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out a discrete Z3 symmetry, and derive an upper bound on the mass of the lightest
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glet field, as well as on tan β. To assess the viability of the spontaneous CP violation

scenario, we estimate εK by applying the mass insertion approximation. We find that

a non-trivial flavour structure in the soft-breaking A terms is required to account for

the observed CP violation in the neutral kaon sector. Furthermore, combining the

minimisation conditions for spontaneous CP violation with the constraints coming

from K0–K̄0 mixing, we find that the upper bound on the lightest Higgs-boson mass

becomes stronger. We also point out that the electric dipole moments of electron

and neutron are a serious challenge for SUSY models with spontaneous CP violation.
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1. Introduction

The origin of CP violation remains a fundamental open question in particle physics.

In the standard model (SM), CP is explicitly broken at the lagrangian level through

complex Yukawa couplings which lead to CP violation in charged weak interactions

via the Cabibbo-Kobayashi-Maskawa (CKM) matrix, VCKM [1]. Although the CKM

mechanism can accommodate the experimental value of εK (and, in principle, also

ε′/εK) in the neutral kaon sector, it is not clear whether it is the dominant contri-
bution or the only one. An important motivation to consider new sources of CP

violation stems from the fact that within the SM the amount of CP violation may

not be sufficient to generate the observed baryon asymmetry in the universe [2].

An alternative scenario for the breaking of CP is to assume that it is a symme-

try of the lagrangian which is only spontaneously broken by the vacuum [3]. The
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purpose of the present paper is to study spontaneous breaking of CP at the tree level

within the context of supersymmetry (SUSY). Although the minimal supersymmet-

ric standard model (MSSM) has two Higgs doublets, it is well known that due to

SUSY constraints on the Higgs potential it is not possible to obtain spontaneous CP

violation (SCPV) at the tree level. The reason for this is entirely analogous to the

situation one encounters in non-supersymmetric two-Higgs-doublet models, where

SCPV cannot be achieved if a Z2 symmetry is imposed on the lagrangian in order

to guarantee natural flavour conservation in the Higgs sector [4]. The possibility

that SCPV in the MSSM might be generated through radiative corrections has been

explored in ref. [5], but this particular scenario has already been ruled out by exper-

iment as it inevitably leads to the existence of a very light Higgs boson. Ultimately,

this result is a consequence of the Georgi-Pais theorem [6]. It is therefore of interest

to consider simple extensions of the MSSM such as a model with at least one gauge

singlet field (N) besides the two Higgs doublets (H1,2), the so-called next-to-minimal

supersymmetric standard model (NMSSM) [7, 8], and to ask if one can achieve spon-

taneous breaking of CP whilst generating the observed amount of εK and having

Higgs-boson masses that are consistent with experimental data [9]–[13]

Whether or not the observed CP violation in the kaon sector can arise solely from

supersymmetry is a serious issue. This possibility has been examined in refs. [14,

15, 16] by simply assuming VCKM to be real, and subsequently investigating whether

SUSY sources of CP violation can account for the observed magnitude of εK and

ε′/εK . Here we would like to draw attention to the particularly attractive SUSY
scenario with spontaneous CP symmetry breaking. The main point of this class of

models is that the reality of the CKM matrix is automatic (see, e.g. refs. [4, 17]), and

no longer an ad hoc assumption. In the specific scenario we shall be considering, CP

violation is caused by the phases φD and φN associated with the vacuum expectation

values of 〈H02 〉 and 〈N〉 respectively. Being a singlet Higgs field, N does not couple
to quarks, and although H02 does couple to the up-type quarks, the phase appearing

in the quark mass matrix can be rotated away by redefinition of the right-handed

quark fields. Consequently, this phase does not appear in the CKM matrix since

the W -boson interactions are purely left-handed, but it does enter in other SUSY

interactions.

The plan of this paper is as follows. In section 2, we analyse the conditions

required for the Higgs potential to have a CP-violating global minimum. We show

that the upper bound on the mass of the lightest Higgs boson imposes constraints on

the CP-violating phases, φD and φN . Section 3 is devoted to a brief review of the real

CKM matrix in supersymmetric extensions of the SM with two Higgs doublets and

an arbitrary number of gauge singlet fields. In section 4, we introduce the mass and

mixing matrices, as well as the couplings of the Higgsino, W -ino, and singlet field in

the NMSSM with spontaneous CP violation. The calculation of the relevant SUSY

contributions to εK in the mass insertion approximation is presented in section 5.
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We pay particular attention to the case of low tanβ and examine the question of

whether the choice of parameters of the Higgs potential that is required to obtain

spontaneous CP violation is consistent with the experimentally observed indirect

CP violation in the kaon sector. The implications of εK for the upper bound on the

lightest Higgs-boson mass and a new flavour structure, besides the one of the CKM

matrix, are discussed. We also comment on the electric dipole moments of electron

and neutron. Finally, we summarize the key features of our analysis in section 6.

