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We propose a simultaneous solution to the str@g problem and the supersymmet($USY) phase
problem based on parity symmetry realized when the supersymmetric standard model is embedded into a
left-right symmetric framework at a scale neax 20'° 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 morfiebid’s) of the
electron and the neutron. The stro@@-violation parameted is zero at the tree level, also due to pariB)(
but is induced due t&-violating effects below the unification scale. We estimate the indécedbe <1016,
if we adopt a constrained supersymmetric spectrum with universal scalar masses. In the more general SUSY-
breaking scenario, after imposing flavor changing constraints, w@MdO’S— 10719, which is compatible
with, but not much below, the present limit on the neutron EDM. We also argue that potential nonperturbative
corrections tod from guantum gravitational effects are not excessive in these models.
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[. INTRODUCTION compatible with the experimental limit od,, the SUSY
phase must obeypgsy=<(5X10"3—-5%x10"2) for Mgysy
One of the major problems of the standard model is a lack=300 Ge\\-1 TeV, unless the gluino contribution is pre-

of understanding of th€ P-violating parametep character- ~ Cisely canceled by some other diagrdi@k Why ¢sysy is so
izing the QCD sector of the Lagrangi&h]. This parameter small, while the corresponding P-violating phase in the
originates from the periodic vacuum structure of QCD andCabibbo-Kobayashi-Maskaw&KM) matrix is of order one
leads to an electric dipole mome(EDM) of the neutron, (in order to explain the observegP violation in theK me-
d,~(5X107%%) ¢ ecm. The current experimental limit, SON System is the SUSY phase problem. _
d,<6.3x10 26 ecm (2], then implies thap<10"1°. Why a _The SUSY phase problem becomes more acute if we at-
= tribute the recently reported 2.6 sigma discrepancy in the
fun_damental parameter of the t_het_wy,ls so small compared \,,0n anomalous magnetic momeat,] measuremerj#] to
to its natural value of order unity is the stro@ problem.  gypersymmetry. Exchange of charginos or neutralinos and
A resolution of this problem is expegted to provide |mportants|ept0ns can account for the observed discrepanc,in
clues to the nature of new physics beyond the standargoyided that the masses of these particles are not more than
model. . ~___  about 200-400 GeV. Now, if we replace the external muons
When the standard model is embedded into its minimal, the diagram responsible far, by electrons, a large EDM
supersymmetric extensidMSSM) in order to solve the qua-  for the electron will result, if the relevant SUSY phases are
dratic divergence problem associated with the Higgs bosogf order one. For example, if the SUSY contributioretpis
mass, one runs into anoth€P problem—the supersymme- 40x 10 1 d, can be estimated by scaling of the lepton mass
try (SUSY) phase problem, or the SUSI'P problem. This  to be d.=(1.8X 10 %% sin¢s sy €cm. The current experi-
problem owes its origin to the complex phases associateghental limit ond,, viz., d,<4.3x10 27 ecm [5] would
with the parameters in the soft SUSY-breaking sector of theequire ¢s,sy=<2* 10" 3. This bound will be tightened even
theory—theu term, gaugino masses, trilineArterms, etc.  further with the expected improvement in the limit dg by
Exchange of supersymmetric particles in loops will induceabout a factor of 46]. Solving the strongCP problem as
electric dipole moment$EDM’s) for the neutron ¢,) and  well as the SUSY phase problem are therefore major chal-
the electron ¢,) proportional to these SUSY phases. lenges facing thésupersymmetricstandard model.
d, induced through gluino and squark exchange can be Simple solutions to the stron@P problem can be found
estimated to be d,~(1x10"%% ecm (300 GeV/ by postulating new symmetries of nature, the most popular
Msusy) 2sindsusy, Where ¢gusy is a typical SUSYCP  one being the Peccei-Quitih(1), symmetry[7]. Consistent
phase parameter andgysy is the gluino or squark mass. implementation of this symmetry requires the existence of a
(For this estimate we used t@+ 5 and set thex parameter new ultralight particle, the axion, which has eluded experi-
and the gluino mass equal to the squark mdesorder to be  mental searches so far. Combined laboratory, astrophysical,
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and cosmological limits constrain the scale of Peccei-Quinrthe observed discrepancy in the muon anomalous magnetic
symmetry breaking to be in a narrow windofy~ (10" momenta,, , without inducing unacceptably large EDM for
—10') GeV[1]. On the theoretical side, global symmetries the neutron and the electron.

such asU(1), have come under suspicion since it is be- In the class of models presented here the scale of parity
lieved that nonperturbative quantum gravitational effects willrestoration is in the range g~ 10— 10'® GeV. This is
violate all global symmetries. If so, quantum gravity would cjose to the grand unification scale where the three gauge
destabilize the axion solutiof8] unless one allows for ex-  couplings of the standard model are observed to unify in a
treme fine tuning of parameters—the very problem one set§persymmetric context. The left-right symmetric gauge
out to avoid in postulating the new symmetrin any case, gy cture and the numerical value of the scajeare inde-

this solution has nothing to offer to the secad@ problem, pendently suggested by experimental evidence for neutrino
the SUSY phase problem. masses: Small neutrino masses arising through the seesaw

