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The electric dipole moment of the neutron (EDMN) is re-examined in the framework of non-
universal soft supersymmetry breaking. We review some features of the relation between the EDMN
and non-universal soft supersymmetry breaking terms. It is shown that the constraints on the soft
scalar masses and soft CP phases have a rather strong dependence on the non-universality of soft
breaking terms. We also show that the soft CP phase ¢z which has no natural suppression
mechanism may not contribute significantly to the EDMN in a certain parameter region where the
radiative symmetry breaking occurs successfully. If this is the case, $s may not need to be so small.

§1. Introduction

The minimal supersymmetric standard model (MSSM) is now considered as the
most promising extension of the standard model (SM).” Although the origin of the
supersymmetry breaking is still unknown, we can make various predictions by using
a suitable parametrization of its breaking. This parametrization is known as the
soft supersymmetry breaking terms. Phenomenological features of the MSSM are
determined by these soft supersymmetry breaking parameters, which play a
phenomenologically similar role to the vacuum expectation value of the Higgs field in
the SM. Usually these soft supersymmetry breaking parameters are assumed as
universal. Although universal soft breaking terms can be derived from a special type
of supergravity theory, this assumption is based on the predictability of the model and
also on phenomenological constraints. As is wellknown, the MSSM gives a new
contribution to FCNC processes, such as K°-K° mixing, at the one-loop level.?~* To
suppress such processes sufficiently, a suitable degeneracy is required among squarks
as far as squark masses are assumed to be less than O(1) TeV.” Various models
have been proposed to guarantee the degeneracy of squark masses.”~"

On the other hand, as recently stressed, soft supersymmetry breaking parameters
are non-universal in the effective theories derived from the superstring theories and
also general supergravity theories.'”~'” And various interesting features which are
not seen in usual study are found under those soft breaking parameters.”*?” If we
take such a situation seriously, it seems to be a very interesting problem to consider
how this kind of non-universality does not conflict with the phenomenological con-
straints such as K° K° mixing. One attractive proposal suggests that squark masses
can be degenerate at low energy due to the heavy gaugino loop effect even if they are
non-universal at Mu..®” As another possibility, we can consider the non-universal
squark masses which preserve their non-degeneracy in the low energy region but do

*) Present address: Sektion Physik der Universitat Miinchen.
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not conflict with the FCNC constraints. This type of soft supersymmetry breaking
parameter can be realized in rather constrained supergravity models. It is shown,
however, that such non-universality shows very interesting effects, especially, in the
gauge coupling unification.'®

The electric dipole moment of the neutron (EDMN) in the MSSM also results in
a severe constraint on the soft supersymmetry breaking parameters. Unlike the
FCNC, however, it requires no degeneracy among squark masses, but constrains the
absolute values of soft breaking parameters. The present experimental bound of the
absolute value of the EDMN is 1.1X107®ecm." As estimated in many pioneering
works,' the contribution to the EDMN containing the gluino and squarks in the
internal lines gives the following constraint,

| mgAu < 100 GeV )z Mup__|
yl ﬁzzq,qc MaX(mg, qu,qc) 10 MeV I

<1073, (1)

where Ay is a soft supersymmetry breaking parameter corresponding to the up-quark
Yukawa coupling. This bound is usually considered to be satisfied if either CP phase
7 in the soft breaking parameters are unnaturally small as 0(10~%) or the gluino mass
my and averaged squark masses #iqqc are heavier than O(1)TeV.''®  Although
more detailed studies in various parameter settings give similar results,!” these
conditions seem to be inconsistent with the naturalness if we consider it seriously.
This suggests that the EDMN may be a very important phenomenon to study the
evidence of the supersymmetry and the origin of the supersymmetry breaking. As
known from Eq. (1), the EDMN crucially depends on the structure of the soft super-
symmetry breaking parameters. In fact, Eq. (1) shows that the non-universal scale-
up of the soft breaking parameters can suppress the EDMN more effectively than their
universal scale-up. Thus its detailed re-examination under non-universal soft super-
symmetry breaking seems to be worthy for the study of the supersymmetric model
building. It may also affect the electroweak baryogenesis scenario, since it is closely
related to the largeness of soft CP phases.!®

In the present paper, we investigate the EDMN in the MSSM with non-universal
soft supersymmetry breaking terms.* We do not use the averaged values for the
squark masses, unlike the usual study. The estimation based on the averaged squark
masses is good for the case that squark masses are almost degenerate. However, if
their degeneracy is not sufficient, the value of the EDMN can change by one order.
And also, particularly, we carefully study the relation between the EDMN and the soft
CP phases. In § 2 we review the general feature of soft supersymmetry breaking
terms induced by the F-term breaking of the dilaton and moduli fields. In the MSSM
it is wellknown that the EDMN has a non-zero value due to the loop effect of the
gluinos, the charginos and the neutralinos. In § 3 we concentrate on only the gluino
contribution to the EDMN. Taking into account the non-universality of soft super-
symmetry breaking terms, we give some formulae for the EDMN from which we can
read off the effects of the non-universality. Features of the constraints on squark

