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Grand unification scale CP violating phases and the electric dipole moment
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The question ofCP violating phases in supersymmetry and electric dipole mom@&ié#s) is considered
within the framework of supergravity grand unificaticBUT) models with a lightt<1 TeV) mass spectrum.
In the minimal model, the nearness of thguark Landau pole automatically suppressestifpgark cubic soft
breaking phase at the electroweak scale. However, current EDM data require the quadratic soft breaking phase
to be small at the electroweak scale unless@as small (tan3=<3), and the EDM data combined with the
requirement of electroweak symmetry breaking require this phase to be both large and highly fine-tuned at the
GUT scale unless tg@is small. Nonminimal models are also examined and generally show the same behavior.

PACS numbdss): 12.10—~g, 11.30.Er, 13.40.Em

[. INTRODUCTION being transmitted to the physical sector by gray2g]. (For
previous work from this viewpoint see Ref46,7,9,

The standard mod€iSM) of strong and electroweak in- 10,13,14.) Such models are much more constrained than the
teractions possesses only one source GR violating  MSSM. Thus low energy properties are now determined by
phases: the phase in the Cabibbo-Kobayashi-Maskawainning the renormalization group equatiofRGE9 from
(CKM) matrix. While the physical origin of this phase re- M to the electroweak scal€P violating phases that in the
mains unknown, it appears to satisfactorily account for theMSSM are arbitrary parameters now get correlated by the
observedCP violation in the K meson system, and future RGEs and no longer can be assigned independently to satisfy
data fromB factories and high energy accelerators will bethe EDM experimental bounds. Further, the radiative break-
able to test its validity foB-meson phenomena. It was early ing of SU2)xU(1) puts additional constraints on thHeP
on realized that supersymmetri8USY) extensions of the violating phases. We find that as a consequence of these
standard model allowed for an array of né@P violating  constraints, one must still fine-tune some of @R violating
phases and that these phases could give large contributionspbases at the electroweak scale to be quite small, except for
the electric dipole moment&DMSs) of the electron and neu- small regions of the parameter space with faciose to its
tron[1], thus violating the known experimental bourj@s3]. ~ minimum value or when SUSY masses are very large. Fur-
Several resolutions to this problem have been proposed: e.dher, except for the lowest tgha serious fine-tuning devel-
one might assume that the phases are quite small, i.eops at the GUT scale. These phenomena appear to be true
=0(10 ?) [1,4] or suppress the diagrams by assuming thaboth for the minimal SUGRAMSUGRA) model with uni-
the relevant SUSY particles are very hed®). Both these versal soft breaking masses and with nonuniversal soft
suggestions priori appear unsatisfactory: i.e., the first pos- breaking extensions. Hence the required smallness of the
sibility would appear to require a significant amount of fine-phases also tends to reduce the possibility of collateral evi-
tuning, and the second would imply a SUSY spectrum in thedence in other phenomena for their existence in SUGRA
TeV domain, possibly beyond the reach of even the CERNnodels.

Large Hadron CollidefLHC). More recently, it has been In Sec. Il, we discuss the solutions of the RGEs for
realized that some cancellations can occur in different conMSUGRA models and explain which phases that are large at
tributions to the EDMSs in certain parts of the SUSY param-the GUT scale get naturally suppressed at the electroweak
eter spac¢6], which has led to considerable examination of scale(and which do ngtand what the constraints of elec-
this possibility[6—15). In the minimal supersymmetric ex- troweak breaking imply both at the tree and one-loop level.
tension of the SM, the minimal supersymmetric standardVe then examine the amount of fine-tuning needed to satisfy
model (MSSM) (which we define as the low energy SUSY the existing EDM data and what would be needed if those
extension of the SM obtained by supersymmetrizing the paredata were improved by a factor of 10 without finding any
ticle spectrum with two Higgs doublefghis does appear to EDM. Section Il considers some effects of nonuniversal soft
reduce the amount of fine-tuning needed, allowing for largebreaking on the EDM results.

phases. The existence of such phases could also have effectsin gravity-mediated SUGRA models, the structure of the
on other predictions of the MSSWL6—-21], thus allowing  soft breaking parameters is to be deduced from the nature of
future experimental checks of this idea. the Kahler potential and gauge kinetic function at the GUT

In this paper we consider these questions from the viewscale[22—24. Thus what might be reasonable sizes Gi?
point of supergravity (SUGRA) grand unified theories violating phases are presumably Planck scale physics ques-
(GUT9. In particular we consider gravity mediated modelstions. While at present there is no theory of such phenomena,
with R-parity invariance, where supersymmetry is broken inone can still examine the general framework to see under
a hidden sector at some scale above the GUT ddajdpre-  what circumstances small or large phases might occur “natu-
sumably at the string or Planck scalép,) the breaking rally” at the GUT scale. This is analyzed in Sec. IV, and a
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FIG. 1. One-loop diagram. The photon line can be attached to /'
any charged particle. > >
f f

model with “naturally” small CP violating phases is dis-
cussed.
Concluding remarks are given in Sec. V.