An aIt(_arnatlv_e t_o the_ axion solu_tlon to the Stro mechanisni12] are natural in the left-right framework, and
problem is parity invariancé9] realized at a momentum . . . .
the scalevy is consistent with the inferred value of mass

scalevg much above the weak scdléf the standard model . . L
a{rom atmospheric neutrino oscillations.

is embedded into a left-right symmetric gauge structure Parity symmetry as a possible solution to the strar

lligérg?]g?;gp)lr;nﬁgiggi Ct?;tbe?rﬁoiQst'ﬁ;egtg[;r?_zgfzgg?gntheproblem in supersymmetric contexts has been studied in ear-

) ) - ] o ) lier paperqd 13]. The models presented here are significantly
9°/(32m°) 6GG, will be zero since it violates parity. The jmproved versions in this regard. In earlier wof&s], it was

physical paramete?involves also the phase of the fermionic found that a consistent solution to the stro@@ problem

determinant, and is given by required the scale of parity restoration to be in the multi-TeV
_ range, which would appear not to go well with neutrino
0= 6+argDet(M Mg)}—3arg My). (1)  masses and gauge coupling unification, unlike in the models

presented here. As we shall see, potential nonperturbative

HereM,, 4 are the up-quark and the down-quark mass matri, o ctions tog from guantum gravity are under control

ces andMg is the gluino mass. Owing to parity invariance, here, even withvg near the unification scale. Parity as a

the matricesM,, andMgq become_Hermman, and the gluino solution to the SUSY phase problem has also been studied in
mass becomes real. As a result=0 at tree level in this  ggrlier paperg 14,15, where it has been shown that the
class of models. These models would thus have the pOtentigDM’S of the neutron and the electron remain very small in
to solve the strong_P problem. The fact that low energy the parameter space that ficssand €’ in the kaon system.
weak interactions do not respect parity symmetry means thaynlike in these earlier works which preferred a non-
one must do additional work to see 6f induced through Kobayashi-Maskaw@&M) mechanism for the kao@ P vio-
quantum effects is sufficiently small. As we shall explicitly lation, the models here allow for the conventional KBP
demonstrate in this paper, this is often the case. violation. This is facilitated by a novel realization of the

The purpose of this note is to provide a simultaneousdoublet-doublet splitting—the mechanism that makes one
solution to the strongCP problem and the SUSY phase pair of Higggino) doublets light and all other pairs heavy, so
problem using parity symmetry. We shall demonstrate by exthat at low scale the spectrum of the theory is identical to
plicit calculation that the induced in these models is well that of the MSSM. Major differences of our models com-
within the experimental limit, if a constrained supersymmet-pared to the MSSM are that hefi¢ SUSY phases are natu-
ric spectrum is adopted with universal squark masses an@lly small, (i) the strongCP problem is absent, angii)
proportionalA terms. Even in the more general scenario forsmall neutrino masses are naturally present.

supersymmetry breaking, we shall see thag in the accept-

able range of-10 10— 108, after imposing flavor changing

constraints. Parity invariance also makes the phases of the Il. BASIC OUTLINE OF THE MODEL

SUSY-breaking parameters naturally small. These phase pa-

rameters are zero at the scalg and their induced values at ~ The basic framework of our model involves the embed-

the weak scale through quantum corrections are well withirfling of the MSSM into a minimal SUSY left-right gauge

the experimental limits arising from the neutron and the elecstructure at a scalex close to the grand unified theory scale.

tron EDM. Thus this class of models can naturally explainThe electroweak gauge group of the model S4J(2),
XSU(2)gXxU(1)g_. with the standard assignment of
quarks and leptons: left-handed quarks and leptdpd. )

'For example, quantum gravity can induce a dimension five opiransform as doublets GU(2),, while the conjugate right-

erator in the scalar potentig|®|*(®+®d*)/Mp, wheregis a  handed ones@®,L®) are doublets 08U(2)g. The quark<

dimensionless coupling, and is the scalar field responsible for transform under the gauge group as (2,1,1/3) Qfdas

U(1), symmetry breaking. Such a term will induce a nonzéro (1,2,—1/3), while the lepton fieldd and L® transform as

given by 6~gf3/(AdcpMp)=10'g. The resulting constraint on (2,1,—1) and (1,2+1), respectively. The Dirac masses of

the couplingg from the neutron EDM is quite severg=10~C. fermions arise through their Yukawa couplings to one or
2For models withCP invariance, see Ref10]. Related applica- more Higgs bidoubletsP(2,2,0). TheSU(2)gxU(1)g_
tions in SUSY context have been discussed in REF]. symmetry is broken down t&J(1)y in the supersymmetric
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limit by B—L==*1 doublet scalar fields, the right-handed ces become proportional, leading to vanishing quark mixings
doublet denoted by®(1,2,~1) accompanied by its left- at tree levef

handed partneg(2,1,1). Anomaly cancellation requires the  In this subsection we shall present a new mechanism for
presence of their charge conjugate fields as well, denoted boublet-doublet splitting. It involves two bidoublet Higgs
%(1,2,1) andy(2,1,-1). The vacuum expectation values fields and is achieved without any fine-tuning of parameters.

