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Solving the strongCP and the supersymmetry phase problems with parity symmetry
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We propose a simultaneous solution to the strongCP problem and the supersymmetry~SUSY! phase
problem based on parity symmetry realized when the supersymmetric standard model is embedded into a
left-right symmetric framework at a scale near 231016 GeV, as suggested by neutrino masses and gauge
coupling unification. In this class of models, owing to parity, SUSY contributions to the muon anomalous
magnetic moment can be naturally large without conflicting with the electric dipole moments~EDM’s! of the

electron and the neutron. The strongCP-violation parameterū is zero at the tree level, also due to parity (P),

but is induced due toP-violating effects below the unification scale. We estimate the inducedū to be<10216,
if we adopt a constrained supersymmetric spectrum with universal scalar masses. In the more general SUSY-

breaking scenario, after imposing flavor changing constraints, we findū;(1028210210), which is compatible
with, but not much below, the present limit on the neutron EDM. We also argue that potential nonperturbative

corrections toū from quantum gravitational effects are not excessive in these models.
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I. INTRODUCTION

One of the major problems of the standard model is a l

of understanding of theCP-violating parameterū character-
izing the QCD sector of the Lagrangian@1#. This parameter
originates from the periodic vacuum structure of QCD a
leads to an electric dipole moment~EDM! of the neutron,

dn;(5310216) ū e cm. The current experimental limit

dn<6.3310226 e cm @2#, then implies thatū<10210. Why a

fundamental parameter of the theory,ū, is so small compared
to its natural value of order unity is the strongCP problem.
A resolution of this problem is expected to provide importa
clues to the nature of new physics beyond the stand
model.

When the standard model is embedded into its minim
supersymmetric extension~MSSM! in order to solve the qua
dratic divergence problem associated with the Higgs bo
mass, one runs into anotherCP problem—the supersymme
try ~SUSY! phase problem, or the SUSYCP problem. This
problem owes its origin to the complex phases associa
with the parameters in the soft SUSY-breaking sector of
theory—them term, gaugino masses, trilinearA terms, etc.
Exchange of supersymmetric particles in loops will indu
electric dipole moments~EDM’s! for the neutron (dn) and
the electron (de) proportional to these SUSY phase
dn induced through gluino and squark exchange can
estimated to be dn'(1310223) e cm (300 GeV/
MSUSY)

2sinfSUSY, where fSUSY is a typical SUSYCP
phase parameter andMSUSY is the gluino or squark mass
~For this estimate we used tanb55 and set them parameter
and the gluino mass equal to the squark mass.! In order to be
0556-2821/2001/65~1!/016005~9!/$20.00 65 0160
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compatible with the experimental limit ondn , the SUSY
phase must obeyfSUSY<(5310232531022) for MSUSY

5300 GeV21 TeV, unless the gluino contribution is pre
cisely canceled by some other diagrams@3#. Why fSUSY is so
small, while the correspondingCP-violating phase in the
Cabibbo-Kobayashi-Maskawa~CKM! matrix is of order one
~in order to explain the observedCP violation in theK me-
son system!, is the SUSY phase problem.

The SUSY phase problem becomes more acute if we
tribute the recently reported 2.6 sigma discrepancy in
muon anomalous magnetic moment (am) measurement@4# to
supersymmetry. Exchange of charginos or neutralinos
sleptons can account for the observed discrepancy inam ,
provided that the masses of these particles are not more
about 200–400 GeV. Now, if we replace the external muo
in the diagram responsible foram by electrons, a large EDM
for the electron will result, if the relevant SUSY phases a
of order one. For example, if the SUSY contribution toam is
40310210, de can be estimated by scaling of the lepton ma
to be de.(1.8310224)sinfSUSY e cm. The current experi-
mental limit on de , viz., de<4.3310227 e cm @5# would
requirefSUSY<231023. This bound will be tightened even
further with the expected improvement in the limit onde by
about a factor of 2@6#. Solving the strongCP problem as
well as the SUSY phase problem are therefore major c
lenges facing the~supersymmetric! standard model.

Simple solutions to the strongCP problem can be found
by postulating new symmetries of nature, the most popu
one being the Peccei-QuinnU(1)A symmetry@7#. Consistent
implementation of this symmetry requires the existence o
new ultralight particle, the axion, which has eluded expe
mental searches so far. Combined laboratory, astrophys
©2001 The American Physical Society05-1
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and cosmological limits constrain the scale of Peccei-Qu
symmetry breaking to be in a narrow window,f a;(1011

21012) GeV @1#. On the theoretical side, global symmetri
such asU(1)A have come under suspicion since it is b
lieved that nonperturbative quantum gravitational effects w
violate all global symmetries. If so, quantum gravity wou
destabilize the axion solution@8# unless one allows for ex
treme fine tuning of parameters—the very problem one
out to avoid in postulating the new symmetry.1 In any case,
this solution has nothing to offer to the secondCP problem,
the SUSY phase problem.

An alternative to the axion solution to the strongCP
problem is parity invariance@9# realized at a momentum
scalevR much above the weak scale.2 If the standard mode
is embedded into a left-right symmetric gauge structure
vR , parity ~P! invariance can be consistently imposed on
Lagrangian. In this case, theu term in the QCD Lagrangian
g2/(32p2)uGG̃, will be zero since it violates parity. Th
physical parameterū involves also the phase of the fermion
determinant, and is given by

ū5u1arg$Det~MuMd!%23arg~Mg̃!. ~1!

