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The question ofCP violating phases and electric dipole mome(EDMs) for the electron ¢,) and the
neutron @,) for supergravity models with nonuniversal soft breaking is considered for models with a light
(=1 TeV) mass spectrum ariRtparity invariance. As with models with universal soft breakiMSUGRA)
one finds that a serious fine-tuning problem generally arisegyfp(the phase of th& soft breaking parameter
at the GUT scalg if the experimental EDM constraints are obeyed and radiative breakingUfR),

X U(1)y occurs. A D-brane model whe®U(3)-X U(1)y is associated with one set of 5-branes &d{(2),

with another intersecting set of 5-branes is examined, and the cancellation phenomena is studied over the
parameter space of the model. Large valueggpfthe phase oB at the electroweak scalean be accommo-

dated, though agaitiyg must be fine-tuned. Using the conventional prescription for calculatingone finds

the region in parameter space where the experimental EDM constraints od entdd,, hold is significantly
reduced, and generally requires @5 for most of the parameter space, though there are small allowed
regions even for tap=10. We find that the Weinberg three gluon term generally makes significant contribu-
tions, and the results are sensitive to the values of the quark masses.

PACS numbs(s): 12.60.Jv, 11.25.Mj, 11.30.Er, 13.40.Em

. INTRODUCTION Ao=|Al€@4, By=|Bo|ei®®, wmo=|uolei®n. (2)

It has been realized for some time that supersymmetrid? Ref. [12], it was shown that foriihd}quark cubic soft
(SUSY) models allow for an array o€ P violating phases Preaking parameter gy, A;=|A/e'*, the nearness of the
not found in the standard modé$M), and that these phases duark Landau pole automatically suppresagsthe phase
will in general give rise to electric dipole momer(&&8DMs) I(')f rﬁt SEJI\SA\EW)’ ar;d on? calm satisfy the EDM_bo/uzndl_s' with a
of the electron and the neutron which might violate the ex-'9 spectrum for larg@&oa , evenaoa=m/2. Fow-

. o ever, the situation is more difficult fafpg . The experimen-
gﬁgrgg%aébf UQSE%STPQ C;rr;egbi?eo s/;rﬁgLértEgﬁnds fok, tal requirements of Eq1) combined with radiative breaking
L. e :

of SU(2)XU(1) atMgy imply that 645 is large, i.e.O(1)
(unlessa, is small and then all phases are smalhd, more
(dn)expr<6.3x 10 2% cm; (de)exp<4.3x10 *’ecm. serious, must be tightly fine-tuned unless gans small
(1) (tanB=3). For example, fixingA,|, mg andm,, to be light
and aga large, one characteristically would find thégg

. . 4 _ .

While these bounds can always be satisfied by assuming suf€€ds to be specified to 1 part in"1for tang=10. Without
ficiently small phase§i.e. O(10 2)] and/or a heavy SUSY this fine-tuning, the GUT theory would not gchle\_/e elec-
mass spectrunii.e. =1 TeV), recently it has been pointed troweak symmetry breaking aflg,, and/or satisfaction of
out that cancellations may occur allowing for “naturally” Eq. (D). . ) ) i
large phasesi.e. O(10°1)] and a light mass spectrufis] Non'ml'nlmal models were a!so exam'lned[rtQ] with re- .
and this has led to considerable analysis both within th&Ults similar to the above holding. In this paper we examine
minimal supersymmetric standard mod@ISSM) frame- the nonminimal models in more detail. We then discuss an
work [3—5] and the gravity mediated supergrai§UGRA) interesting D—t_)rane mgdéllB], _where the standard _model
grand unified theoryGUT) framework[6—12. In the latter ~9@Uge group is associated with two 5-branes. This model
type models the theory is specified by assigning the gusyesults in nonuniversal gaugino and scalar masses and is able
parameters at the GUT scale, and using the renormalizaticlf allow larger values obg at Mgy . However, the same
group equation§RGES, one determines the physical predic- fine-tuning problem aMg for g5 results in this model as
tions at the electroweak scal¥gy,) (which we take here to well. _ ) _ i
be thet-quark massm,). Thus, in SUGRA models, “natu- Qur paper is organlzeq as follows: Section Il reviews the
ralness” is to be determined in terms of the GUT parameters?@Sic formulas and notation of the SUGRA GUT models for

