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We study theCP phases of the soft supersymmetry breaking terms in string-inspired models with nonuni-
versal trilinear couplings. We show that such nonuniversality plays an important role @Palliolating
processes. In particular these new supersymmetric sourde® efolation may significantly contribute to the
observedCP phenomena in kaon physics while respecting the severe bound on the electric dipole moment of
the neutron[S0556-282(199)03217-§

PACS numbd(s): 12.60.Jv, 11.25-w, 11.30.Er

[. INTRODUCTION all the strict boundary conditions on which the MSSM relies.
If one gives up the MSSM and goes for more general SUSY
CP phenomenology is sensitive to new physics beyondealizations it is possible to avoid the above obstruction on
the standard model. In supersymmeteric models, there appelarge SUSY contributions te.
new C P violating phases which arise from the complexity of  Three ways out have been indicated so far. First, even
the soft supersymmetr§SUSY) breaking terms, i.e., the tri- remaining within the MSSM context, the complete computa-
linear scalarA terms, the bilinear scalaB term, and the tion of the SUSY contributions to the EDMN involves sev-
Majorana gaugino masses, as well as from ghparameter. eral contributions and possible destructive interferences can
The presence of these phases would give large contributionsgcur in some regions of the SUSY parameter spad. A
e.g., to the electric dipole moment of the neutt®&DMN)  second possibility occurs in the so-called models of effective
[1-6] and to theCP violation parameterss{ ande’) of the  supersymmetries where the sfermion of the first two genera-
K-K system[8,9]. There has been a considerable amount ofions are very heaviin the tens of TeV rangewhile those of
work concerning these phases in the minimal supersymmethe third generation remain light. Here the SUSY contribu-
ric standard modeIMSSM).! It was shown that to suppress tions to the EDMN are suppressed even with the maximal
the EDMN, either large scalar massepproaching more SUSY phases either because the squarks in the loop are very
than 1 TeV or small CP phasesof order 103, when all  heavy or because the mixing angles are very sfivgll Fi-
SUSY masses are of order 100 Ge&fe required. In the nally, we come to the way out which is of most immediate
latter case, the MSSM SUSY phases gene@ieviolation  interest in our work. It relies on the nonuniversality of the
in the K-K system far below the experimental value. Thus,trilinear A terms of the soft breaking sector of the SUSY
the Cabibbo-Kobayashi-Maskaw@KM) phase must pro- Lagrangian11]. Let us expand more on this latter possibil-
vide almost the whole contrbituion to the obsern@g vio- ity.
lation in theK system. In most of analysis universal or degenerAtéerms have
Recently the question of whether the EDMN actually been assumed, i.e.A(p )ij=A or (Ayp.)ij=Aup.L-
forces the SUSY contributions ©P violation in theK sys-  This is certainly a nice simplifying assumption, but it re-
tem to be quite small has been vigorously readdressed. Imoves some interesting degrees of freedom. For example,
particular this has been due to a change in the perspectives efery A term would, in general have an independ€®
the SUSY model building. While in the 1980s and early phase, and in principle we would have 27§ X 3x 3) inde-
1990s most emphasis was put on the minimal SUSY extenpendentCP phases. However, in the universal assumption
sion of the SM(i.e., the MSSM, more recently it has be- only one independer@ P phase is allowed.
come clear that the MSSM represents a very particular The situation drastically changes if we are to allow for
choice of SUSY extension of the SM with drastic assumpnondegeneraté terms with different and independe@tP
tions on the SUSY breaking terms. The advent of the supephases. For example, the off-diagonal element of the squark
string inspired model has stregs_ed even more the particylzyna332 matrix, say M2Q)121 includes a term proportinal to
nature of the MSSM and the difficulty, in general, to Obtam(AU)li(AB)iZ- However, in the universal or the degenerate
case this term is always real. Furthermore, these off-diagonal
elements play an important role &y, as shall be shown
For a review, see e.§10] and references therein. later. If these terms enlarge the imaginary part Ilm‘a) 125
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CP violation in theK system may be enhanced. That such alhese latter are important only for the case where the tree