HereMu,d are the up-quark and the down-quark mass ma
ces andMg̃ is the gluino mass. Owing to parity invarianc
the matricesMu and Md become Hermitian, and the gluin
mass becomes real. As a result,ū50 at tree level in this
class of models. These models would thus have the pote
to solve the strongCP problem. The fact that low energ
weak interactions do not respect parity symmetry means
one must do additional work to see ifū induced through
quantum effects is sufficiently small. As we shall explicit
demonstrate in this paper, this is often the case.

The purpose of this note is to provide a simultaneo
solution to the strongCP problem and the SUSY phas
problem using parity symmetry. We shall demonstrate by
plicit calculation that the inducedū in these models is wel
within the experimental limit, if a constrained supersymm
ric spectrum is adopted with universal squark masses
proportionalA terms. Even in the more general scenario
supersymmetry breaking, we shall see thatū is in the accept-
able range of;1021021028, after imposing flavor changing
constraints. Parity invariance also makes the phases o
SUSY-breaking parameters naturally small. These phase
rameters are zero at the scalevR and their induced values a
the weak scale through quantum corrections are well wit
the experimental limits arising from the neutron and the el
tron EDM. Thus this class of models can naturally expla

1For example, quantum gravity can induce a dimension five
erator in the scalar potentialguFu4(F1F* )/MPl , where g is a
dimensionless coupling, andF is the scalar field responsible fo

U(1)A symmetry breaking. Such a term will induce a nonzeroū

given by ū;g fa
5/(LQCD

4 MPl).1040g. The resulting constraint on
the couplingg from the neutron EDM is quite severe:g<10250.

2For models withCP invariance, see Ref.@10#. Related applica-
tions in SUSY context have been discussed in Ref.@11#.
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the observed discrepancy in the muon anomalous magn
momentam , without inducing unacceptably large EDM fo
the neutron and the electron.

In the class of models presented here the scale of pa
restoration is in the rangevR;101421016 GeV. This is
close to the grand unification scale where the three ga
couplings of the standard model are observed to unify i
supersymmetric context. The left-right symmetric gau
structure and the numerical value of the scalevR are inde-
pendently suggested by experimental evidence for neut
masses: Small neutrino masses arising through the se
mechanism@12# are natural in the left-right framework, an
the scalevR is consistent with the inferred value ofnt mass
from atmospheric neutrino oscillations.

Parity symmetry as a possible solution to the strongCP
problem in supersymmetric contexts has been studied in
lier papers@13#. The models presented here are significan
improved versions in this regard. In earlier works@13#, it was
found that a consistent solution to the strongCP problem
required the scale of parity restoration to be in the multi-T
range, which would appear not to go well with neutrin
masses and gauge coupling unification, unlike in the mod
presented here. As we shall see, potential nonperturba
corrections toū from quantum gravity are under contro
here, even withvR near the unification scale. Parity as
solution to the SUSY phase problem has also been studie
earlier papers@14,15#, where it has been shown that th
EDM’s of the neutron and the electron remain very small
the parameter space that fitse and e8 in the kaon system.
Unlike in these earlier works which preferred a no
Kobayashi-Maskawa~KM ! mechanism for the kaonCP vio-
lation, the models here allow for the conventional KMCP
violation. This is facilitated by a novel realization of th
doublet-doublet splitting—the mechanism that makes o
pair of Higgs~ino! doublets light and all other pairs heavy, s
that at low scale the spectrum of the theory is identical
that of the MSSM. Major differences of our models com
pared to the MSSM are that here~i! SUSY phases are natu
rally small, ~ii ! the strongCP problem is absent, and~iii !
small neutrino masses are naturally present.

II. BASIC OUTLINE OF THE MODEL

The basic framework of our model involves the embe
ding of the MSSM into a minimal SUSY left-right gaug
structure at a scalevR close to the grand unified theory scal
The electroweak gauge group of the model isSU(2)L
3SU(2)R3U(1)B2L with the standard assignment o
quarks and leptons: left-handed quarks and leptons (Q,L)
transform as doublets ofSU(2)L , while the conjugate right-
handed ones (Qc,Lc) are doublets ofSU(2)R . The quarksQ
transform under the gauge group as (2,1,1/3) andQc as
(1,2,21/3), while the lepton fieldsL and Lc transform as
(2,1,21) and (1,2,11), respectively. The Dirac masses
fermions arise through their Yukawa couplings to one
more Higgs bidoubletsF(2,2,0). TheSU(2)R3U(1)B2L
symmetry is broken down toU(1)Y in the supersymmetric

-
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SOLVING THE STRONGCP AND THE SUPERSYMMETRY . . . PHYSICAL REVIEW D 65 016005
limit by B2L561 doublet scalar fields, the right-hande
doublet denoted byxc(1,2,21) accompanied by its left
handed partnerx(2,1,1). Anomaly cancellation requires th
presence of their charge conjugate fields as well, denote

x̄c(1,2,1) andx̄(2,1,21). The vacuum expectation value

~VEV’s! ^xc&5^x̄c&5vR break the left-right symmetry
group down to the MSSM gauge symmetry.