2. The Higgs potential

2.1 The superpotential

We are concerned with the next-to-minimal supersymmetric standard model dis-

cussed by Davies et al.[18]. The most general form of the superpotential that we

analyse here is1

W =Wfermion +WHiggs , (2.1)

with

Wfermion = εab

(
hijU Q̂

a
i ÛjĤ

b
2 + h

ij
DQ̂

b
iD̂jĤ

a
1 + h

ij
EL̂
b
iR̂jĤ

a
1

)
, (2.2)

WHiggs = −λN̂εabĤa1 Ĥb2 −
k

3
N̂3 − rN̂ − µεabĤa1 Ĥb2, (2.3)

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

a completely antisymmetric 2× 2 matrix with ε12 = 1. In the above expression, Ĥa1
and Ĥa2 denote the Higgs doublets of the minimal supersymmetric standard model

and N̂ is a singlet field. The matrices hU , hD, and hE give rise to the usual Yukawa

interactions which generate the masses of quarks and leptons. Since we are dealing

here with spontaneous breaking of CP rather than explicit CP violation in the Higgs

sector, these matrices are real.

2.2 Soft-breaking terms

In addition to the superpotential given by eq. (2.1), we have to specify the SUSY

soft-breaking terms. These are given by

LSB = LfermionSB + LHiggsSB , (2.4)

where

−LfermionSB = M2
Qij
Q̃a∗i Q̃

a
j +M

2
U ijŨiŨ

∗
j +M

2
DijD̃iD̃

∗
j +M

2
LijL̃

a∗
i L̃

a
j +

+M2
RijR̃iR̃

∗
j −
1

2
(Msλsλs +Mλλ +M ′λ′λ′ +H.c.) +

+εab

(
AijUh

ij
U Q̃

a
i ŨjH

b
2 + A

ij
Dh
ij
DQ̃

b
iD̃jH

a
1 + A

ij
Eh
ij
EL̃
b
iR̃jH

a
1

)
, (2.5)

1This form of the superpotential has also recently been studied in ref. [19], within the context

of electroweak baryogenesis.
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and

−LHiggsSB = m2H1H
a∗
1 H

a
1 +m

2
H2
Ha∗2 H

a
2 +m

2
NN

∗N −
−
(
BµεabH

a
1H

b
2 + AλNεabH

a
1H

b
2 +

Ak

3
N3 + ArN +H.c.

)
. (2.6)

2.3 The scalar potential and spontaneous CP violation

Following ref. [18], we do not require the superpotential to be invariant under a

discrete Z3 symmetry which would imply µ = r = 0 (thereby solving the so-called

‘µ problem’ of the MSSM).2 Further, we do not relate the soft SUSY-breaking pa-

rameters to some common unification scale but rather take them as arbitrary at the

electroweak scale.

As it was noted by one of the authors (J.C.R.) a long time ago [12], the NMSSM

with a Z3 symmetry has no spontaneous CP violation (no-go theorem). The inclusion

of the Z3-breaking terms in eq. (2.1), on the other hand, evades that no-go theorem, as

was shown by Pomarol [13]. Throughout we shall assume that the tree-level potential

is CP conserving and take all parameters real, but allow complex vacuum expectation

values (VEV’s) for the neutral Higgs fields which emerge after spontaneous symmetry

breaking: 〈
H01
〉
=

v1√
2
eiθ1 ,

〈
H02
〉
=

v2√
2
eiθ2 , 〈N〉 = v3√

2
eiθ3 . (2.7)

From the superpotential and soft supersymmetry breaking terms, eqs. (2.3) and (2.6),

we derive the following CP-invariant neutral scalar potential:

V = V0 +
1

8
(λ1v

4
1 + λ2v

4
2) +

1

4
[(λ3 + λ4)v

2
1v
2
2 + (λ5v

2
1 + λ6v

2
2)v
2
3] +

+
1

2
λ7v1v2v

2
3 cos(θ1 + θ2 − 2θ3) +

1

4
λ8v

4
3 +

1√
2
λµ(v21 + v

2
2)v3 cos(θ3) +

+
1

2
(m21v

2
1 +m

2
2v
2
2 +m

2
3v
2
3)−

1√
2
m4v1v2v3 cos(θ1 + θ2 + θ3)−

− 1

3
√
2
m5v

3
3 cos(3θ3) +m

2
6v1v2 cos(θ1 + θ2) +m

2
7v
2
3 cos(2θ3) +

+
√
2m38v3 cos(θ3) , (2.8)

where V0 = r
2 and

λ1 = λ2 =
1

4
(g2 + g′2) , λ3 = −1

4
(g2 + g′2 − 4λ2) , λ4 = 0 ,

λ5 = λ6 = λ
2 , λ7 = λk , λ8 = k

2 , (2.9)

m21,2 = m2H1,2 + µ
2 , m23 = m

2
N , m4 = Aλ , m5 = Ak ,

m26 = −Bµ + λr , m27 = kr , m38 = −Ar . (2.10)

2We remind the reader that a spontaneously broken discrete symmetry may lead to cosmological

domain-wall problems [20]. We do not pursue this subject here.
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Figure 1: Maximum value of the lightest Higgs-boson mass (in GeV) as a function of the

CP-violating phase φN (in radians) of the Higgs singlet field.

In the numerical analysis reported here, we take the λl’s (l = 1, 2, . . . , 8) as given by

eq. (2.9), i.e. in terms of g, g′, λ, k, but consider the ml’s as arbitrary parameters.
Referring to eq. (2.8), we see that the doublet phases enter only in the combination

θ1 + θ2, and thus we may define

φD = θ1 + θ2, φN = θ3 (2.11)

for the doublet and singlet phase respectively. We shall henceforth set θ1 = 0 in

eq. (2.11), without loss of generality.