) o ) The solution to the SUSY phase problem is preserved based
(VEV'S) (x°)=(x")=vr break the leftright symmetry n yarity symmetry alone. As we shall elaborate further in

group down to the MSSM gauge symmetry. the next subsection, in this scenario the quark mixings arise
This embedding of the MSSM into a left-right framework patyrally at tree level, ta@ can be smaller tham,/m,,

provides a simple solution to the SUSY phase problem. T&ymmetry breaking occurs at the renormalizable level with-
see this, let us note the transformation of various fields undegut any pseudo Goldstone bosons, and neutrino masses are
parity symmetry: Q—Q%* L—L%*, d—®T y—x™,  corectly reproduced witk near the unification scale. Fur-
;(—)?:*, G+~ G*,B~B*, W W5, and 9 6. Here thermore, the effective low energy theory is just the MSSM,
(G,B,W_g) are the vector superfields associated withwith a natural understanding of the weak scale value ofithe
SU(3)c, B—L, andSU(2), g, respectivelyg is the fermi- ~ parameter which remains real. o
onic variable, and the transformation applies to the matter Consider the following form of the superpotential involv-
superfields as a whole. Invariance un@emakes the Dirac Ng two bidoublet fieldsP,, a=1,2 and the left-handedy(
Yukawa couplings of quarks and leptons and the associatett x) and and the right-handedy{+ x°) doublets of the
SUSY-breaking trilineai terms Hermitian. The gluino and theory:
the B—L gaugino masses become real, the mass of the bid-
oublet field® as well as the corresponding bilindy. term
are real, andM_ =M}, with M_r the masses of the o ) ] , )
SU(2), r gauginos. This resolves the SUSY phase probleml?anty invariance makes the couplingg and\ real, since

: ’ &*}@T and y— x®* underP. The mass ternM and the
since all the relevant SUSY phases are zero at the scale A
parity restoratior{14]. Renormalization group extrapolation VEV (x°)=(x®)=vr are complex in general. Afte3U(2)r
induces very small phases in the SUSY-breaking parametef¥€aking, this superpotential leads to a mass matrix for the
of the MSSM, but these induced values are well consisterffoublets given in Eq(3). We use a notation in which the
with experimental limits arising fron, and d, [15]. Itis ~ fOWS denote $u1,4u2.x) fields and the columns denote
worth noting that this solution to the SUSY phase problem(®a1.®42.x) fields whereg,; and ¢4, are the up and down
will be valid even in a general context of SUSY breaking, for type Higgs doublets frond,, etc.
example, without assuming universality of scalar masses and
proportionality between thé terms and the Yukawa cou- 0 0  Awer
plings. Potential contributions to the EDM’s of the neutron Mpp=| O 0 Nugr]. (3)
and the electron will be proportional to the diagonal entries N N M
of the respectiveA matrix or the squark or slepton mass- 1R R2UR
squared matrix. Both matrices being Hermitian, these contri-

butions vanish above the scaig. Since the gaugino masses less, while giving mass of orders to the second pair. Since

are all real(assgmlng gaugino mass unlflcat|9n that oceurs m)\a and\/ are real, the effective. term of the light doublets
various scenarios of SUSY breaking even without a unn‘ymgbecomes real. To see this, observe that the low energy

group, or if the left-right gauge theory is embedded into a
higher symmetry group such 8SU(3)13, SO(10), orEy),
d, andd_ proportional to the phases of the gaugino masses 3Reallistic quark mixings can be induced through the gluino and

also vanish aboverg. chargino loops, provided that the trilinear terms have a flavor
structure different from that of the Yukawa couplind$,16. Con-
sistency with flavor changing processes would require thg8the
A. The doublet-doublet splitting mechanism not too largg15], and tan3=< 10, which excludes the simplest sce-
nario where taB=m,/m,=60. Values of taB smaller than
In order to make the supersymmetric left-right gaugem,/m, may be obtained if the field mixes with some other su-
theory fully realistic, a mechanism should be found thatperheavy doublets of the theory in a parity-violating man(er
keeps one pair of Higgs doublets light at the weak s@ale such mixings conserve, tang=m,/m, will prevail). In this case
be identified with theH, andH fields of the MSSM and  the effectivex andBu terms are potentially complex, which would
any remaining pairs of Higgs doublets superheavy at th&Poil the solution to the SUSY phase problem based on parity. To
scalevg. The simplest possibility would appear to be to maintain this solut.lon, in earllerworl{i16] welgssumed invariance
introduce just a single Higgs bidoublét(2,2,0) which gets under charge conjugation symmetgy in addition toP, which al-

. s lows for reality of the effectivex andBu terms. In such a scenario
a mass of order a SUSY breaking scale. However, this is NGhe ckm phase will be zero due © invariance and the observed

the mir.limal'scenario from the effective low energy point OfCP violation in the kaon system is explained through supersymmet-
view, since in that case the up- and down-quark mass matriic giuino or squark diagrams.