This embedding of the MSSM into a left-right framewo
provides a simple solution to the SUSY phase problem.
see this, let us note the transformation of various fields un
parity symmetry: Q↔Qc* ,L↔Lc* , F↔F†,x↔xc* ,

x̄↔x̄c* , G↔G* ,B↔B* , WL↔WR* , and u↔ ū. Here
(G,B,WL,R) are the vector superfields associated w
SU(3)C , B2L, andSU(2)L,R , respectively,u is the fermi-
onic variable, and the transformation applies to the ma
superfields as a whole. Invariance underP makes the Dirac
Yukawa couplings of quarks and leptons and the associ
SUSY-breaking trilinearA terms Hermitian. The gluino and
the B2L gaugino masses become real, the mass of the
oublet fieldF as well as the corresponding bilinearBm term
are real, andML5MR* , with ML,R the masses of the
SU(2)L,R gauginos. This resolves the SUSY phase proble
since all the relevant SUSY phases are zero at the sca
parity restoration@14#. Renormalization group extrapolatio
induces very small phases in the SUSY-breaking parame
of the MSSM, but these induced values are well consis
with experimental limits arising fromdn and de @15#. It is
worth noting that this solution to the SUSY phase probl
will be valid even in a general context of SUSY breaking, f
example, without assuming universality of scalar masses
proportionality between theA terms and the Yukawa cou
plings. Potential contributions to the EDM’s of the neutr
and the electron will be proportional to the diagonal entr
of the respectiveA matrix or the squark or slepton mas
squared matrix. Both matrices being Hermitian, these con
butions vanish above the scalevR . Since the gaugino masse
are all real„assuming gaugino mass unification that occurs
various scenarios of SUSY breaking even without a unify
group, or if the left-right gauge theory is embedded into
higher symmetry group such as@SU(3)#3, SO(10), or E6…,
dn andde proportional to the phases of the gaugino mas
also vanish abovevR .

A. The doublet-doublet splitting mechanism

In order to make the supersymmetric left-right gau
theory fully realistic, a mechanism should be found th
keeps one pair of Higgs doublets light at the weak scale~to
be identified with theHu and Hd fields of the MSSM! and
any remaining pairs of Higgs doublets superheavy at
scale vR . The simplest possibility would appear to be
introduce just a single Higgs bidoubletF(2,2,0) which gets
a mass of order a SUSY breaking scale. However, this is
the minimal scenario from the effective low energy point
view, since in that case the up- and down-quark mass m
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ces become proportional, leading to vanishing quark mixin
at tree level.3

In this subsection we shall present a new mechanism
doublet-doublet splitting. It involves two bidoublet Higg
fields and is achieved without any fine-tuning of paramete
The solution to the SUSY phase problem is preserved ba
on parity symmetry alone. As we shall elaborate further
the next subsection, in this scenario the quark mixings a
naturally at tree level, tanb can be smaller thanmt /mb ,
symmetry breaking occurs at the renormalizable level w
out any pseudo Goldstone bosons, and neutrino masse
correctly reproduced withvR near the unification scale. Fur
thermore, the effective low energy theory is just the MSS
with a natural understanding of the weak scale value of thm
parameter which remains real.

Consider the following form of the superpotential invol
ing two bidoublet fieldsFa , a51,2 and the left-handed (x

1x̄) and and the right-handed (xc1x̄c) doublets of the
theory:

W5laxFaxc1la8x̄Fax̄c1Mxx̄1M* xcx̄c. ~2!

Parity invariance makes the couplingsla andla8 real, since
F→F† and x→xc* under P. The mass termM and the
VEV ^xc&5^x̄c&5vR are complex in general. AfterSU(2)R
breaking, this superpotential leads to a mass matrix for
doublets given in Eq.~3!. We use a notation in which the
rows denote (fu1 ,fu2 ,x) fields and the columns denot
(fd1 ,fd2 ,x̄) fields wherefu1 andfd1 are the up and down
type Higgs doublets fromF1, etc.

MDD5S 0 0 l1vR

0 0 l2vR

l18vR l28vR M
D . ~3!

This mass matrix leaves one pair of Higgs doublets ma
less, while giving mass of ordervR to the second pair. Since
la andla8 are real, the effectivem term of the light doublets
becomes real. To see this, observe that the low ene

3Realistic quark mixings can be induced through the gluino a
chargino loops, provided that the trilinearA terms have a flavor
structure different from that of the Yukawa couplings@15,16#. Con-
sistency with flavor changing processes would require that tanb be
not too large@15#, and tanb<10, which excludes the simplest sce
nario where tanb5mt /mb.60. Values of tanb smaller than
mt /mb may be obtained if theF field mixes with some other su
perheavy doublets of the theory in a parity-violating manner~if
such mixings conserveP, tanb5mt /mb will prevail!. In this case
the effectivem andBm terms are potentially complex, which woul
spoil the solution to the SUSY phase problem based on parity
maintain this solution, in earlier works@16# we assumed invariance
under charge conjugation symmetryC, in addition toP, which al-
lows for reality of the effectivem andBm terms. In such a scenario
the CKM phase will be zero due toC invariance and the observe
CP violation in the kaon system is explained through supersymm
ric gluino or squark diagrams.
5-3
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MSSM doublets are given byHu5cosau fu11sinau fu2
andHd5cosad fd11sinad fd2, where tanau5l1 /l2 and
tanad5l18/l28 . Note thatHu andHd arereal linear combi-
nations ofFa , which helps in inducing a realm. The super-
potential of Eq.~2! by itself does not lead to am term, which
gets induced only after SUSY breaking. There are t
sources that induce them term:

~1! Kahler potential terms of the form
lab9 *d4u(Z* /MPl)Tr(FaFb), where Z is a gauge single
whoseFZÞ0 breaks supersymmetry. We assume thatZ is
parity even, i.e.,Z→Z* underP. The coupling matrixl9 is
therefore Hermitian. After supersymmetry breaking this te
will lead to a realm term, as desired. This also provides
reason why them term is of order of the electroweak sca
@17#. The Bm term arises from the term
*d4u(ZZ* /MPl

2 )Tr(FaFb), which is also real due to parity
~2! A second mechanism that generates realm and Bm

terms makes use of the superpotential couplings involvin
visible sector singletS: W.kS(ei jxcx̄c1e2 i jxx̄2M2).
Such a coupling can break the left-right gauge symme
down to the MSSM at the renormalizable level without lea
ing any pseudo Goldstone bosons. Owing to parity, un
which S→S* , the parametersk,M2 are real in this superpo
tential coupling. The fieldS also has the following coupling
to the bidoubletsFa : W.mabTr(FaFb)S. In the SUSY
limit, ^S&50, ^xc&5^x̄c&5vR , ^x&5^x̄&50, which breaks
parity spontaneously.S pairs up with the neutral componen
(xc1x̄c)/A2 to form a multiplet that has massA2kvR . Af-
ter SUSY breaking, the coupling*d2u(xcx̄cSZ/MPl) will
induce a tadpole in the Re(S) scalar of ordervR

2m3/2. A VEV
^Re(S)&;m3/2 will result, which provides a realm term for
the bidoublet fields.4 It is crucial to note that by redefining
the xc field, the coefficient of the tadpole inS can be made
real without introducing any phases elsewhere@see Eq.~4!
below#. If the imaginary component ofS also had a tadpole
^Im(S)&Þ0, which will lead to an effective complexm term.

B. The full Lagrangian

Now let us implement the doublet-doublet splittin
mechanism just described. We shall see that there is a
crete anomaly-freeZ4 R symmetry that achieves this go
within a minimal version of the left-right model@viz., using
two bidoubletsFa , one left-handed (x) and one right-
handed (xc) SU(2) doublet along with their conjugate (x̄

1x̄c), and the singletS#. Their transformations under P ha
been given earlier, withS→S* . All the desired terms, in-
cluding the Majorana mass terms for the right-handed n
trinos, are allowed by thisZ4, and the unwanted terms tha
can potentially make the magnitude ofm too large or induce
excessiveCP phases to upset the strongCP and the SUSY
phase solutions will be prevented. TheZ4 is broken at the

4This mechanism for generating them term in supergravity mod-
els has independently been suggested in Ref.@18#, which appeared
simultaneously with our present work.
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scalevR , but aZ2 remnant remains, which is identified a
the usualR parity of the MSSM. ThisZ2 will guarantee the
stability of the proton.

Under theZ4 R symmetry, the superpotential changes si
(W→2W), as dod2u and d2ū. The gaugino fields trans
form asla→2la , and quarks and leptons are even,Fa :
21,x: i ,x̄:2 i , xc:2 i ,x̄c:1 i ,S:21.

The gauge invariant superpotential consistent with thisZ4
R symmetry is

W5haQFaQc1ha8LFaLc1laxFaxc1la8x̄Fax̄c

1~ f LLxx1 f * LcLcxcxc!/MPl

1kS~ei jxcx̄c1e2 i jxx̄1aS22M2!1mabTr~FaFb!S.

~4!

This superpotential induces tree level CKM mixings sin
the light MSSM doubletsHu,d are parity-asymmetric linea
combinations of the two bidoublets. Thef couplings give rise
to Majorana masses fornR of order vR

2/MPl . For vR;1014

21016 GeV, the magnitude of the light neutrino masses
in the right range to explain the atmospheric and the so
neutrino oscillation data.f could have its origin in quantum
gravity, but it could also arise from integrating out single
which have masses of orderMPl , e.g., through (LNx
1LcNcxc) couplings where (N,Nc) are the singlets withZ4

charges (i ,2 i ). Their Majorana masses@N21Nc2
# preserve

the Z4 symmetry.
In the SUSY limit, we havêS&50,̂ xc&5^x̄c&5M with

all other fields having zero VEV’s. As noted earlier, aft
SUSY breaking, the real component ofS gets an induced
VEV of orderm3/2. @Note that the phase in thexcx̄cS scalar
coupling can be made real by redefiningxc field. This redefi-
nition does not induce new phases anywhere else. The
pole in S that is induced after SUSY breaking is therefo
real, making only Re(S) nonzero.# That gives Hermitianmab
terms through the last couplings of Eq.~4!, or to the realm
parameter. We can also have the coupli
lab9 *d4u(@Tr(FaFb)#Z/MPl), whereZ is the spurion field
that breaks SUSY. This also leads to the realm term of the
right order of magnitude.@Note thatZ is parity even, andZ
→Z* underP. FZ is then expected to be real, which wou
leave parity unbroken. For example, in the Polonyi model
hidden sector SUSY breaking,W.m2(Z1b), wherem2 is
real due to parity.FZ5m2 is therefore real. We anticipate th
reality to FZ to hold even in a more general scenario f
SUSY breaking.#

The superpotential of Eq.~4! reproduces the doublet
doublet mixing matrix of Eq.~3!. In Eq.~3!, the~3,3! entry is
of order m3/2 now, being proportional tôS&. It does not
correspond to any new particle having mass of orderm3/2,
sincex pairs with the heavy doublet inFa and has a mass o
ordervR .