FIG. 2. Two-loop Barr-Zee diagram#\ is the CP-odd Higgs
boson andj; are the mass diagonal squark states.

1 ~
Il. EDM FOR MSUGRA MODELS LC=— §deachap.a W Cre 3

A. EDM diagrams and phases in MSUGRA models and
Supergravity GUT models with universal soft breaking of

supersymmetry, MSUGRA, depend upon five parameters at e S
the GUT scale: m,, (the universal gaugino mas#\, (the L*=—-5d"q0,,y°T"aGs", (4)
cubic soft breaking magsB, (the quadratic soft breaking
mass, uo (the Higgs mixing parametgrandmy (the univer-  where G4"=3€e*"*#G,5, fapc are the SUB) structure
sal squark and slepton mas®f these, the first four may be constants, an@@=1\2, where\? are the SU(B) Gell-Mann
complex. However, it is always possible to make a phasgnatrices. In addition to the diagrams of Fig. 1 withre-
transformation on the gaugino fields to make,, real, and  placed byg, operators of Eqs(2)—(4) receive contributions
since the reality is preserved by the RGEs at one-loop ordefyom the two-loop Barr-Zee diagrams of Fig[25], and the
we will assume for now on thah,, is real. We parametrize two-loop Weinberg-type diagram of Fig.[36]. For the neu-
the remaining phases d¢ by trgg dipole moment one must use the QCD factors
Ao—|Ale“0%,  Bo—|Bole®®, pom|mole®r. (1) gow,nnfo, ZCG'[(e)va/%I.ve the results at the electroweak scale
The calculation ofd,, suffers from QCD uncertainties

The RGEs allow one to determine the low energy parameterﬁgom several sources. These include the following

in terms of those of Eq(l) and my,, and mgy. Thus at the
electroweak scale, one obtains a differénparameter for
each fermion A,, Ay, Ai, Ay, Ae, and A)), real
gaugino masse®;, m,, andm; for the SU3)cs, SU(2),
and U1)y sectors, and comple® and u parameters.

The EDM, d; for fermionf, appears in the effective La-
grangianL; as

[J—
Lf:_zdff(]'l“/‘ySfF'uv. (2)

The basic diagrams giving rise th are shown in Fig. 1 and
involve neutralino §°, i=1,4), chargino ;" , i=1,2), and
gluino (@) loops with squarksd) and sleptons]y).

For the neutron dipole momedf, one must also take into
account the gluonic operators FIG. 3. Two-loop Weinberg-type diagram.
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(1) How to relate the quark momendg ,d4 to the neutron  experimental constraints on botly andd, and we will dis-
momentd,,. We use here the nonrelativistic quark modelcuss below how the uncertainty ims effects these con-
relation (for other approaches see R€f$4,28,29): straints.

To specify our phase conventions, we give the mass ma-

1 trices for the particles entering in Fig. 1. With a convenient
dn:§(4dd_du)- ) choice of phases, the chargino and the neutralino mass ma-
trices are
(2) How to relate color and gluonic contributions to the - VM sing
electric dipole moment. We use here the “naive dimensional M. .= 2 w=" (7)
analysis” of Ref.[30]. X V2ZMycosB  —|ule'? )’
(3) Uncertainty inmg, the strange quark mass, which af- ~
fects the determination @h, andmgy. While the quark mass m, 0 a b
ratios are well knowri31], 0 m, c d
MXOZ ig | (8)
m, Mg a ¢ 0 Jule
m—d—0.553t0.043, m—d—18.9t0.8, (6) b d |ule’ 0
one hasmg=(175+25) MeV from QCD sum rules anth, ~ Where a=—M;zsin@ycosB, b=Mzsin6ysinp, c

— (100 20+ 10) MeV (2 GeV) from the quenched lattice =~ COtfwa, d=—Cotéwb, tans=v,/v; (v1,=[(Hy ), and
calculation[32]. (Using unquenched approximation one ex- w is the weak mixing angle. The phasas given by
pects an even smaller val(ig3].)

Thus the values ofl, calculated below have a significant .
uncertainty. In spite of this, it is useful to see the effect onwhere at the electroweak scal@d; ) =v;£'“12 and u
the SUSY parameter space of simultaneously imposing the-|u|e'%«. The squark mass matrices may be written as

9261+62+ 0,“’ (9)

2

, mg, e~ 'amy(|Ag| + | u|Rye' T *0))
M’d: ia —i(6+ag) 2 ' (10)
e'“amg(|Aq| +|u|Rye ) MG
|
wherem, ande, are the quark mass and charge, 1 S . mg 3
L ) Vi=ggmz 2 Cal =) a(2ja+ Hmg| Iz =5 .
mg, =M+ Mg+ (1/2— ey sirf 6y)Mz cos 28, (1) (14

ng: mﬁ + m§+ €q sir GWM% cos 25, (12 whereC, is the color degree of freedom of tlagh particle.
. In the following we choose the low energy sc&leo bem;