*) The MSSM often includes an assumption of the universality on the soft supersymmetry breaking
parameters. However, in this paper we will use this terminology to refer to the model without such an
assumption.
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masses and soft CP phases ¢4y, and ¢z are discussed on the basis of their numerical
analysis. In § 4 a suppression mechanism of the contribution to the EDMN coming
from the CP phases in the soft supersymmetry breaking terms is discussed. We
propose a new possibility to suppress the ¢z contribution to the EDMN even in the
case that ¢z is not small. To confirm that such a mechanism works successfully, the
chargino contribution should be taken into account. We will also comment on the
chargino contribution. Section 5 will be devoted to a summary.

§2. Soft SUSY breaking parameters

In this section we briefly review the general formulae and new CP phases of the
soft supersymmetry breaking terms in the MSSM. The superpotential of the MSSM
is written as

W= Q' H, U’ + Wi} Q"H\D’ + hiy L'H\E’ + pH  H, (2)

where I and J are the generation indices. The soft supersymmetry breaking terms
are

-fsoftz - Z_mizi»?.'ilz—(AthQIHz U" +A1[}hﬁQIH1DI+A5hﬁL!H1E!

+ BuH Hy+ za%MJ Aet+hoc), 3)

where the first term represents the mass terms of all the scalar components in the
MSSM. In the last term, A, are the gaugino fields for the gauge group specified by
a(a=3,2,1). The remaining terms are trilinear and bilinear scalar couplings.
Although we use the same notation for the superfields and component fields here, they
should not be confused.

Various works based on superstring theories and also general supergravity
theories suggest that these soft breaking parameters are generally non-universal.'”~'?
In general, low energy effective supergravity theories are characterized in terms of
the Kihler potential K, the superpotential W and the gauge kinetic function f,. Each
of these is a function of ordinary massless chiral matter superfields ¥’ and gauge
singlet fields @° called moduli, whose potential is perturbatively flat as long as the
supersymmetry is unbroken. Usually it is assumed that nonperturbative phenomena
such as gaugino condensation occur in a hidden sector. After integrating out the
fields relevant to these phenomena, the K#hler potential and the superpotential are
expanded in the low energy observable matter fields ¥’ as

K=«tK(0, ®)+Z(0, @U'WIIFJ_-F(% Y(o, 47),,¥f’§lf'+h.c.)+--- , (4)

W= W(a))+%ﬁ(m),,qr’¢"+-é—h~((p),,,(w'w1¢"f+-.- , (5

where «*=8x/MZ. The ellipses stand for terms of higher order in ¥’. In Eq. (5),
W(®) and (@) are induced by nonperturbative effects in the hidden sector. Using
these functions, the scalar potential V can be written as,"”

220z Aenuep 21 uo Jesn Alisienlun emezeuey| Aq $806181 /L1 b/S/v6/e10ne/did/woo dnooiwespese//:sdiy Woly pepeojumoq
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V=k2[G G Y*G5—3k%]+(D-term) , (6)

where G=K + «*log«®| W|?, and the indices @ and B denote ¥’ as well as @°. The
gravitino mass ms2 which characterizes the scale of supersymmetry breaking is
expressed as

m3/2=I€2€m2| W| . (7)

In order to obtain the soft supersymmetry breaking terms in the low energy effective
theory from Eq. (6), we take the flat limit Mp—co with ms. fixed. Through this
procedure, we get the superpotential (2) and the soft supersymmetry breaking terms
(3). In the effective superpotential (2), Yukawa couplings are rescaled as Ay«
=e%2 i yx, and the g term is effectively expressed as

ﬂ=ek’2ﬂ+7n3/2 Y—F'TafY, (8)

where £ should be understood as puw,. If |F|=0(ms;), we can find that the appro-
priate g scale of order #s,2 can be remarkably induced through the second and third
terms. This is originated from the Y (@, @) in the Kihler potential?® However, it
should also be noted that the scale of u crucially depends on its origin. A case such
as |¢|/ms2<1 can also occur if Y(@, #)<K1 and |#|<ms.. This case is interesting
when considering the suppression of the effect of the soft CP phases on the EDMN as
seen later.