We shall now show that theZ4 R symmetry is an
anomaly-free discrete gauge symmetry@19#. This makes it
aesthetically more pleasing, as it may have its origin in a t
gauge symmetry. It also protects the Lagrangian from rec
5-4
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ing uncontrollable quantum gravitational correction. To s
the anomaly freedom, let us assume that theZ4 arose from a
true gaugeU(1)R symmetry. TheU(1)R then should be
anomaly-free. If theU(1)R symmetry is broken at the Planc
scale by scalar VEV’s that are integer multiples of64 ~up to
an overall normalization factor!, a residualZ4 symmetry will
survive. TheU(1)R anomaly cancellation will in general re
quire introduction of additional fermionic fields. The cruci
question is then if these extra fields can be removed from
low energy spectrum by giving themZ4 invariant masses. To
address this, let us embed theZ4 into aU(1)R in the obvious
fashion, by assigningU(1)R charges as follows:~We display
the R charge of the superfield, which is the same for t
scalar component, but the fermionic component will have
R charge shifted by21.! Quarks and leptons: 0,x:11,
xc:21, x̄:21, x̄c:11, Fa :12, S:12. The superpotentia
W has anR charge of12, and the gauginos have anR
charge of11.

With this assignment, one can compute all the mix
anomaly coefficients:

SU~3!C
2 3U~1!R:322Ng ,

SU~2!L
23U~1!R:322Ng ,

SU~2!R
23U~1!R:322Ng ,

U~1!B2L
2 3U~1!R:2322Ng . ~5!

HereNg53 is the number of generations. The 3 in the fi
term arises from a gluino loop. The 3 in the second term
from W-ino (12) and Higgsino (12 from the two bidou-
blets and21 from x̄). We have used the convention
SO(10) B2L normalization,A3/2(B2L)/2 being the nor-
malized generator.

Since all the non-Abelian mixed anomaly coefficients a
equal, we can try to cancel them by the Green-Schw
mechanism@20#. We shall also make the Abelian mixe
anomaly coefficient equal to facilitate this. This can
achieved by adding a pair of singlets which are (2
1~22,3! under (B2L,R). Then the U(1)B2L

2 3U(1)R

anomaly also becomes (322Ng). A mass term for these sin
glet fields will have anR charge of16 ~scalar component!,
so it must be accompanied by a Higgs field with charg
24. That breaksU(1)R to Z4, as desired.

Finally, there is theU(1)R
23U(1)B2L anomaly, which

has a coefficient28A3/2 in this model. We use the overallR
normalization@level of U(1)R# to make this equal to the
other anomaly coefficients. This normalization factor is th
found to be (1/4)A3/2—very similar toB2L normalization.
The @U(1)R#3 anomaly also has the same coefficient~equal
to 23 for Ng53) if some singlet fields contribute124 in
the cubic anomaly. Three singlets with a fermionicR charge
of 12 will do this job. Mass terms for these singlets w
carry anR charge of16 ~scalar component!, so to make it
12, we must multiply by a Higgs field with anR charge of
24. Again, we see that theZ4 is left unbroken by this Higgs
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field. This way of canceling anomalies is not unique, but
establish thatZ4 is discrete and anomaly-free, any one e
ample would suffice.

III. CALCULATION OF INDUCED ū

As noted earlier, parity invariance implies that the QC
Lagrangian parameteru50, the gluino mass is real, and th
quark mass matricesMu,d are Hermitian at the tree leve
Thereforeū50 at the tree level. Since parity is broken

vR , a nonzero value ofū will be induced at the weak scal
through renormalization group extrapolation belowvR . We
shall estimate this inducedū in two scenarios for SUSY
breaking. The first is the constrained MSSM scenario wh
the squark masses are degenerate at the unification scale
the trilinearA matrices and the corresponding Yukawa co
pling matrices being proportional. The second scenario h
more general SUSY-breaking spectrum without universa
or proportionality, but the experimental constraints arisi
from the flavor changing processes will be imposed. We fi
turn to the correction toū arising from the non-Hermiticity
of the Yukawa coupling matrices which applies to both the
scenarios.

