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We construct a renormalizable, supersymmetric theory of flavorRapdrity based on the discrete flavor
group (S;)°. The model can account for all the masses and mixing angles of the standard model, while
maintaining sufficient squark degeneracy to circumvent the supersymmetric flavor problem. By starting with a
simpler set of flavor symmetry-breaking fields than we have suggested previously, we construct an economical
Froggatt-Nielsen sector that generates the desired elements of the fermion Yukawa matrices. With the particle
content above the flavor scale completely specified, we show that all renormaR-gialéty-violating inter-
actions involving the ordinary matter fields are forbidden by the flavor symmetry. Fhparity arises as an
accidental symmetry in our model. Planck-suppressed operators that \Rofzety, if present, can be ren-
dered harmless by taking the flavor scale tob@x 10'° GeV. [S0556-282196)03015-9

PACS numbegs): 12.60.Jv, 12.15.Ff

. INTRODUCTION G;=U(1)2 [3]. In the first case the approximate degeneracy

of scalars of the first two generations was guaranteed by

In supersymmetric models of particle physics there aresu(2) in the symmetry limit. In retrospect it seems aston-

two aspects to the flavor problem. The first is the problem ofshing that the flavor-changing problem of supersymmetry

quark and lepton mass and mixing hierarchies: Why is thergyas not solved by such a flavor group earlier. The well-
a set of small dimensionless Yukawa couplings in theknown supersymmetric contributions to the-K g mass dif-
theory? The second aspect of the problem is why the supefz ance can be rendered harmless by making&hmd'é

partner gauge ?nteractions do not violate flavor at too Iarg(_a Qquarks degenerafd]. Why not guarantee this degeneracy
rate. This requires that the squark and slepton mass matrlc% placing these squarks in a doublet of a non-Abelian flavor

not be arbitrary. Rather, these matrices must also possess .

set of small parameters which suppress flavor-changing effUP @,8)? In the case of Abelia;, the squarks are far
fects, even though all the eigenvalues are large. What is thi0M degenerat¢3]; however, it was discovered that the
origin of this second set of small dimensionless parametersi2vor-changing problem could be solved by arranging for

An extremely attractive hypothesis is to assume that théhe Kobayashi-Maskawa mixing matrix to have an origin in
two sets of small parameters, those in the fermion mass mdbe up sector rather than the down sector.
trices and those in the scalar mass matrices, have a common A variety of supersymmetric theories of flavor has fol-
origin: They are the small symmetry-breaking parameters ofowed, including ones based @;=0(2), [5] Gi=U(1)?
an approximate flavor symmetry gro@ . This provides a  [6], G;=A(75) [7], G;=(S3)® [8,9], and G;=U(2) [10].
link between the fermion mass and flavor-changing probProgress has also been made on relating the small parameters
lems; both are addressed by the same symmetry. Such af fermion and scalar mass matrices using a gauged U(1)
approach was first advocated using a flavor group BJ(3) flavor symmetry in atN=1 supergravity theory, taken as the
broken only by the three Yukawa matriceg p g in the up,  low energy limit of superstring modef41]. Development of
down, and lepton sectof4]. This not only solved the flavor- these and other theories of flavor is of great interest because
changing problem, but suggested a boundary condition othey offer the hope that an understanding of the quark and
the soft operators which has a more secure theoretical foudepton masses, and the masses of their scalar superpartners,
dation than that of universality. However, this framework didmay be obtained at scales well beneath the Planck scale,
not provide a model for the origin of the Yukawa matricesusing simple arguments about fundamental symmetries and
themselves, and left open the possibility ti&t was more  how they are broken. The theories, to varying degrees, give
economical than the maximal flavor group allowed by theunderstanding to the patterns of the mass matrices, and may,
standard model gauge interactions. in certain cases, also lead to very definite mass predictions.
The first explicit models in which spontaneously brokenFurthermore, flavor symmetries may be of use to understand
flavor groups were used to constrain both fermion and scalaa variety of other important aspects of the theory.
mass matrices were based 06;=SU(2) [2] and The general class of theories which address both aspects
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of the supersymmetric flavor problem has two crucial ingretheory: We can understarid parity to be an unavoidable
dients: the flavor grougs; and the flavon field$=, which  consequence of th&; structure of the Higgs and matter
have a hierarchical set of vacuum expectation valuesepresentations of the complete theory.

(VEV’s) allowing a sequential breakih@f G;. These theo- Our choice of a gaugedsg)? as the flavor group is mo-
ries can be specified in two very different forms. In the firsttivated by a number of considerations. First, we choose a
form, the only fields in the theory beyorfd are the light gauged flavor symmetry over a global one to avoid the criti-
matter and Higgs fields. An effective theory is constructed incism that global symmetries are not respected by quantum
which all gauge andS-invariant interactions are written gravitational effects. If the gauged flavor symmetry is a con-
down, including nonrenormglizable operators scalec_i by soMgnuous ond2], then there will beD-term contributions to
mass scale of flavor physics];. The power of this ap- the scalar potential that couple ordinary squarks to the flavon
proach is that considerable progress is apparently possibie, s |n this case, flavon expectation values may generate
without having to make detailed assumptions about the physg hstantial nonuniversal contributions to the squark masses,
ics at the scaléM; which generates the nonrenormalizable ,\ honce dangerous flavor-changing neutral current effects

operators. Much, if not all, of the flavor structure of fermion 15]. We therefore choose to work with a discrete gauged
and scalar masses comes from such nonrenormalizable int r )