Each soft breaking term is expressed by using K and W as follows,'"'®

ﬁﬁfz m.%/zZu- - F"Ff[aié‘;sz - (G;ZNJ—)Z”L_(&ZJ)] + IC2 V()Zu" , (9)
N Y 1z ML _
Ay=F{(0+5 R ) — Z%6Zachmo | (10)
B= Fi[(&i +'%—Ki>ﬂ - ZmaiZﬁuﬂJ)L] e —map
+ [F"(aﬁ—%—lﬁ)Ff—st/zF’*] a;Y/ﬂ , (11)

where F'is an F-term of @°, and 9: denotes 9/0®*. The suffix N in Eq. (10) represents
the Higgs fields H, and H,. V, in Eq. (9) is the cosmological constant expressed as
Vo= F'F73:0;K—3m}.). Requiring the cosmological constant to be zero or
sufficiently small, we get |F|=0(ma;). From this we find that the soft breaking
terms #i17, Ay and B are generally non-universal but characterized by the gravitino
mass #sze. The structure of non-universality depends on the form of the Kihler
potential. The gaugino masses M, are derived through the following formula,'”’

Maz%(Refa)-lFfaj - (12)

where the subscript @ represents a gauge group. This shows that M, is also char-

*) In these formulae we do not assume that the cosmological constant vanishes. It should be noted that
these soft breaking parameters are not canonically normalized because the kinetic term of ¥; is expressed

as Zir "W, T7 .
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acterized by mspe.

Here we should comment on the possibility of the hierarchically different soft
breaking parameters. The values of these soft breaking terms are at most O(ms2) as
shown in Egs. (9)~(12). However, it should be noted that this does not imply the
non-existence of the large difference among soft breaking parameters. In fact, it is
shown that in some string models, soft breaking terms with different orders of
magnitude can be realized.'??" This result arises from the question of whether these
soft breaking terms are yielded by tree level effects or loop effects. The soft break-
ing terms presented in Eqgs. (9)~(12) are the values at Mn. The non-universality at
high energy scale does not necessarily imply non-universality in the low energy region
when the quantum corrections are taken into account. For example, the differences
among the soft scalar masses can be diluted by renormalization effects due to the
heavy gauginos, as stressed in Ref. 6). Although such a situation is preferred to
suppress the FCNC sufficiently, in the following study we consider a kind of non-
universality such that the difference among scalar masses is not diluted away in the
weak scale region. As shown in Ref. 13) the MSSM with this kind of soft scalar
masses has the interesting feature of the gauge coupling unification.

As stressed in the Introduction, non-universal soft supersymmetry breaking is
restricted by the low energy phenomena. In particular, it is well known that the
non-universality among the scalar masses in the low energy region is strictly con-
strained by the FCNC phenomena.® For example, the real part of the K®-K° mixing
leads to the constraints
A2 %

Max(mg, WlL, 7%1?)2\ Wll.2

H [ SR\ g o
Re[MaX(mg, e, Wlk)z\ it )( Min® )]510 GeV™, (13)

Re[ )2] <5%10-° GeV?

where my,, . and #x are gaugino mass, and averaged left-handed and right-handed
squark masses, respectively. The squared mass difference between the left-handed
(right-handed) squarks is represented as 6#ii(). J? represents the product of the
factors coming from the mixing angles of quarks and squarks. For our purpose, we
should confine ourselves to the case where the low energy non-universality of the soft
scalar masses remains without contradicting the FCNC constraints. As such a
simple example, we consider the case where the soft scalar masses belonging to the
same flavor are equal but the left-handed squark mass is different from the right-
handed up and down squark masses,

o, F Mn, Wibg . (14)

We can easily satisfy the conditions (13) in this case.*’ To realize this kind of soft
scalar mass, the form of K#hler potential is restricted. As seen from Eq. ), Z(o,
®),7 should be proportional to &;7 in @/, Us' and Ds' sectors, respectively. This

*) This type of soft scalar mass may induce the large contribution to nuclear parity violation.?”
However, in this paper squark mass and gluino mass are considered to be more than 100 GeV. In this range,
nuclear parity violation will not yield a strict constraint.
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constraint on the Kihler potential is weaker than that in the universal case and is
often satisfied in the superstring models, as suggested in Ref. 12).

Next we review the CP phases in the soft supersymmetry breaking parameters.
The soft breaking parameters A, Af}, B and M, are generally complex and become
the new origins of the CP violation which do not exist in the SM. It should be noted
that soft scalar masses are real when Z(®, @);5 is diagonal. All of the phases of
these parameters are known not to be physically independent. We can extract the
physically independent phases from them in the usual way.'® We take the VEVs of
the Higgs fields H, and H; to be real by an appropriate redefinition of H; and H: so
as to make Bu real. If we note that the complex phases in the gaugino masses are
common in Eq. (12), we can make the gaugino mass real by the use of the R-transfor-
mation and summarize the new CP phases associated with the soft breaking terms in
the following form:

pap=arg(AFM*), ¢s=arg(BM*), (15)

where M* is a complex conjugate of gluino mass M. Generally, A% in Eq. (10) has
a different phase structure because of its non-universality and introduces the new CP
phase ¢4y, for each Yukawa coupling. These new CP phases can cause new contribu-
tions to the EDMN. In the following study we also assume, for simplicity, that

Afj=Av, Ab=A»p. (16)

This assumption imposes a certain condition on the moduli dependence of Yukawa
couplings Zy~. The constant Yukawa couplings satisfy the above assumption provid-
ing the proportionality of Z(®, ®@);; to 8i7. If we take Ay=Apr=A, the independent
CP phases are reduced to ¢4 and ¢s as in the case of usual universal soft breaking.