In a previous papef12], we examined the minimal calculating the EDMs. Section Il examines a general class
model, MSUGRA, which depends on the four universal softof nonuniver.salities. Sgctiorj IV. considers the modefl 1]
breaking parameters 8 ¢ [my(scalar mass my, (gaugino  and conclusions are given in Sec. V.
mass, A, (cubic term magsand B, (quadratic term magb
and the Higgs mixing parametgr,. Sincemy is real and we
can choose phases such thats, is real, one has only three We consider here supersymmetry GUT models possessing
phases at the GUT scale in MSUGRA: R-parity invariance where SUSY is broken in a hidden sector

II. EDMS IN SUGRA MODELS

0556-2821/2000/6%)/07501@9)/$15.00 61 075010-1 ©2000 The American Physical Society



E. ACCOMANDO, R. ARNOWITT, AND B. DUTTA PHYSICAL REVIEW D61 075010

at a scale abovég=2x10' GeV. This breaking is then
transmitted by gravity to the physical sector. The GUT group
is assumed to be broken to the standard mo&)
SU(3)cXSU(2), XU(1)y atMg, but is otherwise unspeci-
fied. The gauge kinetic functiorf, 5, and Kahler potential,
K, can then give rise to nonuniversal gaugino massésat
which we parametrize by

m1/2i:|ml/2'|el¢0|! |:112!31 (3) < \\
s AN
and we chose the phase convention whége=0. We also / \\
allow nonuniversal Higgs and third generation massed at I/ \
which can arise from the Kahler potential: / \‘
1
i
2 2 2 2 5 Ly
my =mg(1l+5y), mg =mg(l+d,), > - >
= mB(L+ 8), m,=mg(1+6) > P -
2 _ .2 2 _ 2 FIG. 1. One loop diagram. The photon line can be attached to
= + = +
Mg, =Mo(1+ ), My, =mo(1+84), any charged particle.
ng: mS(1+ 5s), Weinberg type diagrarfil4] and the two loop Barr-Zee type

diagram[15]. [In Eq. (7), G4"=3€"""PG,5, €™?=+1,
Ta=3\,, where\, are theSU(3) Gellman matrices and
fapc @are theSU(3) structure constanisWe use naive di-
o _ - mensional analysigL6] to relate these to the electric dipole
whereq =(t_, b, ), Ur=tgr, €g=1g, €tC.,Mmg is the uni-  moments and the QCD factorg®, 7%, 5 to evolve these
versal mass of the first two generations ahdre the devia- results to 1 Ge\[17]. The quark dipole moments are related

tions from this for the Higgs bosons and the third generationto d,, using the nonrelativistic quark model to relate thand
In addition, there may be nonuniversal cubic soft breakingd quark moments tal,,, i.e.

parameters al g :

Mg =mg(1+3g), mi =mg(1+687), (4)

1
Aor=IAol €0, Agy=|Agele!®, Ag,=|Aq,|e"". (5) On=3(4da=du), ©

The electric dipole momert; for fermionf is defined by  and we assume thequark mass is 150 MeV. Thus QCD

the effective Lagrangian effects produce considerable uncertaintydn (perhaps a
i factor of 2-3.
Lf:_idff_o-/w)ﬁﬂ:/“’_ (6) Our matter phase conventions are chosen so that the

chargino *), neutralino §°) and squark and slepton mass

Our analysis follows that of3]. Thus the basic diagrams matrices take the following form:

leading to the EDMs are given in Fig. 1. In addition there are ~ .
the gluonic operators V- m; \/EMWS'.nB (10)
. 7 2Mycoss  ~|ule”
G_ _ "G a ApY
L 3d facha,uaGbch (7) |ﬁl|ei¢l 0 a b
and 0 m, ¢ d
. MX0: io
C_ I Cn, 5T1a v a ¢ 0 i |M|e
L¥=- Ed qo .Y T an (8) b d |M|el(~} 0
11
contributing tod,, arising from the one loop diagram of Fig.
1 (when the outgoing vector boson is a gliiothe two loop  and
|
2 —ia i @
, mg, e 'amy (| Ag| + | u|Rye' 7 %))
M==| . . 5 . (12
9\ e %amgy(|Ag +| u|Re (0T ) Mae
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In the abovea=—MysinfcosB, b=MzsindsinB, c CP violating phases since the RGE that determimﬁ;
= —cotfya, d=—cothyb, tanB=v,/v; (v1,=|(H12)l), '
Rq=cotg(tanp) for u(d) quarks. All parameters are evalu-
ated at the electroweak scale using the RGEs; e.g., for qua
g one hasA,=|A,|e'“a. (Similar formulas hold for the slep-

ton mass matriceb‘ I1I. NONMINIMAL MODELS

Electroweak symmetry breaking gives rise to Higgs

couple to theA and m; equations, an&; depend on the
R(hases.

; - . The renormalization group equations that relite,y to
vacuum expectation valug¥EVs) which we parametrize by Mg are in general complicated differential equations requir-
ing numerical solution, and all results given here are conse-

= i1
(Hig=vy 222 (13 quences of accurate numerical integration. Approximate ana-
; P . lytic solutions can however be found for low and
These enter in the phageappearing in Eq4.10), (11), (12): . : ' 4
P PP g 4e10). (11). 12 intermediate tap (neglecting b andr Yukawa couplings
b=€,+e,+0,. (14) and in theSQ(10) limit of very large tarB (neglecting ther
. Yukawa coupling. These analytic solutions give some in-
The Higgs VEVs are calculated by minimizing the Higgs sight into the nature of the more general numerical solutions.

effective potentia[18]: For low and intermediate tg#, theA; and Yukawa RGEs
read
o
Veff mlvl+m2U2+2|BILL|C030+ 03)01U2+ ( U%)Z 3
8 t
. — g = YA Z [ m,)
g’ B
+?(U§_UE)Z+V1 (15 ,
e gy, t > Y 20
wherem?=|u|*+m{, andmf, _are the Higgs boson run- Tat O ag| o A (20

ning masses a¥lgy. V; is the one loop contribution:
whereY,= hf/167r2, h; is thet-quark Yukawa coupling con-
1 290 4 § stant anda;=(13/15,3,16/3). We follow the sign conven-
Vl_m ; Ca(=D)7a(2]a+1)m, In@ ) tions of Ref[20], andt=2 In(M5/Q). The solutions of Egs.
(16) (20) can be written as

wherem, is the mass of the a particle of spjgp, Q is the ~ 1-Dg
electroweak scaléwhich we take to bem,) and C, is the A1) =DoAg—Hz+
number of color degrees of freedom. In the following we

include the full third generation states,b and 7 in Vi,  \yhere

which allows us to treat the large t@nregime. From Eq.

