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We study the minimal version of the supersymmetric standard model with spontaneous CP breaking.
In this model, the Kobayashi-Maskawa matrix is real and contributions to € arise from box diagrams in-
volving squarks. We analyze the region of the parameter space which corresponds to values for €, €’ /¢,
and the neutron electric dipole moment (NEDM) in agreement with the experimental data. We show
that the CP-violating phases must be of order 10”2 and the NEDM lies near its present experimental

limit.

PACS number(s): 12.15.Cc, 11.30.Er, 11.30.Pb, 11.30.Qc

I. INTRODUCTION

The origin of CP nonconservation is not yet fully un-
derstood. One major concern in recent times has been to
understand why in the standard model (SM) the CP-
violating phase of QCD, 8, is so small (i.e., the strong CP
problem). Several solutions to this puzzle have been pro-
posed in the literature. The most appealing idea is the
Peccei-Quinn (PQ) mechanism [1].

In supersymmetric theories, however, even if one can
arrange for 6=~0, a new problem arises. It has been
known for a long time that the supersymmetric extension
of the SM contains a number of new sources of CP viola-
tion whose contribution to the neutron electric dipole
moment (NEDM) is two or three orders of magnitude
larger than the experimental limit if the phases that
parametrize the CP violation, ¢, are of order 1 [2-7].
Thus, a fine-tuning of parameters is necessary such that
@<1072-1072. Since such CP-violating phases arise
from different sectors of the supersymmetric model, this
multiple fine-tuning appears to be totally unnatural. In
fact, it violates 't Hooft’s naturalness condition which
states that a parameter is only allowed to be very small if
setting it to zero increases the symmetry of the theory [8].

One simple and very attractive solution to this problem
is to require that CP is spontaneously broken. In this
case, CP invariance is imposed on the initial Lagrangian
and it is broken by the ground state along with the gauge
symmetry. One example in which such an idea is imple-
mented is the supersymmetric version [9] of the Barr and
Nelson models [10]. Models of this type require the ex-
istence of exotic superheavy fermions which mix with the
standard light fermions. At low energy, such models are
indistinguishable from the Kobayashi-Maskawa (KM)
model. Another example is given in Ref. [11] where CP
is spontaneously broken at a high-energy scale inducing
complex scalar mass terms at low energy. In such a mod-
el, extra color-singlet and -triplet fields are necessary.

In this paper we analyze the minimal version of the su-
persymmetric standard model with spontaneous CP
violation (SCPV). In such a model, CP violation derives
from the phases of the vacuum expectation values
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(VEV’s) of the Higgs bosons. The purpose of this work is
to determine whether this model can explain the CP non-
conservation observed in the K-K system while being
consistent with the present bounds on the NEDM.

It has been claimed for a long time that supersym-
metric models need the KM phase in order to explain the
CP-violating phenomena [12]. This statement is based on
examining spontaneously broken N =1 supergravity
theories with a flat Kahler metric (i.e., all the scalar ki-
netic terms are canonical). In these theories,

2

2—
Amq—(mq1

_quz)N(qul—quz) , (1)
where ¢, and g, are the scalar partners (squarks) of the
q, and g, quarks, respectively. Since box diagrams in-
volving superpartners (superbox) are suppressed by a fac-
tor (Am;/mz)2 due to the so-called super-Glashow-
Iliopoulos-Maiani (GIM) mechanism, their contributions
to € are negligible for ¢ $ 1072,

When more general N =1 supergravity theories are
considered, Eq. (1) is no longer satisfied [13] and super-
box diagrams can be phenomenologically important. In
fact, in such theories, the squark mass matrix is com-
pletely arbitrary, and as a result its diagonalization is in-
dependent of the diagonalization of the quark matrix.
This implies that the unitary matrices V¢, which charac-
terize the Higgs or gauge fermionic-partner (Higgsino or
gaugino, X, ) interactions with quarks and squarks, i.e.,

Lin < Vi59,q;(1—ys)¥, +H.c. , (2)

are arbitrary.

In this paper we will work within the context of such
general N =1 supergravity theories. Our results, howev-
er, can be easily generalized to a wide class of effective
low-energy supersymmetric models.! Following Ref.
[15], we will assume approximately diagonal forms for

It has been recently emphasized [14] that the idea of super-
symmetry at the weak scale should be tested without regard to
the Planck-scale origin of any specific model.
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the super-KM matrices, V¢, similar to the standard KM
matrix:

1 O(sinf.) ~1077
Ve~ |O(sinf¢) 1 O(sinfc) | , 3)
~107%  O(sinf¢) 1

where 6 is the Cabibbo angle. Even with this natural
assumption, the contribution of the superbox diagrams to
flavor-changing neutral-current (FCNC) processes is too
large unless there is some mass degeneracy between
squarks. Bounds on Aqu/m~2 from FCNC processes
were studied many years ago in Refs. [15,16]. A recent
analysis can be found in Ref. [17]. Possible origins for
such a degeneracy have been explored in Ref. [18].

