ac = Au = A4t and Ad0 = Ab = AB = As = Ad = A4b.

One expects the CP even-CP odd mixing to be a very sensitive function of the CP phases.

We study this sensitivity for the case of MSSM first. In Fig. 1 we exhibit this dependence

as a function of θµ. The left panel exhibits the CP even and CP odd components of the

Higgs boson H2 while the right panel exhibits the CP even and CP odd components of

the Higgs boson H3. In figure 2 we exhibit this dependence for the case of αA0 where

(αA0 = αAu0 = αAd0). Next let us suppose that not all the loop correction to the light

Higgs boson mass arises from the MSSM sector. Rather there are two components to this

correction, one that arises from MSSM while the other arises from exchange of a vectorlike

quark multiplet. In this case the vectorlike multiplet brings in new sources of CP violation

which can contribute to the CP even-CP odd Higgs mixings. We give an illustration of this

in table 1 and table 2. Table 1 gives the contribution to the Higgs mass from the MSSM

sector alone which is a few GeV smaller than the desired value. The deficit is made up by

exchange of a vectorlike multiplet. The contributions of the MSSM and of the vectorlike

multiplet together are exhibited in table 2 which gives the Higgs mass consistent with the

experimental value within a small error corridor of ±2 GeV. A comparison of tables 1 and 2,

especially of the last three lines, shows that the CP even-CP odd mixing for the case of table

2 is very different from the case of table 1. Thus for H2(H3), the CP odd (even) component

is as much as 10% for the case when the vector multiplet is included whereas without the

inclusion of the vector multiplet the even-odd mixing was vanishing. Thus inclusion of the

vectorlike multiplet in the analysis has a strong effect on the CP even-CP odd mixing.
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MH1 CP even CPodd MH2 CP even CPodd MH3 CP even CPodd
(1) 118.02 99.99 0.01 501.57 93.96 6.04 499.56 6.05 93.95
(2) 116.76 100 0.00 500.44 95.46 4.54 499.88 4.54 95.46
(3) 117.21 100 0.00 500.22 97.57 2.43 499.95 2.43 97.57
(4) 117.36 100 0.00 500.14 100 0.00 500 0.00 100
(5) 119.53 100 0.00 500.10 100 0.00 500 0.00 100
(6) 119.82 100 0.00 500.07 100 0.00 500 0.00 100

Table 1: An exhibition of the CP structure of the H1, H2 and H3 fields for the case without
the contributions of the vectorlike generation. The analysis is for six benchmark points (1),
(2), (3), (4), (5) and (6). Benchmark (1): tan β = 5, m0 = mu

0 = md
0 = 2300, |µ| = 800,

|Au0 | = 8500, |Ad0| = 9500, θµ = 0.9, αAu0 = 0.5, αAd0 = 1.5. Benchmark (2): tan β = 10,

m0 = mu
0 = md

0 = 2000, |µ| = 380, |Au0 | = 7400, |Ad0| = 8300, θµ = 0.4, αAu0 = 1.2, αAd0 = 1.3.

Benchmark (3): tan β = 15, m0 = mu
0 = md

0 = 2300, |µ| = 300, |Au0 | = 8600, |Ad0| = 8000,
θµ = 0.9, αAu0 = 3.5, αAd0 = 2.2. Benchmark (4): tan β = 20, m0 = mu

0 = md
0 = 2100,

|µ| = 200, |Au0 | = 7800, |Ad0| = 7000, θµ = 1.7, αAu0 = 1.4, αAd0 = 1. Benchmark (5):

tan β = 25, m0 = mu
0 = md

0 = 2500, |µ| = 260, |Au0 | = 9350, |Ad0| = 3500, θµ = 2.2,
αAu0 = 1, αAd0 = 3.2. Benchmark (6): tan β = 30, m0 = mu

0 = md
0 = 2400, |µ| = 200,

|Au0 | = 8950, |Ad0| = 1000, θµ = 2.37, αAu0 = 0.9, αAd0 = 2.8. The common parameters

are: mA = 500, |h3| = 1.58, |h′3| = 6.34× 10−2, |h′′3| = 1.97× 10−2, |h4| = 4.42, |h′4| = 5.07,
|h′′4| = 12.87, |h5| = 6.6, |h′5| = 2.67, |h′′5| = 1.86×10−1, |h6| = 1000, |h7| = 1000, |h8| = 1000,
χ3 = 2×10−2, χ′3 = 1×10−3, χ′′3 = 4×10−3, χ4 = 7×10−3, χ′4 = χ′′4 = 1×10−3, χ5 = 9×10−3,
χ′5 = 5 × 10−3, χ′′5 = 2 × 10−3, χ6 = χ7 = χ8 = 5 × 10−3. All masses are in GeV and all
phases in rad.
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MH1 CP even CPodd MH2 CP even CPodd MH3 CP even CPodd
(1) 124.08 99.98 0.02 504.80 91.68 8.32 497.46 8.33 91.67
(2) 124.54 99.98 0.02 523.51 90.71 9.29 486.87 9.30 90.70
(3) 124.17 99.99 0.01 533.10 92.69 7.31 486.07 7.32 92.68
(4) 124.06 100 0.00 539.99 94.79 5.21 494.94 5.21 94.79
(5) 123.99 100 0.00 514.14 89.28 10.72 492.61 10.72 89.28
(6) 124.71 100 0.00 539.94 94.35 5.65 495.41 5.66 94.34