In this paper we study more explicitly and concretely suchcUss such limit. Similarly thé\ terms are written as
aspects of theC P violation in theK system due to nonde- ) Ciw
generateA terms, using soft SUSY breaking parameters de- Aij=—3mgsin de ' *s—mg
rived from superstring models with certain assumptions « —ia

. . cosf(3+n;+n;+n)e 4T, 4

[12,13. We assume real Yukawa matrices in order to study ( RRURRLY) @
the CP violation effect due to SUSYCP phaseg. Also we wheren;, n;, andn, are modular weights of fields in the

use generically realistic Yukawa matrices. We inveSt_igatecorresponding Yukawa coupling;;, . Here the phaser is
how much theCP violation parametee in the K system is originated from theF term of T.2 If ;;, depends off, there

enhanced by the effect due to nondegenefeterms. . appears another contribution. However, we do not take such
The paper is organized as follows. In Sec. Il we review, coce.

the soft SUSY breaking terms derived from superstring mod-  +1,s the gaugino masses and #erms as well as ths

els. We assign family-dependent modular weights in order Qg are in general, complex. We have a degree of freedom
have nondegenerate trilinear couplings. In Sec. Ill, we stud)(o rotateM , and A, at the same timé3]. Here we use the
a ] .

the effect of these phases in t@&P violating physics of  ,,qjs \vherav, is real. InA terms of the above basis, there
kaons. We show that SUSE P phases could contribute ©0 o aing only one independent degree of freedom of the
the observed value of in the K system. Section IV deals phase, i.e.a’=a;—as. However, note that in general

with the EDMN. We give our conclusions in Sec. V. terms can have different phases with each other except the
case with co®sin#=0. The case with co8=0 corresponds

Il. SOFT SUSY BREAKING TERMS to the dilaton dominant SUSY breaking leading to the uni-
versalA term, while the case with si#=0 corresponds to the
moduli-dominant SUSY breaking, whe@P phases are uni-
versal, i.e. A=A le.

1A 1 i In order to avoid any conflict with the experimental re-

_ESB_EYiik‘f’i‘ﬁi ¢k+§(l““B) bi b sults on flavor changing neutral current processes, we as-
sume that the soft scalar masses of the first and second fami-
lies are degenerate, that is, the first and second families have
the same modular weights. Under this assumption, we in
general have thé-parameter matrix
whereYﬁkz (YA)ijk , the ¢; are the scalar parts of the chiral

First we give a brief review on the soft SUSY breaking
terms in string models,

1 . 1
+§(m2){¢*'¢j+§|\/|a>\)\+“-c-’ (1)

superfields®;, and N are the gauginos. We assume the aud Aud bud
string model to have the same massless matter content of the ud_ b
. . Ai' = a-u,d au,d ud |, (5)
MSSM, i.e., three families of quark double®s, the up-type J , ,
quark singletdJ;, the down-type quark singlef3;, lepton ud bPig Cud

doubletsL;, and lepton singlet&; as well as two Higgs ] o .
fieldsH, andH,. Here we consider orbifold models with the that is, all of the entries in the first22 block are degener-
overall moduli field T as well as the dilaton fiel®& We  ate, and thel1,3 and(2,3) [(3,1) and(3,2)] entries are de-

assume that the dilaton and the moduli fields contribute t@enerate each other. After assigning specific modular