A. dū from non-Hermiticity of the Yukawa coupling matrices

At the scalevR , the up and down Yukawa coupling ma
trices are Hermitian owing to parity. The VEV’s of th
MSSM fieldsHu,d are real since theBm term is real, so that
the quark mass matricesMu and Md are Hermitian atvR .
They will develop non-Hermitian components at the we
scale, owing to renormalization group evolution belowvR .
The inducedū will have the general structure given by

dū5Im Tr@DMuMu
211DMdMd

21#23 Im~DMg̃Mg̃
21

!,
~6!

where Mu,d,g̃ denote the tree level contribution to the u
quark matrix, down-quark matrix, and the gluino mass,
spectively, andDMu,d,g̃ are the loop corrections. To estima
the corrections fromDMu andDMd , we note that the beta
function for the evolution ofYu below vR is given bybYu

5Yu /(16p2)(3Yu
†Yu1Yd

†Yd1Gu) with the corresponding
one for Yd obtained by the interchangeYu↔Yd and Gu
→Gd . HereGu is a family-independent contribution arisin
from gauge bosons and the Tr(Yu

†Yu) term. The 3Yu
†Yu term

and theGu term cannot induce non-Hermiticity inYu , given
thatYu is Hermitian atvR . The interplay ofYd with Yu will
however induce deviations from Hermiticity. Repeated ite
tion of the solution withYu}YuYd

†Yd and Yd}YdYu
†Yu in

these equations will generate the following structure:

dū.S ln~MU /MW!

16p2 D 4

@c1 Im Tr~Yu
2Yd

4Yu
4Yd

2!

1c2 Im Tr~Yd
2Yu

4Yd
4Yu

2!#, ~7!
5-5
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whereMU is the unification scale. Herec1 andc2 are order
one coefficients which are not equal since the flavor indep
dent partsGu andGd are not the same for the evolution o
Yu andYd ~hypercharge gauge couplings and the tau lep
Yukawa couplings differentiate the two!. These contributions
to dū are very high order in the Yukawa couplings since t
trace of products of two Hermitian matrices, having the fo
Im Tr(Yu

nYd
mYu

pYd
q ..), contains an imaginary piece only a

this order. To estimate the inducedū, we choose a basi
whereYu is diagonal,Yu5D, andYd5VD8V†, whereDvu
5diag(mu ,mc ,mt), and D8vd5diag(md ,ms ,mb) with V
being the CKM matrix. The trace of the first term in Eq.~7!

is then Im(Di
2Dk

4D j8
4
Dl8

2
Vi j VklVil* Vk j* ). The leading contri-

bution in this sum is (mt
4mc

2mb
4ms

2)/
(vu

6vd
6)Im(VcbVtsVcs* Vtb* ). The second trace in Eq.~7! is

identical, except that it has an opposite sign. Numerica
then,

dū;3310227~ tanb!6~c12c2!, ~8!

where we have used the running quark masses atmt to be
(mt ,mc ,mb ,ms)5(166,0.6,2.8,.063) GeV. Clearly,dū is
very small; even for tanb550 its value is 10216, much be-
low the experimental limit of 10210 from neutron EDM.

Since the up~down!-quark mass matrix is a product o
Yu(Yd) and the VEVvu(vd), the mass matrix can becom
complex if the VEVvu(vd) is complex. If the bilinear soft
SUSY-breaking parameterBm becomes complex in the pro
cess of evolution belowvR , this will happen. By analyzing
the renormalization group equation~RGE! for the Bm pa-
rameter, one sees that it involves traces of (Yu

†Yu) and
(Yd

†Yd) or their products—in the case of universal squa
masses and proportionalA terms (Au}Yu ,Ad}Yd). We are
again left with two Hermitian matrices (Yu ,Yd), with all
other effective parameters being real. The imaginary com
nent of the trace that induces a phase inBm is then given at
lowest order by an expression analogous to Eq.~7!. The es-
timate on dū is of the same order as before,dū
;10226(tanb)6.

B. dū from finite correction to the quark and the gluino
masses

To computedū arising from the finite corrections to th
quark mass matrices and the gluino mass~which are not
contained in the RGE evolution!, we must specify the SUSY
breaking spectrum. The simplest approximation is to assu
universality of scalar masses and proportionality ofA terms
and the respective Yukawa couplings at the Planck sc
This can be justified in models such as the ones with ga
mediated supersymmetry breaking@21#. In this case, the
whole theory at the weak scale is characterized by only
Yukawa coupling matricesYu,d . Furthermore, all other
MSSM parameters are real in the effective low energy the
below vR . Because of this property it is very easy to es
mate the lowest order contribution to nonvanishingū in
terms of the coupling matrices.
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Consider the finite one-loop corrections to the quark m
matrices. A typical diagram involving the exchange
squarks and gluinos is shown in Fig. 1. There are analog
chargino diagrams as well. In Fig. 1, the crosses on theQ̃

and Q̃c lines represent left-left~LL ! and right-right ~RR!
mass insertions that will be induced in the process of R
evolution. From this figure we can estimate the form f
DMu5(2as/3p)mQ̃

2
Aumũc

2 where Q̃ is the squark double

and ũc is the right-handed singlet up squark. Without RG
effects, the trace of this term will be real, and will not co
tribute to ū. Looking at the RGE formũc

2 up to two-loop
order, we see that for the case of proportionality ofAu and
Yu , mũc

2 gets corrections having the formm0
2Yu

2 or m0
2Yu

4 or
m0

2YuYd
2Yu . Therefore inDMuMu

21 , the Mu
21 always can-

cels and we are left with a product of matrices of the fo
Yu

nYd
mYu

pYd
q
•••. A similar comment applies when we look a

the RGE corrections formQ̃
2 or Au . If the product is Hermit-

ian, then its trace is real. So to get a nonvanishing contri
tion to theta, we have to find the lowest order product ofYu

2

andYd
2 that is non-Hermitian5 and we get

dū5
2as

3p S ln~MU /MW!