Table 2: An exhibition of the CP structure of the H1, H2 and H3 fields for the case with
the contributions of the vectorlike generation. The analysis is for six benchmark points
corresponding to the parameter set of table 1. The Yukawa couplings are: (1): hT = 1.5,
hB = 0.4, ht4 = 0.6, hb4 = 1.5; (2): hT = 2.9, hB = 0.4, ht4 = 0.5, hb4 = 2.9; (3): hT = 4.3,
hB = 0.4, ht4 = 0.5, hb4 = 4.3; (4): hT = 5.8, hB = 0.4, ht4 = 0.5, hb4 = 5.8; (5): hT = 7.2,
hB = 0.4, ht4 = 0.5, hb4 = 7.2; (6): hT = 8.6, hB = 0.4, ht4 = 0.5, hb4 = 8.6. Masses for
the vectorlike quarks are gotten by diagonalization of the matrices of Eqs. (5) and (10) and
are given as follows: mirror up quark mt′ = 980.14, mirror down quark mass mb′ = 1062.63,
fourth generation up quark mass mup

4 = 1025.14, fourth generation down quark mass mdown
4

= 937.64. All masses are in GeV. The inputs from the MSSM sector are listed in table 3.

The MSSM sector inputs of the six benchmark points in table 1 and table 2.

(case) tan β |µ| θµ m0 |Au0 | |Ad0| αAu0 αAd0
(1) 5 800 0.9 2300 8500 9500 0.5 1.5
(2) 10 380 0.4 2000 7400 8300 1.2 1.3
(3) 15 300 0.9 2300 8600 8000 3.5 2.2
(4) 20 200 1.7 2100 7800 7000 1.4 1
(5) 25 260 2.2 2500 9350 3500 1 3.2
(6) 30 200 2.37 2400 8950 1000 0.9 2.8

Table 3: The inputs of the six benchmark points of table 1.

We give now a more detailed analysis of CP even-CP odd mixing for the case with

inclusion of the vectorlike multiplet. Specifically we discuss three illustrative benchmark

points of table 2. In figure 3 we exhibit this dependence as a function of θµ. The left panel

exhibits the CP even and CP odd components of the Higgs boson H2 while the right panel

exhibits the CP even and CP odd components of the Higgs boson H3. One finds that the

mixing can be very substantial for a significant parameter range of θµ. A similar analysis is

presented in figure 4 for the case of αAu0 dependence. The αAd0 dependence is very similar
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to that for αAu0 and is not exhibited. Figure 5 exhibits the dependence of the CP even-CP

mixing for H2 and H3 as a function of m0. In Fig. 6 we give an analysis of the sensitivity of

the masses for the boson H1, H2, H3 as a function of θµ and a similar analysis as a function

of αAu0 is given in Fig. 7. One finds only a mild sensitivity of the light Higgs H1 mass but

much larger sensitivity of the masses of H2 and H3 on the CP phases. This is consistent

with the significant CP even -CP odd mixing among the two heavy neutral Higgs.

0 1 2 3 4 5 6

10

20

30

40

50

60

70

80

90

37 (rad)

P
er

ce
n
ta

g
e

o
f
C
P

ev
en

a
n
d

C
P

o
d
d

in
H

2

0 1 2 3 4 5 6

10

20

30

40

50

60

70

80

90

37 (rad)

P
er

ce
n
ta

g
e

o
f
C
P

ev
en

a
n
d

C
P

o
d
d

in
H

3

Figure 1: Left panel: Variation of the CP even component of H2 (upper curve) and the
CP odd component of H2 (lower curve) without including the contributions of the vectorlike
generation versus θµ. The input parameters are: tan β = 20,mA = 500, m0 = mu

0 = md
0 =

2400, |µ| = 300, |Au0 | = |Ad0| = 8750, αAu0 = αAd0 = 1.3, |h3| = 1.58, |h′3| = 6.34× 10−2, |h′′3| =
1.97× 10−2, |h4| = 4.42, |h′4| = 5.07, |h′′4| = 12.87, |h5| = 6.6, |h′5| = 2.67, |h′′5| = 1.86× 10−1,
|h6| = 1000, |h7| = 1000, |h8| = 1000, χ3 = 2 × 10−2, χ′3 = 1 × 10−3, χ′′3 = 4 × 10−3,
χ4 = 7 × 10−3, χ′4 = χ′′4 = 1 × 10−3, χ5 = 9 × 10−3, χ′5 = 5 × 10−3, χ′′5 = 2 × 10−3,
χ6 = χ7 = χ8 = 5 × 10−3. Right panel: Variation of the CP even component of H3 (lower
curve) and the CP odd component of H3 (upper curve) without including the contributions
of the vectorlike generation versus θµ for the same inputs as left panel. All masses are in
GeV and all phases in rad.
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Figure 2: Left panel: Variation of the CP even component of H2 (upper curve) and the
CP odd component of H2 (lower curve) without including the contributions of the vectorlike
generation versus αA0 (αA0 = αAu0 = αAd0).The input parameters are: tan β = 30,mA = 500,