W=AaxPax*+ A Pax’+Mxx+M*xx%. (2

This mass matrix leaves one pair of Higgs doublets mass-
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MSSM doublets are given by ,=cosa, ¢,+Sine, ¢,  SCalevg, but aZ, remnant remains, which is identified as
andHy=cosay ¢q;+Sinay ¢q,, Where tany,=\;/\, and  the usualR parity of the MSSM. ThisZ, will guarantee the
tanay=\}/\5. Note thatH, andH arereal linear combi-  stability of the proton.
nations of®,, which helps in inducing a real. The super- Under theZ, R symmetry, the superpotential changes sign
potential of Eq(2) by itself does not lead to a term, which  (W— —W), as dod?# and d?6. The gaugino fields trans-
gets induced only after SUSY breaking. There are twdform asA,— —\,, and quarks and leptons are evdn,:
sources that induce the term: — Lyt xi—i, xS —i xS +i,S—1.

(1)  Kahler potential terms of the form  The gauge invariant superpotential consistent with Zhis
)\gbfd“a(Z*IMm)Tr((I)ad)b), where Z is a gauge singlet R symmetry is
whoseF;#0 breaks supersymmetry. We assume thas o
parity even, i.e.Z—Z* underP. The coupling matrix” is ~ W=h,Q®,Q+h LD L+ N xPx + N xPx°
therefore Hermitian. After supersymmetry breaking this term
will lead to a realu term, as desired. This also provides a +(FLLxx + " LL X X*)/Mpy
oo g e, f Cer of e SClOVERK SO (@i a8 M) T2, 015
Jd*6(ZZ*IM3) Tr(® ), which is also real due to parity. (4)

(2) A second mechanism that generates reaand Bu . o . .
terms makes use of the superpotential couplings involving a This superpotential induces tree level CKM mixings since
visible sector singletS W KS(eifXCICnLe*ifX;—MZ). the light MSSM doublet$d, 4 are parity-asymmetric linear

Such a coupling can break the left-right gauge symmetr{omb'naﬂons of the two bidoublets. Theouplings give rise

X 2 104
down to the MSSM at the renormalizable level without leav-° Majorana masses forg of ordervg/Mp. Forug 10*

ing any pseudo Goldstone bosons. Owing to parity, undef 10*® GeV, the magnitude of the light neutrino masses are

which S— S*, the parameters,M? are real in this superpo- in the right range to explain the atmospheric and the solar
tential coupling. The fields also has the following coupling neutrino oscillation datdf. could have its origin in quantum

to the bidoubletsd,: WD u,,Tr(®,®,)S. In the SUSY gravity, but it could also arise from integrating out singlets
it (S) =0 (+° N _a—b_(') hich break which have masses of ordevlp, e.g., through I(Ny

imit, (S)=0, {(x°)=(x*)=vr, (x)=(x)=0, which breaks +L°N°x®) couplings wherelJ,N°) are the singlets witz,,
parlty_spontaneousl)s pairs up with the neutral component charges i, —i). Their Majorana massddi-+ ch] resenve
(x°+ x°)/ 2 to form a multiplet that has mas@«vg. Af- gest—1). J P

s the Z, symmetry.
ter SUSY breaking, the couplingd?6(x*x*SZ/Mp) will + 3 y

) _ In the SUSY limit, we havdS)=0,(x%)=(x*)=M with
2
induce a tadpole in the R8 scalar of ordevgmz;,. AVEV o oiher fields having zero VEV's. As noted earlier, after

(Re(S))~mg, will result, which provides a regk term for  gysy preaking, the real component Sfgets an induced

the bidoublet field4.1t is crucial to note that by redefining . —
the x° field, the coefficient of the tadpole & can be made VEV of ordermg,. [Note that the phase in the’x S scalar
real without introducing any phases elsewhgsee Eq.(4) cguplmg can be_made real by redefinigyfield. This redefi-
belou, I he maginaty componert also hd a tacpole, 1", 96 1t iduce e hases ampuners ele The tac
(Im(S))# 0, which will lead to an effective complex term. real, making only Ref) nonzerd] That gives Hermitianzp
terms through the last couplings of Ed), or to the realu
parameter. We can also have the coupling
i NS ([ Tr(® D) ]Z/Mp), WhereZ is the spurion field
Now let us implement the doublet-doublet splitting {hat preaks SUSY. This also leads to the rgalerm of the
mechanism just described. We shall see that therg is a dlzﬁ-ght order of magnitudefNote thatZ is parity even, an&
crete anomaly-free, R symmetry that achieves this goal _7x ynderp. F, is then expected to be real, which would
within a minimal version of the left-right modetiz., using  |gave parity unbroken. For example, in the Polonyi model of
two bidoublets®,, one left-handed ¥) and one ngﬁ- hidden sector SUSY breakinyD u%(Z+ B), where u? is
handed £°) SU(2) doublet along with their conjugatex(  real due to parityF,= w2 is therefore real. We anticipate the
+ x©), and the singleB]. Their transformations under P has reality to F; to hold even in a more general scenario for
been given earlier, witt5— S*. All the desired terms, in- SUSY breaking.
cluding the Majorana mass terms for the right-handed neu- The superpotential of Eq(4) reproduces the doublet-
trinos, are allowed by thi€,, and the unwanted terms that doublet mixing matrix of Eq(3). In Eq.(3), the(3,3) entry is
can potentially make the magnitude @ftoo large or induce of order mg;, now, being proportional tqS). It does not
excessiveC P phases to upset the stro@P and the SUSY correspond to any new particle having mass of ontgp,
phase solutions will be prevented. THg is broken at the sincey pairs with the heavy doublet i, and has a mass of
ordervg.
We shall now show that th&, R symmetry is an
“This mechanism for generating theterm in supergravity mod- anomaly-free discrete gauge symmeffyd]. This makes it
els has independently been suggested in R&, which appeared aesthetically more pleasing, as it may have its origin in a true
simultaneously with our present work. gauge symmetry. It also protects the Lagrangian from receiv-