Aq=|Aqle' ", mé andm? are given in Ibaneztal. [34], (175 GeV} and include the full third generation statesb,

and Ry=cotg(tanp) for u(d) quarks. Similar expressions and 7 in V. This allows an examination of the large t&n
hold for slepton masses, with phases Our sign conven- domain.

tions for A, and u are those of Ref.38]. We view the minimization equations &f.4 as equations
to determine the Higgs vacuum expectation val(égVs)
B. Effective potential and the relation among phases .., v1,0p,€1,6. Thus, in the tree approximation, the ex-

- o trema equationgV/de=0 yield 2|Bu|sin(f+ 6z)=0, and
The condition for electroweak symmetry breaking is 0b-pence the minimum o/ requires

tained by minimizing the effective potentidl with respect
tovy, €1, vy, ande,. The Higgs sector o¥ ¢ is
1, €1, U2 2 g9 eff 0= m— 04 (15)
Veir=mivi+mbu5+2|Bulcog 6+ 6g)v 10,

g2 g2 (the choice off= — 6g leads to a maximuim The one-loop
+ —Z(vi—v§)2+ _(Ug_vi)%vl, (13 corrections depend only on the mass eigenvalues and, hence
8 8 from Eq.(10), only on the phasé+ a4 and 6+ «,. Thus, at

the one-loop level, one gets a correction to Ep) of the
where V, is the one-loop contribution, anth?= 2+ mﬁi form [16,17]

andm?__are theH, , running masses. For particles of spin
H1,2 )
one has O=m—Og+f(m—Ogt+aq, m—Og+a)), (16)
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2 neutralino diagram much more than the chargino diagram.
As a result, the dips shift towards the smalieg value for
larger tan3. We use negative valugarising from the factor
ain the Eq.(15)] of u to satisfy the experimental constraints
on the branching ratigBR) of b—sy [35,36. The restric-
tion in the SUSY parameter space from electroweak data has
been considered in Ref37]. If the SLAC Large Detector
(SLD) measured value of sim,,, is used, there is no new
bound in them,,,-m, plane. The CERNe*e™ collider LEP
average of sifig,,, however, differs from the SLD measure-
-2 ment by 2.9 and the combined SLD and LEP can rule out
m,,, up to 300 GeV(independent ofmg). Since the differ-
ence between the two measurements is significant, we do not
m ¢ (GeV) restrict the parameter space using this data in this work.
We begin our analysis by examining the RGEs to deter-
FIG. 4. K (defined in the tejtis plotted as a function ah, for mine what GUT scale parameters lead to accept@Bleio-
de. The solid, dashed, and dotted lines are forgar8, 10, and 20, |ating phases at the electroweak scale. We have used Ref.
respectively. The other input parameters aga=m/2, |Ao]  [38] for the RGEs relating the GUT scale parameters to the
=300 GeV, #5=0.02, andm,,=300 GeV. parameters at the electroweak scale. In general, the RGEs
must be solved numerically and all results given below are
wheref, is the one-loop correction with approximated by  optained by accurate numerical integration. However, ap-
its tree value, Eq(15). As we will see, this correction can proximate analytic solutions can be found for low and inter-
become significant for large tg The EDMs, however, de- mediate targ (neglectingb and r Yukawa couplingsor for
pend on both the mass eigenvalues and the rotation matricege S@10) limit of very large tand (neglecting ther
Hence they will depend oA+ a4 andaq separately, itV yykawa coupling. These analytic solutions give some in-
determined by the electroweak symmetry breaking conditiojght into the nature of the more general numerical results.
in Eq. (16). The solution for theA,(t) parameter in the low and inter-
mediate tarB cases can be cast in the fof30]

i
[any

—
—

—

100 200 300 400 500 600

C. Results and analysis of fine-tuning offyg
Ar(t)  Ha(t)

The current experimental 90% C.L. upper boundsdgn A= My, (19
[3] andd, [2] are " Dy  F(t)
(dn)expr<6.3X 10" %%ecm,  (dg)exp<4.3X 10 *’ecm. whereAg is the residue at thequark Landau pole:
(17
o . . . . _ Ha(t)
In discussing the data, it is convenient to define the quantity AR= At my| Ho(t) — 70 (20)
K=10g;g ————. 19 an
J10 (df)exp ( )
F(t)
Thus K=0 corresponds to a theoretical value which satu- D0=1—6mY(t). (21