II. THE HIGGS SECTOR OF THE MODEL

The minimal supersymmetric extension of the standard
model (MSSM) requires two Higgs doublets. The VEV’s
of the two neutral scalars can be chosen real without loss
of generality [19] so that CP cannot be spontaneously
broken. It has been recently claimed that SCPV can
occur in the MSSM when radiative corrections to the
Higgs potential are included [20,21]. This, however, re-
quires [21] a Higgs boson lighter than that permitted by
the Higgs-boson search at the CERN e te ~ collider LEP
[22]. An extension of the MSSM Higgs sector is thus re-
quired if we want to have SCPV in supersymmetric
theories.

Let us consider a model with two Higgs doublets
H,=(HY,H;) and H,=(HJ,HY) with hypercharges
Y=—1 and Y =1, respectively, and a complex singlet N.
Such a Higgs sector has been extensively studied in the
literature [23,24] and provides an attractive solution to
the pu problem. The most general renormalizable and
gauge-invariant superpotential for one quark generation
is given by

W=1\N3+MH H,N+luyN*+uH H,
+hyH,0D +h,H,0U°, (4)

where Q is the squark doublet, U and D are the squark
singlets, and we have fixed the notation such that
H,H,=HH)—H [ H. The scalar potential in the su-
|

persymmetric limit is given by

2 2

1 1 1,
V—E % 5gAi*U?jAj + —2—g YiA,-*Al-
2
ow
+ N 4 b
o4, (5)

where A; collectively denotes all scalar fields appearing
in the theory. After spontaneous supergravity breaking,
new terms are induced in the low-energy Higgs potential
which softly break global supersymmetry (SUSY). These
are given by [13]

Ve =mi|H|*+m}|H,*+m}|IN>+m},H H,
+miN?+ AyNH H,+ A},N*+H.c. (6)

CP invariance implies that all couplings and mass pa-
rameters are real. In order to have the desired pattern of
gauge symmetry breaking, we will assume that only the
neutral components of the Higgs bosons develop VEV’s:

(H%)=v,, (HY)=v,e’?, (N)=ne'. (7

For p,£¥nm(n €Z), CP is broken along with the gauge
symmetry. The phase-dependent part of the Higgs boson
potential can be written as

V(p,&)= A cos&+B cos2&+ C cos3&+D cosp
+E cos(p—2&)+Fcos(p+&) , (8)

where the new 4, B, C, D, E, and F quantities can be
easily related to the original parameters. It can be shown
that there exists a region in the parameter space where
the minimum of the potential is at p,é#nm.? From Eq.
(8), we see that when £ is small, p must be close to O or .
This means that only one fine-tuning, £<<1, will be
necessary in order that all CP-violating effects are small;
we will see that this is required by the NEDM bound.
The smallness of £ does not violate ’t Hooft’s naturalness
condition.

In our model, the CP-violating processes will always
involve neutral-Higgs-boson couplings. Prior to spon-
taneous gauge symmetry breaking, the neutral Higgs in-
teractions with fermions are given by (following the nota-
tion of Ref. [23])

Li=—h,Hgu; —hyHdpd, —g(HS*HP, W+HY* WP, H)— (L)X H*H,—H}*H,)P,(gW,—g'B)

—A(HONP, H,+HINP, H,+NH P H,—NHP, H)—2A\,NNP,N+H.c. , )

where P, =(1—A5)/2, and the relevant neutral Higgs interactions with squarks are given by?

Li=h, MHPN*+uH* +mg A, H)agu, +hy(MHYN*+uHY +mgA,H)djid, +H.c. (10)

2This is only true for the most general superpotential of Eq. (4) or for those theories beyond the minimal N =1 supergravity [25].

3The coefficients of the soft-breaking terms H;gg are in principle arbitrary [13]. In agreement with standard theoretical prejudices
[14], we will assume that these coefficients are proportional to the Yukawa coupling k,. Otherwise contributions to the NEDM will
be too large.
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When the neutral Higgs bosons develop VEV’s, the in-
teractions of Eq. (9) and Eq. (10) induce complex mass
terms for the gauginos, Higgsinos, quarks, and squarks.*
Since the phases p and & cannot be rotated away, CP is
violated by the fermion and scalar propagators. The gau-
ginos and Higgsinos mix with each other, and the result-
ing mass eigenstates are called charginos ( ¥ ') and neu-
tralinos ( )?0). Notice that our model is similar to the su-
persymmetric model with explicit CP violation. Howev-
er, there are some important differences. The KM matrix
is now real [26] as is the gluino mass (m,). Moreover, all
CP-violating phases ¢ can be written as a function of only
the two phases p and &, i.e., p=g@(p, ).