2.4 Mass spectrum

To obtain the physical masses of the NMSSM with SCPV, the following procedure has

been adopted. We randomly choose sets of parameters and perform the minimisation

numerically. Next, we check that the local minimum is a true one not only by

verifying the minimisation conditions, but also by ensuring that all the physical

Higgs bosons have positive squared masses. In calculating the neutral Higgs-boson

mass matrix, radiative corrections due to top-stop loops have been included. Finally,

we require that the chargino and squark masses are above the current experimental

lower limits [21].

We find that an acceptable mass spectrum can be easily obtained, with the

exact values depending on the set of parameters we choose. Rather than presenting

tables or plots for different sets of parameters, we will concentrate on two issues:

(a) the influence of the CP-violating phases on the lightest Higgs-boson mass; and

(b) the maximum theoretically attainable value of its mass. As far as the former is

concerned, we confirm the results of an analysis of the Higgs potential performed in

ref. [18], where it was pointed out that the large-phase solution is favoured. This

feature can be clearly observed in figure 1, where we display the Higgs-boson mass,

mH0 , as a function of the phase of the gauge singlet field.
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Figure 2: Maximum value of the lightest Higgs-boson mass (in GeV) vs λ at the tree level

and after including radiative corrections (at one-loop level) for MSUSY = 1TeV.

It is important to note that large CP phases may be in conflict with existing

limits on the electric dipole moments (EDM’s) of electron and neutron. However,

these constraints can be evaded, for instance, if substantial cancellations among

different SUSY contributions do occur [22, 23] or if non-universal soft-breaking terms

are present [24]. (We will return to this point in a subsequent section.)

As for the maximal possible value of the Higgs-boson mass, the result can differ

from that of the MSSM for the case of large values of the coupling constant λ.

In figure 2, we show the tree level and one-loop corrected Higgs-boson mass as a

function of λ.

It is apparent that only for large values of the coupling λ the situation is different

from that of the MSSM. For low values of λ, corrections to the tree level Higgs-boson

mass are significant and depend mainly on the SUSY scale that we take for the

squarks. This is illustrated in figure 3 where we plot the upper limit on mH0 versus

tan β ≡ v2/v1 [cf. eq. (2.7)] for different values of MSUSY .

Before leaving the subject of the Higgs potential, it should be emphasized that

the Higgs boson mass limits obtained at LEP for the standard model and the MSSM

(see, e.g. ref. [25]) do not necessarily apply to the NMSSM because the lightest

neutral Higgs boson may have a reduced coupling to the Z0 due to some singlet

admixture [7, 26]. In this case, the Higgs boson might not be detectable.

3. A real CKM matrix

We outline briefly the scenario of a real CKM matrix in the framework of supersym-

metry with SCPV. In this case, CP invariance is imposed on the lagrangian, and

consequently all couplings are real. To address the question of whether the CKM

mechanism occurs in the NMSSM model, let us consider the quark Yukawa couplings.

6
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Figure 3: Upper bound on the lightest Higgs-boson mass (in GeV) as a function of tan β

for various values of MSUSY.

As mentioned in the introduction, the gauge singlet field does not couple to quarks.

Thus, the lagrangian in terms of the weak eigenstates may be written as (omitting

generation indices)

LY = −hUH0∗2 ūLuR − hDH0∗1 d̄LdR +H.c. , (3.1)

where hU,D are arbitrary real matrices in flavour space. After spontaneous symmetry

breaking, the up- and down-type quarks acquire masses, namely

mU = hU
v2√
2
e−iφD , mD = hD

v1√
2
. (3.2)

Note that the overall phase φD can be rotated away by means of a phase trans-

formation on uR, i.e. uR → u′R = e−iφDuR. Since the W -boson interactions are
purely left-handed, this phase does not show up in the charged weak interactions.

Consequently, the CKM matrix is real and CP violation arises solely from the rel-

ative phases that appear in the VEV’s of the neutral Higgs fields, eq. (2.7). An

alternative way to derive the above result is to compute the weak basis invariant

T ≡ Tr[HU , HD]3, where HU ≡ mUm
†
U and HD ≡ mDm

†
D [27]. It follows from

eq. (3.2) that T vanishes, and hence there is no CP violation through the CKM

mechanism in our model.

4. Content of the NMSSM

As we have argued in the previous section, all supersymmetry CP-violating phases

are equal to zero and the CKMmatrix is real. Even so, the phases associated with the

VEV’s, φD and φN , appear in the scalar quark, gaugino and Higgsino mass matrices,

as well as in some of the vertices. We first consider the squark mass matrices.
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4.1 Squark mass matrices

The 6× 6 squark mass-squared matrices in the (q̃L, q̃R) basis are given by

M2
q̃ =

(
M2
q̃LL

M2
q̃LR

M2
q̃RL

M2
q̃RR

)
, q̃ = Ũ , D̃, (4.1)

made up of 3× 3 submatrices. It proves convenient to work in the so-called ‘super-
CKM’ basis, in which the quark mass matrices are diagonal, and squarks as well

as quarks are rotated simultaneously (see ref. [28] for details). In this basis, the

aforementioned submatrices are of the form

M2
ŨLL
= (mdiagU )

2 + V UL M
2
Q̃
V U†L +

1

6
M2
Z cos 2β(3− 4 sin2 θW )11 ,

M2
ŨRR
= (mdiagU )

2 + V URM
2
ŨR
V U†R +

2

3
M2
Z cos 2β sin

2 θW 11 ,

M2
ŨLR
= M2†

ŨRL
= V UL Y

∗
UV

U†
R

v2√
2
− µeff cot βeiφDmdiagU ,

M2
D̃LL
= (mdiagD )