rates the current experimental bound, whle= —1 would

represent the case should the experimental bounds be rereret=2 In(Mg/Q), the form factorsE, F, H,, andH; are
duced by a factor of 10. As pointed out in Ref6-15,  real and are defined ii84], andY(t) =h,/167?, whereh, is
various cancellations can occur among the different contrithe t-quark Yukawa coupling constan, vanishes at the
butions to the EDM. This is illustrated in Fig. 4 whelkeis  t-quark Landau poléfor Q=m,, Dy=1—(m,/200 sinB)?]
plotted versusm, for the electron electric dipole moment and is generally smali.e., Dy=<0.2 form,=175GeV). The
(EEDM). We note that eventually for very largey, the  imaginary part of Eq(19) gives

curves fall below thé&K =0 bound(as expected Further, the

allowed range ofn, (so thatK<0) decreases with increas- Do|Aolsinaga=|A¢sina;. (22
ing tanB (and the allowed range would become very small

shouldK=—1; i.e., the experimental bounds would be re-Thus, even ifaga= 7/2, «; at the electroweak scale will be
duced by a factor of 10In addition, the position of the dips generally suppressed due to the smallnes®gf i.e., the
moves to lowem, with increasing ta. This happens due RGEs naturally make the phaag small due to the nearness
to the fact that the regions on the right of the dips are domiof the Landau pole(This result has been previously ob-
nated by the contribution from the chargino diagram. Asserved, for low tag in [9].) The approximate S@L0) so-
tang increases, the contribution from the chargino diagramution with large tarB (whereY,=Y,) gives a similar ana-
increases much more than the contribution from the neulytic form for A;(t)=Ay(t) with the factor 6 replaced by 7 in
tralino diagram. However, a decrease i increases the Eq. (21). Thus the suppression effect an occurs over the
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: 4) Mg=100 GeV, IA,}=300 GeV, tanB=3, a, =2
] 0.15 . — , e
1.
K
0.
&
#
-0.5 y
: -0.05
i
-1 i
-0.2 -0.1 0 0.1 0.2 ‘ . ) ‘ ) .
9 -0.1150 250 350 450 550 650 750
B m,,(GeV)
FIG. 5. K (for EEDM) is plotted as a function of; . The solid, 005 ") Mo=100 GeV, 1A}=300 GeV, tanp-10, do, =2

dashed, and dotted lines are for {&n3, 10, and 20, respectively.
The other input parameters atgy,=7/2, |Ao|=300GeV, my,
=300 GeV, andny=100 GeV.

entire tanB domain. These effects thus allavy, to be large

without a priori violating the experimental EDM bounds. <
In contrast, there is no analogous RGE suppression effect

in the first generatio® parameter®\,, A4, andA,. From

the RGEs, one finds thdt, has the form of Eq(19) for low -oot

and intermediate ta@ with the factor 6 replaced by 1 in Eq. 002}

(21). Now Dy=1 and no suppression effect occurs éqr at

the electroweak scale in the analogue of E2p). However, O 20 w0 450 50 650 750
the EDMs are not very sensitive to the first generation MyalGeV)

@y, a4, @ and one can have large values of these param- 0,08 ") Me=100 GeV, IA,-300 GeV, tanf=20, ay,=n2

eters without violating the experimental bounds in a reason-
able region of the SUSY parameter space.

From the RGE, one sees that the phase ofiilparameter
does not run at the one-loop level, i.8;,= 6, , whered,, is
the phase at the electroweak scale. Thus a large GUT scale
phase will lead to a large electroweak scale phase. However,
as seen in Eqg7)—(10), 6, enters only in the combination
¢, and ¢ is determined in terms ofg, «;, andaq by the
minimization of the effective potential, as given in EG6).
Thus(with our choice of the phases in the mass matjiggs
does not enter in the EDMs.

The EDMs, however are highly sensitivedg, which, by O s a0 a0 s e 7w
Eq. (16), enters into all the diagrams, and over most of the m,(GeV)
parameter spaceé)g must be small to satisfy the EDM ex-
perimental bounds. This is illustrated in Fig. 5 where we FIG. 6. TheK=0 contours plotted as a function 8§ andm,.
have plotted the EEDMK vs 6. We see thatdg can be The solid lines are fod,, and the dotted lines are fal, .
large, i.e., #g=0.08, for low tanB3=3, though it becomes
smaller for higher taB. However, even for tag=3, the The RGEs allow us to examine the significance of the
range Adg of fg so thatK=<0 is very small, i.e., A9y  above results at the GUT scale. The RGEsBandA; can
=<0.02(and A would become quite fine tuned if the experi- be solved in the low and intermediate f&megime to obtain
mental bound were reduced by a factor of 3, i.K,
=—0.5). Figure 6 shows thak #3 remains small fom,, 1
<350GeV (nz=1TeV) and only relaxes somewhat when B=By~ 5(1=Do)Ag—Pmyp, (23
my,=700GeV (mzg=2 TeV). In this figure we have plotted
the K=0 regions as a function oflg and m,,, for three

different values of tap. Since the contribution from the where

chargino diagram increases with t@nthe larger targ re-

quires a smaller phase to produce the necessary cancellation b= 3(1— D )E+ 3h,+ §h % (24)
between the chargino and the neutralino diagrams. 2 o F 2" 5 Y4
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hi=t/(1+ B;t), ag=1/24 is the GUT gauge coupling con-
stant, andg; are the MSSM beta functions. The real and