! S ; . avor symmetry, for which there are no associabeterms.
actions, and it is interesting to study how their form depend§N th h di ¢ that has Botnd 1 di
only on the choice of5;, how G; is broken, and the light € then choose a discrete group that has -

field content mensional representations. With this representation structure,

A second, more ambitious, approach is to write a com V€ ¢an embed the chiral superfields of the first two genera-

plete, renormalizable theory of flavor at the scilg. Such tions into th_e doublet, to maintain the near degeneracy of the
a theory possesses a set of heavy fields which, when im@_(_)rrespondmg squarks.. The smallfast discrete flavor group
grated out of the theory, lead to the effective theory dis-With these representations &, which has a2, 1s, and
cussed abovg12]. However, it is reasonable to question 1,. The latter is a one-dimensional representation that trans-
whether the effort required to construct such full theories isforms nontrivially under the group. We assign the third gen-
warranted. Clearly these complete theories involve furthegration fields to thd, rather tharils so that the model is free
assumptions beyond those of the effective theories, namel@f discrete gauge anomalies. The three generations of the
the G properties of the fields of madd, and it would standard model therefore correspond to the representation
seem that the low energy physics of flavor is independent oftructure2+1, . If we tried to build a model in whictG
this, depending only on the properties of the effective theoryinvolved only a singleS; factor, we would find that it is
In nonsupersymmetric theories such a criticism may havémpossible to explain the hierarchy between, for example,
some validity, but in supersymmetric theories it does notthe down and strange quark masses, which both would be
This is because in supersymmetric theories, on integratinfjivariant under the flavor group. A simple way around this
out the states of masd;, the low energy theory is not the Problem is to replicateS; factors, so that the left-handed
most general effective theory based on the flavor grougloublet fieldsQ and the right-handed singlet field$ and
G;t. Several operators which afe; invariant, and could be D each transform under a differe&. In addition, if the
present in the effective theory, are typically not generatedHiggs fields are chosen to transform Bgs under bothSg
when the heavy states of mdsls are integrated out. Which andsgJ simultaneously, only the top quark Yukawa coupling
operators are missing depends on what the complete theoiy left invariant under the flavor symmetry. The remaining
at G; looks like. This phenomena is well known and is illus- quark Yukawa couplings can be treated as small symmetry-
trated, for example, in Ref$§13,14,7,10, and it casts doubt breaking spurions and the deviation from squark degeneracy
on the effective theory approach to building supersymmetrieasily estimated. This analysis was carried out in Re¥.
theories of flavor. Finally, one might hope that a completewhere it was shown that the forms of the squark mass-
renormalizable theory of flavor at scalé; might possess a squared matrices were phenomenologically viable. In addi-
simplicity which is partly hidden at the level of the effective tion, the model can be extended to the lepton sector by as-
theory. signing the doublet chiral superfield and the single€ to
We have previously discussed an effective theory of fla2+1,'s of Sg’ andsg, respectivel)f9]. This leads to accept-
vor based on the gauged flavor graBp=(S;)®[8,9]. Inthis  able slepton mass-squared matrices and a distinctive proton
paper we find a simple, complete, renormalizable theory withdecay signature that may be within the reach of SuperKamio-
G¢=(S;)3, and we demonstrate that acceptable fermion andtande[9].
scalar mass matrices result from integrating out the heavy It is the point of our current work to explain how an
states. In addition, we discover an origin Rrparity in the  acceptable pattern ofSg)® breaking originates at a funda-
Gy properties of the renormalizable interactions of the com-mental level and to show hoR parity emerges from the
plete theory. In the effective theory approach there ardlavor structure of the full theory. Unlike Ref8,9], we will
R-parity-violating operators which ai®; allowed and must allow the flavor scalM; to be considerably lower than the
be forbidden by hand to avoid phenomenological difficulties.Planck scaleMp,. In this case, the constraints from proton
However, such operators are not generated from our fullecay on the acceptable flavon qguantum number assignments
[9] are considerably weakened. This in turn allows us to
construct a much more elegant model. The paper is orga-
'We assume that the scalar mass-squared matrices are constrainéded as follows. In Sec. Il we review the known mecha-
by the flavor symmetry, i.e., that the messenger scale of supersyniisms of suppressing baryon- and lepton-number-violating
metry breaking is higher than the flavor scale. interactions in supersymmetric models. In Sec. Ill, we
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present the quantum number assignments for the flavarumber violation is to be found in spacetime symmetries,
symmetry-breaking fields in our model. We show that the which certainly need not be the ca$g, can be viewed as a
most general set of higher dimension operators involving thguperspace analogue of the familiar discrete spacetime sym-
F fields generates viable fermion Yukawa matrices when thenetries, such a® and CP. In the case ofP and CP we
flavons acquire VEV's. In addition, we show that the patternknow that they can appear as accidental symmetries in gauge
of flavor symmetry breaking in our model leads to squarkmodels which are sufficiently simple. For examjteis an

and slepton mass-squared matrices that are phenomenologjscigental symmetry of QED and QCD, whiP is an ac-
cally acceptable. In Sec. IV, we present a renormalizabl@jgental symmetry of the two generation standard model.
model that generates the necessary operators involving thg.,ertheless, in the real world and CP are broken. This

F fields when a set of vectorlike fields is integrated out be'suggests to us that discrete spacetime symmetries are not
neath the flavor scal®l;. Given the field content above the fundamental and should not be imposed on a theory, so that

scaleM;, we show that all renormalizable-parity-violat- . . . .
ing operators are forbidden by the flavor symmetry. We alsélc Ry is a good symmetry, it should be understood as being

take into account the possibility of nonrenormalizable2" accidental symmetry resulting from some other symme-

R-parity-violating operators generated at the Planck scale. |}{y. These arguments can also be applied to alternative space-

the final section, we summarize our conclusions. In an apliMe Origins forX, such as &, symmetry on the coordindte

pendix we provide an example of a workable potential that? [18]- Hence, while the symmetry could have a spacetime

generates the pattern of VEV’s assumed in the main body gerigin, we find it more plausible that it arises from gauge or
the paper. flavor symmetries.