2 + V DL M
2
Q̃
V D†L −

1

6
M2
Z cos 2β(3− 2 sin2 θW )11 ,

M2
D̃RR
= (mdiagD )

2 + V DR M
2
D̃R
V D†R −

1

3
M2
Z cos 2β sin

2 θW 11 ,

M2
D̃LR
= M2†

D̃RL
= V DL Y

∗
DV

D†
R

v1√
2
− µeff tan βeiφDmdiagD , (4.2)

θW being the Weinberg angle, 11 denotes a 3×3 unit matrix, and the V ’s diagonalize
the up- and down-type quark mass matrices in eq. (3.2). [Note that the V matri-

ces are orthogonal, and therefore VCKM = V UL (V
D
L )
T.] In what follows, we take a

particular case of the ‘super-CKM’ basis where V DL = 11 and V
U
L = VCKM, so that

(mdiagU )
2 = VCKM(mUm

†
U)V

T
CKM . (4.3)

Further, we have introduced the shorthand notation

Y ijq ≡ Aijq h
ij
q , q = U,D (no sum over i, j) , (4.4)

µeff ≡ µ+ λ
v3√
2
eiφN . (4.5)

[Notice that eqs. (4.2)–(4.5) show explicitly the dependence on the CP phases.] As

we shall see in the next section, a non-universal flavour structure in the A terms, i.e.

Aijq 6= constant, is indispensable for having sizable supersymmetry contributions to
CP violation in the kaon sector.3 At this stage, we therefore make no assumptions

regarding the nature of the several matrices and couplings involved.

The squark mass-squared matrix,M2
q̃ , can then be diagonalized by a 6×6 unitary

matrix such that

(Mdiag
q̃ )2 = Rq̃M

2
q̃R
†
q̃ . (4.6)

3For related work, see refs. [14, 15].
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4.2 Chargino mass matrix

We now turn our attention to the four-component Dirac fermions, χ̃±1,2, which arise
from the mixing of the W -inos and the charged Higgsinos. Within SUSY, the

chargino mass terms in the lagrangian are

Lmass = −1
2
(ψ+T , ψ−T )

(
0 MT

χ̃

Mχ̃ 0

)(
ψ+

ψ−

)
+H.c. , (4.7)

where ψ+T = (−iλ+, H̃+2 ), ψ−T = (−iλ−, H̃−1 ). The chargino mass matrix in the
NMSSM with spontaneous CP violation reads

Mχ̃ =

(
M2

√
2MW sin βe

−iφD√
2MW cos β µeff

)
(4.8)

with the gaugino mass M2 being real and µeff given in eq. (4.5). As usual, Mχ̃ can

be diagonalized by means of a biunitary transformation, i.e.

Mdiag
χ̃ = U∗Mχ̃V † , (4.9)

where Mdiag
χ̃ is positive and diagonal, and U , V are unitary matrices.

For convenience, we perform our calculation in the weak (rather than the phys-

ical) basis, i.e. W̃− = (−iλ−, iλ+)T, H̃− = (H̃−1 , H̃
+

2 )
T, and their relation can be

summarized as follows:4

PLW̃
− = PL(U

∗
11χ̃

−
1 + U

∗
21χ̃

−
2 ), PRW̃

− = PR(V11χ̃−1 + V21χ̃
−
2 ), (4.10a)

PLH̃
− = PL(U

∗
12χ̃

−
1 + U

∗
22χ̃

−
2 ), PRH̃

− = PR(V12χ̃−1 + V22χ̃
−
2 ), (4.10b)

with PL,R = (1∓γ5)/2. In order to specify the relevant couplings within the NMSSM,
we recall that [29]

−LW̃ ,H̃ = g(H01 ∗W̃PLH̃ +H
0
2
∗
H̃PLW̃ ) + λNH̃PLH̃ +H.c. (4.11)

Then, substituting the VEV’s from eq. (2.7), and adding W -ino and Higgsino ‘mass’

terms, we arrive at

−Lint = mW̃ W̃ W̃ +mH̃H̃H̃ +
g√
2
(v1e

−iϕW̃RH̃L + v2e
iφDW̃LH̃R +H.c.) , (4.12)

where

mW̃ =M2 , mH̃ = |µeff | , ϕ = arg (µeff) , (4.13)

and µeff as in eq. (4.5). In deriving eq. (4.12), we have adjusted our definition of the

phase of the left-handed Higgsino field such that H̃L → e−iϕH̃L. As for gluino and
neutralino interactions, we will argue in the next section that to good approximation

the chargino box diagram may be regarded as the dominant contribution to εK (see

also refs. [11, 13]).

4We define W̃− and H̃− as particles, contrary to ref. [29].
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5. Implications of indirect CP violation for the NMSSM

In this section, we wish to explore the consequences of SCPV for the upper bound

of the lightest Higgs-boson mass derived in section 2 by taking into account CP

violation in K0–K̄0 mixing. To accomplish this, we will compute the box-diagram

contributions to εK by applying the mass insertion approximation [30]. That is,

adopting the notation

M2
q̃ ≡ (M0

q̃ )
2 +M ′

q̃
2
, (M0

q̃ )
2 = diag(a01, . . . , a

0
6), (5.1)

and recalling eq. (4.6), we may write to first order in M ′
q̃
2 [31]

(R†q̃)mkf(ak)(Rq̃)kn = δmnf(a
0
n) + (M

′
q̃
2
)mnF (a

0
m, a

0
n) , (5.2)

f being an arbitrary function, k = 1, . . . , 6, and

F (x, y) =
f(x)− f(y)

x− y . (5.3)