(12 this implies thatV,; depends only o+ aq, 0+ a| - ag a|my,lei® .
(though the rotation matrices which d|agonaI|M,> M3 Ho=7— >, — “1vBt ——— =2 Hylmyled (22
will depend oné, aq and a; separately Mlnlmlzmg Veff '

with respect toe;, €,, then determines:

Hs (21)

and
O0=m— Ot fi(m—Ogt+aq, m— Og+ ) a7 .
_ . , Ha= | dt'E(t")H,=2, Hgilmyy|e'%. 23

wheref, is the one loop correction. In generéy, is small, fo (t)Hz=2 Halmys| @3

but can become significant for large t@nas discussed in

[12. _ _ HereDo=1—6[F(t)/E(t)]Y(t) vanishes at thequark Lan-

Minimizing Ve with respect tov; and v, yields two  dau pole and hence is generally small, Dg,<0.2 for m,
equations which can be arranged in the usual fashion to de= 175 GeV. The functiong andE depend on the SM gauge
termine|x|? and|B| at Mgy beta functions and are given ja9]. [E=12.3, F =254 for

t=2In(Mg/m,).] We note the identity19
vt 1 " Helm) e
K= arfg—1 27

12H—tE 1=2.1 24
, E =ty -1=21, (24)

1 ms
B|==sin28— 19
|B| 5Sin '6|,U«| (19 and so if we write Eq(21) as

where pf=mi +3;, mi=2|ul*+uitp; and I,

=0V, /dv?. Note that| | and|B| depend implicitly on the A(D=DoAgi+ 2, i[mysale'”, (25
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dy
—. (27

K=10010 () e

Thus K=0 corresponds to the case where the theory satu-
rates the current experimental EDM bound, whie= —1
would be the situation if the experimental bounds were re-
duced by a factor of 10. Figure 2 considers universal scalar
masses and universal, with aga=m/2 at the GUT scale,
I and ¢y = 3= — 1.1mr, — 1.3, — 157 for tanB=3. We see
that as|¢,| is increased from ¢,|=1.17 to 1.3, the al-
lowed values ofg increases significantly since tlfg phase
in Eq. (11) aids the cancellation between the neutralino and
Og/n the chargino contributions. However, increasjig| further
to | ¢,/ =1.5m overcompensates, causing the allowed values
FIG. 2. K vs 6 for d. for my=100 GeV, my;,=200 GeV,  of g, to decrease. Figure 3 for tgh=10 shows a similar
Aol =300 GeV, agp=/2, ¢1=hs=— 1.1 (solid line), —1.3m  offact The experimentally allowed parameters require
(dashed ling; —1.57 (dotted ling and tan=3. <0. The allowed rangd 65 of 65 decreases with ta8. It is

o very small for tan3=10 and is quite small even for t#h
the ®@; are real and)(1). [In the SO(10) large tarB limit, =3

one obtains an identical result with the factor 6 replaced 7 in

Dy. Thus EQ.(25) gives a valid qualitative picture over a

wide range in ta[}ﬁ] IV. D-BRANE MODELS
Nonuniversal gaugino masses affect the EDMs in two

ways. First, taking the imaginary part of E@®5) one has

(¢>=0 in our phase conventipn

o

|
=
——ermmm e T

0.05 0.1

o
=
wm

0.2 0.25 0.3 0.35 0.4

Recent advances in string theory leading to possible
=4, N=1 supersymmetric vacua after compactification
have restimulated interest in phenomenological string moti-

vated model building. A number of approaches exists includ-

ing models based on type 1IB orientifolds, Horava-Witten M

theory compactification o€ Y X SY/Z, and perturbative het-
(26) erotic string vacua. The existence of open string sectors in
type IIB strings implies the presence ofpEbranes, mani-
folds of p+ 1 dimensions in the fulD = 10 space of which 6
dimensions are compactified, e.g. on a six-tofds (For a
survey of properties of type 1IB orientifold models 44 ].)
One can build models containing 9 brandise full 10 di-
mensional spageplus 5-branesj=1, 2, 3(each containing

|A(t)[sina,=|Ag|Dgsin 0101+i=§1:3 ;| my5]sin ¢,

As in the universal case, the smallnesdDgf suppresses the
effects of any largexy, on the electroweak scale phase.
However, large gaugino phases will generally makea;
large. Second, Eqg1l) and (10) show that the phase;
enters into the neutralino mass matrix though the chargin ; : ‘
mass matrix remains unchangafh,e0). Thus theg, phase Qo of the compact dimensiopsor 3 branes plus;7branes,

ill affect any cancellation occurring between the ne tral'noizl’ 2, 3 (each having two compactified dimensions or-
Wi any enatl urring betw utradl thogonal to the braneAssociated with a set af coincident
and chargino contributions to the EDMs.