§3. Electric dipole moment of a neutron

We now proceed to express the for-

A
mula of the EDM of quarks explicitly )
keeping the above type of non- JUEES S r\//’\J
universality of the soft scalar masses.* ™ .

In order to see the effects of such a non- fz','ﬂ IS P
universality to the EDM of quarks, in this / \‘.
section we only consider the gluino 7 : /E X 7 : 3

contribution whose Feynmann diagram is

shown in Fig. 1. To calculate this Fig.1. A Feynman diagram of the gluino contribu-
diagram, we need an explicit form of a tion to the EDMN.

squark mass matrix M,%. For the f-type squark (f=U, D) it is explicitly written as

(lm;lz-i- r’ﬁh+mz2c052ﬂ( Tfa—Qfsinzﬁw) mf(Af+Rjﬂ*) ’ >
m$(A}+ R) |52+ %= + mz2cos2 BQysin®Ow/ ’
(17)

*) In Ref. 17) this calculation has been done. However, the squark masses are replaced by their averaged
value at the final stage there.
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where my, % and s are masses of the f-quark, the corresponding left-handed
squark and the right-handed squark, respectively. 73 is the third component of the
weak isospin of the left-handed quark f and @ is the electric charge of the quark 1.
R; is defined by using tanf=<{H>>/<{H> as
f:{cotﬁ (for f_ Uy, (18)

tang (for f=D).

Although M, is a 6X6 matrix, here we extract the part corresponding to the first
generation to estimate the EDMN. This treatment can be justified because the
generation mixing off-diagonal components of M,* should be suppressed from the
FCNC constraints.

The contribution to the EDM of a quark f from the diagram in Fig. 1 is

2 1
9/, as £y [ QFY*, Qr f z(1—x)
dffe 3 E_llm((s )i S7)1) mg 'S ax 1—-x+rai—x(1—x)ss’ (19)
where 75 =mg? /%, sp=ms/m%, and m, is the gluino mass. (S”)y is the element of
the unitary matrix S” which diagonalizes the squark mass matrix Ms? as Mg
=(S")'M/A(S’). The eigenvalues of this matrix are represented as #%. They are
explicitly written as

or

77!%‘1: ﬂlzg Xf+v Yf2+ij] ,

2

="l X, —[V7H 27 . (20)

Here Xy, Yr and Z, are defined as

~2 ~2 2
Q. Wifx mz 3
Xr= + + cos2837,
S ng ng ngU B £y

~2
Y,— Z:; Wi%e + mz2 cos2 (T4 — 2Qfsm20w)

Zr=slm A At R, (21)

After evaluating the matrix elements (S”)y, we obtain the final form of d/ as

12
dflesinys= 3” 7?’&2 [W] [7r2d(7s2)— v l(7rs1)]=F . (22)

In the derivation of these formulae, we used the fact m,<my for f=U, D. The
function () has the following form,*

1 271
I(r)=—(—?[1+ + 17 “r”]. (23)

In this expression, s, =m,* /% is neglected because the quark mass m, is sufficiently
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424 T. Kobayashi, M. Konmura, D. Suematsu, K. Yamada and Y. Yamagishi
small in comparison to the soft breaking scalar masses #y:.*
In Eq. (22) the angle 7 can be written as**

5, =JAdsinga, +|R;u¥|sings (24)
7 1A/lcos ¢a,+|Rsu*lcos ds -

tan

As is easily seen from this, siny; is of order 1 as long as both of tanés, and tanés are
O(1). This is independent of the value of |A,| and |Rs«*|. In the case that ¢as and
¢ are sufficiently small, Eq. (24) is reduced to the usual form:

A v T T @)
T TAAFTRw* 74 T AN+ R P8

This shows that 7 is approximately expressed as y,=O(¢4,) or O(¢3) depending on
whether |As|>|Rsu| or |As<|Rsl.

To reconstruct the EDMN from the dipole moments of the quarks, we can follow
the conventional method and use the result of the nonrelativistic quark model

dn=%(4dg —dy). (26)

For our purpose to investigate the effects of the non-universality of soft breaking
parameters on the EDMN, however, it will be sufficient to consider the behavior of d,°.