PHYSICAL REVIEW D61 115003

imaginary parts of Eq(23) give

1
|B|SinﬁB=|Bo|Sin005——(1—D0)|AO|SinaOA, (25)

2

1
|B|cosfg=|Bg|cosfyg— 5(1— Do)|Aolcosaga—Pmy,.
(26)

Equations(25),(26) can be viewed as determining the elec-

troweak scale values ¢B| and 6 in terms of the GUT input
parameters. Thu8g depends upon both the initial phaggs
and theA, phaseag,. Alternatively, one may use Egs.

(25),(26) to impose electroweak scale phenomenological
constraints on the allowed GUT parameters. The requiremer
that the GUT theory give rise to electroweak symmetry

breaking gives

1. m;
|B|=§sm2,8—,

(27)
|l

wherem3=pi+pj anduf=|u|?+m +3;. (Herem}, are

the running Higgs boson masses at the electroweak dgpéle,

is determined by electroweak breaking, afdare the one-
loop correctiond40].)
experimental bounds on the EDMs restrif to be small,
i.e., |6g|=0.1 (and usually much smallgrand the allowed

rangeA g, which satisfies the EDMs, is quite small. These
conditions put severe constraints on the GUT scale theor

which we now discuss.

Consider first the case where taris very close to its
minimum value, e.g., ta@=2. Here sin B/2 is not small,
and by Eq.(27), |B| is of normal size. Equatioi25) then
implies thatdz and 6y are of roughly the same siZeven
for aga=m/2) as previously noted in Ref9]. Thus a rea-

sonable GUT theory requires one only to justify the size of©)

0os - However, as tap increases, 1/2 sinRdecreases, and
unless u becomes anomalously small m§ anomalously
large, Eq.(27) implies that|B| becomes small. Thus the left-
hand side of Eq(25) becomes smalland to first approxima-
tion can be neglectedand Eq.(25) implies thatfyg is de-
termined byag, mainly; i.e., 6pg is large if agp is large.
This result is illustrated in Fig. 7 whem is plotted vsfg .
We see that sincég is small for all tan3, 6y is in general
large: e.g., even for tgB8=3, one haslyz=0.8.

Returning to Eq(25), we see, however, that 6y, the
range of values oflyg that will satisfy the EDM constraints,
is very small. Thus, for fixed\y, Eq. (25) implies for large
tang that

B
AHOBE%AGB<A05,

(28)
and sinceA g is small, A6z will be very small. This is
illustrated in Fig. 8 where the allowed values &g for K
<0 are plotted vsn,, for d, andd, for tanB=3,10,20. We

In addition, we have seen that the

3

2

1
B4

0

-1

-2

-3

-3 -2 -1 0 1 2 3
a) 6,

3

2.5

55 2

1.5

-3 ) -1 0 1 2 3
b) 6y
2.25
2.2
2.15
0B A
2.05
2
1.95
1.9 . ,
-3 -2 -1 0 1 2 3
6

FIG. 7. 6,5 is plotted as a function ofg . (a), (b), and(c) are
for tanB=3, 10, and 20, respectively. The other input parameters
are agpa=/2, |Ag/=300 GeV, my=100 GeV, andm,,=300
GeV.

see that the phenomenological constraints at the electroweak
scale imply thatfyg is both large and its value is sharply
fine-tuned(unlessag, is small, SUSY masses are large or
tangB is smal). One may alternatively view this from the
“top down”: if Planck physics determineag, and gz to

be large and fixed, then if the model is to achieve elec-
troweak symmetry breaking with EDMs below existing
bounds, there will be a fine-tuning of other GUT scale pa-
rameters(unless tarB is small or the SUSY masses are

large.
D. Constraints from simultaneous satisfaction ofd, and d,,
bounds

As discussed above, there are a number of uncertainties in
the calculation of the neutron EDM. Figure 9 illustrates the
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a) my=100 GeV, IA;|=300 GeV, tanf=3, o, =n/2

1.2 T T T T T T

01 50 250 350 450 550 650 750
m,,(GeV)

b) m,=100 GeV, IA,|=300 GeV, tanp=10, o,,=r/2

1.4 1 L L 1 1 Il
150 250 350 450 550 650 750
m,,(GeV)

€) my=100 GeV, IA1=300 GeV, tanB=20, oy, =r/2
2-5 T T T T T T

eOB

1.5 | 1

1 ] 1 1 1 ] 1
150 250 350 450 550 650 750
m,,(GeV)

FIG. 8. 6pg Vs my;,. Upper and lower lines are the allowed
range so thaK=0. The solid lines are fod,,, and the dotted lines
are ford,.