B. The full Lagrangian
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ing uncontrollable quantum gravitational correction. To sedfield. This way of canceling anomalies is not unique, but to
the anomaly freedom, let us assume thatZhearose from a establish thatZ, is discrete and anomaly-free, any one ex-
true gaugeU(1l)g symmetry. TheU(1)g then should be ample would suffice.

anomaly-free. If théJ (1)g symmetry is broken at the Planck
scale by scalar VEV's that are integer multiplestof (up to
an overall normalization factpra residualZ, symmetry will

survive. TheU(1)r anomaly cancellation will in general re-  Ag noted earlier, parity invariance implies that the QCD
quire introduction of additional fermionic fields. The crucial Lagrangian parametet=0, the gluino mass is real, and the
question is then if these extra fields can be removed from thauark mass matriceM , 4 are Hermitian at the tree level.
low energy spectrum by glvmg.them‘ Invariant masses. To Therefore#=0 at the tree level. Since parity is broken at
address this, let us embed thginto aU(1)g in the obvious — )

URr, @ nonzero value of will be induced at the weak scale

fashion, by assigning/(1)g charges as followg\We display SO )
the R charge of the superfield, which is the same for thethrough renormalization group extrapolation below. We

scalar component, but the fermionic component will have itsshall estimate this induced in two scenarios for SUSY
R charge shifted by—1. Quarks and leptons: G;: +1, breaking. The first is the constrained MSSM scenario where
xS — 1; _ 1,;c: +1,0,:+2,S+2. The superpotential the sqL_Jark masses are degenerate at the unlflcatlon scale with
the trilinear A matrices and the corresponding Yukawa cou-
pling matrices being proportional. The second scenario has a
4nore general SUSY-breaking spectrum without universality
or proportionality, but the experimental constraints arising
from the flavor changing processes will be imposed. We first

lll. CALCULATION OF INDUCED 6

W has anR charge of+2, and the gauginos have &
charge of+1.

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

SU(3)%>< U(1)g:3— 2Ny, turn to the correctiop t@ aris_,ing from the nqn—Hermiticity

of the Yukawa coupling matrices which applies to both these
SU(2)2x U(1):3— 2N, scenarios.
SU(2)§>< U(1)g:3— 2Ng, A. 66 from non-Hermiticity of the Yukawa coupling matrices

At the scalevyr, the up and down Yukawa coupling ma-
U(1>§7L>< U(1)gri—3—2N,. (5 trices are Hermitian owing to parity. The VEV’s of the
MSSM fieldsH,, 4 are real since thBu term is real, so that
HereNy=3 is the number of generations. The 3 in the firsttN€ quark mass matricéd, and Mg are Hermitian avg.
term arises from a gluino loop. The 3 in the second term is' "€y will develop non-Hermitian components at the weak
from W-ino (+2) and Higgsino 2 from the two bidou- Scale, owing to renormalization group evolution below.
blets and—1 from ;) We have used the conventional The inducedd will have the general structure given by

igl(ég?j genlérr;?(:rahzatlon,\/B_/Z(B L)/2 being the nor ST=IMTAMM -+ AMgM 31— 3 Im(AMZMS 1)
Since all the non-Abelian mixed anomaly coefficients are (6)
equal, we can try to cancel them by the Green-Schwarz
mechanism[20]. We shall also make the Abelian mixed where M, 45 denote the tree level contribution to the up-
anomaly coefficient equal to facilitate this. This can bequark matrix, down-quark matrix, and the gluino mass, re-
achieved by adding a pair of singlets which are (2,3)spectively, and\M, 47 are the loop corrections. To estimate
+(-2,3 under B—L,R). Then the U(1)3_, XU(1)zx the corrections fromAM, andAMg, we note that the beta
anomaly also becomes {2N,). A mass term for these sin- function for the evolution ofr,, below vy is given by By,

glet. fields will have arR charge of+ 6_(scal§1r componeiqt =Yu/(16772)(3Y$Yu+ ygyd+ G,) with the corresponding
so it must be accompanied by a Higgs field with charge one for Y, obtained by the interchang¥,< Y, and G,
—4. That breakdJ(1)g to Z,, as desired. —Gy. HereG, is a family-independent contribution arising