In this case what should we make Rf? If it is a sym-
metry at all, it would be an accidental symmetry, either exact
or approximate. IR, is broken by operators of dimension 3,
4, or 5, then a weak-scale, lightest superparth&P) would

The standard model, for all its shortcomings, does providd!ot be the astrophysical dark matter. The form of the
an understanding for the absence of baryBj) &nd lepton Rp—breakmg interactions will determine whgther the LSP
(L) number violation: The field content simply does not al-Will decay in particle detectors or whether it will escape,
low any renormalizable interactions which violate these syml@aving a missing energy signature. The realization ¥hat
metries. This is no longer true when the field content is exmay well have an origin in gauge or flavor symmetries has
tended to become supersymmetric; squark and sleptofiecoupled the two issues of the suppressioB ahdL vio-
exchange mediate baryon and lepton number violation at urfation, due toX, and the lifetime of the LSP, governed by
acceptable rates, unless an extra symmetry, suéhmsity, Rp [19,28.
is imposed on the theoR/The need for a new symmetry, At first sight, the most appealing origin fof is an exten-
which in general we labeX, was first realized in the context Sion of the standard model gauge group, either at the weak
of a supersymmetric SU(5) grand unified thegiy7]. As scale[24]lor at the grand unlfled'sca[QS]. An interesting
will become clear, there is a wide variety of possibilities for €xample is provided by the crucial observation that adding
the X symmetry. Matter parify[4], Zy symmetries other U(1)s—r [25], or equivalently U(1},, is sufficient to re-
than matter parityf 18—20, and baryon or lepton numbers move all renormalizabléB and L violation from the low
[21-23 provide well-known examples, each giving a dis- energy theory: Matter parity is a discrete subgroup of
tinctive phenomenology. One of the most fundamental quest(1)g_, . This is clearly seen in SQ@O0) [29], where the
tions in constructing supersymmetric model§24,25, what  requirement that all interactions have an even number of
is the origin of this extra symmetry needed to suppresspinor representations immediately leads to matter parity.
baryon- and lepton-number-violating processes? However, this example has a gauge group with rank larger

The X symmetry must have its origin in one of the threethan that of the standard model, and the simplest way to
categories of symmetries, which occur in field theory modelspontaneously reduce the rank, for example, via the vacuum
of particle physics: spacetime symmetries, galayevertica) expectation valuéVEV) of a spinorl6-plet in SQ10), leads
symmetries, and flavofor horizonta] symmetries. TheX  to a large spontaneous breaking of the discrete matter parity
symmetry is most frequently referred to Bsparity? Ry, subgroup of SO(10)30,31. Thus theories based on SO
which is aZ, parity acting on the anticommuting coordinate (10) need a further ingredient to ensure sufficient suppres-
of superspace and on the chiral superfields, such thation of B and L violation of the low energy theory. One
60— — 6, matter fields> —matter fields, and Higgs fields possibility is that the spinor VEV does not introduce the
— Higgs fields. We view this as unfortunate, since it suggestslangerous couplings, which typically requires a discrete
that the reason for the suppression of baryon and leptoaymmetry beyond SO(10). Alternatively the rank may be

broken by a larger Higgs multiple{s80], for example, the
126 representation of SO(10). Finally, if the reduction of

Il. THE SUPPRESSION OF BARYON AND LEPTON
NUMBER VIOLATION

2lt is not absolutely necessary to impoReparity if some of the
renormalizableR-violating operators have small enough coeffi-
cients [16]. However, our aim is to construct theories in which °Clearly these arguments need not be correct: For example, it
small parameters in the superpotential are understood in terms abuld be that bot® andCP are fundamental symmetries, but they
approximate symmetries. have both been spontaneously broken. However, in this case the
SMatter parity is equivalent t& parity, up to a 2r rotation. analogy would suggest th&, is also likely to be spontaneously
4Rp was first introduced in a completely different contE6. broken. Note that this possiblity is not exclude¥].
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rank occurs at low energies, the resultiRg-violating phe-  theory, with minimal field content and gauge group, which
nomenology may be acceptabl81]; however, the weak has the flavor group U(3)broken only by parameters which
mixing angle prediction is then logtor exceptions, see Ref. transform like the usual three Yukawa coupling matrices.
[32]). The flipped SU(5) gauge group allows for models The Yukawa couplings and soft interactions of the most gen-
with renormalizableL violation, but highly suppresseB eral such effective theory can be written as a power series in
violation [33]; however, these theories also lose the weakhese breaking parameters, leading to a theory known as
mixing angle prediction. weak scale effective supersymmefry/]. The flavor group

There are other possibilities fof to be a discrete sub- and transformation properties of the breaking parameters are
group of an enlarged gauge symmetry. SevE&gabxamples  sufficient to forbid matter parity-violating interactions to all
from Eg are possible[19]. Such a symmetry will be an orders: Each breaking parameter has an even number of
anomaly-free discrete gauge symmetry, and it has been ati(3) tensor indices, guaranteeing that all interactions must
gued that ifX is discrete, it should be anomaly free in order have an even number of matter fiefi$o construct an ex-
not to be violated by Planck scale physi®@4]. With the  plicit model along these lines it is perhaps simplest to start
minimal low energy field content, there are only two suchwith a U(3) flavor group, with all quarks and leptons trans-
possibilities which commute with flavor: the familiar case of forming as triplets, but Higgs doublets as trivial singlets. An
matter parity and & baryon parity{20], which also prohib- ~exact matter parity will result if the spontaneous breaking of
its baryon number violation from dimension-5 operators.this flavor group occurs only via fields with an even triality.
While the gauge origin oK remains a likely possibility, we A similar idea has recently been used in the construction of a
are not aware of explicit compelling models which achieve{our-%eneration theory with gauged flavor SU(4) symmetry
this. 40,23.

Another possible mechanism of suppresdmgarity vio- In view of the recent activity in constructing explicit su-
lation, which is not discussed in the literature, is a Pecceipersymmetric theories of flavd2,3,5-10, an interesting
Quinn symmetry. This anomalous global symmetry was proquestion is whether th¥ symmetry is contained in a flavor
posed in Ref[35] to solve the stron@ P problem in QCD.  group[41]. With Abelian flavor groups, the suppression of
In the context of supersymmetric models, we assign the samle violation is quite natura42], while sufficient suppression
charge+1 to all the matter chiral superfield®, U, D, L, of B violation is much harder to obta[d3]. In this paper we
andE, and a charge-2 to the Higgs chiral superfieldd,  construct a theory of flavor based on the non-Abelian dis-
andHg. This symmetry forbids alR-parity-violating inter-  crete group $3)°. It is found to provide an explanation for
actions. If we break the Peccei-Quinn symmetry using a fieldhe suppression d& andL violation that is analogous to the
with even charges, it leaves an unbrol&nsymmetry which ~ matter parity found in SO(10) theories, with the difference,
is nothing but the matter parity that we have discussed. ThBowever, thaB andL are not exact.
same Peccei-Quinn symmetry forbids th®-violating

dimension-5 operators in the symmetry limit, but they are . MODEL
induced by its breaking in general. The extent of suppression ) , .
depends on the details of the modE36—39. As we described earlier, the three generation®ofU,