m0 = mu
0 = md

0 = 2200, |µ| = 180, |Au0 | = |Ad0| = 8000, θµ = 1.75, |h3| = 1.58, |h′3| =
6.34× 10−2, |h′′3| = 1.97× 10−2, |h4| = 4.42, |h′4| = 5.07, |h′′4| = 12.87, |h5| = 6.6, |h′5| = 2.67,
|h′′5| = 1.86 × 10−1, |h6| = 1000, |h7| = 1000, |h8| = 1000, χ3 = 2 × 10−2, χ′3 = 1 × 10−3,
χ′′3 = 4×10−3, χ4 = 7×10−3, χ′4 = χ′′4 = 1×10−3, χ5 = 9×10−3, χ′5 = 5×10−3, χ′′5 = 2×10−3,
χ6 = χ7 = χ8 = 5 × 10−3. Right panel: Variation of the CP even component of H3 (lower
curve) and the CP odd component of H3 (upper curve) without including the contributions
of the vectorlike generation versus αA0 for the same inputs as left panel.
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Figure 3: Left panel: Variation of the CP even component of H2 (upper curves) and the CP
odd component of H2 (lower curves) including the contributions of the vectorlike generation
versus θµ. The input for the solid curves is tan β = 10, m0 = mu

0 = md
0 = 2000, |µ| = 380,

|Au0 | = 7400, |Ad0| = 8300, αAu0 = 1.2, αAd0 = 1.3, hT = 2.9, hB = 0.4, ht4 = 0.5, hb4 = 2.9

(Point 2). The input for the dashed curves is tan β = 20, m0 = mu
0 = md

0 = 2100, |µ| = 200,
|Au0 | = 7800, |Ad0| = 7000, αAu0 = 1.4, αAd0 = 1, hT = 5.8, hB = 0.4, ht4 = 0.5, hb4 = 5.8

(Point 4). The input for the dotted curves is tan β = 30, m0 = mu
0 = md

0 = 2400, |µ| = 200,
|Au0 | = 8950, |Ad0| = 1000, αAu0 = 0.9, αAd0 = 2.8, hT = 8.6, hB = 0.4, ht4 = 0.5, hb4 = 8.6

(Point 6). The common parameters are: mA = 500, |h3| = 1.58, |h′3| = 6.34 × 10−2, |h′′3| =
1.97× 10−2, |h4| = 4.42, |h′4| = 5.07, |h′′4| = 12.87, |h5| = 6.6, |h′5| = 2.67, |h′′5| = 1.86× 10−1,
|h6| = 1000, |h7| = 1000, |h8| = 1000, χ3 = 2 × 10−2, χ′3 = 1 × 10−3, χ′′3 = 4 × 10−3,
χ4 = 7 × 10−3, χ′4 = χ′′4 = 1 × 10−3, χ5 = 9 × 10−3, χ′5 = 5 × 10−3, χ′′5 = 2 × 10−3,
χ6 = χ7 = χ8 = 5 × 10−3. Right panel: Variation of the CP even component of H3 (lower
curves) and the CP odd component of H3 (upper curves) including the contributions of the
vectorlike generation versus θµ for the same inputs as left panel. All masses are in GeV and
all phases in rad.
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Figure 4: Left panel: Variation of the CP even component of H2 (upper curves) and the CP
odd component of H2 (lower curves) including the contributions of the vectorlike generation
versus αAu0 . Right panel: Variation of the CP even component of H3 (lower curves) and
the CP odd component of H3 (upper curves) including the contributions of the vectorlike
generation versus αAu0 for the same inputs as figure 3.
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Figure 5: Left panel: Variation of the CP even component of H2 (upper curves) and the CP
odd component of H2 (lower curves) including the contributions of the vectorlike generation
versus m0. Right panel: Variation of the CP even component of H3 (lower curves) and
the CP odd component of H3 (upper curves) including the contributions of the vectorlike
generation versus m0 for the same inputs as figure 3.
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Figure 6: Left panel: Variation of the MH1 (solid curve), MH2 (dashed curve) and MH3

(dotted curve) versus θµ for tan β = 10, m0 = mu
0 = md

0 = 2000, |µ| = 380, |Au0 | = 7400,
|Ad0| = 8300, αAu0 = 1.2, αAd0 = 1.3, hT = 2.9, hB = 0.4, ht4 = 0.5, hb4 = 2.9. Middle
panel: Variation of the MH1 (solid curve), MH2 (dashed curve) and MH3 (dotted curve)
versus θµ for tan β = 20, m0 = mu

0 = md
0 = 2100, |µ| = 200, |Au0 | = 7800, |Ad0| = 7000,

αAu0 = 1.4, αAd0 = 1, hT = 5.8, hB = 0.4, ht4 = 0.5, hb4 = 5.8. Right panel: Variation of the
MH1 (solid curve), MH2 (dashed curve) and MH3 (dotted curve) versus θµ for tan β = 30,
m0 = mu