16p2 D 4

~k1 Im Tr@Yu
2Yd

4Yu
4Yd

2#

1k2 Im Tr@Yd
2Yu

4Yd
4Yu

2# !, ~9!

wherek1,2 are calculable constants. The numerical estim
of this contribution parallels that of the previous discussio
dū;(k12k2)310228(tanb)6. The contributions from the
up-quark and down-quark matrices tend to cancel, but si
the d̃c and theũc squarks are not degenerate,k1Þk2 and the
cancellation is incomplete.

In Fig. 2 we have displayed the one-loop contribution
the gluino mass arising from the quark mass matrix. H
again one encounters the imaginary trace of two Hermit
matricesYu andYd , in the case of universality and propo
tionality of SUSY-breaking parameters. Our estimate fordū
is similar to that of the quark mass matrix of Eq.~9!.

5Similar reasoning was used in the standard model and super
metric models in earlier papers@22#.

FIG. 1. One-loop gluino or squark exchange diagram contri
tion to the quark mass matrix. The crosses on the scalar lines
respond to mass insertions.
5-6
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C. Induced ū with general SUSY-breaking terms

In this subsection, we study the more general SUS
breaking scenario where soft SUSY-breaking terms invo
ing squarks are given by

LSSB5 (
f5Q̃,ũc,d̃c

•••

f†mf
2 f1Q̃AuHuũc1Q̃AdHdd̃c1H.c.

~10!

For the model under study, at thevR scale, the constraint is
thatmQ̃

2 T5mũc
2

5md̃c
2

[mQ̃c
2 due to parity invariance.Au,d are

arbitrary Hermitian matrices, and the squark mass matr
can have nontrivial flavor structure.

In this case, the lowest order correction todū from one-
loop contributions to quark masses~Fig. 1! is given by

dū.
2aS

3pm0
5

Im Tr@mQ̃
2

AfmQ̃
2

Yf
21#50 ~11!

for f 5u,d. This contribution vanishes since the matric
mQ̃

2
AfmQ̃

2 andYf
21 are both Hermitian. The next leading co

tribution has the form

dū.
2aSvwk

3pm0
6

ln~MU /MSUSY!

16p2
Im Tr@mQ̃

2
AumQ̃

2
Yu#.

~12!

This contribution arises from Fig. 1 by insertingmQ̃
2

Yu
2 aris-

ing from the RGE’s in one of the squark lines. Since th
trace involves three arbitrary Hermitian matrices, it is n
real in general. To estimate this contribution, we have
make some assumption about the nonuniversality inmQ̃

2 and
the nonproportionality inA and the Yukawa coupling matrix
As for theA term, the most natural choice will be to assum
that it has the same hierarchical structure as the Yuk
couplings. Such a form would be suggested by flavor sy
metries. Thus, we shall takeA23;eA33, wheree is a small
parameter, of orderVcb;1/30. Such a choice will guarante
that there is no excessive flavor changing neutral cur
~FCNC! processes mediated by squarks. As for the squ
mass matricesmQ̃

2 , we take it to be approximately propo
tional to a unit matrix, with correction terms that are n
large. This is as suggested by non-Abelian horizontal sy
metries @23#. The leading contribution from Eq.~12! to ū
arises when we use index (3,2) for the firstmQ̃

2 , (2,3) for

FIG. 2. One-loop diagram that induces a phase in the glu
mass.
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Au , and (3,3) for the rest. Usingvwk /m0;1/5, A33/m0

;1/10, A23;1022A33, (mQ̃
2 )23;1022m0

2 , we find dū
;1028. This is a conservative estimate and yet it is enco
aging that we are close to the present upper limit ondū of
1029 to 10210. To be completely consistent with the neutro
EDM limit, we should have the relevant phase to be of ord
0.1, or the off-diagonal entries somewhat smaller than
lowed by FCNC constraints. Since such departures fr
natural values need be only mild, we feel that this scenari
also quite viable. It is interesting that in this scheme,dn is
not much below the present experimental limit, whilede is
well below the current limit.

Let us now address the contribution toū arising from the
induced phase of the gluino mass. The leading contribu
~see Fig. 2! in this case is given by dū
.(2aS/3p)Im Tr(AuYu)(vwk

2 /m0
2Mg̃). Without RGE

running, this trace is real sinceYu and Au are Hermitian.
Allowing for RGE running, we estimatedū.(2aS/3p)
@ln(MU /MW)/(16p2)]Im Tr( MQ̃

2
YuAu)(vwk

2 /m0
4Mg̃). Taking

the ~2,3! entries ofMQ̃
2 andAu to be 1022 times that of the

respective~3,3! entries, and withA335m0/10, we arrive at
dū.1028210210 for vwk /m0;1/5. This is again not far
from the present upper limit and with a mild fine-tuning
parameters, of order 10%, one gets the desired solution to
strongCP problem.