Finally, there is theU(1)zxU(1)g_ anomaly, which  from gauge bosons and the Yi[Y,) term. The 1Y, term
has a coefficient- 8\/3_/2 in this model. We use the over@l gnd theG,, term cannot induce non-Hermiticity i¥i,, given
normalization[level of U(1)g] to make this equal to the thatY, is Hermitian awg. The interplay ofY4 with Y,, will
other anomaly coefficients. This normalization factor is themowever induce deviations from Hermiticity. Repeated itera-
found to be (1/4)/3/2—very similar toB— L normalization.  tion of the solution withY,=Y, Y Y4 and Y4 Y4Y(Y, in
The[U(1)g]® anomaly also has the same coefficiéeual  these equations will generate the following structure:
to —3 for Ny=3) if some singlet fields contribute- 24 in
the cubic anomaly. Three singlets with a fermioRicharge

4
of +2 will do this job. Mass terms for these singlets will 50~ In(My/Mw) [y ImTrY2YAY4Y2)
carry anR charge of+6 (scalar componejitso to make it 1672 ! uidiutd
+2, we must multiply by a Higgs field with aR charge of
—4. Again, we see that th#, is left unbroken by this Higgs +ea IMTr(YEYIYaYD], )
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whereM | is the unification scale. Here, andc, are order 3 ,’,,@_\F &
one coefficients which are not equal since the flavor indepen- Prd .
dent partsG, and G4 are not the same for the evolution of i N
Y, andYy (hypercharge gauge couplings and the tau lepton D Q
Yukawa couplings differentiate the tworhese contributions ] / \\~°
to 6 are very high order in the Yukawa couplings since the *,( ':
trace of products of two Hermitian matrices, having the form 1 .
Im Tr(Y,YqYPY{..), contains an imaginary piece only at Q
this order. To estimate the inducet) we choose a basis
whereY,, is diagonal,Y,=D, andY4=VD'V', whereDu,
=diag(m,,m.,m;), and D'vgq=diag(my,ms,m,) with V
being the CKM matrix. The trace of the first term in E@)

is then Im@fDﬁDj’4D,’2Viij,Vi’|‘ ¥). The leading contri-
4 2 4. 2
)/

3
>

&
<

Q

[~

LE12S '¢

FIG. 1. One-loop gluino or squark exchange diagram contribu-
tion to the quark mass matrix. The crosses on the scalar lines cor-
respond to mass insertions.

bution in this sum is m2mém Consider the finite one-loop corrections to the quark mass
tie b s matrices. A typical diagram involving the exchange of

(Vg IM(VepVisVVip). The second trace in EQ7) is squarks and gluinos is shown in Fig. 1. There are analogous
identical, except that it has an opposite sign. Numerically . . . ~
then, chargino diagrams as well. In Fig. 1, the crosses onQhe

and Q° lines represent left-leffLL) and right-right (RR)
e —27 6/~ _ mass insertions that will be induced in the process of RGE
06~3x10"(tang)*(c1~ Ca), ® evolution. From this figure we can estimate the form for

2, 2 = .
where we have used the running quark masses,ab be ~ AMy=(2ad/3m)mgA,m;. where Q is the squark doublet

(m;,me, My, M) =(166,0.6,2.8,.063) GeV. Clearlyég is andu® is the right-handed singlet up squark. Without RGE

very small; even for tag="50 its value is 106, much be- effects, the trace of this term will be real, and will not con-

low the experimental limit of 10'° from neutron EDM. tribute to 6. Looking at the RGE form%c up to two-loop
Since the ufdown)-quark mass matrix is a product of order, we see that for the case of proportionalityAgfand

Yu(Yq) and the VEVv(vq), the mass matrix can become Y, me, gets corrections having the formZY?2 or m2Y? or
. . I ' u u 0"u
complex if the VEVuv(vyg) is complex. If the bilinear soft

SUSY-breaking paramet&u becomes complex in the pro-
cess of evolution below g, this will happen. By analyzing

m3Y,Y3Y,. Therefore inAM M !, the M ! always can-
cels and we are left with a product of matrices of the form

the renormalization group equatidRGE) for the By pa- YaYaYiYq: - - A similar gomme”t applies when we look at
rameter, one sees that it involves traces Uﬂ\(u) and j[he RGE gorrectlops fcmé orA,. If the produc?t |§ Herm|t-.
(YiYy) or their products—in the case of universal squark'@n: then its trace is real. So to get a nonvanishing contribu-
masses and proportional terms @A,=Y,,AgxY4). We are tion to theta, we have to find the lowest order producy pf

i ) g ) ! o 2 . "
again left with two Hermitian matricesY(,,Y), with all ~andYj thatis non-Hermitiahand we get

other effective parameters being real. The imaginary compo- 2

nent of the trace that induces a phas®ja is then given at — 2as[In(My/My) K YNNI
: 60=——| —————| (kg ImTr{Y2Y4YY3]
lowest order by an expression analogous to E&g. The es- 3 1672
timate on 66 is of the same order as beforejé NN
~10 26(tan,3)6. + k2 Im Tr[YdYquYu]), (9)
B. &0 from finite correction to the quark and the gluino wherek; , are calculable constants. The numerical estimate
masses of this contribution parallels that of the previous discussions,