. - branes is a gauge growp(n). Thus there are a large number
Some of the above efffects are illustrated in Figs. 2 and 3 . ;
where we ploK vs the phas@g at the electroweak scale for of ways one might embed the standard model gauge group in

. . type IIB models.
de. HereK is defined by We consider here an interesting model recently proposed

[13] based on 9-branes and 5-branes. In this model,
SU(3)cXU(1)y is associated with one set of 5-branes, i.e.
5,, andSU(2), is associated with a second intersecting set
5,. Strings starting on 5and ending on 5 have massless
modes carrying the joint quantum numbers of the two branes
(we assume these are the SM quark and lepton doublets,
Higgs doublets while strings beginning and ending on 5
have massless modes carryi®J(3)cxU(1)y quantum
numbers(right quark and right lepton statesA number of
general properties of such models have been worked out
y [21]. Thus to accommodate the phenomenological require-
' ment of gauge coupling constant unification lsltg=2
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 X 10'® GeV, one may assume, thislt,, the compactification

_-——:::
==-zaa-

o
==

Og/n scale of the Kaluza-Klein modes obel.=Mg. Above
M., the gauge interactions on the 5-branes s&=6 di-
FIG. 3. Same as Fig. 2 for tge= 10. mensional spacevith Kaluza-Klein modeswhile aboveM
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0.05 0.1

0.15 0.2
Op/n

0.25 0.3 0.35 0.4

FIG. 4. K vs 0 for dg for ¢p1= ¢p3= 7+ aga= —1.257, My,
=150 GeV, 6,=0.2, ©,=0.85, with tan3=2 (solid line), 5
(dashed ling 10 (dotted ling.

gravity sees the fulD =10 space. Gravity and gauge unifi-

cation then is to take place at the string scilg,=1/\/a’
given by Mg,=(agM M pjanck/ v2)Y?=8% 10 GeV (for
0[(3’E 1/24)

The gauge kinetic functions for 9-branes andbBanes

are given byf21,22 f4=S andf5i=Ti whereSis the dilaton

andT; are moduli. The origin of the spontaneous breaking of
N=1 supersymmetry and of compactification is not yet un-

derstood within this framework. Furthet,P violation must

also occur as a spontaneous breaking. One assumes these

effects can be phenomenologically accounted foFlgom-
ponents growing VEVs parametrized [&,23,24

FS=2/3(ReS)sin e *smy,

FTi =2 \/§< ReTi>C030b® i ei i Mg (28)
whered,, ®; are Goldstino anglesd?+ 03+ ®3=1). CP
violation is thus incorporated in the phases, «;. In the
following we will assume, for simplicity, tha®;=0 (i.e.
that the 5-brane does not affect the physical sertde
also assume isotropic compactificatigfiReT;) are equalto
guarantee grand unification 8Mg, and{ImT;)=0 so that
the spontaneous breaking does not grod+@CD type term.

2.5

0.15

0.2 0.25 0.3 0.35 0.4
Op/n

FIG. 5. Same as Fig. 4 fap,= 3= 7+ agp=—1.17.

PHYSICAL REVIEW D 61 075010

eOB

04 | E

0 5 10 15 20 25 30
tanp

0.2

FIG. 6. Central values obyg for d, satisfying the EDM con-
straint as a function of ta@. Input parameters are as in Fig. 4.