0 = md
0 = 2400, |µ| = 200, |Au0 | = 8950, |Ad0| = 1000, αAu0 = 0.9, αAd0 = 2.8, hT = 8.6,

hB = 0.4, ht4 = 0.5, hb4 = 8.6. The common parameters are: mA = 500, |h3| = 1.58,
|h′3| = 6.34 × 10−2, |h′′3| = 1.97 × 10−2, |h4| = 4.42, |h′4| = 5.07, |h′′4| = 12.87, |h5| = 6.6,
|h′5| = 2.67, |h′′5| = 1.86 × 10−1, |h6| = 1000, |h7| = 1000, |h8| = 1000, χ3 = 2 × 10−2,
χ′3 = 1 × 10−3, χ′′3 = 4 × 10−3, χ4 = 7 × 10−3, χ′4 = χ′′4 = 1 × 10−3, χ5 = 9 × 10−3,
χ′5 = 5 × 10−3, χ′′5 = 2 × 10−3, χ6 = χ7 = χ8 = 5 × 10−3. All masses are in GeV and all
phases in rad.
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Figure 7: Left panel: Variation of the MH1 (solid curve), MH2 (dashed curve) and MH3

(dotted curve) versus αAu0 for tan β = 10, m0 = mu
0 = md

0 = 2000, |µ| = 380, |Au0 | = 7400,
|Ad0| = 8300, θµ = 0.4, αAd0 = 1.3, hT = 2.9, hB = 0.4, ht4 = 0.5, hb4 = 2.9. Middle
panel: Variation of the MH1 (solid curve), MH2 (dashed curve) and MH3 (dotted curve)
versus αAu0 for tan β = 20, m0 = mu

0 = md
0 = 2100, |µ| = 200, |Au0 | = 7800, |Ad0| = 7000,

θµ = 1.7, αAd0 = 1, hT = 5.8, hB = 0.4, ht4 = 0.5, hb4 = 5.8. Right panel: Variation of the
MH1 (solid curve), MH2 (dashed curve) and MH3 (dotted curve) versus αAu0 for tan β = 30,
m0 = mu

0 = md
0 = 2400, |µ| = 200, |Au0 | = 8950, |Ad0| = 1000, θµ = 2.37, αAd0 = 2.8, hT = 8.6,

hB = 0.4, ht4 = 0.5, hb4 = 8.6. The common parameters are: mA = 500, |h3| = 1.58,
|h′3| = 6.34 × 10−2, |h′′3| = 1.97 × 10−2, |h4| = 4.42, |h′4| = 5.07, |h′′4| = 12.87, |h5| = 6.6,
|h′5| = 2.67, |h′′5| = 1.86 × 10−1, |h6| = 1000, |h7| = 1000, |h8| = 1000, χ3 = 2 × 10−2,
χ′3 = 1 × 10−3, χ′′3 = 4 × 10−3, χ4 = 7 × 10−3, χ′4 = χ′′4 = 1 × 10−3, χ5 = 9 × 10−3,
χ′5 = 5 × 10−3, χ′′5 = 2 × 10−3, χ6 = χ7 = χ8 = 5 × 10−3. All masses are in GeV and all
phases in rad.

5.1 Decays of the Higgs bosons to fermion pairs

Decays of the Higgs bosons are important channels for tests of new physics beyond the

standard model. A convenient ratio for this purpose is Rif defined by [4]

Rif =
Γ(Hi → f̄f)

Γ(Hi → f̄f)0

=
(Dik)

2(1− x2f )3/2 + f 2(Di3)
2(1− x2f )1/2

(Dik(0))2(1− x2f0)3/2 + f 2(Di3(0))2(1− x2f0)1/2
(40)

where x2f = 4m2
f/M

2
Hi

, x2f0 = 4m2
f/MHi(0)2, where k = 2(1) and f = cos β(sin β) for u-type

quarks (d-type quarks and charged leptons). The argument 0 in D and in the subscript of xf

in the denominator indicates that θµ + αA0 = 0. For the case when there is no contribution

from the vectorlike multiplet the ratio between the decay widths of the higgs into quark

pairs is exhibited in table 4 for the model point 3 in table 1. As a comparison we exhibit
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the same ratios for the case when a vectorlike multiplet is included again for model point 3

of table 5. One finds significant differences between the two tables for certain decay width

ratios which points to the significant contribution from the vectorlike multiplet to the ratio.

We now study the CP phase dependence for the case with contributions from the vectorlike

multiplet are included. In Fig. 8 we give the dependence of R1b and R1c on θµ and on

αA0 = αAu0 = αAd0 . One finds a large sensitivity of the ratio to the CP phases. A similar

analysis for R2b, R2c is given in Fig. 9 and for R3b, R3c in Fig. 10.

Rif b s d t c u
i = 1 1.125 1.125 1.125 ... 0.999 0.999
i = 2 0.999 0.999 0.999 1.154 1.133 1.133
i = 3 1 1 1 0.984 0.992 0.992

Table 4: An exhibition of the ratio between the decay widths of the higgs scalars into quark
pairs for the case without the contributions of vectorlike multiplet. The parameter space
corresponding to point 3 in table 1.