To computesd arising from the finite corrections to the 96~ (ki—k;) <10 *tanB)®. The contributions from the
quark mass matrices and the gluino masdich are not up-quark and down-quark matrices tend to cancel, but since
contained in the RGE evolutiprive must specify the SUSY- thed® and theu® squarks are not degenerakes k, and the
breaking spectrum. The simplest approximation is to assumeancellation is incomplete.
universality of scalar masses and proportionalityAaierms In Fig. 2 we have displayed the one-loop contribution to
and the respective Yukawa couplings at the Planck scalehe gluino mass arising from the quark mass matrix. Here
This can be justified in models such as the ones with gaugagain one encounters the imaginary trace of two Hermitian
mediated supersymmetry breakifgl]. In this case, the matricesY, andYy, in the case of universality and propor-
whole theory at the weak scale is characterized by only tW@jonality of SUSY-breaking parameters. Our estimate §6r

Yukawa coupling matricesY, q. Furthermore, all other s similar to that of the quark mass matrix of H).
MSSM parameters are real in the effective low energy theory

below vg. Because of this property it is very easy to esti-

mate the lowest order contribution to nonvanishigin SSimilar reasoning was used in the standard model and supersym-
terms of the coupling matrices. metric models in earlier papefg2].
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A, and (3,3) for the rest. Using/mg~1/5, Azz/mg
~1/10, Apz=10?Agz, (M3)z5—102m3, we find &6
~10"8. This is a conservative estimate and yet it is encour-
aging that we are close to the present upper limitéenof
10 ° to 10 1° To be completely consistent with the neutron
EDM limit, we should have the relevant phase to be of order
0.1, or the off-diagonal entries somewhat smaller than al-
lowed by FCNC constraints. Since such departures from

FIG. 2. One-loop diagram that induces a phase in the g|uind1atural values need be only mild, we feel that this scenario is

mass.

C. Induced 6 with general SUSY-breaking terms

In this subsection, we study the more general SUSY-
breaking scenario where soft SUSY-breaking terms involv-

ing squarks are given by

$'m7 ¢+ QA H U+ QA¢H4d°+ H.c.
(10)

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

2 2 2 2 . .
thatméTz m:.=m3.=mg, due to parity invarianced,, q are

also quite viable. It is interesting that in this scherdg,is
not much below the present experimental limit, whilgis
well below the current limit.

Let us now address the contribution?aarising from the
induced phase of the gluino mass. The leading contribution

(see Fig. 2 in this case is given by &6

~(2ag/3m)IMTr(A,Y,) (vi,/miMg).  Without  RGE
running, this trace is real sincé, and A, are Hermitian.
Allowing for RGE running, we estimat$§:(2a5/3rr)

[IN(My /My)/(167%)]Im Tr(MéYuAu)(vf\,k/mgMa). Taking
the (2,3 entries ofM—Z(g andA, to be 102 times that of the
respective(3,3) entries, and withAz3=my/10, we arrive at

arbitrary Hermitian matrices, and the squark mass matrice§#=10"%—10"1° for v, /mo~1/5. This is again not far

can have nontrivial flavor structure.

In this case, the lowest order correctiond6 from one-
loop contributions to quark massésig. 1) is given by

_ 2«
8= —-2

Im i méAfméYf_ =0 (12)

5
3mmg

from the present upper limit and with a mild fine-tuning of
parameters, of order 10%, one gets the desired solution to the
strongCP problem.

IV. PLANCK SCALE CORRECTIONS

One interesting aspect of the model presented here is that

for f=u,d. This contribution vanishes since the matricesit iS quite safe from potentially large correctionsé@enduced

méAfm% andY; ! are both Hermitian. The next leading con-
tribution has the form

— 2asvyw IN(My /M
sV In( EGWZSUSY)ImTr[méAUméYU].

3mm}
(12

This contribution arises from Fig. 1 by insertilngréYfj aris-

by quantum gravity. If it is assumed that the high scale parity
conserving theory originates from a more fundamental
theory, one can expect nonrenormalizable operators in the
theory suppressed by the mass scale associated with the fun-

damental theory. Such correctionséavill respect the gauge
symmetry as well as the anomaly-freg discrete gauge
symmetry. We should ensure two things: The effectiveu
term induced by quantum gravity is not more than the weak
scale, and(ii) the quantum gravity induced phases which

ing from the RGE’s in one of the squark lines. Since thisyay not respect parity do not upset the solution to the strong
trace involves three arbitrary Hermitian matrices, it is NOtc p proplem. All other constraints, such as the solution of the
real in general. To estimate this contribution, we have tog;gy phase problem, will be automatically satisfied once

make some assumption about the nonuniversalilrylzgﬁand
the nonproportionality irA and the Yukawa coupling matrix.

these two are taken care of.
As for the magnitude and the phase of the effective

As for the A term, the most natural choice will be to assumey, term, the most relevant higher dimensional operator
that it has the same hierarchical structure as the Yukawsguppressed by the Planck mass that is invariant under

couplings. Such a form would be suggested by flavor symthe gauge symmetries

metries. Thus, we shall taki,;~ eAs3, wheree is a small
parameter, of ordeY.,~1/30. Such a choice will guarantee
that there is no excessive flavor changing neutral curre