Finally we discuss the possibility that tesymmetry is a and D fields transform_ a$2+1A’$ under the corresponding
flavor symmetry: The symmetry which is ultimately respon-Ss  group.  The ordmabry Ilj-ilgg_s fields transform as
sible for the small parameters of the quark and lepton maseta:1a,19)'s underSyx Sy x S . Given these assignments,
matrices, and also of the squark and slepton mass matricd§e quark Yukawa matrices have well-defined transformation
might provide sufficient suppression f&r and L violation. ~ Properties under&s)>:

Indeed, this is an extremely plausible solution for the sup- — -

pression ofL violation since the experimental constraints on (2,219 (215,19

the coefficients of thel-violating interactions are quite u™ (15,219 (1s.1s,19))"

weak, and would be satisfied by having amplitudes sup-
pressed by powers of small lepton masses. However, the ex- 5 =

) 2 i S (2,15,2)  (2,15,1p)
perimental constraints involvin® violation are so strong d~( )
that suppression by small quark mass factors is insufficient (1s,14,2) (1s,1a,1p)
[39]. Hence the real challenge for these theories is to under- _
stand the suppression Bf violation. where we use the notatiok=2® 1A-7 Notice that only the

Some of the earliest models involving matter parity vio-top quark Yukawa coupling is allowed in th&4)* symme-
lation had a discrete spacetifie8] or gauge[33] origin for  try limit, which implies that this model is only sensible for
B conservation, but had violation at a rate governed by the small tang. Therefore, in the following discussion we take
small fermion masses. This distinction betweBnand L  tang to be of order unity. In the lepton sector, the fields
arises because left-handed leptons and Higgs doublets are
not distinguished by the standard model gauge group,
whereas quarks are clearly distinguished by their color. This °This point was missed ifil] whereR,, was imposed unnecessar-
provides a considerable motivation to search for supersymily as an additional assumption. We believe that the automatic con-
metric theories with matter parity broken only by the servation ofR, makes this scheme an even more attractive frame-
L-violating interactions. work as a model-independent low energy effective theory of

It is not difficult to understand how flavor symmetries supersymmetry.
could lead to exact matter parity. Consider a supersymmetric’2=(a,b) is equivalent t@2= (b, —a).

D
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and E transform in the same way d3 and Q under the 1
flavor symmetry, so that the lepton Yukawa matrix trans- M—(CI>Q>~eQ
f

forms in the same way a‘ég. In both the quark and lepton 1
sectors, degeneracy of the first two generation squarks in the 1
symmetry limit is a consequence of tBe 1, representation —(Dp)~ep|, |,
structure of our model. My 1
We first specify the quantum number assignments for the 3
fields that acquire flavor symmetry-breaking VEV’s. Prod- i(@ Y~ A )
ucts of these fields must have the proper transformation M VT g )

properties to generatat least some ¢fthe various blocks of . _
the fermion Yukawa matrices shown in Ed). The flavon then the down-strange and up-charm Yukawa matrices will
fields F in our model are take the form

AN
A1

NN
A1

, (6)

G~ (215019, P~(1a15,2),  PY~(1a,21), €Q¢p and eqey

respectively, where.~0.22 is the Cabibbo angle. We set
x1~(1s,2a,18), x2~(1a,1s,10), (20 egep~\° and egey~\* so that the up, down, charm, and
strange quark Yukawa couplings are of the correct order in

A.
wherei =1,2. Note that these are simpler representations for lepton Yukawa matrix transforms in the same way as
the flavon fields than those presented in Re8s9]. While o qown Yukawa matrix transposed. Therefore, the two-by-
we argued in Ref.9] that some of the flavon representations piock of the lepton Yukawa matrix is also determined by

shown e}bove were excluded by their. contribution to proto Yhe VEV's of the flavon producb o @ . If this product rep-
decay via Planck-suppressed dimension-5 operators, we Willqenteq a single matrix, then we would obtain the undesir-

see in Sec. IV that these operators are easily suppressed Qy| relationm,/m, =mg/m,. However, we have seen that
taking the flavor scale to be somewhat belbly;. there are in fact four contributions to the Yukawa matrices,
_Let us now explicitly construct the fermion Yukawa ma- gach myltiplied by an unknown coefficient of order 1. This
trices that follow from Eq.(2). The two-by-two down- iy eq s enough degrees of freedom to suppress the electron
strange and up-charm Yukawa matrices involve products Of,ass relative to that of the down quark. For concreteness, let
the form us assume thab$y’ and ®§” have VEV's proportional to
(0,1), while %) and %) have VEV's proportional to
oD0d~(3,1,,2) and DY ~(3319. (3) (M) If we take the coefficientscy;=3 and ¢;,=1/3
[where thec' are the coefficients for the leptons that are
analogous to the® in Eq. (4)], and take all other coefficients
Each of the eight combinations &f fields shown above can to be 1, then we obtainrﬁe/mﬂzmd/mg)\z, which is an
form a flavor-invariant dimension-6 operator that contributesacceptable result. Had we required coefficients much larger
to the usual Yukawa coupling matrices when the flavonthan 3(or much smaller than 1/3), then one might object that
fields acquire VEV's. For example, the down-strange blockthe choice of parameters is not consistent with naive dimen-
originates from the operators sional analysis.
The remaining diagonal elements of the quark Yukawa
matrices consist of the bottom and top Yukawa couplings.
izz cﬁQHdCDg)d>8>D, (4) The bottom YuI_<awa coupling transforms exactl_y Iil@3
Mfq Y and so we requiré;~\3. The top Yukawa coupling is in-
variant under 8;)3, and is, therefore, of order 1 relative to
the other elements.
whereMy is the flavor-physics scale, and th§ are order-1 Finally, we must evaluate the other off-diagonal elements
coefficients. Note that we have introduced tdg, doublets  of the up and down Yukawa matrices. In the down sector, the
in order to assure a nonvanishing Cabibbo angle. In additionwo-by-one  off-diagonal  block transforms as a
we require twod and &, fields so that the up and down (zlA,lA)NCDQXz, and is, therefore, of the form
guark masses are both nonvanishing. This would not be pos-
sible if the Yukawa matrices in Eq3) were each formed N
from the product of exactly two doublets; any matrix con- €q07 1
structed in this way has a vanishing determinant. In our dis-

cussion below, we will let eactp, field (with a=Q, U, or ¢ e chooseeq 8, to be of ordein®, then these elements will