III. CONTRIBUTIONS TO &, AND THE NEDM

In this section we calculate the predictions of the mod-
el described in the previous section for the € and ¢’ pa-
rameters and the NEDM. Following the notation of Ref.
[27], we have

£= _.l__el"ﬂ/“- [%tm +t0

5 , (11

[—

1 . its,~8, Red,
g=— e — =

— ty 1
’\/21 Rer 0 (2)

where A; are the weak-decay amplitudes of the neutral
kaon to two pions of isospin i, §; are the corresponding
phases from strong interactions and

ImA; ImM ,,
t.= , =
' Red;” ™ ReM

(13)

where M;; is the neutral kaon mass matrix in the K°—K°
basis. We have used the phase convention such that
t,=0. From the experimental values [22,28]

le] ~2.26 1073,
€/e$1.45X1073
|4,/ 401~ ,
8,—8y~—53°,

we have

t, =2V 2|e|~6X1073,
_ (15)
to=V2| A,/ A,lle’| S107%.

To begin with, let us consider the contribution to ¢,,.
The only diagrams that considerably contribute to
ImM,, are those involving phases in the propagators of
the superpartners. In order to have a complex PLory"
propagator, it is easy to see from Eq. (9) that mixing be-
tween gauginos and Higgsinos is required. As a result,
the superbox diagrams must involve a quark-squark-

4Neutral Higgs complex mass terms are also induced. For
small @, however, they do not give rise to any significant phe-
nomenological implication.

WR HR WR
Sy, ; T dy, SL : ‘ dg
I~ ~
: Ity ty : :
~ ! ~
qL : ? f : qL
: : EL ER : :
dp * : SL dy : : sy
W Hp L3
FIG. 1. Dominant one-loop contribution to ImM,. We

denote by @ a H-W or 7, -iz mixing.

Higgsino coupling so that their contribution to ImM,, is
suppressed by a factor m,/my,. If the phases arise from
a squark propagator, then §; —gp mixing is necessary
[see Eq. (10)]. In this case, superbox diagrams receive a
suppression factor m, /mq. Thus, only superbox dia-
grams involving 7 are non-negligible. The largest of these
contributions arise from the diagrams shown in Fig. 1.
In addition, there are two more diagrams like those of
Fig. 1 but with A and W interchanged in the H-W fer-
mion line, and contributing an opposite phase. Since
these diagrams involve different super-KM matrix ele-
ments, there will be only a partial cancellation, which we
denote by S. In order that the contribution of the dia-
grams of Fig. 1 be large enough, we need a small mass for
the lightest chargino and squark. In such a case, the con-
tribution to ReM |, given by the diagram shown in Fig. 2
is also large and a degeneracy between i; and d; is re-
quired in order to be consistent with the experimental

value.> From Ref. [15], we have, for mi+~mq~100
GeV,
Am?
7 o 1 (16)
qu 30

When the bound (16) is saturated, the value of ¢,, is given
by the ratio between the diagrams of Figs. 1 and 2. A
rough calculation gives

(m,/V2mysinB)V ;S sing
- 2 2
Amy/my

t R (17)

m

where tanf=v,/v, and V,; is, according to Eq. (3),
~1072. We have assumed the maximal H-W and 7, -Tx
mixing. This is a natural assumption for mo~mg~ 100
GeV. The fact that the diagrams of Fig. 1 involve the
dPRHT;  coupling which is proportional to
m,/V 2mysinB is crucial: the super-GIM mechanism
does not apply and such diagrams receive only one power
of the suppression factor Am;/m;. For tanB~1,
m,~2my, and S ~1/2, we have

t, =3X10" 'sing . (18)

Since this is the maximal contribution to ¢,,, we have

5The contribution of ReM |, from superbox diagrams involving
neutralinos and gluinos can be neglected if the masses of these
particles are larger than 200 GeV [17].
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FIG. 2. Dominant one-loop contribution to ReM ,.

from Eq. (15) the lower bound
PR2X1072, (19)

To estimate t,, we assume that A4, is dominated by the
penguin diagrams [29]. The largest contribution to Im 4,
arises from penguin diagrams involving charginos and
top squarks (Fig. 3). The chargino penguin diagrams also
contribute to ReA,. The dominant contribution is
shown in Fig. 4 and leads to the effective Lagrangian (for
mo ~mg) [30]

my
sinfc—-0 g +H.c. , (20)

p = 2
24mq m,

a,ay

L

where
Orr =Ly, T )Gg v*T%g) ,

and T is the Hermitian SU(3), generator. Considering
only the chargino contribution, the ratio ¢, is found to be
of the same order of the ratio ¢,, given in Eq. (17). How-
ever, the dominant contribution to Re 4 arises from the
standard penguin diagram:

2

Ay me
L,= >—sinf.In—-0, +H.c. (21)
3my mg

Therefore,

md (m,/V2my,sinB)V ;S sing

B 16qu

to (22)

In(m2/mk)
For the same values of the parameters considered in ob-
taining Eq. (18), we have t,~6X 107 ° in agreement with
the experimental limit given in Eq. (15). We must remark
that the predictions for ¢, have large uncertainties [31]
and cannot be considered a precision test of the model.
Constraints from the NEDM, d,,, are more severe. The
predictions of our model for d, can be estimated using
previous calculations of the NEDM in supersymmetric
models with explicit CP violation. Such calculations can

FIG. 3. Dominant one-loop contribution to ImA4,. We
denote by @ a H-W or 7, -fz mixing.

FIG. 4. Chargino one-loop contribution to Re 4.

be found in Refs. [2—4]; more recent analyses are given in
Refs. [5-7]. The dominant contribution to d, arises
from diagrams involving gluinos. Although the CP-
violating phase that appears in such diagrams is different
from the phase that appears in Fig. 1, both are of the
same order (assuming no accidental cancellation).
Different contributions to the NEDM arising from the in-
duced quark electric dipole moment, quark chromoelec-
tric dipole moment, Weinberg’s three-gluon operator and
one-photon-three-gluon operator have been considered in
Ref. [6]. Using the experimental value [32]
|d,| <1.2X 1072 e cm, the tightest bound found in Ref.
[6] for mg~m, ~mgz is @s7.5X1073,

The next most important contribution to the NEDM
comes from diagrams involving charginos (e.g., Fig. 5).
For m ~m., this contribution is given by [3]

2 m
eg d .
d,~—F+2>————sing, (23)
" 36V 2mtmycosB my ®

which also gives rise to an upper bound for @ of ~1072,
The fact that these bounds are so close to that of Eq. (19)
suggests that a more rigorous calculation should be car-
ried out in order to determine whether this model is ruled
out. Notice, however, that we still have enough freedom
in the parameter space to decrease the contribution to the
NEDM without decreasing the contribution to ¢,, com-
ing from the diagrams of Fig. 1. For example, con-
straints on ¢ from gluino contributions to the NEDM
can be made less severe by taking a larger gluino mass (if
m, 2300 GeV, the bound relaxes to @ S107"). In the
chargino case, contributions to the NEDM are smaller in
the region of small tanf8 or small soft-supersymmetry-
breaking gaugino mass term, M < m,.° In addition, con-

d, s s dg

FIG. 5. One-loop chargino diagram contributing to the
NEDM. We denote by a cross a mass insertion in the fermion
line.

6Note that in the limit M —O0 the phases in diagram shown in
Fig. 5 can be rotated away giving a zero contribution to the
NEDM.
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tributions to #,, depend strongly on the super-KM ma-
trices [see Eq. (17)] which are in principle arbitrary.

Let us finally notice that our model does not provide a
solution to the strong CP problem. After the Higgs bo-
sons develop VEV’s, 0 is induced at the tree level. We
find a value for 8 of O(p)~10"2,

IV. CONCLUSIONS

Even if 0 is small due to a PQ symmetry, a massless
quark or some other possible mechanism, supersym-
metric theories must still face the problem of having ad-
ditional CP-violating phases that induce a too large d,,.

In this paper we have proposed a supersymmetric mod-
el where CP is broken spontaneously. For this purpose,
an additional scalar singlet is required. Phases in the
VEV’s of the neutral Higgs bosons are then responsible
for all CP-violating phenomena. They induce at low en-
ergy complex mass matrices for squarks, charginos, and
neutralinos. The main contribution to € arises from su-
perbox diagrams (Fig. 1). We showed that if Am;/qu
saturates the bound derived from experimental limits
from FCNC processes, such diagrams can explain the ex-
perimental value of €. Contributions to €' /e and the
NEDM are in agreement with the experimental bounds if
the gluino mass is larger than about 200 GeV and the

CP-violating phases are ~10~ % The smallness of these
phases is natural in the sense of ’t Hooft.

Deviations from the SM predictions are expected to be
important in CP-violating B decays. Such processes will
be crucial for revealing the detailed structure of this mod-
el. An analysis of the impact of different classes of super-
symmetric models on B decays can be found in Ref. [33].

We must admit that our model suffers from the usual
domain wall problems just like most models with SCPV.
A possible solution which avoids such problems has been
recently suggested in Ref. [34].

Finally, it is interesting to note that the above analysis
shows that CP violation can arise generically as a super-
symmetric effect at low energy. In other words, the KM
phase is not strictly necessary to explain the experimental
observed CP-violating phenomena. However, such a pic-
ture is consistent only for a small region of the parameter
space of the supersymmetric model.
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