5.1 Effective hamiltonian

Let us start with the effective hamiltonian governing ∆S = 2 transitions, which can

be written in the form [32]:

Heff =
∑
i

ciOi , (5.4)

where the ci’s are the Wilson coefficients describing the short-distance interactions

while Oi denote local operators which may be found, e.g. in refs. [33, 34]. The
off-diagonal element of the neutral kaon mass matrix is related to Heff through

M12 =
〈K0|Heff |K̄0〉
2mK

, (5.5)

and its imaginary part gives rise to (assuming ε′ � εK)

εK ' eiπ/4√
2

=M12

∆mK
, (5.6)

with the experimental values of ∆mK = (3.489 ± 0.008) × 10−12 MeV5 and |εK | =
(2.271± 0.017)× 10−3 [21].
The Wilson coefficients ci in the presence of SUSY contributions can be decom-

posed as follows:

ci = c
W
i + c

H±
i + cχ̃

±
i + c

g̃
i + c

χ̃0

i . (5.7)

5Note that for ∆mK , and following standard procedure, we have used the experimental value.

No useful bound on the present model can be derived from ∆mK |exp, since it receives important
long-distance contributions.
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Figure 4: The dominant box-diagram contribution to the off-diagonal element =M12 in

the neutral kaon mass matrix within the framework of the NMSSM.

Regarding the various contributions in eq. (5.7), we confine ourselves to a rel-

atively few remarks. First, there are no W -boson and charged Higgs-boson contri-

butions to the imaginary part of M12 since the CKM matrix is real. Second, in

subsequent calculations we will choose a basis where the down-type Yukawa matri-

ces are diagonal. As a consequence, the flavour off-diagonal gluino contributions are

either zero or real in the approximation of retaining only a single mass insertion in

an internal squark line. Third, box diagrams with neutralinos are expected to com-

pete with the chargino contributions only for large values of tanβ (i.e. tanβ ∼ 50),
and hence are less important for the present scenario with low tanβ. In the remain-

der of this section, we will therefore focus on the chargino box diagram with scalar

up-type quarks (see figure 4) as it gives by far the dominant contribution in our

model.

Turning to the operators Oi in eq. (5.4), the ∆S = 2 transition within the
model under study is largely governed by the V –A four-fermion operator O1 =
dγµPLsdγµPLs. As a matter of fact, the new-physics contribution to the remain-

ing operators (i.e. scalar and pseudoscalar operators) are suppressed relative to the

chargino contribution either through small quark masses, ms,d, or small Yukawa

couplings. Thus, it is fairly reasonable to consider only the non-standard con-

tribution to the Wilson coefficient c1. The relevant hadronic matrix element in

the vacuum saturation approximation is given by 〈K0|O1|K̄0〉 = (2/3)f 2Km2K , with
fK = 160 MeV.

5.2 Chargino box diagram

In the W̃ -H̃ basis, and making use of the mass insertion approximation, the char-

gino contributions to the short-distance coefficient c1 can be written as a sum of 16

individual terms, each corresponding to a particular box diagram. Introducing the

notation {ij} (i, j = L,R) for the various mass insertions, these contributions can be
classified in terms of the nature of the mass insertion in the internal squark line and

the number of W̃ -H̃ exchanges in the sfermion line. That is, the relevant amplitude

11
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Figure 5: The main contributions to εK in the mass insertion approximation with W -ino

and Higgsino exchange.

for c1 can be symbolically written as

Aχ̃
±
c1
∼ (XW̃–H̃)0[{LL}{LL} + {RR}{RR}+ {LR}{RL}] +
+(XW̃–H̃)

1[{LL}{LR}+ {LR}{RR}] +
+(XW̃–H̃)

2[{LL}{RR}+ {LR}{LR}] . (5.8)

Only one diagram belongs to the {LL}{LL} and {RR}{RR} mass insertions,
whereas we find two (four) diagrams associated with the {LR}{RL}, {LL}{RR},
{LR}{LR} ({LL}{LR}, {LR}{RR}) mass insertions. It turns out that the do-
minant contribution to c1 corresponds to the class of diagrams with (XW̃–H̃)

1{LL}×
{LR}, depicted in figure 5, in agreement with the findings of refs. [11, 13].
The calculation of the dominant contributions to =M12 for the case of non-

degenerate left-handed up-squarks leads to a cumbersome expression. Hence, for the

sake of simplicity, we perform the calculation in the limit of degenerate left-handed

up-type squarks, and find that the expression for =M12 becomes much simpler, and

its physical interpretation more transparent. (We have numerically verified that

small values of the off-diagonal elements of M2
Q̃
have little effect on the ũL mass

splitting.) In that limit, i.e. mũL = 〈mq̃〉, where 〈mq̃〉 represents the average squark
mass of the first two generations, we obtain

=M12 =
2G2Ff

2
KmKm

4
W

3π2 〈mq̃〉8
(V ∗tdVts)m

2
t

∣∣eiφDmW̃ + cot βmH̃∣∣×
×
{
∆AU sin(ϕχ − φD) (M2

Q̃
)
12
I(rW̃ , rH̃ , rũL, rt̃R)

}
, (5.9)
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with mH̃,W̃ and (M
2
Q̃
)
12
as defined in eqs. (4.13) and (4.2) respectively. Here we have

used unitarity of the CKM matrix and kept only the leading top-quark contribution.