. (7

D) represent some linear combination oL and q)gz-)' generate the Cabibbo-Kobayashi-Maska@&M) elements
leaving it implicit that different occurrences df, may in- V, and V. The one-by-two block of the down Yukawa
dicate different linear combinations. matrix, which transforms as d4,1,,2), is generated by the

to the flavor-physics scall; by the parameters and 8. If
we choose th& field VEV’s €pd10,[N 1]. (8)
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In the up sector, the off-diagonal block transforming as a M2+ m2\* m2\5 m2\5
(2,15,1) is given by the doublet component 0@6)2. 5 25 2 o4 24
When taking the product of two doublets, we will lat my= m-A Mi=maA~ mA (15
represent the projection onto the doublet componénthe m?\° m?\* M3
1, component, and- the 1g. In this case, we want
DX Dy and
Q Q-
N MZ+m2\8  mA7  mA\7
2
€ 1| 9 sz: m2\7 Mi—mz)\f’ m2\6 | (16)
o _ , m2\7 m?\ 8 M3
Similarly, the off-diagonal block transforming as a
(1s,2,15) is given byd X, and is of the form All of the off-diagonal elements are consistent with the
flavor-changing neutral current bounds given in Rd#].
el[n 1. (100  The slepton mass matricest andmg are of the same form
asmg andmj, respectively.
Given the constraints described abomb(D~)\5 from Finally, we should point out that the supersymmetry-

the strange mas&;QeU~)\4 from the charm massj;~\3 breaking trilinear interactions have the same flavor structure
from the bottom mass, aneJQ52~)\5 to generate adequate as the fermion Yukawa matrices, but generally involve dif-
Vup and V) there is only one set of symmetry-breaking ferent order-1 coefficients. Thus, the trilinear interactions are

parameters in which ne or § is larger than ordek?: not simultaneously diagonalizable with the Yukawa matrices
in general(unlike the situation in Ref[9]). An important
eQ~)\2, eu~\2, constraint on the form of these couplings comes from the
bounds onu—ey. The (12) entry of the left-right slepton
ep~N3, 8;~\%, &~ \%. (11)  mass mixing in our model is given by
With this choice, flavor-changing neutral current effects will (MZR) 21~ MAA. 17

not be especially large in any one sector of our model. Given_, . . . . .
this choitf)e weycalg Write )c/iown the down and up quarlﬂ-h's is approximately 20 times larger than the result obtained
Yukawa maltrices in Ref. [9]. If we choose the slepton masses to be of order

300 GeV and theB-ino mass and thé\ parameter to be
~100 GeV, then our model saturates the experimental bound

)\7 )\6 )\6
6 5 s B(u—ey)<4.9x10 . Here we use the formulas pre-
Yo~ MM M (12  sented in Ref[9].
)\10 )\9 )\3
IV. FROGGATT-NIELSEN MODEL
A8 AS A® In the previous section we constructed a low energy ef-
v~| N7 At e (13 fective theory in yvhich_ the lowest dimension nonrenormal-
u : izable operators involving the flavon fields generate accept-

DD L | able fermion Yukawa matrices when the flavons acquire
VEV’s, without significantly affecting the degeneracy of the
These results are consistent with the masses and mixinggquarks(or sleptons of the first two generations. If the ef-
angles of the standard mod#hough we have not gained any fective theory belowM; is generated by integrating out
additional predictivity. heavy states in a renormalizable theory, then we will gener-
Finally we consider the form of the squark and sleptonally obtain some subset of the operators described in the
mass matrices. Spurions transforming as eithét @r 15,  previous section. All operators that are consistent with the
under a singleés; group contribute to the off-diagonal entries symmetries of the low energy theory may not necessarily be
of the corresponding squark mass matrix. These representpresent. In building a renormalizable theory of flavor, we
tions can be formed at lowest order by the productseed only to verify that the operators we need for generating
D XD,, PDNADP, or dpy,. the elements of the fermion Yukawa matrices are present;
The analysis is analogous to the one we presented in d@ur general operator analysis tells agpriori that the full
tail for the quark Yukawa matrices, and so here we willtheory will otherwise be phenomenologically acceptable.
simply quote our results. The left-handed squark mass matri- In this section, we will construct a renormalizable version

ces are of the form of our (S;)® model incorporating the mechanism of Froggatt
and Nielsen 12]. We will show that the operators we need to
M2+ m2\* m2\° m2\° account for the fermion masses and mixing angles are gen-

N 2 o4 o4 erated assuming that there is a relatively economical set of
m2Q= mA Mi=m A" moat). (14) heavy, vectorlike particles present at the sddle. We will
m?\° m2\* M2 then show that our choice of quantum numbers for these
fields has an added bonus: All the possible renormalizable
The right-handed squark mass matrices are given by interactions that violat® parity are forbidden by the flavor
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TABLE I. Field content of the theory above the flavor scale.