Rif b s d t c u
i = 1 2.069 2.07 2.07 ... 0.997 0.997
i = 2 0.998 0.998 0.998 1.701 1.861 1.861
i = 3 0.999 0.999 0.999 1.001 1.134 1.134

Table 5: An exhibition of the ratio between the decay widths of the higgs scalars into
quark pairs for the case with the contributions of vectorlike multiplet. The parameter space
corresponding to point 3 in table 1.
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Figure 8: Left panel: Variation of the R1b versus θµ for the case with the contributions of the
vectorlike generation. Second left panel: Variation of the R1c versus θµ for the case with the
contributions of the vectorlike generation. The inputs correspond to point 2 (solid curve),
point 4 (dashed curve) and point 6 (dotted curve) in table 3. Second right panel: Variation
of the R1b versus αA0 (αA0 = αAu0 = αAd0) for the case with the contributions of the vectorlike
generation. Right panel: Variation of the R1c versus αA0 for the case with the contributions
of the vectorlike generation. The inputs correspond to point 2 (solid curve), point 4 (dashed
curve) and point 6 (dotted curve) in table 3.
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Figure 9: Left panel: Variation of the R2b versus θµ for the case with the contributions of the
vectorlike generation. Second left panel: Variation of the R2c versus θµ for the case with the
contributions of the vectorlike generation. The inputs correspond to point 2 (solid curve),
point 4 (dashed curve) and point 6 (dotted curve) in table 3. Second right panel: Variation
of the R2b versus αA0 (αA0 = αAu0 = αAd0) for the case with the contributions of the vectorlike
generation. Right panel: Variation of the R2c versus αA0 for the case with the contributions
of the vectorlike generation. The inputs correspond to point 2 (solid curve), point 4 (dashed
curve) and point 6 (dotted curve) in table 3.
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Figure 10: Left panel: Variation of the R3b versus θµ for the case with the contributions
of the vectorlike generation. Second left panel: Variation of the R3c versus θµ for the case
with the contributions of the vectorlike generation. The inputs correspond to point 2 (solid
curve), point 4 (dashed curve) and point 6 (dotted curve) in table 3. Second right panel:
Variation of the R3b versus αA0 (αA0 = αAu0 = αAd0) for the case with the contributions of
the vectorlike generation. Right panel: Variation of the R3c versus αA0 for the case with the
contributions of the vectorlike generation. The inputs correspond to point 2 (solid curve),
point 4 (dashed curve) and point 6 (dotted curve) in table 3.

6 Conclusion

An important phenomenon in supersymmetric models with inclusion of explicit CP violation

relates to the mixing of CP even and CP odd Higgs bosons. In this work we have investigated

the implication of a vectorlike quark multiplet on the CP even-CP odd mixing within an

extended MSSM model. The sector brings with it new sources of CP violation and our

analysis shows that the vectorlike multiplet can generate substantial CP even-CP odd Higgs

mixing even in regions where the mixing from the MSSM sector is small. We have investigated

the dependence of the mixings on the phases and find that large mixings can occur in certain

regions of the parameter space of CP phases. The decays of the Higgs bosons into fermions

are sensitive to new physics. We have investigated these decays for the case of MSSM and

for the case when one has in addition a vectorlike multiplet. Further, for the latter case we

have investigated the dependence of the Higgs decays widths into fermions as a function of

CP phases. These decays show a sharp dependence on the phase of µ and on the phase of

the trilinear coupling. These results are of interest regarding the new data expected from

the LHC and the search for the heavy Higgs bosons.
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7 Appendix: Squark mass matrices

In this Appendix we give further details of the model discussed in section 2. As discussed

in section 2 we allow for mixing between the vector generation and specifically the mirrors

and the standard three generations of quarks. The superpotential allowing such mixings is

given by

W = εij[y1Ĥ
i
1q̂
j
1Lb̂

c
1L + y′1Ĥ

j
2 q̂
i
1Lt̂

c
1L + y2Ĥ

i
1Q̂

cjT̂L + y′2Ĥ
j
2Q̂

ciB̂L

+ y3Ĥ
i
1q̂
j
2Lb̂

c
2L + y′3Ĥ

j
2 q̂
i
2Lt̂

c
2L + y4Ĥ

i
1q̂
j
3Lb̂

c
3L + y′4Ĥ

j
2 q̂
i
3Lt̂

c
3L + y5Ĥ

i
1q̂
j
4Lb̂

c
4L + y′5Ĥ

j
2 q̂
i
4Lt̂

c
4L]

+ h3εijQ̂
ciq̂j1L + h′3εijQ̂

ciq̂j2L + h′′3εijQ̂
ciq̂j3L + h6εijQ̂

ciq̂j4L + h4b̂
c
1LB̂L + h5t̂

c
1LT̂L

+ h′4b̂
c
2LB̂L + h′5t̂

c
2LT̂L + h′′4 b̂

c
3LB̂L + h′′5 t̂

c
3LT̂L + h7b̂

c
4LB̂L + h8t̂

c
4LT̂L − µεijĤ i

1Ĥ
j
2 , (41)

Here the couplings are in general complex. Thus, for example, µ is the complex Higgs mixing

parameter so that µ = |µ|eiθµ . The mass terms for the ups, mirror ups, downs and mirror

downs arise from the term

L = −1

2

∂2W

∂Ai∂Aj
ψiψj + h.c., (42)

where ψ and A stand for generic two-component fermion and scalar fields. After spontaneous

breaking of the electroweak symmetry, (〈H1
1 〉 = v1/

√
2 and 〈H2

2 〉 = v2/
√

2), we have the

following set of mass terms written in the four-component spinor notation so that

−Lm = ξ̄TR(Mu)ξL + η̄TR(Md)ηL + h.c., (43)

where the basis vectors are defined in Eq. 3 and Eq. 8.