The parameters relevant to Fy in Eq. (22) are my, iq,, #iss, Ay, tanB and x. In
these parameters, only x cannot be directly related to ms, in some type of model, as
remarked previously.

At first we consider the treatment of the tang dependence. The radiative symme-
try breaking scenario due to the large top Yukawa coupling usually predicts tan3>1,
but not a particularly large value.*** Except when 1<tan8<2, we can safely, use
the approximation cos28~ —1. If we consider #iq, and 7y, to be heavier than ., the
cos28 dependence of X, and Y7 in Eq. (21) is expected to be small, except for the
special case with respect to Y, around the region #q,~ #s,. Then the tang depen-
dence of Fy is considered to come from Z, mainly. From this we can summarize the
tanp (R,) dependence of Fy as follows. If |As|>|uRy|, Fy is proportional to Ay, and
there is no significant tans dependence. On the other hand, if |A;|<|uR;|, Fy depends
on Ry linearly. Taking into account these features, it seems to be convenient to use
the combination |A,+ Ruu*| (=Zmmy?/2|m,|). Using this parametrization, we can
safely estimate Fr for any value of tanB. In the following numerical study, we will
put tanf=2. We wish to stress again that this does not yield significant influence on
X; and Y.

The difference between Fp and Fy comes from the differences in #%s,, Ar and Ry.
In the case ##tv,=ip, and Ap=Av, we can expect |Fp|>|Fy| because of the fact that
tanf8>1 as found in the RGE study. In this case we can approximate the EDMN as

*) This approximation yields an apparent singularity in 7(») at »=1. We need a careful treatment on
that point.
**) Here we assume that arg(my) is small enough that the problem of strong CP is not encountered.
**%) Here we do not consider the Yukawa unification and therefore the large tang solution will not be
needed.
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Neutron Electric Dipole Moment 425

drle~(4/3)Fosinyp. In the case #u,*#p, and/or Ap+ Ay, the question of whether
Fp or Fy mainly contributes to the EDMN completely depends on the relative size of
Ay and Ap and also 7y, and #in..  As is easily seen from Eq. (22), Fy is larger when
A; becomes larger and/or #is, becomes smaller. In any case we can give the
numerical constraints on the soft breaking parameters by comparing the d//e and the
present experimental bound of d.f/e.

We plot the contour lines of Fo(=d?/esinyp) in the (#ips/mg)-(#2e./ms) plane in
Figs. 2~4. Each graph corresponds to the various values of m, and |Ap+ #*tanB)| for
tan3=2. We can confirm the constraints on the soft breaking parameters from these

100 100
{Ap+H tanf | =100 JAp+H" tanf | =100
2 3
s 3
8 10 g
Eom g
% -3
3 . 3
b
1
0.5
1 10 100
o,
llb
(a)
100 100
|Ap+H* tanB|=1000
3 3
) u
10 = 10 g
o
Ny i a
] \ o g g
i 3
d ) b S
\ c
1 1
0.5
0.5 : " Too 1 10 100
o, fig,
Mg g
(b) (b)

Fig. 2. The contours of Fp=do’fesinyp in the Fig. 3. The contours of Fpr=di’lesinys in the
(ipa/mg)-(#2q./m,) plane at mgy=100GeV and (Hipp/me)-(#iq.fmg) plane at mgy=500 GeV and
tanB=2. |Ap+u*tanf| is chosen as 100 GeV tang=2. The value of |Ar+p*tanf| is the
and 1000 GeV in Figs. 2(a) and (b) respectively. same as in Fig. 2. Each contour represents the
Each contour corresponds to a) 107*cm, b) same value as in Fig. 2.

10%cm, ¢) 107%* cm, d) 107® cm and e) 107%
cm.
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figures. For simplicity, we now con- 100
sider the case #iy,=#ip,=mr and Ap
=Ay=A. In this case we can use the
approximation d.%/e~(4/3)Fp sin yo.
The constraints usually quoted in the
universal soft breaking case are easily
obtained by assuming that g, ~ iz Fou
~mg~|A+Rmu*|. If we take these
values as 100GeV, we have Fp=10"%
from Fig. 2, and then siny» <1072 is need- a
ed to be consistent with the experi-
mental bound. This means that at least 0.5
¢4 or ¢z should be less than O(1072),
depending on whether |As|>|Rsu| or
|As|<|Rsu| as known from Eq. (25). (a)
On the other hand, in the case of 100
non-universal soft breaking, the con-
straints seem to be rather weakened by
its various combined effects. As an
example, we consider Fig. 2 where m,
=|A+R,u*|=100GeV. As long as #ie. 1o
>1000 GeV, d»°/e~10"% can be realized i
even if sinys~ O(1) and #x:=100 GeV.
When non-universality is suitably com-
bined, Fp can be as small as O(10™%) in b
a more natural soft breaking parameter
region. This result can also be found in 0.5
previous works."”” However, we would
like to stress that the suitable combina-
tion of non-universality may open an (b)
interesting possibility for the suppres- & & The contours of Fo=ddf/esiny, in the
) (Mpe/ms)-(iq./ms) plane at m,=1000 GeV and
sion of the EDMN. As seen from Eq. tanf=2. The value of |Ap+x*tang| is the
(25), for example, if the |A;| are not the same as in Fig. 2. Each contour represents the
same order as |R,u*|, either ¢4, or ¢s same value as in Fig. 2.
will mainly contribute to the EDMN.
This may give a new way for arriving at
a natural solution of the soft CP phases, as seen in the next section.
Before closing this section, we will summarize the features of the dependence of
the EDMN on #iq,, %, me and |As+ Ru*|.