(FCNQO) processes mediated by squarks. As for the squar

mass matrice:sn%, we take it to be approximately propor-

and th&, symmetry is

WD kap TH(® ,Pp) x°x°S/M3,. The magnitude of the result-

ing u term is kv ZM susy/ M3~ 10 8Mgygy. Clearly, this

5 very small correction to the magnitude @f Suppose that
uantum gravity does not respect parity symmetry. The co-

efficientsk,p, will then be non-Hermitian. The phase of the

tional to a unit matrix, with correction terms that are notterm will then be arg)~ 10 8. Through the gluino diagram
large. This is as suggested by non-Abelian horizontal_symfhiS will lead to 6~10"1° which is consistent with thel,

metries[23]. The leading contribution from Eq12) to
arises when we use index (3,2) for the firsg, (2,3) for

limit. This shows that the complex couplings, can be of
order one.
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The quark mass matrices can also have corrections fromemain real, or one will have to find an alternative explana-
Planck scale physics. The most relevant term istion for the smallness of the cosmological constant.
WD QQ® x°x/M3,, which will induce corrections of order ~ The d=5 baryon number violating operat@QQL/Mp,
10 8y, for some of the quark masses. The matrix structurdn the superpotential is forbidden in this model By sym-
need not be Hermitian if quantum gravity violates parity. Wemetry, but the operatd@ QQLSM3, is allowed. If the asso-
suspect that gauged flavor symmetridscrete or continu- ciated couplings are order one for the light generations, we
ous must exist in the underlying theory, or else the light eéstimate proton lifetime induced by these operators to be
fermion masses can become too large from quantum gravity;p,~ 10° yr.
Most likely the estimate of 1CPv,,, will apply for the third
generation. If the coefficient of this nonrenormalizable op-
erator is of order 10'— 10 2, the solution to the stronGP
problem via parity will be preserved. Note that the superpo- We have shown in this paper that it is possible to embed
tential couplingW?> QxQ°x%/Mp, is not invariant under the the supersymmetric standard model into a parity-symmetric
discreteZ,, unless accompanied by another fac&Mp,. framework at a unification scale 06210 GeV in a simple
The correction to the quark mass matrix from this term isway. Such an extension is well motivated by the data on
extremely smallAM ,~(Mgysy/Mp)?v,«. We have veri- neutrino oscillations as well as gauge coupling unification.
fied that all other Planck induced corrections are much belowVe have demonstrated that this embedding can naturally
the experimental limits or. solve the strondC P problem and the SUSY phase problem

A question can be raised as to the form of SUSY-breakingimultaneously. The effective low energy theory is the
parameters and whether they indeed will respect parity symMSSM, but with naturally small phases for the SUSY-
metry. A complete answer to this will have to await a full breaking parameters along with an order one phase in the
understanding of nonperturbative SUSY breaking which isCKM matrix. Thus it allows for large SUSY contributions to
lacking at the moment. We note that perturbative gravitythe muong—2, as indicated by experiment, without violat-
which is utilized in conventional supergravity models of ing the bounds on the electron EDM. The induckih these
SUSY breaking may well respect parity; we have given ammodels depends strongly on the way SUSY breaking is com-
example in the Polonyi model. A second example is gaugenunicated. With universality of squark masses and propor-
mediated SUSY breaking. If SUSY is broken at a scale Ofjonality of the A terms, we foundd<10"16, while with

10°'~10° GeV, quantum gravity corrections for theterm  maximal deviation from universality and proportionality is
and theA term, which will be of order gravitino mass, will consistent with ECNC constrain—10-1°—10-8. In the

be of order 19.10_ 10 Gev. Even if th‘?y are complex latter case, the neutron EDM should be soon accessible,
and 'non-HeEnlt!an, the strorigP problem will be solved, as while d will be much smaller than the present experimental
the induceds will be of order 10 '°—10"*2 We may use [imit. we have also shown that potential corrections induced
one of the other proposed solutions to generatetarm of  py quantum gravity are under control in this class of models.
the weak scale in this cag@4]. If the messenger fields do gjnce left-right gauge symmetry is realized at a saaie
not couple to the fieldg®, x°, they will not feel the effects of ~10'® GeV, evolution of couplings betweemg and Mp,
parity breaking, although parity is broken@t~10'*® GeV. can induce flavor changing neutral current processes which
The effective SUSY-breaking parameters will then obey theare in the interesting range for current and future experi-
constraints of parity. ments. We plan to study this issue in detail in a forthcoming
In order to make the cosmological constant vanishinglypublication.
small, aZ, odd constant term of magnitude,,M §,| might
be added in the hidden sector superpoteigl In this case,
a higher dimensional term of the tpr()d)a(I)b/ME,,) will
be induced, where, stands for any of the visible sector = The work of K.S.B. has been supported in part by DOE
superfield. This can lead to a complgxterm of orderms,  Grant No. DE-FG03-98ER-41076, a grant from the Research
[25]. If the supersymmetry-breaking scale is low as in gaugeCorporation, DOE Grant No. DE-FG02-01ER4864, and by
mediated modelsn,,~ eV, this complex contribution to the the OSU Environmental Institute. B.D. is supported by the
w parameter will be negligible. In conventional supergravity National Science Foundation Grant No. PHY-0070964, and
models, one will have to rely on realizing parity as a discreteR.N.M. is supported by the National Science Foundation
gauge symmetry26] so that such an induced term will Grant No. PHY-9802551.

V. CONCLUSIONS
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