Next we consider the mixing of the down squarks and the charged mirror sdowns. The

mass squared matrix of the sdown - mirror sdown comes from three sources: the F term, the

D term of the potential and the soft SUSY breaking terms. Using the superpotential of the

mass terms arising from it after the breaking of the electroweak symmetry are given by the

Lagrangian

L = LF + LD + Lsoft , (44)
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where LF is deduced from Fi = ∂W/∂Ai, and −LF = VF = FiF
∗
i while the LD is given by

−LD =
1

2
m2
Z cos2 θW cos 2β{t̃Lt̃∗L − b̃Lb̃∗L + c̃Lc̃

∗
L − s̃Ls̃∗L + ũLũ

∗
L − d̃Ld̃∗L + t̃4Lt̃

∗
4L − b̃4Lb̃∗4L

+ B̃RB̃
∗
R − T̃RT̃ ∗R}+

1

2
m2
Z sin2 θW cos 2β{−1

3
t̃Lt̃
∗
L +

4

3
t̃Rt̃
∗
R −

1

3
c̃Lc̃
∗
L +

4

3
c̃Rc̃

∗
R

− 1

3
ũLũ

∗
L +

4

3
ũRũ

∗
R +

1

3
T̃RT̃

∗
R −

4

3
T̃LT̃

∗
L −

1

3
b̃Lb̃
∗
L −

2

3
b̃Rb̃
∗
R

− 1

3
s̃Ls̃

∗
L −

2

3
s̃Rs̃

∗
R −

1

3
d̃Ld̃

∗
L −

2

3
d̃Rd̃

∗
R +

1

3
B̃RB̃

∗
R

+
2

3
B̃LB̃

∗
L −

1

3
t̃4Lt̃

∗
4L +

4

3
t̃4Rt̃

∗
4R −

1

3
b̃4Lb̃

∗
4L −

2

3
b̃4Rb̃

∗
4R}. (45)

For Lsoft we assume the following form

−Lsoft = M2
1̃L
q̃k∗1Lq̃

k
1L +M2

4̃L
q̃k∗4Lq̃

k
4L +M2

2̃L
q̃k∗2Lq̃

k
2L +M2

3̃L
q̃k∗3Lq̃

k
3L +M2

Q̃
Q̃ck∗Q̃ck +M2

t̃1
t̃c∗1Lt̃

c
1L

+M2
b̃1
b̃c∗1Lb̃

c
1L +M2

t̃2
t̃c∗2Lt̃

c
2L +M2

b̃4
b̃c∗4Lb̃

c
4L +M2

t̃4
t̃c∗4Lt̃

c
4L

+M2
t̃3
t̃c∗3Lt̃

c
3L +M2

b̃2
b̃c∗2Lb̃

c
2L +M2

b̃3
b̃c∗3Lb̃

c
3L +M2

B̃
B̃∗LB̃L +M2

T̃
T̃ ∗LT̃L

+ εij{y1AbH i
1q̃
j
1Lb̃

c
1L − y′1AtH i

2q̃
j
1Lt̃

c
1L + y5Ab4H

i
1q̃
j
4Lb̃

c
4L − y′5At4H i

2q̃
j
4Lt̃

c
4L + y3AsH

i
1q̃
j
2Lb̃

c
2L

− y′3AcH i
2q̃
j
2Lt̃

c
2L + y4AdH

i
1q̃
j
3Lb̃

c
3L − y′4AuH i

2q̃
j
3Lt̃

c
3L + y2ATH

i
1Q̃

cjT̃L − y′2ABH i
2Q̃

cjB̃L + h.c.} .
(46)

Here M1̃L,MT̃ , etc are the soft masses and At, Ab, etc are the trilinear couplings. The trilinear

couplings are complex and we define their phases so that

Ab = |Ab|eiαAb , At = |At|eiαAt , · · · . (47)

From these terms we construct the scalar mass squared matrices. Thus we define the scalar

mass squared matrix M2
d̃

in the basis (b̃L, B̃L, b̃R, B̃R, s̃L, s̃R, d̃L, d̃R, b̃4L, b̃4R). We label the

matrix elements of these as (M2
d̃
)ij = M2

ij which is a hermitian matrix. We can diagonalize

this hermitian mass squared matrix by the unitary transformation

D̃d†M2
d̃
D̃d = diag(M2

d̃1
,M2

d̃2
,M2

d̃3
,M2

d̃4
,M2

d̃5
,M2

d̃6
,M2

d̃7
,M2

d̃8
M2

d̃9
,M2

d̃10
) . (48)

Similarly we write the mass squared matrix in the up squark sector in the basis (t̃L, T̃L,

t̃R, T̃R, c̃L, c̃R, ũL, ũR, t̃4L, t̃4R). Thus here we denote the up squark mass squared matrix in

the form (M2
ũ)ij = m2

ij which is also a hermitian matrix. We can diagonalize this mass square

matrix by the unitary transformation

D̃u†M2
ũD̃

u = diag(M2
ũ1
,M2

ũ2
,M2

ũ3
,M2

ũ4
,M2

ũ5
,M2

ũ6
,M2

ũ7
,M2

ũ8
,M2

ũ9
,M2

ũ10
) . (49)
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We label the matrix elements of these as (M2
d̃
)ij = M2