SUSY breaking and the vacuum energy vanishes. weights, we obtain explicit values for the entries in the
In this case the soft scalar masses and the gaugino /A-Parameter matrix. .
massesM , are written ag13] In addition to the soft terms, we have to fix the Yukawa
matrices to be able to perform an explicit computation. There
m?=m3,(1+ n; cogh), (2) are several types of Antz for realistic Yukawa matrices.
Some typical Yukawa matrices leading to approximate val-
M= \/3ma,sin e s, (3)  ues of quark masses and their mixing angles are enough for

our purpose. Here we assurtlg every entry in the Yukawa
wherems, is the gravitino massy; is the modular weight of ~matrix is real,(2) the Yukawa matrix is symmetric, ar@)
the chiral multiplet and sif corresponds to a ratio between the Yukawa matrix has the following hierarchical structure:
F terms of Sand T. For example, the limit sil—1 corre-
sponds to the dilaton-dominant SUSY breaking. Here the Ya3>Yiji, Yoo Yin, (6)
phaseas is originated from thé= term of S In the equation ]
for M, the T-dependent threshold corrections are neglectedvhere Y; ; is any entry excepts;, and Yy, denotes the
(1,2), (1,2 and(2,1) entries.

2In higher-dimensional field theory and some type of string com-
pactificationCP is a nice symmetry, that is, Yukawa couplngs are 3We treatas and a7 as free paremeters. If we fix a form of the
real[14]. SUSY breaking superpotential, these magnitudes can be [fb&d
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Under these assumptions, we can write a generic form of the down-Yukawa matrix,

(mg/my)®%;  VEM(mg/my)  VEMeS,
Yidj =v4, VEM(mg/my) (ms/my) ZCENE @)
CKM@ CKM. 1

and the up-Yukawa matrix

u oY CKM
(my/my) O, \ mumc/mt 03, 13

Yii=Yss J(mym/m{) 04,05, (mc/mt)®22 VCKM 23| 8
VCKM 13 VCKM 1
|
in terms of the eight free parametes;®, 045, 044 and ag a4 by a, a, by

04, while ®4, is of order one. In addition we have a con-

stralnt,®gg—®‘2‘3~l. A detailed discussion of this param-

etrization will be given in Ref[16]. by by Cq b, b, ¢,
Actually, most of symmetric and hierarchical Yukawa

mass matrices which have been already proposed in the livhere

erature are included in the above textuf@s and (8). For

example, five types of symmetric Yukawa matrices with five a,=mg( — 3 sind+3e ' cosh), (14)

texture zeros have been obtained in R&¥]. The following

parameter assignments correspond to four Ramond-Roberts-

Ross(RRR) types:

Ad: g Qg bd y A= ay a bu , (13)

ag=by=mg(— /3 sing+2e" % cosh),

(19
(033,013,03;,013,01) by=Ccy= Mg — 3 sing+e~"* cose),
=(1,0,0,0,3 in the first RRR type, 9) (16)
. _ = —/3mg,sine. 17
=(1,0,0,1,0 in the third RRR type, (10

In this paper we taked%,=0%=0Y,=1 and 05,
=(0,0,1,0,) in the fourth RRR type, (11) =03,=05=0 as an example. Having specified the values

of the soft terms at the string scale, we can use the elec-

troweak breaking conditions &t ,, which at tree level can

:(0,0,1,1,0 in the fifth RRR type, (12) be expressed as
with the other prameter@i”j'd suppresse@iMoreover, in Ref. mﬁl— mﬁztanzﬂ )
[18] string-inspired realistic quark mass matrices have been Mzznz—— MZ/2, (18
studied and the obtained matrices correspond to the case with targ-1
0%;=04,=1, a small value 0P}; and the othe®{; sup-
pressed. _ —2|B.u|
sin2B= T 2 a2 (19)
mi, T My, +2u

lll. CP VIOLATION

where targ is the ratio of the vacuum expectation values of

the Higgs fields. Using Eq$18) and(19) we can determine

the value of x| and|B| as functions oms,, 6, ande’. We

. ] i impose¢g=0 to avoid large EDMs. The origin of this latter

we fmt_j the following texture for thé\-parameter matrix at phase is linked to the way the term is produced in effective

the string scale supergravities. Given the focus of our paper on the role of
nonuniversalA terms forCP violation, we are not going to
discuss the different mechanisms to originatand we sim-