For models of this typeT duality determines the Kahler
potential[21,23,24 and, combined with Eq(28), generates
the soft breaking terms. One finds,M{; [21,23,24,

My = \/3c0s6,0 16~ “1mg,= M= — A, (29)
m,=\/3c0s6,0,e ™ “2my), (30)

and
mg s, = ( 1- gsin2 0b) m3), (31)
mg = (1—3sirf )M, (32

Here Ay is a universal cubic soft breaking masr;ﬁ,_z;,lg,2 are
the soft breaking masses fog , I, H;, and mél are for
Ugr, dg, andeg.

0.0100

0.0001

0 5 10 15 20 25 30
tanf

FIG. 7. Values ofA Ay for d, satisfying the EDM constraint as
a function of tanB. Input parameters are as in Fig. 4.
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0.95
C)
0.9 a
) de 0.9
dn 0.85
0.8
0.8
G)1 @1
dy
0.75 de
0.7
0.7
06 0.65
0.6
0.12  0.14 0-196 0.18 0.2 0.22 0.04 0.05 0.06 0.07 0.08 0.09
T
B Op/n
0.95
b 0.9
oo ©) d)
de
0.85
dn 0.8
0.8
0, 0,
0.75 0.7
dy
0.7
0.6 de
0.65
0.6 0.5

0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0 0.605 0.'01 0.615 0“02 0.625 0.'03

eB/TC eB/TC

FIG. 8. Allowed regions fod, andd, for tang=2, 6,=0.2 andmg,=150 GeV.(a) ¢1=¢3=—1.25m, (b) ¢$,=p3=—1.60m, (¢
¢1: (]532 —1.807 and (d) ¢1: (]532 —1.957.

We see that the brane models give rise to nonuniversaliwith two additionalCP violating phases)yg and 6y, . We
ties that are strikingly different from what one might expectalso seta,=0 in the following.
in SUGRA GUT models. Thus it would be difficult to con- We consider first the electron EDNMWe use the interac-
struct a GUT group, which upon spontaneous breaking afions of Ref.[25] including the Erratum on the sign of Eq.
Mg vields gaugino massa®s;=m;#m,, and similarly the (5.5 of Ref.[25].] Figure 4 plots K as a function dfg for
above pattern of sfermion and Higgs boson soft massesanB=2 (solid line), 5 (dashed ling 10 (dotted ling with
Brane models can achieve the above pattern since they hapbases ¢, = ¢3= 7+ apgp=—1.257 and mg,=150 GeV,
the freedom of associating different parts of the SM gauge),=0.2, ®,=0.85. We see that the EDM bounds allow re-
group with different branes. markably large values ofg in this model even for large

The above model does not determine Biand . param-  tang, e.g. 6g=0.4 for tanB=2 and 0z=0.25 for tang
eters. We therefore will phenomenologically parametrize=10. (A second allowed region occurring approximately for

these atM ¢ by 0g— 7+ O also exists. However this corresponds to the
_ _ sign of u that is mostly excluded by tHe— sy data) Figure
Bo=|Bole' 8, uo=|uole %x, (33) 5 shows a similar plot for somewhat smaller phasis
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0.9 0.9
a) b)
0.8 0.8
0, 0,
de/{
0.7 d, 0.7
de
0.6 0.6
0.0l 0.02 0.03 0.04 0.05 0.06 0.07 0.0l 0.02 0.03 0.04 0.05 0.06 0.07
eB/TC eB/TC
0.95
C
0.9 )
0.85
0.8
0, de dn
0.75
0.7
0.65
0.6
0.01 0.02 0.03 0.04 0.05

Op/n

FIG. 9. Allowed regions fod, andd, for 6,=0.2, mg,=150 GeV and¢,= ¢3=—1.90m, for (a) tanB=2, (b) tanB=3 and(c)
tanB=>5.