In the above formula, ri = m
2
i / 〈mq̃〉2, ∆AU ≡ A13U − A23U , and

ϕχ = arg
(
eiφDmW̃ + cot βmH̃

)
. (5.10)

The function I in eq. (5.9) can be reduced successively to elementary functions for

appropriate limits of its arguments (see refs. [23, 31]). For ease of writing, we give

the result for the special case

I(x, x, 1, 1) =
1

2

[
10 + 19x+ x2

3(1− x)5 +
(1 + 6x+ 3x2)

(1− x)6 ln x

]
, (5.11)

which corresponds to the scenario with mH̃ = mW̃ and degenerate squarks. The ap-

pearance of Ai3U (i = 1, 2) terms in eq. (5.9) is closely related to having the Higgsino

coupling to down and strange quarks in distinct diagrams, and stems from the tri-

linear soft-breaking terms in Y ijU ≡ AijUh
ij
U [eq. (4.4)]. From inspection of eq. (5.9), it

is straightforward to conclude that in order to get =M12 different from zero we need

to move aside from a theory of universal AU terms (i.e. ∆AU 6= 0) – in other words,
it is not possible to saturate the observed CP violation in the K-meson system in

the context of SUSY with a real CKM matrix and universal AU terms [14, 15].
6 Let

us note parenthetically that the need for a special Ai3U (i = 1, 2) texture as a key

element to get the experimentally measured εK has also been pointed out in ref. [14],

although in a different scenario.

Since the sign of ∆AU is not fixed, we do not include the constraint <εK > 0 in

the analysis which follows.

5.3 Numerical results and discussion

For our numerical calculations, we have used the nominal values

(M2
Q̃
)
12
/ 〈mq̃〉2 = 0.08, Vtd = 0.0066, Vts = −0.04, mt = 175GeV . (5.12)

Notice that the value of Vtd differs from the one determined in the context of the SM

with CP violation by fitting to experimental data; this is due to the fact that we are

dealing with a flat triangle and the corresponding orthogonality constraints.7 The

remaining parameters are evaluated numerically by minimising the Higgs potential

(see section 2). Our results for the absolute value of εK for various sets of SUSY

6It has recently been pointed out in ref. [35] that there might be a connection between a non-

trivial flavour structure and sizable SUSY CP violation, thereby avoiding domain-wall problems.
7The value used for |Vtd| is consistent with the experimental value of B0d–B̄0d mixing, provided

one assumes a new-physics contribution to ∆mBd of at least 20%. To be specific, we have chosen

a positive value for ρ. As for a negative value of ρ, orthogonality of the CKM matrix would imply

|Vtd| = 0.011.
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|εK | φD φN mH0 〈mq̃〉 mt̃R tanβ λ v3
(10−3) (rad) (rad) (GeV) (GeV) (GeV) (GeV)

3.24 4.71 1.57 99 252 235 6.7 −0.03 327

3.03 0.89 1.75 97 261 168 6.6 +0.33 387

2.75 4.71 4.71 99 232 201 9.2 −0.02 221

2.42 1.96 4.08 94 299 174 5.1 −0.06 352

2.10 4.67 4.75 98 279 220 7.8 +0.01 142

2.02 4.68 4.71 92 250 152 7.4 +0.02 371

2.01 4.18 4.73 96 280 232 4.6 −0.01 238

1.31 1.12 4.72 100 273 241 9.6 −0.01 238

1.29 2.35 4.70 99 258 230 6.1 −0.13 363

Table 1: Numerical values of |εK | in the low tan β region for certain sets of model pa-
rameters that satisfy the minimisation condition of the Higgs potential. We have chosen

∆AU = 500GeV for the non-universal A terms, as described in the text.

parameters and low tanβ are reported in Table 1. Recall that the numerical values

we present for |εK | have been derived for degenerate left-handed squarks. Taking into
account corrections due to non-degeneracy will lead to a very small enhancement,

typically a few percent, for =M12. Hence, the values for |εK | listed in table 1 may
be interpreted as a lower bound.

As far asM2 and µ are concerned, we obtain the ranges 90GeV .M2 . 160GeV
and 120GeV . |µ| . 270GeV. Turning to the non-universal flavour structure, it is
obvious from eq. (5.9) that there is a linear dependence of εK on the relative difference

∆AU . In order to saturate the value of |εK | and to obey present experimental limits on
the sparticle spectrum, one has to take ∆AU of order 500GeV. A detailed discussion

of scenarios where such values for Ai3U (i = 1, 2) appear lies beyond the scope of this

paper. We will just mention that values around the TeV scale do not significantly

affect the mass spectrum of the theory, and that they can account for values of the

left-right mass insertion, i.e.

(δULR)i3 =
v2√
2

(V UL Y
∗
UV

U†
R )i3

〈mq̃〉2
, (5.13)

as small as 0.02 and 0.08 for (δULR)13 and (δ
U
LR)23 respectively, which are consistent

with the bounds coming from the measurement of b→ sγ branching fraction. (Note

that these δ’s also affect the decay b → sl+l−.) Indeed, according to ref. [28],
(δULR)23 is constrained to be |(δULR)23| . 3(〈mq̃〉 /500GeV)2, which is only useful if
〈mq̃〉 . 300GeV. Similarly, the chargino contribution to B0d–B̄0d mixing leads to the
constraint (δULR)13 . 0.1(〈mq̃〉 /500GeV) [31].8
8Note that the requirement of vacuum stability also leads to upper bounds on (δULR)i3 (i =

1, 2) [36]. The nominal values used in our numerical analysis are compatible with these upper

limits.