“The second RRR type corresponds to the suppressed value ply consider a vanishingg . We also assume a low value of
05,. tanB, namely, we consider it to be of order 3. Then all the

As an example of nonuniversal cases, we take— 1 for
the third family anch; = — 2 for the first and second families.
Also we assume thatle -1 andnH2= —2. In this case,
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supersymmetric particle spectrum is completely determinetbnger true if we switch on th€ P violating phase of the
in terms ofmgp,, 6, anda’. Apart from the key role of the CKM matrix. In that case SUSY loops can give a non-

nonuniversalA terms and of their phases @P violation, it

negligible contribution toey, although such contribution

is worth mentioning that they have also important effects orcannot be the major source GfP violation.

the SUSY spectrum and on the n@mR violating processes
[6] and[19].

Before computing the contribution ©©P violation in the
kaon system from the phases in the above matrand

To obtain a large SUSY contribution g it is necessary
to enhance the values of I{,), r and Im(5,,) g, . The non-
degenerateé\ terms is an interesting example for enhancing
these quantities since the off-diagonal terms, namA]y,

AY, one important remark is in order. The fact of havinglead to nonvanishing values oB{,) g and (6;,)g, at the
nondegeneraté terms is essential to obtain nonvanishingtree level[see Eq.(1)].

CP violating contributions from SUSY loops when the

We consider the box diagrams which are responsible for

CKM matrix is taken to be real. Namely, it can be shownhe K0.KO transition and we focus on the contribution com-

that, independently from how large one takes the SWISY
phasesp, and ¢g, in the presence of degeneraieterms
and real CKM there is no way of generating a phenomeno-
logically viable amount ofCP violation in K physics. This
point was already emphasized by Abel and Fidr who
showed explicitly thate turns out to be extremely tiny in
box-diagrams with chargino—up-squark exchange and exter-
nal left-handed quarks when the matric&sA) in our nota-

M gluino_ __

ing from gluino exchange in the lodjas we shall see below
this turns out to be the dominant contributionep [9]

2

as 1 2{ 2 3
5 =My 21(89) 2, [24xFe(X)+ 66T g(X)]
ema 3

+(89,) 2 24xfg(x) + 66 g(x) ]

tion are symmetrignotice that the symmetric form of the m 2
trilinear matrciesAY and A% and the Yukawas matriceg +(5‘1’2)LL(6’{2)RR[ 384( A +72|xfg(x)
and Y9 in our case is at the GUT scale and indeed at weak Ms+ My
scale our trilinear scalar terms are not symmetric in genera- me |2 5
tion space since they have different runnintheir proof can +| - 24( o m +36 fG(x)]
be readily extended to SUSY loops with gluino exchange. s’ d
This can be seen as follow. mg |2
The value of the indiredE P violation in the kaon decays +(89) 2R — 132( mrm.| Xfe(X)
. . s d
¢ is defined as
2
e™m M, +(8 a0 —132( ™| ()
= \/_— (20 Ms+ My
2Amg 2
where Amg=2 ReKOH4K%)=3.52x10"%° GeV. The T(0Rr(1RL 144( mg+my 84 fG(X)]'
amplitudeM ;,=(K°|H ¢ K°) is given in Ref[9] in terms of (23)

the mass insertiod,g defined bySag=A g/m? wherem is N

an average sfermion mass and this denote off-diagonal, Here,x=(my/Mg)* and the functiong(x),fs(x) are given

flavor Changing terms in the sfermion mass matrices. in Ref. [9] The above result is obtained in the so-called
We consider gluino exchange contributions with all exter-super-KM basig20] by making use of the mass insertion

nal left-handed quarks. In this case the relevant flavor changPproximation method. o
ing mass insertions that appear on the internal squark propa- As we mentioned, we assume that the CKM matrix is real

gator lines accomplish the transition fraay, to d,, (1 and and the SOft SUSY bregking terms are the only source for the
2 are flavor indices complexrgy of'the amplitudé ,. The relevant contr'lbutmn
to CP violation comes from the terms proportional to
(21) (612 Lr @nd (819)gL in the above expression. Going to the
basis where the down quark mass matrix is diagonal, the
mass insertion §;,) g is given by