ij where the elements of the matrix

are given by

M2
11 = M2

1̃L
+
v21|y1|2

2
+ |h3|2 −m2

Z cos 2β

(
1

2
− 1

3
sin2 θW

)
,

M2
22 = M2

B̃
+
v22|y′2|2

2
+ |h4|2 + |h′4|2 + |h′′4|2 + |h7|2 +

1

3
m2
Z cos 2β sin2 θW ,

M2
33 = M2

b̃1
+
v21|y1|2

2
+ |h4|2 −

1

3
m2
Z cos 2β sin2 θW ,

M2
44 = M2

Q̃
+
v22|y′2|2

2
+ |h3|2 + |h′3|2 + |h′′3|2 + |h6|2 +m2

Z cos 2β

(
1

2
− 1

3
sin2 θW

)
,

M2
55 = M2

2̃L
+
v21|y3|2

2
+ |h′3|2 −m2

Z cos 2β

(
1

2
− 1

3
sin2 θW

)
,

M2
66 = M2

b̃2
+
v21|y3|2

2
+ |h′4|2 −

1

3
m2
Z cos 2β sin2 θW ,

M2
77 = M2

3̃L
+
v21|y4|2

2
+ |h′′3|2 −m2

Z cos 2β

(
1

2
− 1

3
sin2 θW

)
,

M2
88 = M2

b̃3
+
v21|y4|2

2
+ |h′′4|2 −

1

3
m2
Z cos 2β sin2 θW .

M2
99 = M2

4̃L
+
v21|y5|2

2
+ |h6|2 −m2

Z cos 2β

(
1

2
− 1

3
sin2 θW

)
M2

1010 = M2
b̃4

+
v21|y5|2

2
+ |h7|2 −

1

3
m2
Z cos 2β sin2 θW .

(50)
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M2
12 = M2∗

21 =
v2y
′
2h
∗
3√

2
+
v1h4y

∗
1√

2
,M2

13 = M2∗
31 =

y∗1√
2

(v1A
∗
b − µv2),M2

14 = M2∗
41 = 0,

M2
15 = M2∗

51 = h′3h
∗
3,M

2
16 = M2∗

61 = 0,M2
17 = M2∗

71 = h′′3h
∗
3,M

2
18 = M2∗

81 = 0,M2
19 = M2∗

91 = h∗3h6,

M2
110 = M2∗

101 = 0,M2
23 = M2∗

32 = 0,M2
24 = M2∗

42 =
y′∗2√

2
(v2A

∗
B − µv1),M2

25 = M2∗
52 =

v2h
′
3y
′∗
2√

2
+
v1y3h

∗
4√

2
,

M2
26 = M2∗

62 = 0,M2
27 = M2∗

72 =
v2h

′′
3y
′∗
2√

2
+
v1y4h

′′∗
4√

2
,M2

28 = M2∗
82 = 0,

M2
29 = M2∗

92 =
v1h

∗
7y5√
2

+
v2y
′∗
2 h6√
2

,M2
210 = M2∗

102 = 0,

M2
34 = M2∗

43 =
v2h4y

′∗
2√

2
+
v1y1h

∗
3√

2
,M2

35 = M2∗
53 = 0,M2

36 = M2∗
63 = h4h

′∗
4 ,

M2
37 = M2∗

73 = 0,M2
38 = M2∗

83 = h4h
′′∗
4 ,

M2
39 = M2∗

93 = 0,M2
310 = M2∗

103 = h4h
∗
7,

M2
45 = M2∗

54 = 0,M2
46 = M2∗

64 =
v2y
′
2h
′∗
4√

2
+
v1h

′
3y
∗
3√

2
,

M2
47 = M2∗

74 = 0,M2
48 = M2∗

84 =
v2y
′
2h
′′∗
4√

2
+
v1h

′′
3y
∗
4√

2
,

M2
49 = M2∗

94 = 0,M2
410 = M2∗

104 =
v2y
′
2h
∗
7√

2
+
v1h6y

∗
5√

2
,

M2
56 = M2∗

65 =
y∗3√

2
(v1A

∗
s − µv2),M2

57 = M2∗
75 = h′′3h

′∗
3 ,

M2
58 = M2∗

85 = 0,M2
59 = M2∗

95 = h′∗3 h6,M
2
510 = M2∗

105 = 0,M2
67 = M2∗

76 = 0,

M2
68 = M2∗

86 = h′4h
′′∗
4 ,M

2
69 = M2∗

96 = 0,M2
610 = M2∗

106 = h′4h
∗
7,M

2
78 = M2∗

87 =
y∗4√

2
(v1A

∗
d − µv2) .

M2
79 = M2∗

97 = h′′∗3 h6,M
2
710 = M2∗

107 = 0

M2
89 = M2∗

98 = 0,M2
810 = M2∗

108 = h′′4h
∗
7,M

2
910 = M2∗

109 =
y∗5√

2
(v1A

∗
b4
− µv2) .

We can diagonalize this hermitian mass squared matrix of the scalar downs by the unitary

transformation

D̃d†M2
d̃
D̃d = diag(M2

d̃1
,M2

d̃2
,M2

d̃3
,M2

d̃4
,M2

d̃5
,M2

d̃6
,M2

d̃7
,M2

d̃8
,M2

d̃9
,M2

d̃10
) . (51)

Next we write the mass squared matrix in the sups sector the basis (t̃L, T̃L, t̃R, T̃R, c̃L, c̃R, ũL, ũR, t̃4L, t̃4R).