Only one generation of the vectorlike fields is shown. (@) q)Q Dp
_ R-parity odd R-parity even @H QH DH DB
QHyQ_H (1811A11$) (I)g) (211/\718) Q D
UHvU_H (1A11371$) q)g) (1A71$‘2)
D", D" (1a,1s,19) ) (1a.2,19)
LH.L_H (1a,1s,19) X1 (1s,1a,1n) 1%
EH.Ei (1s,1a,19) X2 (1a.1s,18) @ d
LA LM (1s,1a,19) Hy (1a,1a,1s) (b) Q x2
D'",D"™M (1s.1a.19) Hg (1a.1a.19) v v
+ matter o oH pH DH
Q L -t} e a— b
symmetry. This implies that nR-parity-violating nonrenor- s
malizable operatorssuppressed by powers &f; only) are
generated when the heavy states are integrated out. While Hy
there may be Planck-scale-suppressed operators that violate (c) A1

R parity and are invariant under the flavor group, these may
be rendered harmless by taking the flavor scale to be suffi-
ciently low. We discuss the implications of this scenario at
the end of this section.
The flavor quantum number assignments of the vectorlike
chiral superfields are given in the first column of Table I.
The electroweak quantum numbers of the heavy, unbarred
fields are the same as those of the corresponding minimal
supersymmetric standard mod®ISSM) field (i.e., Q" is a
color triplet, weak doublet with hypercharge etc). While (d)
we have displayed only one generation of the vectorlike
fields in Table I, we assume the existence of two generations,
for reasons detailed below. In addition to the two heavy gen- 0 U
erations, there are also the “extra” heavy fields", L'",
D', andD'", also shown in the table. In $8) language,
the heavy particle content consists of two generations, two
antigenerations, and an additiorat-5. Note thatR-parity H,
assignments are also displayed in Table I.

Given the Eartlcle contenr: in Table I, it rl]s Sftralghtfo\r(wsrd FIG. 1. Diagrammatic representation of the operators generated
to construct the operators that generate the fermion YUkawg, o5\ particle exchange. The operators shown contribute to the

matrices. ansider the tWO'by'tV_VO b_IOCk of the dOW_n up and down quark Yukawa matrices when the flavons acquire
Yukawa matrix. The relevant couplings in the superpotential,acyum expectation values.

are of the form

vious section. Note that the couplin@#*)(zb, D'Hy;b, and
- o QzH4D'" in the superpotential are necessary for generating
W:Z (Q-‘Dg))Q}“rQiHHdD}*vL(D-fbg))DH, (18) the other elements of 4.
J Notice that the Yukawa matrices are simpler in this model
than we would have expected from our general operator

) ] o analysis. With the particle content specified in Table I, we
where the subscript on the heavy fields indicates the heawnq that the(3,1) and (3,2 entries of the up and down
g_energtion or antigeneration. B_y integrating out the heavyy kawa matrices as well as thie,3) and (2,3 entries of the
fields in Eq.(18), we are left with the four operators pre- y, matrix are not generated by heavy particle exchange.
sented in equatiof4). This result is represented graphically \whjle sparse, the Yukawa matrices are nonetheless phenom-
in Fig. 1. Notice that the couplin@®$'Q" is involved in  enologically acceptable.
generating both the two-by-two up and down quark Yukawa One of the interesting features of the quantum number
matrices. If only one generation of heavy fields were presentassignments in this model is that it is not possible to write
then a single linear combination @8) and 6138) would  down anyR-parity-violating renormalizable interactions that
enter in these diagrams, and we would be left with noare invariant under the flavor group. Consider first the
Cabibbo angle. We require two heavy generations so thaR-parity-violating operators that involve three heawyodd
two linearly independent combinations of tﬁvéd') contribute  fields. Since each heavy field transforms agjaunder a
to the operators in the effective theory described in the presingle S; group, the product of three can never form an in-
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TABLE Il. Trilinear operators involving thre®-odd fields, with zero or one heavy field.

Operator Transformation Operator Transformation
uDD (1s,2+1,,1,) LMLE (2+1g,15,2+1,)
QLD (2+1,,15,2+ 15+ 1g) L'ALE (2+14,14,2+1,)
LLE (2+14,15,1,) LLE" (1s,14,1p)
utDD (1a,1s,10) QQD" (2+1a,1s,19)
ub"D (15,2+1,,2+1,) QQD'H (2+1g,14,1)
uUD’"D (15,2+1g,2+1,) QLHu (2+1g,2+ 14, 1)
Q"LD (1s,15,2+ 15+ 1g) QL'HuU (2+14,2+1g,19)
QL"D (2+1g,1g,2+ 1) UDME (2+1g,2+ 15,19
QLMD (2+15,14,2+1,) UD'ME (2+1,4,2+1g,19)
QLD" (2+15,15,2+1,)

QLD'H (2+14,14,2+1,)

variant. Next consider the operators that involve two heavyurselves to a renormalizable Lagrangian. There may be
R-odd fields and one light matter field. The product of thenonrenormalizable interactions induced at the Planck scale,
two heavy fields either forms a singlet or transforms asand some of these may violake parity. Of course, Planck-

(1,1,) under exactly two of thé&; groups. Since the light suppressed-parity-violating operators simply may not be

field transforms nontrivially under a singl8; group, the present; it is known, for example, that superstring compacti-
heavy-heavy-light combination can never form an invariantfication usually does not lead to the most general Lagrangian
The remaining interactions involving thré@odd fields are consistent with the symmetries of the low energy theory.
those with zero or one heavy field. These are cataloged ilowever, it is interesting to consider the constraints on our

Table Il. model if suchR-parity-violating operators are indeed gener-
In almost every interaction shown in Table Il, at least oneated at the Planck scale. _ o
of the three fields involved transforms under a differ8gt The most stringent constraint éparity violation comes