(Af D)1= [KMEK ],

whereK is the Kobayashi-Maskawa matrix.
In the case of degenerate terms, i.e.,Ajj=Ad
obtains[8]

i, one

! (532)LR:U1i(Yé)ijU}|—2a (24

1 where U is the matrix diagonalizing the symmetric down

(AY) =~ —Z(KTh6K>1z(3mé+IAIZ), (220 quark mass matrix. The most relevant contributions in the
8m above equation are

i.e., the flavor.changing mass insertions remain éal a (5g2)LR2U11(YQ)12U-2|-2+U12(Y3)22U£2+U13(Y§)33U;31

real CKM matrixX independently from the phasgf, . In such (25)

diagonal or degenerate cases the SUSY contributio@ Ro §

violation relies on the §1,) r and (512)r. Mass insertions which implies that Im¢;,), g is of the same order as

and it turns out to be very smdllL1]. Obviously this is no Im(Yﬁ) 1> and indeed it is found to be of order 1Hand the
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0 1 1 1 1
0.2 0.4 0.6 0.8

sin(o’ )

FIG. 2. The values ok versus 6 where a'=m/2 and my,

FIG. 1. The values of versus sim’ where the goldstino angle 109 Gev.

6=0.8 rad. andmz;»=100 GeV.
We can proceed analogously for other vaIue@{:}P. For

same for _ Moreover the values of | and e_xa_mple, the Ramond-Roberts-Ross textures lead to very
br2)rL M82) L similar results. As another exmaple, we can take the case

Im(612)rr are nonzero unlike in the universal case, but arg,;, Nui=—1,Nup=—2, andn,= — 1 for the other matter
’ ’ I

Sm,zllnseor t/r\;gneﬁs%[izzﬁaRt'e the chargino contribution #o It is fields. This case leads to a degeneratanaltrix, i.e., A
found that it is proportional to?ﬁa) (853 The ampli- :Aué-” andA :Adﬁ” ' However, note that thesk ket
LRAC2ILR eters in general have P phases independent of the gaugino
tude for the chargino box contribution #°-K° mixing can  mass unlike the case where every field has the same modular
be written as weightn;=— 1. Consistently with our previous general con-
siderations on the necessity of nondegeracy oftieatrices
to have sizableCP violating contributions, in this case
K1sKazaw 1 turns out to be smaller tha®(10 3).

o
M 3™

fR(01) L(O391r

IV. ELECTRIC DIPOLE MOMENT OF THE NEUTRON
2
The supersymmetric contributions to the EDMN include

K
x 132( Mg+ My XTo(x)|, (26) gluino, chargino, and neutralino loops. Since we are consid-
4 1 I 1 1
wherex=(m, - /Mg)?. The values of 63 r(555)r are two
orders of magnitude larger than the values 6§ZIfR but 35 | .
because of the smallness of the coupling it is found that the
amplitude of the chargino contribution is one order of mag- 3r 1

nitude less than the gluino amplitude. Thus the main contri-
bution toe is due to the gluino exchange. However, this is - 25
not necessarily true in the case of nonvanishifig o

Using the above values of the mass insertions we car T2
determine the SUSY contribution ta Figure 1 shows in x
terms of sine’ for #=0.8 rad andm;,=100 GeV. w 15

Also we give the values of in terms of # in Fig. 2,
which shows that the nonuniversality between the soft super-
symmetry breaking terms is preferred to enhance the SUSY
CP violating contribution. Finally, we present the values of
¢ as a function of the gravitino mass in Fig. 3.