=¢py=m+aga=—1.17. Again relatively large phases can ex- A 65 satisfying the EDM constraints. One sees that even for
ist at the electroweak scale. small tang the allowed rangd g is very small. Thus as in
As discussed in Refl13], the largeness ofg is due to an  the MSUGRA model of Ref[12], one has a serious fine-
enhanced cancellation between the neutralino and chargirtaning problem at the GUT scale due to the combined con-
contributions as a consequence of the additiahaldepen-  ditions of radiative breaking and the EDM boung}z must
dence in Eq(11), allowing 6 to beO(1). However, in spite  be large but very accurately determined by the string model
of this, the range irdg at the electroweak scale, where theif it is to agree with low energy phenomenology.
experimental boun& =<0 is satisfied, is quite small; e.g., The neutron dipole moment is more complicated due to
from Fig. 4,A 63=0.015 even for tag=2. As discussed in the additional contributions arising frob® andL® of Egs.
Ref. [12], this implies that the radiative breaking condition (8) and (7). While there are significant uncertainties in the
makes the allowed rangkd,g at the GUT scale very small, calculation ofd, it is of interest to see if the experimental
particularly for large tag8. This is illustrated in Figs. 6 and bounds ord,, can be achieved in the same region of param-
7. In Fig. 6, we have plotted the central valuefgf, which  eter space as occurs b, above. The fact that the brane
satisfiesk <0 as a function of tap. Thus g is generally model requiresh;= ¢, allows for theL© gluino contribution
quite large. In Fig. 7 we have plotted the allowed range ofto aid in canceling the chargino contribution. This generally

075010-7



E. ACCOMANDO, R. ARNOWITT, AND B. DUTTA PHYSICAL REVIEW D61 075010

0.002 0.004 0.006 0.008 0.01 0.012 0.014 'o-.o1 53 53 T 5%
Og/n
FIG. 10. Allowed regions ford, and d,, for 6,=0.2, mg;
=150 GeV andp,= ¢p3=—1.977, for tanB=10.

aids in broadening the overlap region of joint satisfaction of 0.
thed, andd, bounds of Eq(1). However, in addition to this,
there is a contribution froh® from the Weinberg type dia-
gram. While this term is enhanced due to the factomef it

is a two loop diagram and is suppressed by a factor of
ag(g3/4rr) and in most models is usually a small contribu- dn
tion. However, for the D-brane model whegs= ¢4, the Oy de

presence of a large; phase increases the significance of
this diagram, reducing thd,-d. overlap region. This is il-
lustrated in Fig. 8 wher®, is plotted as a function ofg for
parameters taf=2, ms,=150 GeV, 6,=0.2. (LEP189
bounds ofm;;»=150 GeV imply here tha®;=0.94) As 0.
one proceeds fromp,= ¢3=—1.25r of Fig. 8a) to ¢,

= ¢p3= — 1.957 of Fig. 8(d), one goes from no overlap of the
allowedd, andd, regions to a significant overlap. However,

the large 65 phase allowed separately kg and d, (e.g. 0.5
05~ 0.6) in Fig. 8a) is sharply reduced in Fig.(8) in the

overlap region by a factor of 10. Further, the region of pa- Og/n

rameter space where the experimental constraintd f@nd FIG. 11. Allowed regions ford, and d, for 6,=0.2, m,
d, can be simultaneously satisfied generally decreases with 150 GeV, tamB=2 and ¢;=¢3=—1.907 for (a) m,(1 GeV)
increasing taB. Figure 9 gives the allowed region for the =2.75 MeV, my(1 GeV)=5.0 MeV and (b) m,(1l GeV)
parameters of Fig. (®) with ¢3=¢;=—1.90r, for tangB =6.65 MeV, my(1 GeV)=12 MeV.