group than that of the other two, and so that there is ndrom nonobservation of nucleon decay. The most dangerous
possibility of forming an invariant. The only exception is the combination of operators isds and Q;sL,,, where the
operatorQQD", which involves three fields that each trans- subscript is the generation index. Since we must combine
form underSg. In this case, however, the operator is sym-€ach _of th.ese with at least two flavon flg[ds to form an
metric under interchange of the tv@ fields, and so we can (S;)? invariant at the2 P_Ianck scale, both trilinears are sup-
never form thel, that we would need to produce an invari- Pressed by ¥¢/M,)< in the low energy theory, where
ant. M, =Mp /87 is the reduced Planck mass. There are op-
The remaining trilinear operators that we need to consideerators involving third generation fields and/or heavy
are those that involve orie-odd and two even fields. Since Froggatt-Nielsen fields, however, that can be constructed us-
the R-odd fields all carry electroweak quantum numbers,ing only one flavon field, yielding trilinear operators that are
these operators must be of the following form to preservesuppressed by one power d¥i¢/M, ). Since the third gen-
electroweak gauge invarianc&HyF, LHH4F, L'"H4F, eration and the heavy fields mix with the first generation
LHH,F, or L'MH,F, whereF is a flavon field(either® or  fields, dangerous operators may re$d,46. There are two
X). The product of the first two fields in each of these inter-UDD-type operators allowed at linear order in the flavor
actions transforms as ai1{,1x,2+1y), (ls,1s,1g), Symmetry breaking and also linear order in either tr|14|rd gen-
(151,19, (1s,1x,1g), and (l,,1s,15), respectively. €ration or heavy fields;)y;U3(D/AD)/M,, and x2U™(D
Since the flavon fields transform under exactly tgg /‘\P)/M, . Given the structure of the Yukawa matrices
groups, while the representations above involve either one g#0€s not mix with the first generation fielfiecall that the
three S; groups, no invariants are possible. As a corollary,(3:1) and (3,2) entries ofY, were not generated in the full
we have shown that all the dimensiorReodd operators in  theoryl while U™ mixes at orderey®=\°. Similarly, there
the superpotential transform nontrivially under the flavoraré threeQDL-type operators at linear order in spurions and
group and are forbidden as well. also linear in either third generation or heavyH fields:
R parity is an accidental symmetry in ou4)® model, a  X2Qa(D/AL)/M,., Q[ ®p-(DXL)J/M, , and x,Q"(D
consequence of both the flavor symmetry and the particlé\L)/M. . The last one dominates among these three. As-
content given in Table |. Our preceding discussion, howeverSUming that these operators are present, they are tightly con-
has two limitations. First, we may need to enlarge the parStrained from proton decgy9):
ticle content of the model to construct a renormalizable po- 3
tential for the flavon fields that yields the pattern of expec- S26uN"M; 81€QA M
tation values assumed in Sec. Il. We show in the Appendix M, M,
that the additional fields required to construct a suitable po-
tential do not have interactions that spoil the accideRal With our previous ChOiCEU2€Q=)\2 and 8;=8,=\3, we
parity described in this section. Second, we have restrictedbtain an upper bound on the flavor scale

<10 %4 (19



2336 CARONE, HALL, AND MURAYAMA 54

M;=8X 10" GeV. (20 Finally, we should mention that the gauge coupling con-
stants become nonperturbative below the Planck scale in our
Given this bound, the coefficientsh of the Model, assuming that the vectorlike particles are integrated

R-parity-violating operators are always smaller thanOut ata scaléV; satisfying Eq.(20). If we require perturba-

A2M;/M, =2x 1079, and all existing experimental bounds tiVity of the gauge couplings up to the scal, , then we

are satisfied(for a comprehensive discussion of theseobtain the lower boundl{=3x10'? GeV. However, we do

bounds, see e.g., Refd.7] or [16,45); the tightest bound on Not consider this as a serious problem of the model since this

the h comes fromn-n oscillation withh<10"7. Note that ~Scale is rather close to the upper bound given in @4).

the bound from sphaleron erasure of the cosmic baryord he particle content or gauge group may be altered close to

asymmetryh=<10"8 [48] is also satisfied. the Planck scale_, or one may go over to the dual description
There is a potentially strong constraint from cosmology ifOf the theory which remains weakly coupled.

the R-parity violation is very weak. The lightest neutralino

may decay after big bang nucleosynthesis and spoil its suc- V. CONCLUSIONS

cessful prediction$41]. For instance, we can estimate the

lifetime of a B-ino-like neutralino assuming it decays via

squark exchange and &aparity-violating trilinear coupling:

We have presented a supersymmetric theory of flavor and
R parity based on the discrete flavor groug;)C. After
specifying the flavor symmetry-breaking fields, we showed
5 that the most general low energy effective theory consistent
o 1 a L me 21) with the flavor and gauge symmetries does not lead to large
X1 6412 cof Oy | m2 Xy flavor-changing neutral current effects. The hierarchical pat-
d tern of the fermion Yukawa matrices and a near degeneracy
If we take h=\2M;/M, , m-0~100 GeV, mg ~1 TeV, of the squarkgor _sleptom; of the first two generations are
o AL T | both guaranteed in our model by the flavor symmetry. In
andM~ 10" GeV, we obtain the lifetimeo~20 sec. This  aqdition, we showed that an acceptable effective theory
satisfies the constraint from nucleosynthesis on a long-livedould originate from a renormalizable model via the
particle decaying into jets<10° sec[50]. The constraint is Froggatt-Nielsen mechanism, and we presented an economi-
weaker ¢=10° seq if ¥ § decays primarily into photons or cal set of heavy vectorlike fields responsible for generating
leptons [51]. The constraint from the distortion in the cos- the necessary operators. After specifying the particle content
mic microwave background spectrum is weaker than the onef the theory above the flavor scaé;, we showed that all
from nucleosynthesigs2]. renormalizable operators that viol&eparity were forbidden
For completeness, it is important to consider the protorby the flavor symmetry. Thus, at the renormalizable level,
decay constraints on Planck-suppressed dimension-5 oper@&-parity arose as an accidental symmetry in our model, a
tors as well. Recall that in Ref9] we used these bounds to consequence of the flavor group and particle content. Fur-
restrict the transformation properties of the flavon fields, asthermore, we showed th&-parity-violating nonrenormaliz-
suming that the flavor scale was identical to the Planck scaleable operators generated at the Planck scale could be suffi-
However, whenM;<M, , the dimension-5 operators are ciently suppressed by taking the flavor scale to be less than
significantly suppressed. The largest dimension-5 operatorE0™* GeV. Our model demonstrates that it is possible to ex-
in our model are generated from the following flavor- plain simultaneously the hierarchical form of the fermion
invariant dimension-6 operatorsQ( Q)(Q;®p-L)/M2 and  Yukawa matrices, the suppression of flavor-changing neutral
(Q'Q)(Qst'—s)/Mi- When the flavon fields acquire currentprocesses, an_d the absence_ of re_normalizable baryon-
VEV's, these operators generate dimension-5 operators witAnd lepton-number-violating couplings in supersymmetric
coefficients M¢/M,)(\3/M,). The third generation dou- models by introducing a fIavor_group and a specific mecha-
blet field mixes with the second generation at oragr  Nism of flavor symmetry breaking. . .
Thus, the coefficient of the operator that directly contributes N Sec. Il we stressed that supersymmetric theories re-
to the decay isNI+/M, )(\%/M,). If we compare this to the guire some new symmetry, which we call¥d to suppress
experimental bound, which requires the coefficient to beB andL violation, and that there are many candidates for