PHYSICAL REVIEW D 61 115003

1000~

800

600

m g (GeV)

400

200

m; (GeV)
2

FIG. 9. TheK=0 contours are plotted as a functionraf and
my;;. The dotted, solid, and dashed lines arerfgy (1 GeV)=5,
8, and 12 MeV, respectively. The other input parametersagie
=m/2, |Ag]=300GeV, #g=0, and tarnB=3. Excluded regions
are belowd, and to the left of thel, curves.

effects of varying thed-quark mass in a plot of the region
allowed by the experimental EDM boundsK<£0)

in the my-my,, plane for =0, |Ag|=300 GeV, agn
=/2, tanB=3. The bound ord, already excludes all re-
gions below the lower solid curve, while tik, bound ex-
cludes regions to the left of the upward running curves for
my=5 MeV (dotted ling, my=8 MeV (solid line), mg
=12 MeV (dashed ling Thus the combined exclusion re-
gion increases frorm,,,= 260 GeV tom,,,=440 GeV aangy
increases, a significant change. In the other figures in this
paper we have used the middle valuengf=8 MeV corre-
sponding tomg=150 MeV.

In Fig. 9, we have chosefiz=0. As one increase8g,
one will eventually arrive at a neutralino-chargino cancella-
tion region, and this will reduce the values mf, and my;,
which are excluded. Further, for low tgnthis cancellation
can occur at relatively largég (i.e., 85=0.2) as shown in
Ref. [9]. Alternatively, increasing tag can also cause this
cancellation, as the loop corrections, Ef6), become large
with large tan3 and the contribution from the chargino dia-
gram increases with tgh This is illustrated for taf=20 in
Fig. 10 where thed,, curve for K=0 (solid line) bends
downward below my=500 GeV when 200 Ge¥my,
<400 GeV, showing in this exceptional type situation that
one can satisfy the EDM constraints with a light particle
spectrum and large tgh Note that the cancellation can oc-
cur for a relatively wide band ah,,,, and persists even for
K=-0.5.

The regions of the SUSY parameter space that get elimi-
nated by a joint imposition of the experimental bounds on
the d. andd, are sensitive, of course, to the choice of the
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FIG. 10. Allowed region in thang-my,, plane ford, andd,. FIG. 12. TheK=0 contours are plotted as a function&f and
The other input parameters aigya=/2, |Ao|=300GeV, 65 My, Whereaga= /2, |Ag|=800 GeV,my,=100 GeV, and tays
=0, and tan3=20. The solid lines are foK=0, and the dotted =3. The solid lines are fod,, and the dotted lines are fai, .
lines are forK =—0.5.

main of my;, increase. This is illustrated in Fig. 12 for the

parameters. Thus in Fig. 6 one sees thatrfigre= 100 GeV, choice|Ag| =800 GeV, my=100 GeV. The increase G|

one requiresn,;,=350 GeV (ng=1 TeV) to jointly satisfy raises the allpwed values @E for bqth de andd,, but the
thed, andd, bounds, and this requirement is roughly inde- raising ofd, is larger causing the joint allowed domain to
pendent of tagB. Figure 11 shows that ifm, is increased requirem, ;=550 GeV (maz 1.5 TeV).

0 250 GeV, one requires nowm,,=160 GeV (M In order to exhibit the size dfu|, we have pIotte_di,u| asa
=450 GeV) to satisfy both bounds; i.e., i is increase?d, function ofmyy, for me=100, 300, and 700 GeV in Fig. 13.
the lower bound om, , is decreased as expected. However,The EDM constraints have not been imposed in Fig. 13, but

: L e from Fig. 6a, one sees that they are satisfied at leaghfor
if |Ao| is increased, it is not necessary that the allowed do- ' . i .
Aol ’ y =100 GeV ford, for essentially the entire,,, range(which

allows 05=0.08). Note thaiu/ is large (i.e., |x|?/M3>1)

0.1 over the full my, domain so that one is generally in the
gaugino scaling domain.
0.08
IIl. NONUNIVERSAL SOFT BREAKING
0.06 There are three types of nonuniversalities that might be
considered in SUGRA models: nonuniversal gaugino
g, 00 masses aM g, nonuniversal scalar massesMg , and gen-
eration off-diagonal cubic soft breaking matricgs and sca-
0.02 lar mass matricemizj. We will discuss here briefly the first
two possibilities: a more detailed analysis will be given in a
0 later papef{41]. (The third type of nonuniversality has the
possibility of generating: and €’/ e CP violations indepen-
-0.02 dent of the CKM phas42].)
In general, the ), SU(2), and SW3) gaugino masses at
-0.04 Mg can have the form
200 7300 400 500 600 700 800 My =|myzed, i=1,2,3. (29
m,, GeV)

A convenient phase choice is to set the(3\phase to zero
FIG. 11. TheK=0 contours are plotted as a function@fand ~ ¢>=0, and hence the chargino mass matrix, &g, is un-
My, where aga=m/2, |Ao|=300GeV, my=250GeV, and changed. The remaining phases produce effects in the RGFs
tanB=3. The solid lines are fad,,, and the dotted lines are fdk, . for Ay(t):

115003-8
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FIG. 13. The parametéy/ is plotted as a function ah,,. The
three solid lines are famy= 700 (top), 300 (middle), and 100(bot-
tom) GeV. The other input parameters am@y,= /2, |Ao
=300 GeV, tarB=3, andfz=0.08.