=2, 3 and 5. The allowed parameter space disappears for, . L .
tanB=5. If, however, the ov%rlap in aIIO\F/)ved pararggter re_of d,. This effect for the model of Ref13] is illustrated in

. . Fig. 11 for ¢, = ¢p3= —1.90m, tanB=2. Figure 11a) corre-
gion betweend, and d, occurs for smaller¢,, i.e. ¢, sp%nds tc()ﬁlth(gs choice  of Ight qugrk:’émsl(i Gev)

=O(10*1)_, one can have larger values of ;_ﬁnThis is il- ~95 MeV] while Fig. 14b) to heavy quark§m.(1 GeV)
lustrated in Fig. 10 for¢,=¢3=—1.97r (i.e. 2r+é1  _555 \eV]. For light quarks, the Weinberg three gluon
=0.03n) for tanB=10. The region of OVe”f‘g’ however now ierm makes a relatively larger contribution and aids more in
requiresfg to be quite small, i.efg=0(10"). Of course  the cancellation needed to satisfy the EDM constraint. In
the fine-tuning offyg at the GUT scale becomes quite ex- general, though, the Weinberg term can be several times the
treme for larger tag [26]. upper bound ord,, of Eq. (1), and so makes a significant

While the quark mass ratios are well determined, the valcontribution. In other figures of this paper, we have used a
ues ofm, and my remain very uncertain due to the uncer- central value ofmg, i.e., my(1 GeV)=150 MeV corre-
tainty inmg [27]. As pointed out in Refl12], this uncertainty sponding to m,(1 GeV)=4.4 MeV and mgy(1l GeV)
contributes significantly to the uncertainty in the calculation=8 MeV.
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V. CONCLUSIONS

In minimal SUGRA models with universal soft breaking,

it has previously been seen that the current EDM constraints

can be satisfied without fine-tuning tia2P violating phases

at the electroweak scale. For this case the EDMs are moi{)

sensitive tofg, the phase of th® parameter, and experi-
ment can be satisfied withg=0(10"1). It was seen how-
ever that at the GUT scal@,g was generally largéunless
masses were large or the other phases were snaaitl in

order to satisfy both the EDM constraints and radiative elec

troweak breakingf,z had to be fine-tuned, the fine-tuning
becoming more serious as t@rincreased12]. In this paper

we have examined nonuniversal models, and have foun

generally that the same phenomenon exists.
We have studied in some detail an interesting D-bran
model involving CP violating phases where the standard

model gauge group is embedded on two sets of 5-branes

SU(3)cXU(1l)y on 5 and SU(2). on 5,, so that the
gaugino phases obey;= ¢1# ¢, [13]. This is a symmetry
breaking pattern that is different from what one normally
expects in GUT models. If one examinds and d, sepa-
rately, one finds that this model can accommodate remar
ably large values obg, i.e. 6g as large as 0.7. However, the
same fine-tuning problem arises at the GUT scaletgy.
Further, the region in parameter space where the experime
tal bounds on botld, andd, are satisfied shrinks consider-

PHYSICAL REVIEW D 61 075010

rent experimental upper bound oy, and so makes a sig-
nificant contribution, particularly if the quark masses are
light. (The Barr-Zee term is generally small if the SUSY
parameters ares1 TeV.) The allowed region in parameter
ace which simultaneously satisfies ttg and d. con-
raints also shrinks as tghis increased, thé, and thed,
allowed regions narrowing. In general, if one assumes large
¢; phases, one needs tArE5 to get a significant overlap
between the allowed, and allowedd,, regions in parameter
space, though small overlap regions exist even forgtan
=10 and highefthough with 5=0(10"2)]. In the search
for the SUSY Higgs boson, the Fermilab Tevatron in Run
IE!-III will be able to explore almost the entire region of
anB=<50 (for SUSY parameterss1 TeV) [28] and it

eshould be possible to experimentally verify whether fais

in fact small.

As commented in Sec. Il, the theoretical calculatiordgf
contains a number of uncertainties due to QCD effects. We
have used here the conventional analysis. However, these
uncertainties could affect the overlap between the allodwed
andd, regions, and modify bounds ofy; and tan3. How-
ever, if QCD effects are not too large, we expect the general

eatures described above to survive.
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