1Ap+H tanf | =100

10

z=fuvs  000T=tw

&2

1ap+K tanf | =1000

z=guvy  000T-tw

22

(1) Generally large values of #iq, or my, are required to suppress the EDM of the 7-
quark and then the EDMN. However, it should be remarkable that if only one of
them is sufficiently heavy, the EDMN can be largely suppressed and satisfy the
experimental bound. This is expected from consideration for the squark mass
eigenvalues. This feature seems to be favorable for gauge coupling unification in
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superstring models. Such non-universal soft scalar masses can shift the gauge
coupling unification scale upward from that of the MSSM as shown in Ref. 13).

(2) As |As+ Rsu*| increases, df/esiny; increases proportionally. This feature is due
to a fact that |A,+ Rsu*| characterizes the left-right mixing of the squark mass
matrix. Depending on whether the main contribution comes from A, or Rsu*, the
constraints on the soft CP phases ¢4 and ¢5 can be different. Also we should note
that a significant cancellation between A, and Rsu* can occur depending on the
relative phase between A and R,u*. In such a case, the EDMN can become an
extremely small value even if soft breaking parameters are relatively small.

(3) The value of d//esiny, decreases almost inversely proportionally to the increase
of the gluino mass. This feature seems to be irrelevant to the squark masses. It is
worth noting that this cannot be read off from Eq. (1) in the range m, < #iqgqc.

(4) Following the usual RGE study, the soft masses satisfying mg>#q,, s, Seem to
be difficult to realize in the low energy region. The large gluino mass will make the
squark masses the same order as the gluino mass through the renormalization effect.
This suggests that the soft scalar masses including the RGE effects favor a region
satisfying ##is./mg and g, /me1. It is notable that for a certain value of m,, the
EDMN in such a region has a smaller value compared to the one in the region which
the RGE effects disfavor.

§4. A new suppression mechanism of the EDMN

In this section we study the necessity of the natural suppression of the soft CP
phases. As was shown previously, siny, should be small enough not to exceed the
experimental bound of the EDMN if all soft supersymmetry breaking parameters are
0(100) GeV. This is usualy considered to be equivalent to the condition that both of
the soft CP phases $4, and ¢s are less than 107>~107%, depending on the detailed
values of soft breaking parameters. From the viewpoint of the naturalness, such
small phases seem to be unexpected in the general soft supersymmetry breaking
schemes. We shall propose a natural explanation for this problem for certain types
of models.

Recently it was suggested that the phase ¢4, can be small enough not to contra-
dict the EDMN bound in the models derived from the superstring theories associated
with the supersymmetry breaking due to the F-terms of a dilaton and moduli. In Ref.
12) it was shown that the dilaton dominated supersymmetry breaking suppresses the
phase ¢4, sufficiently. This is because the phase structures of Ay and M, in Egs. (9)
and (12) have a certain similarity. As is wellknown, this kind of model induces
universal soft breaking terms such as s.=—A//3=M.//3=mss. On the other
hand, Choi pointed out in Ref. 24) that the various complex phases contributing to ¢a,
are tuned to a value less than O(107%) by the dynamical mechanism based on the
Peccei-Quinn symmetry on the dilaton and moduli. In this case any kind of universal-
ity of soft breaking terms is not required. This situation is very different from the
suppression mechanism based on the dilaton dominance. In both cases, unfortunate-
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ly, there is no such general suppression mechanisms for the phase ¢s.

The y¢ term generally has various origins as shown in Eq. (8). Therefore the
structure of ¢s completely depends on its origin as seen from Eq. (11). It seems very
difficult to suppress ¢s naturally in a way independent of its origin.® However, the
existence of natural suppression mechanisms of ¢4, can open the new possibility of the
sufficient suppression of the EDMN. Instead of finding the suppression mechanism of
¢s, it seems more promising to investigate this new possibility that the EDMN may
be sufficiently suppressed even if the phase ¢5 is not small.