AI:DOAO+2i Dyilmy e, (30

and hence the imaginary part gives

|At|5inat=|A0|DOSina0A+§i: ®yi|myy|sing; . (31)

Thus the Landau pole factdd, still suppresses any large

phaseqg, at the GUT scale, though;, may become large

PHYSICAL REVIEW D 61 115003

800

700¢
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FIG. 15. Allowed region in theny-my, plane (K<0) in a non-
universal scenario. The other input parameters ajg= 7/2, 0g
=0, |Ao|=300 GeV, tarB=5, §,=1, 8,=—1, 8;,=—1, and
55=—0.3.

where §=¢,+¢€,+6,. Thus ¢, effects any neutralino-
chargino cancellations id, andd,. An example is illus-
trated in Fig. 14. One sees thég can be large, but is still
tightly constrained to satisfy the experimental EDM bound
(i.e., A@g=0.02). One is again led to a fine tuning at the

due to theg; phase which does not run at one-loop order andGUT scale.

hence is not suppressed. This phenomena can affect

As an example of nonuniversal sfermion masses, we con-

A second effect occurs in the neutralino mass matrixsider an S(b)-type model where the GUT group possesses

which now reads

|yle'®t 0 a b
0 m, c
M o= a c 0 Prak (32
b d |ule’? 0
1.5
1
0.5 \
<
-0.5
-1
-1.5
-2
-3 -2.9 -2.8  -2.7  -2.6  -2.5
0

FIG. 14.K (for dg) as a function ofdg . The other input param-
eters aremy=200 GeV, my;=150 GeV, tanB=3, agp= /2,
|A0| = 100 GeV, an(b1:477/5: Q’)g .

an SU5) subgroup with matter embedded in the usual way

in 10+ 5 representations. We also assume that the first two
generations remain universal to suppress flavor changing
neutral currents. The Higgs boson masses have the form at
Mg

2

mf =ma(1+68y), mi =mi(1+5,), (33

while the third generation 10 representati¢containing
t,,tr,b.,7r) and the 5(containingbg,7,,7 ) masses are
parametrized by
2 _ 2 2 2
Mig=My(1+810), Mg=mp(1+6y). (34)

Here thes;=—1 represent the deviations from the univer-
sality. In addition, the third generation cubic soft breaking
parameters arf, andAg,= Ay, .

One may use the non universal sfermion and Higgs boson
masses to soften the effects of the experimental EDMs. This
is illustrated in Fig. 15 where th€ =0 constraint is imposed
in the mg-m,,, plane for a choice ob; parameters. Fob,
=0, thed, curve would continue to rise for smath,,, as
seen in Fig. 9, rather than turn over as in Fig. 15. For ex-
ample, form;;,=220 GeV and tap=5, K(d,)<0 occurs
for my>580 GeV in the nonuniversal case, wheré&gsl,,)

115003-9
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<0 occurs formy>750 GeV in the universal case. The par- ~ Other string scenarios can have=0(Mg). In that case
ticular set of8;s in the Fig. 15 is chosen to reduce the top ©N€ expects the nonrenormalizable terms to give rise to large
and bottom squark mass and to satisfy the requirement of tHehases, unless the low lying members of the tower of heavy
radiative electroweak symmetry breaking. The lower top andtates do not couple to the fields of the physical sector.
bottom squark mass increases the Weinberg-type diagram

which has a subtractive effect in the net EBNEDM) mag- V. CONCLUSIONS

nitude.
In SUGRA GUT models, the basic parameters are given

at the GUT scale. The renormalization group equations then
carry this information to the electroweak scale, allowing for
While choosing theCP violating phases to be small, i.e., experimental tests of the model. Thus what represents a
¢=10"2, to satisfy the EDM constraints appears to be ar-‘natural” choice of parameters is presumably a GUT scale
tificial in the low energy MSSM, it is possible that a natural question.
model of this type can arise in SUGRA GUT models. The experimental values of the electric dipole moments
SUGRA models depend on three functions of the chiralput strong constraints on the low energy SUSY parameter
fields ®,: f,4(®,), the gauge kinetic energy: space. However, for MSUGRA models at least, the RGEs
K(®, ,QDZ), the Kéler potential; andV(® ), the superpo- suppress the value of th phase at the electroweak scale,
tential. One assumes a hidden sector exists where sonsa, SO that any size of phasey,, evenm/2 at Mg will
fields, e.g., moduli or dilatonP; grow VEVs of Planck size generally lead to acceptable EDMs. This effect is due to the