14



J
H
E
P
0
7
(
2
0
0
1
)
0
2
7

At this point, a few remarks are in order regarding previous studies contained in

the literature. As we have already mentioned, the diagrams depicted in figure 5 give

the leading contributions to =M12, in agreement with refs. [11, 13]. The final form

of our result, however, differs from that of previous works in several ways. First, we

have used the mass insertion approximation to compute the dominant contributions

to εK , which enables us to use other largely model-independent constraints on the

off-diagonal elements of the squark mass matrices. Second, we have considered a non-

trivial structure for the LR squark mass-squared terms, which proved to be crucial

in order to have indirect CP violation within the present model. More importantly,

our parameter space is severely constrained since in the calculation of the various

contributions to εK we have considered only those sets of parameters that correspond

to true minima of the Higgs potential.

We conclude this section with several comments on large CP phases and their

implications for the EDM’s of electron and neutron.

5.4 Remarks on the electric dipole moments

As seen from table 1, the CP phase of the gauge singlet field, φN , is accompanied

by small values of λ so that the EDM constraints are less stringent [37]. Further,

the SUSY contributions to the EDM’s depend only on flavour-diagonal entries in

the squark mass matrix, whereas the expression for εK involves flavour off-diagonal

elements. However, it is evident from eq. (4.2) that there is an overall CP-violating

phase which is independent of the new flavour structure. Apart from the requirement

that AijU |i=j � AijU |i6=j, a conceivable way to suppress the EDM’s includes large
cancellations between different SUSY contributions and a SUSY particle spectrum

with masses of scalar quarks and gauginos in the TeV range. Given the analytic

results for the contributions to the EDM’s of electron and neutron mediated by

photino and gluino [33], together with the sets of parameters displayed in table 1

and the present experimental results of dn < 6.3 × 10−26 e cm (90% C.L.) and de =
1.8×10−27 e cm [21], the photino and gluino masses are required to satisfy 0.5TeV .
mγ̃ . 2TeV and 2TeV . mg̃ . 6TeV.9
Such a hierarchy in the soft gaugino masses requires further discussion. We first

note that masses of the superpartners of about 1TeV may be in conflict with the

cosmological relic density. In addition, such a scale for the γ̃ and the g̃ masses is

rather unnatural, since the masses of the squarks andW -ino are typically of the order

100–300GeV in the model under consideration. [Similar conclusions can be drawn if

we take into account the chargino and neutralino contributions (see, e.g. ref. [23]).]

Finally, we stress that the above-mentioned hierarchy for the scalar partners leads

to an unacceptable scenario for the lightest supersymmetric particle (LSP). In this

9For simplicity, we have assumed ml̃ = mq̃. Note that the constraint on mg̃ is relaxed if we

allow for an order-of-magnitude variation in the value of the hadronic matrix elements.
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case, the LSP would be either charged (one of the lightest squarks or a chargino),

or would have a non-zero lepton number. To summarize, it appears that unless

the parameters of the model are fine-tuned, there will be large contributions to the

EDM’s of electron and neutron, in potential conflict with experiment.10

6. Conclusions

The origin of CP violation, in particular, the question of whether CP is explicitly or

spontaneously broken, is an important issue in particle physics. In this paper, we have

studied spontaneous CP violation in the context of the NMSSM, demonstrating that

it is possible to generate sufficient CP violation in order to account for the magnitude

of εK . We have emphasized that the NMSSM with spontaneous CP violation is a

natural framework to discuss the possibility of having CP violation that arises entirely

from SUSY interactions. This is due to the fact that in the above-mentioned scenario

the CKM matrix is automatically real.

By performing a complete and systematic study of the Higgs potential in the

NMSSM with spontaneous CP violation, we have shown that the minimisation of

the most general Higgs potential leads to an acceptable mass spectrum which is

accompanied by large CP-violating phases. We have argued that the lightest neutral

Higgs boson can have a reduced coupling to the Z0 due to the additional singlet

field, and thus may escape detection at LEP. We have shown that it is possible to

have a mass of the lightest neutral Higgs boson of about 125GeV. However, such

values for the Higgs-boson mass require a relatively large value for MSUSY of the

order O(1 TeV). By contrast, a rather low SUSY scale with MSUSY ≈ 300GeV (i.e.
light squark andW -ino masses) and a non-trivial flavour structure of the soft SUSY-

breaking trilinear couplings Ai3U (i = 1, 2) are required in order to account for the

observed CP violation in K0–K̄0 mixing. As a consequence, the parameter space is

severely constrained and the mass of the lightest Higgs boson is further diminished,

and it turns out to be no greater than ∼ 100GeV for the case of low tanβ (. 10).
As far as large CP phases are concerned, we have argued that it may be diffi-

cult to reconcile the large-phase solution with the severe constraints on the EDM’s

of electron and neutron. Although we do not exclude the possibility of cancella-

tions between different contributions, we find this highly unlikely in view of the

constrained parameter space. Therefore, the implications of the EDM bounds on the

parameter space, as well as the implied LSP scenario, are a great challenge for SUSY

models with spontaneous CP violation (at least within the minimal model we have

considered here).

10As far as the B system is concerned, we merely remark that the model can accommodate a

large CP asymmetry aJ/ψ, i.e. a large value of sin 2β (see, e.g. ref. [10]).
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[17] G.C. Branco, F. Cagarrinho and F. Krüger, A real CKM matrix and physics beyond

the standard model, Phys. Lett. B 459 (1999) 224 [hep-ph/9904379].