For this purpose we will consider the case |A/|>|Rsu|. We assume that the
smallness of ¢4, is guaranteed by the above mentioned Choi’s mechanism because we
need the non-universality among #:, A, B and M,. Insuch a case the value of 7, can
be estimated as

*
vy~ ¢A,+%in¢s . (27)

The contribution from ¢5 can be suppressed by a prefactor |R;u*|/|As| even if ¢s is
O(1). The main issue of this scenario is the consistency between the radiative
symmetry breaking and the smallness of |R,u*|/|As|. Using Egs. (22) and (27), we can
estimate the contribution to the EDMN from ¢z as

dn”/esin¢s=%1%((—FucotB+4FDtan,8)~% %Fptanﬂ, (28)

where Ay is assumed as Ay =Ap=A, for simplicity again. However, this assumption
is not essential for our discussion. As discussed in the previous section, we can find
|Fp|2|Fy| from numerical analysis, and also tan8>1 is generally expected in the
radiative symmetry breaking scenario due to the large top Yukawa coupling. Thus
the second similarity in Eq. (28) is deduced. The approximate value of Fp can be
read off from Figs. 2~4 for each value of soft breaking parameters. As far as tang
~O(1) and the masses of all superpartners are ~100 GeV, the necessary condition to
satisfy the experimental bound of the EDMN is estimated as |z|/|A|<1072. In fact,
we can also see this from numerical evaluation.

As suggested by the previous argument on the soft breaking terms, A is expected
to be O(msz), where the magnitude of ma. is dependent on the supersymmetry
breaking mechanism. On the other hand, the scale of x depends on its origin as we
stressed previously. Then |¢|/|A|<1072~107% may be naturally realized in a certain
class of models. However, the small |¢| may yield the light chargino and neutralino
which conflict with the present experimental bounds. The mass matrices for char-
ginos and neutralinos can be written as

( || e*= /imwsinﬁe) . (29)

V2mwcosf M,

The mass eigenvalues of a squared hermitian mass matrix of charginos are represent-

*) The only known mechanism to suppress ¢s naturally is to replace the u-term by a Yukawa coupling
of a singlet field and Higgs fields. In this model ¢z is reduced to the ¢4 type phase and then ¢5 will also be
small automatically.'?
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ed by the following formula,

m%%=%[|,u|2+M22+2mw2

([P — M2+ 4 mw?(| pl* + M2+ 2 Mz 12]sin2 Bcos ¢z) + 4 mwicos?2 8 1.
(30)

If we consider the region where both of |¢| and M; are sufficiently small, and also tanf8
is not significantly larger than one, we easily find that the chargino mass does not
conflict with the present experimental bound 45 GeV. In order to confirm the exis-
tence of the window in the small || and M. region which is not excluded from the
mass bounds of the charginos, we draw the contours of the smallest eigenvalue in the
(|¢|, Mz) plane. From Fig. 5 we can see that there is a window which satisfies our
demand. The constraint from the neutralinos was recently presented by L3.2
Their analysis shows that there still remains a small window in a region of the (||,
M) plane where we are focusing as long as tan3~1. Based on these considerations,
we concentrate our attention on the parameter region satisfying

in the low energy region. In this region we practice the RGE study to examine the
radiative SU(2) X U(1) breaking and estimate the top quark mass. As is well known,
reducing |#| increases the value of tanf significantly. This effect may cancel the
smallness of |¢| and make our scenario less attractive. To avoid such a situation, we
take | B(My)| somewhat larger than other soft parameters. This is because tang does
not depend on g directly but depends on Byu. At the tree level analysis, 8 is expressed
asZGJ

sin2f= ﬁ%,+3ﬁ€f+21ulz S 2
From this, one can find that the value of
muy, influences tang in the same way as
B.* The non-universality of soft scalar
masses may be applied not only to
squarks and sleptons but also to the
Higgs sector.*® By choosing #s,(Mpm)
smaller than ##ux,(Mp), we can reduce
tan # further. The non-universality
between #y and #ip also affects the

(A®D) ZR
Z=guwy

running of Higgs masses through RGEs # Gav)

and one C?n expect effects similar to Fig. 5. The contours of mass eigenvalues of the
those mentioned above. However, such lighest chargino in the (x|, M) plane. The
effects are indirect and negligible unless shaded region is excluded experimentally.

*) In most cases, |#4, + % is about O(107)(s#%, +|¢?) so that we need not take into account its effect.
**) Prom the viewpoint of radiative SU(2) x U(1) breaking, it is interesting to vary initial values of Higgs
masses from other scalar ones.*”
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we assume extremely large squark mass hierarchy, which often causes of color SU(3)
breaking. Combining these effects, we can find a suitable parameter region on the
basis of RGEs study. For such an illustration, we list a typical relevant set of soft
supersymmetry breaking parameters at mg,

|A]~530 GeV, |gl/|A|~13x10"%, tanf~2.6,
Wie~370GeV, my~99GeV, mp~510GeV,
my~110GeV, M.~41GeV .