IV. SUGRA MODEL OF SMALL PHASES

to break supersymmetry, i.e., nearness of thequark to its Landau pole.
The EDMs, however, are very sensitive to BB@hase at
Xj=r(®;)=0(1), (35  the electroweak scal@g. In the domain of the light SUSY

IR 8 _ mass spectrunfi.e., =1 TeV) and a¢ga=0(1), the EDMs
where x~*=Mp=2.4x10'° GeV. Thus one can write o 4 large 65 [i.e., O(10~1)] only for low tang, i.e.,
{Pa}=1P;i, @4}, where d, are the physical sector fields. o33 Fuyrther, for fixed SUSY parameters in this domain,
One might expand the Kéer potential in a power series of yhe ' ajiowed ranged 65 of 0 needed to satisfy the EDM
the physical fields: constraints is very small for tg8=3.

The above results strongly affect the GUT theory. Thus
for aga large and a light mass spectrum, one finds at the
GUT scale thatdyg is generally large, i.e.O(1) even for
low tanB, and the allowed ranga 6,z for satisfying the
, (36 EDMs is exceedingly small for tg8=3. Thus, for this situ-

ation, 8y must be chosen large and be very precisely deter-
) () are dimensionless. and Mined as taB gets large, leading to a new fine tuning prob-
' ’ lem at the GUT scale. The origin of this difficulty resides in
he requirement that the GUT models give rise to parameters
t the electroweak scale that simultaneously satisfy the ex-
perimental EDM constraints and give rise to radiative elec-
troweak breaking.
. The above discussion suggests that reasonable MSUGRA
37) models with large phases and mass spectrum below 1 TeV
can only be constructed for small t@ni.e., tanB<3. The
The leading additional terms on the right occur whiéthere ~ current LEP data combined with cosmological constraints
is replaced by its VEV @2<W>zm3/2) and one of the fields already require tag=2[43], and LEF, the Tevatron, and the
in the cubic term, e.g$., has a GUT scale VEV. Then LHC will be able to explore the domain t@#=50[44]. Thus
W—W+ &Py, where the value of tar8 (or a lower bounglis something that will
be determined experimentally in the not too distant future.
Mab=(c§j§+%c(s))m . 38) Should ta.rB turn out to be large, it is p_ozssible that only
M abc/ 32 models with small GUT phaseg,=0(10"“) are reason-
able, and it was shown above that such models can arise
In the perturbative heterotic string we exp@&dte=Mp and  naturally with ¢g;=0O(Mg/Mp).
henceM /M =0(10"?). If one assumes(? is real anc:(®) Our analysis has included the loop corrections to the ra-
is complex with arbitrary size phase, thannaturally has a  diative breaking condition. While these corrections are small,
phase of siz@OMzO(lofz). A similar analysis can be done they grow with tarnd and are competitive to theéz contribu-
for the other parametersA(B,m) vyielding automatically tion to the EDMs. Thus, for large tagh(e.g., tan3=20), they
small phases. One assumes only that the lea@@gprmal- can produce a new cancellation phenoméniah 65=0),
izable term in the matter expansion is real, while the higherallowing the EDM constraints to be satisfied for a light mass
terms(presumably arising from integrating out the tower of spectra(e.g., my=300 GeV, m;,,=200 Ge\}, which for
massive statgan have arbitrary phases. lower tang would be excluded by the EDM data.

K=k"2c0+

1
ngb)q)aq)b"' Mcfgc‘ba@b@c‘l' e

abc

1
THOP+ PO Dt

whereM is a large mass. Thel
we assume them to b@(1). Thefirst set of parentheses is
holomorphic, and can be transferred to the superpotential b
a Kahler transformation, giving rise to the term:

2 (2) 1 (3)
W W 2W| ¢ @Dyt 17 Cadpdert -
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The combined restrictions of the experimental EDMtuned at the GUT scale would not be changed, since this is

bounds for the neutron and electron put strong constraints orequired from considering only the electron EDlhe diffi-

the SUSY parameter space. However, since the theoreticalilty being exacerbated if both the electron and the neutron

cancellations needed to satisfy experiment are delicate, a&DM constraints are imposgd

one varies the parameters one can get rather different ex- Much of the above discussion holds also for non minimal

cluded regions. Thus, while we have found that increasingnodels with nonuniversal gaugino and sfermion soft break-

mp gives an allowed region of smallen,, (as one might jng masses. A more detailed discussion of the effects of non-

have expected increasing|Ay| can requirem,;, to be in-

universalities will be given elsewhefd1l].

creased to satisfy the EDM bounds. However, it should be
stressed that there are significant theoretical uncertainties in

the calculation ofd,,, and we have seen, for example, that

the current uncertainty in the quark massgsandmy (aris-

ing from the uncertainty irmg) can lead to a significant
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