[18] A.T. Davies, C.D. Froggatt and R.G. Moorhouse, Electroweak baryogenesis in the next

to minimal supersymmetric model, Phys. Lett. B 372 (1996) 88 [hep-ph/9603388];

A.T. Davies, C.D. Froggatt and A. Usai, Proceedings of the International Europhysics

Conference on High-Energy Physics, edited by D. Lellouch, Springer-Verlag, Berlin

1999, [hep-ph/9712501]; CP-violation in the next to minimal supersymmetric standard

model, hep-ph/9902476.

[19] S.J. Huber and M.G. Schmidt, Electroweak baryogenesis: concrete in a SUSY model

with a gauge singlet, hep-ph/0003122.

[20] Y.B. Zeldovich, I.Y. Kobzarev and L.B. Okun, Cosmological consequences of the spon-

taneous breakdown of discrete symmetry, Zh. Eksp. Teor. Fiz. 67 (1974) 3;

S.A. Abel, S. Sarkar and P.L. White, On the cosmological domain wall problem for the

minimally extended supersymmetric standard model, Nucl. Phys. B 454 (1995) 663

[hep-ph/9506359];

S.A. Abel, Destabilizing divergences in the NMSSM, Nucl. Phys. B 480 (1996) 55

[hep-ph/9609323];

C. Panagiotakopoulos and K. Tamvakis, New minimal extension of MSSM, Phys. Lett.

B 469 (1999) 145 [hep-ph/9908351].

[21] Particle Data Group collaboration, D.E. Groom et al., Review of particle physics,

Eur. Phys. J. C 15 (2000) 1.

[22] T. Ibrahim and P. Nath, The neutron and the lepton EDMs in MSSM, large CP-

violating phases and the cancellation mechanism, Phys. Rev. D 58 (1998) 111301

[hep-ph/9807501]; ibid. 60 (1999) 099902 (E);

M. Brhlik, G.J. Good and G.L. Kane, Electric dipole moments do not require the

CP violating phases of supersymmetry to be small, Phys. Rev. D 59 (1999) 115004

[hep-ph/9810457];

A. Bartl, T. Gajdosik, W. Porod, P. Stockinger and H. Stremnitzer, Electron and

neutron electric dipole moments in the constrained MSSM, Phys. Rev. D 60 (1999)

073003 [hep-ph/9903402].

[23] S. Pokorski, J. Rosiek and C.A. Savoy, Constraints on phases of supersymmetric

flavour conserving couplings, Nucl. Phys. B 570 (2000) 81 [hep-ph/9906206].

[24] See, for example, S. Khalil, T. Kobayashi and O. Vives, EDM-free supersymmet-

ric CP-violation with non-universal soft terms, Nucl. Phys. B 580 (2000) 275

[hep-ph/0003086].

[25] M. Bastero-Gil, C. Hugonie, S.F. King, D.P. Roy and S. Vempati, Does LEP prefer

the NMSSM?, Phys. Lett. B 489 (2000) 359 [hep-ph/0006198];

G.L. Kane, S.F. King and L.-T. Wang, What will we learn if a Higgs boson is found?,

hep-ph/0010312, and references therein.

19

http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB459%2C224
http://xxx.lanl.gov/abs/hep-ph/9904379
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB372%2C88
http://xxx.lanl.gov/abs/hep-ph/9603388
http://xxx.lanl.gov/abs/hep-ph/9712501
http://xxx.lanl.gov/abs/hep-ph/9902476
http://xxx.lanl.gov/abs/hep-ph/0003122
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB454%2C663
http://xxx.lanl.gov/abs/hep-ph/9506359
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB480%2C55
http://xxx.lanl.gov/abs/hep-ph/9609323
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB469%2C145
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB469%2C145
http://xxx.lanl.gov/abs/hep-ph/9908351
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=EPHJA%2CC15%2C1
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD58%2C111301
http://xxx.lanl.gov/abs/hep-ph/9807501
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD59%2C115004
http://xxx.lanl.gov/abs/hep-ph/9810457
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD60%2C073003
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD60%2C073003
http://xxx.lanl.gov/abs/hep-ph/9903402
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB570%2C81
http://xxx.lanl.gov/abs/hep-ph/9906206
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB580%2C275
http://xxx.lanl.gov/abs/hep-ph/0003086
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB489%2C359
http://xxx.lanl.gov/abs/hep-ph/0006198
http://xxx.lanl.gov/abs/hep-ph/0010312


J
H
E
P
0
7
(
2
0
0
1
)
0
2
7

[26] U. Ellwanger, M. Rausch de Traubenberg and C.A. Savoy, Particle spectrum

in supersymmetric models with a gauge singlet, Phys. Lett. B 315 (1993) 331

[hep-ph/9307322];

J.F. Gunion, H.E. Haber and T. Moroi, Will at least one of the Higgs bosons of

the next-to-minimal supersymmetric extension of the standard model be observable at

LEP2 or the LHC?, hep-ph/9610337;

B. Grzadkowski, J.F. Gunion and J. Kalinowski, Finding the CP-violating Higgs bosons

at e+e− colliders, Phys. Rev. D 60 (1999) 075011 [hep-ph/9902308];
U. Ellwanger and C. Hugonie, Masses and couplings of the lightest Higgs bosons in

the (m+ 1)SSM, hep-ph/9909260.
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