IV. PLANCK SCALE CORRECTIONS

One interesting aspect of the model presented here is
it is quite safe from potentially large corrections toū induced
by quantum gravity. If it is assumed that the high scale pa
conserving theory originates from a more fundamen
theory, one can expect nonrenormalizable operators in
theory suppressed by the mass scale associated with the
damental theory. Such corrections toū will respect the gauge
symmetry as well as the anomaly-freeZ4 discrete gauge
symmetry. We should ensure two things:~i! The effectivem
term induced by quantum gravity is not more than the we
scale, and~ii ! the quantum gravity induced phases whi
may not respect parity do not upset the solution to the str
CP problem. All other constraints, such as the solution of
SUSY phase problem, will be automatically satisfied on
these two are taken care of.

As for the magnitude and the phase of the effect
m term, the most relevant higher dimensional opera
suppressed by the Planck mass that is invariant un
the gauge symmetries and theZ4 symmetry is
W.kabTr(FaFb)xcx̄cS/MPl

2 . The magnitude of the result
ing m term iskabvR

2MSUSY/MPl
2 ;1028MSUSY. Clearly, this

is very small correction to the magnitude ofm. Suppose that
quantum gravity does not respect parity symmetry. The
efficientskab will then be non-Hermitian. The phase of them
term will then be arg(m);1028. Through the gluino diagram
this will lead to ū;10210, which is consistent with thedn
limit. This shows that the complex couplingskab can be of
order one.

o
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The quark mass matrices can also have corrections f
Planck scale physics. The most relevant term
W.QQcFxcx̄c/MPl

2 , which will induce corrections of orde
1028vwk for some of the quark masses. The matrix struct
need not be Hermitian if quantum gravity violates parity. W
suspect that gauged flavor symmetries~discrete or continu-
ous! must exist in the underlying theory, or else the lig
fermion masses can become too large from quantum gra
Most likely the estimate of 1028vwk will apply for the third
generation. If the coefficient of this nonrenormalizable o
erator is of order 102121022, the solution to the strongCP
problem via parity will be preserved. Note that the super
tential couplingW.QxQcxc/MPl is not invariant under the
discreteZ4, unless accompanied by another factorS/MPl .
The correction to the quark mass matrix from this term
extremely smallDMu;(MSUSY/MPl)

2vwk . We have veri-
fied that all other Planck induced corrections are much be
the experimental limits onū.

A question can be raised as to the form of SUSY-break
parameters and whether they indeed will respect parity s
metry. A complete answer to this will have to await a fu
understanding of nonperturbative SUSY breaking which
lacking at the moment. We note that perturbative grav
which is utilized in conventional supergravity models
SUSY breaking may well respect parity; we have given
example in the Polonyi model. A second example is ga
mediated SUSY breaking. If SUSY is broken at a scale
1042105 GeV, quantum gravity corrections for them term
and theA term, which will be of order gravitino mass, wi
be of order 1021021028 GeV. Even if they are complex
and non-Hermitian, the strongCP problem will be solved, as
the inducedū will be of order 10210210212. We may use
one of the other proposed solutions to generate am term of
the weak scale in this case@24#. If the messenger fields d
not couple to the fieldsxc,x̄c, they will not feel the effects of
parity breaking, although parity is broken atvR;1016 GeV.
The effective SUSY-breaking parameters will then obey
constraints of parity.

In order to make the cosmological constant vanishin
small, aZ4 odd constant term of magnitudem3/2MPl

2 might
be added in the hidden sector superpotentialW0. In this case,
a higher dimensional term of the type (W0FaFb /MPl

2 ) will
be induced, whereFa stands for any of the visible secto
superfield. This can lead to a complexm term of orderm3/2
@25#. If the supersymmetry-breaking scale is low as in gau
mediated models,m3/2; eV, this complex contribution to the
m parameter will be negligible. In conventional supergrav
models, one will have to rely on realizing parity as a discr
gauge symmetry@26# so that such an inducedm term will
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remain real, or one will have to find an alternative explan
tion for the smallness of the cosmological constant.

The d55 baryon number violating operatorQQQL/MPl
in the superpotential is forbidden in this model byZ4 sym-
metry, but the operatorQQQLS/MPl

2 is allowed. If the asso-
ciated couplings are order one for the light generations,
estimate proton lifetime induced by these operators to
tp;1060 yr.

V. CONCLUSIONS

We have shown in this paper that it is possible to emb
the supersymmetric standard model into a parity-symme
framework at a unification scale of 231016 GeV in a simple
way. Such an extension is well motivated by the data
neutrino oscillations as well as gauge coupling unificatio
We have demonstrated that this embedding can natur
solve the strongCP problem and the SUSY phase proble
simultaneously. The effective low energy theory is t
MSSM, but with naturally small phases for the SUS
breaking parameters along with an order one phase in
CKM matrix. Thus it allows for large SUSY contributions t
the muong22, as indicated by experiment, without viola
ing the bounds on the electron EDM. The inducedū in these
models depends strongly on the way SUSY breaking is co
municated. With universality of squark masses and prop
tionality of the A terms, we foundū<10216, while with
maximal deviation from universality and proportionality
consistent with FCNC constraintsū;1021021028. In the
latter case, the neutron EDM should be soon access
while de will be much smaller than the present experimen
limit. We have also shown that potential corrections induc
by quantum gravity are under control in this class of mode
Since left-right gauge symmetry is realized at a scalevR
;1016 GeV, evolution of couplings betweenvR and MPl
can induce flavor changing neutral current processes w
are in the interesting range for current and future exp
ments. We plan to study this issue in detail in a forthcom
publication.
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