Here we use a handy method to evaluate the contribution from the 1-loop effective
potential.® For the initial values giving these results, the top quark mass becomes
162 GeV and the masses of the lightest chargino and neutralino are almost on the
present experimental bound. The small top quark mass relates to the smallness of
tanfB. Such a top mass seems to be too small when compared with the results of
recent experiments.?®

To avoid such a situation, one can consider a relatively large top Yukawa
coupling in order to raise the top quark mass. This prescription may cause the
additional problem that the right-handed stop mass becomes too small to satisfy the
experimental bounds. This is because of the renormalization effects due to a large
Yukawa coupling.

However, we want to stress that this difficulty can again be solved by non-
universality. It allows us to set #iy >#ip at M so as to make #iy large enough at
My.

Using Figs. 2~4, we can estimate Fp as~7X107%. Then the constraint on ¢s
seems to disappear for these parameters. This is due to the combined effect of rather
large squark mass values and the suppression factor |¢|/|A|. Even if squark masses
are taken as 100 GeV, the present value of |z|/|A| can reduce the constraint to ¢s
~O0(107"). The combined effects of the non-universality of soft supersymmetry
breaking parameters can weaken the constraints on the soft CP phase from the
EDMN compared with those usually considered.

Finally we should comment on the chargino contribution. In this case the ¢4
dependence is largely suppressed due to the small Yukawa couplings even if there is
no suppression mechanism of ¢ and then ¢4~ O(1). Thus the chargino contribution
mainly comes from the ¢z dependent part of the d-quark EDM. The reason for this
is the same as that which is used to derive Eq. (28). This contribution is estimated
as17)

N Mz|y|tan,8 m e
dif[esings= drsin®Ow mi,—mb, i

- —25( 1 TeV ms __\ Mlpltang
5131071 2 (e ot ¢ e, (33)

where C is a numerical factor depending on the value of ¢ =(m?,./m.?). It is of order
1, assuming a value 1.6<|C|<3.5 for 107*>¢#>10"2 This chargino contribution is
expected to be sufficiently suppressed within the experimental bound for ¢z~10"! even
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if #:~0(100) GeV. This is due to the appearance of the additional suppression
factor

Mz tanﬂ
Miops— M,
- M| pltang
V(2 — M2+ 4mw®(| 1 + Ma? + 2 M| p|sin2 Bcos ) + A mwcos®2 8
<6.2%x1072, (34)

for the above parameters.* Moreover, for the parameters presented above as an
example, 7%, is larger than 100 GeV by some factor and then ¢z~ O(1) will be allowed.
Thus the present parameter region can suppress both the gluino and chargino contri-
butions successfully. The large ¢z models can be consistent with the present bound
of the EDMN. In the models with large ¢3, it seems to be interesting to calculate the
baryon number asymmetry produced by the anomalous electroweak processes.'®

Following the above mechanism, the present experimental bound of the EDMN
may be reconciled with the MSSM without introducing unnatural assumptions on the
CP phases of the soft breaking terms. We need only consider a certain kind of
non-universal soft supersymmetry breaking. The feature of models with these soft
breaking parameters is a relatively light top mass in comparison with the center value
of the CDF result and also a light chargino and neutralino close to the experimental
bound. Although the favorable parameter region of the present models does not
seem to be wide, it may be interesting enough to study it in more detail.

§5. Summary

We re-examined the EDMN under the non-universal soft supersymmetry breaking
parameters. We discussed the features of relations between the EDMN and soft
supersymmetry breaking parameters. They are consistent with the ones already
studied in the universal soft breaking framework. The effects of non-universality of
these parameters can weaken somewhat the constraints from the EDMN. We also
showed that the soft CP phase ¢s whose natural suppression mechanism is not
presently known does not yield a large contribution to the EDMN in the parameter
space where the radiative symmetry breaking occurs successfully. This may be an
interesting non-universal parameter region of the MSSM. In such a parameter
region we may not need to require ¢z to be small. This may be very convenient for
the electroweak baryogenesis scenario.

The FCNC severely constrains the soft masses of the squarks and requires
degeneracy among the masses of squarks with the same charge at the m: scale. On
the other hand, the study of the EDMN may provide us with some other knowledge for
the squark masses as is shown in this paper. Although these subjects have been
extensively studied, if we combine these from various viewpoints, we may get a new
useful insight for the overall structure of the soft squark masses. A more precise

*) In Ref. 17) the largeness of the chargino contribution is stressed in the case that ¢ and M. are rather
large. Here we are interested in the parameter region where ¢ and M. are small.
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study of the soft breaking parameters on the basis of the EDMN seems to be very
important still now. Also the improvement of the experimental bound of the EDMN

is strongly desired.
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