Thus here we denote the sups mass squared matrix in the form (M2
ũ)ij = m2

ij where
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m2
11 = M2

1̃L
+
v22|y′1|2

2
+ |h3|2 +m2

Z cos 2β

(
1

2
− 2

3
sin2 θW

)
,

m2
22 = M2

T̃
+
v21|y2|2

2
+ |h5|2 + |h′5|2 + |h′′5|2 + |h8|2 −

2

3
m2
Z cos 2β sin2 θW ,

m2
33 = M2

t̃1
+
v22|y′1|2

2
+ |h5|2 +

2

3
m2
Z cos 2β sin2 θW ,

m2
44 = M2

Q̃
+
v21|y2|2

2
+ |h3|2 + |h′3|2 + |h′′3|2 + |h6|2 −m2

Z cos 2β

(
1

2
− 2

3
sin2 θW

)
,

m2
55 = M2

2̃L
+
v22|y′3|2

2
+ |h′3|2 +m2

Z cos 2β

(
1

2
− 2

3
sin2 θW

)
,

m2
66 = M2

t̃2
+
v22|y′3|2

2
+ |h′5|2 +

2

3
m2
Z cos 2β sin2 θW ,

m2
77 = M2

3̃L
+
v22|y′4|2

2
+ |h′′3|2 +m2

Z cos 2β

(
1

2
− 2

3
sin2 θW

)
,

m2
88 = M2

t̃3
+
v22|y′4|2

2
+ |h′′5|2 +

2

3
m2
Z cos 2β sin2 θW ,

m2
99 = M2

4̃L
+
v22|y′5|2

2
+ |h6|2 +m2

Z cos 2β

(
1

2
− 2

3
sin2 θW

)
,

m2
1010 = M2

t̃4
+
v22|y′5|2

2
+ |h8|2 +

2

3
m2
Z cos 2β sin2 θW .
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m2
12 = m2∗

21 = −v1y2h
∗
3√

2
+
v2h5y

′∗
1√

2
,m2

13 = m2∗
31 =

y′∗1√
2

(v2A
∗
t − µv1),m2

14 = m2∗
41 = 0,

m2
15 = m2∗

51 = h′3h
∗
3,m

2
16 = m2∗

61 = 0,m2∗
17 = m2∗

71 = h′′3h
∗
3,m

2∗
18 = m2∗

81 = 0,

m2
23 = m2∗

32 = 0,m2
24 = m2∗

42 =
y∗2√

2
(v1A

∗
T − µv2),m2

25 = m2∗
52 = −v1h

′
3y
∗
2√

2
+
v2y
′
3h
′∗
5√

2
,

m2
26 = m2∗

62 = 0,m2
27 = m2∗

72 = −v1h
′′
3y
∗
2√

2
+
v2y
′
4h
′′∗
5√

2
,m2

28 = m2∗
82 = 0,

m2
34 = m2∗

43 =
v1h5y

∗
2√

2
− v2y

′
1h
∗
3√

2
,m2

35 = m2∗
53 = 0,m2

36 = m2∗
63 = h5h

′∗
5 ,

m2
37 = m2∗

73 = 0,m2
38 = m2∗

83 = h5h
′′∗
5 ,

m2
45 = m2∗

54 = 0,m2
46 = m2∗

64 = −y
′∗
3 v2h

′
3√

2
+
v1y2h

′∗
5√

2
,

m2
47 = m2∗

74 = 0,m2
48 = m2∗

84 =
v1y2h

′′∗
5√

2
− v2y

′∗
4 h
′′
3√

2
,

m2
56 = m2∗

65 =
y′∗3√

2
(v2A

∗
c − µv1),

m2
57 = m2∗

75 = h′′3h
′∗
3 ,m

2
58 = m2∗

85 = 0,

m2
67 = m2∗

76 = 0,m2
68 = m2∗

86 = h′5h
′′∗
5 ,

m2
78 = m2∗

87 =
y′∗4√

2
(v2A

∗
u − µv1),

m2
19 = m2∗

91 = h6h
∗
3,m

2
110 = m2∗

101 = 0,

m2
29 = m2∗

92 = −y
∗
2v1h6√

2
+
v2y
∗
5h8√
2

,

m2
210 = m2∗

102 = 0,m2
39 = m2∗

93 = 0,

m2
310 = m2∗

103 = h5h
∗
8,

m2
49 = m2∗

94 = 0,m2
410 = m2∗

104 = −y
′∗
5 v2h6√

2
+
v1y2h

∗
8√

2
,

m2
59 = m2∗

95 = h6h
′∗
3 ,m

2
510 = m2∗

105 = 0

m2
69 = m2∗

96 = 0,m2
610 = m2∗

106 = h′5h
∗
8

m2
79 = m2∗

97 = h6h
′′∗
3 ,m

2
710 = m2∗

107 = 0,

m2
89 = m2∗

98 = 0,m2
810 = m2∗

108 = h′′5h
∗
8,

m2
910 = m2∗

109 =
y′∗5√

2
(v2A

∗
t4
− µv1) (52)
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We can diagonalize the scalar up mass squared matrix by the unitary transformation

D̃u†M2
ũD̃

u = diag(M2
ũ1
,M2

ũ2
,M2

ũ3
,M2

ũ4
,M2

ũ5
,M2

ũ6
,M2

ũ7
,M2

ũ8
M2

ũ9
,M2

ũ10
) . (53)
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