It is interesting to note that fam;,~100 GeV we obtain
large values ok, which even exceed the experimental limit
2.2x10 3. Thus we have a constraint om§,,a") from the

2

1

0.5

0 1
50

100 150

Mg/

200 250

experimental limit ore. For instance, in case af = 7/2 we
find thatmg,,>120 GeV.

FIG. 3. The values of versusmg;, where the Goldstino angle
0=0.8 rad. andx’ = /2.
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ering the case with vanishingg, the gluino contribution is
dominant. For the EDM of the quatkandd it amounts to

(9]

: 2 ag My d
dd/e=—§?WM1(X)|m(511)LR: (27)
q
4 ag g
dg/e=§?M—zM1(X) Im(81y)Lr, (28
q

wherenn is the gluino mass\/lﬁ is the average squark mass.
The functionM ((x) is given by

1+ 4x—5x2+4xIn(x) + 2xZ In(x)

M0 2(1-x)*

(29

PHYSICAL REVIEW D 60 075003

specially fine-tuned case where oGP phases ofA ele-
ments contributing to the EDMN are suppressed.

Finally we comment on th&a S=1 CP violating param-
etere’/e. In our case, whered;,) g and (512 r. give the
important contributions to th&P violation processes in
kaon physics, the relevant part of the effective Hamiltonian
Hw g for AS=1 CP violation is

Her=CgOg+ CgOg, (32)
whereCq and Og are given in Ref[9] and Cg4 can be ob-
tained fromCg by exchangé < R and the matrix element of
the operatoiQg is obtained from the matrix element Gfg
multiplying them by (—1). Since we have{;,) g approxi-
mately equal to §;,)r,, thenCy is very close toCg and

hence, the value o’ is very small. This cancellation be-
tween the different contributions t©' is mainly due to the

As we explained in the last section, by using the electroweaRymmetric nature of the trilinear and/or Yukawa matrices we
breaking condition we can write all the spectrum in terms ofadopted. It has recently been shown that in the absence of

Mgz, 0, as, anday. Then the EDMdg/e is given in terms

such cancellation it is possible to obtain large values'd§

of these parameters. We use the nonrelativistic quark modéfompatible with the experimental results of NA31 and

approximation of the EDMN:

dn:%(‘ldd_du)- (30

The mass insertion&;;) g is given by

( 5?1) LR™ (UTYdAU )u=U 21(Y21A21) Uy +U 21(Y22Agz) Us;.

In our case, we find that th&,, is only one order of magni-

tude less than they;,. Unless the phases appearing in
(5‘1’1)LR are small, we would expect the imaginary part of

this latter quantity to be of order 16— 10 6. This implies
that the gluino contribution to the EDMN in this model is of

order of 10 2% cm. Recently it has been shown that the
above EDMN contributions can interfere destructively with
other contributions in some regions of the SUSY paramete
space[5,6]. In Sec. lll, we have shown that there exists a
relatively large region of the the parameter space to enhanccﬁ
e with nonuniversalA parameters. Thus, it may be possible
to find some cancellation with other contributions allowing

for the EDMN to be suppressed to values below %@ cm.

KTeV) using the flavor changing trilinear scalar terms of the
soft breaking sectq22)].

V. CONCLUSIONS

We have studied P violation in the SUSY model with
the nondegeneraté terms derived from superstring theory.
This type of nonuniversality has a significant effect in the
CP violation. We have shown the region of the parameter
spage where we have SUSY contribution forof order

It is interesting to investigate effects of nonuniversality on
otherCP aspects, e.g., detailed analysis of the EDMN. Also
the effect of the nondegearcy of tiieterms is important in
studying theB physics.

We have considered the case where the dilaton field and
only the overall moduli field contribute to SUSY breaking
ind in this case only one independédP phasea’=ay
ag appears in thé parameters. It would be interesting to
scuss multimoduli casg®1], where several independent
CP phases appear.
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