smaller thanO(\*/M,,), [9] then we obtain X. Itis interesting to compare th symmetry introduced in
this paper with other elegant possibilities.
M =10 GeV. (22) It is possible forX to be a discrete gauge symmetry, the

most compelling of which is th&, subgroup of SO(10)

This bound is much weaker than the one we obtained frongenerated by the element

the R-parity-violating operators in Eq20). X[SO(10)]= € ™(2T3, +2T3) = gi7Ns 0

whereNg is 1 for spinorial representations and 0 otherwise.
®This bound may be even weaker in some c446% When the rank of SO(10) is broken, a special choice of
%If the neutralino is too abundant, correspondingg=10” in  representation or further discrete symmetry is required to en-
the stable limit, and has a lifetime longer than 1 sec, it contributegsure that this< symmetry is left unbroken.
to the energy density of the Universe and affects the expansion rate An elegant flavor group origin foK is possible with a

when the neutron abundance freezes out, and spoils the standard kjgyvor group U3), which contains &, with element
bang nucleosynthesis predictions. Recall, however, that the neu-

tralino abundance is typically betweéh,~ 1031 X(U(3))=¢€'™r, (I
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whereN; is the triality of the representatioX conservation at rates beyond the experimental bouhdEhe simplest way
of the low energy theory follows if all flavor violation, in to avoid this potential phenomenological disaster is to ar-
particular that which generates the quark and lepton massegnge for renormalizable couplings among the flavon fields
is generated by VEV’s of flavon fields with even. themselves to generate flavon masses of okier Second,

In the (S;)° model of this paper, th& symmetry can if we extend the particle content of fIavong in a way that
similarly be defined as @, generated by an element which allows us to write down an explicit renormalizable potential,
depends on representation type: we may find thaR parity is no longer an_acmdental conse-

quence of the flavor symmetry and particle content, as em-
phasized in Sec. lll. The danger is that the new flavons may
X(§)=e‘W(N1A+N2) (i coupIe_ dire_ctly to the or(_jinary matter fiel_ds and generate
' flavor invariant, renormalizabl®-odd couplings. The pur-
pose of this section is to show that an extension of the par-
. ticle content that allows us to write down a suitable potential
whereN;,,N, count the number o, ,2 representations of a for the flavon fields still preserves the acciderRaparity of
given field.[For example, the representatiod {x,1s) has  the minimal theory.
N1, +N,=2.] This X will not be spontaneously broken if all  Writing down a potential foy, , fields is easy. One needs

Higgs and flavon fields hawd; + N, even, as occurs in the to introduce fields which transforms as alg, 1s,1g). The
model of this papet most general renormalizable potential is then

From equationsl), (II), and(lll ), one sees that these three
examples oX symmetry have a comparable elegance. How-
ever, there is an important distinction. In cagBsand (II)
the symmetry group SQO), U(3) is sufficient to ensure that
X is an exact symmetry of the Lagrangian; inde¥dis a  This potential has a stationary configuration
discrete subgroup of the gauge or flavor symmetry. This is
not true in the cas@ll): X is explicitly broken by any2® or m,

2?1, invariant allowed by the gauge symmetry. Hence in &= 29." (A2)
case(lll), explicit violations ofB andL are expected at some
level, and the LSP is not expected to be absolutely stable.

1 2, 1 . 2 3
WZEmXX +§m§§ — O X“E— QL7 (A1)

x=(m:£+39:£2)1g,. (A3)
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APPENDIX: FLAVON POTENTIAL

_ In this appendig we present a poss.ibl_e form of the poten- \y/— qu)q)er EmKKz—gq,(dDXq)) K= gr(KXK)-K.
tial for the flavon fields. We discuss this issue for the follow- 2 2
ing reasons. First, it is not possible to generate flavon VEV’s (A4)
via a renormalizable potential using the flavon fields pre-
sented in the main body of the paper alone. If we rely onlyThe reader should not worry that the third and fourth terms
on the minimal flavon content, we must rely on higher di-are X-violating couplings. Sinc& does not couple directly
mension operators to obtain the desired form of the expecta-
tion values. If the higher dimension operators arise at the
Planck scale, we obtain typical flavon masses of order For instance, the effective operator generated by Froggatt-
m,~(\*M¢)?/M, . Furthermore, if we require thafl; sat-  Nielsen fields W=(HQ)(HpD)H4/M? gives us an operator
isfy the upper bound given in EQO), then the flavon fields W= (eq(Hg)/M{)drs, ¢, Whereg is the physical field correspond-
turn out to be rather lightm,=<400 MeV. Unless one ar- ing to the upper component ofi,. On the other hand,
ranges the scales such tmg>mg—m,, we will have the K*—x*¢ with a massless ¢ constrains the coupling
dangerous flavor-changing decly — 7" ¢ or u~—e ¢  (1/F)d,hdy"s such thatF=10" GeV. If ¢ is light, we obtain
M;=10" GeV.
2There may be couplings of the typk?¢ or K2£. However,

1070 forbid all the phenomenologically dangerous operators, it isthese coupling do not affect the stationary configurations we dis-

necessary only foK to be a symmetry of the matter fields. cuss, and can be absorbed imtg andmy by a redefinition.
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to any of the fields in the first column of TableX, remains
conserved on the matter fields. This potentisdt) allows a
stationary configuration

0
b= , A5
( J(mKK1+3gKKi)/g¢> (A9)

12
K:(mqogq’). (A6)

Note that this configuration leaves a nontrivi subgroup
unbroken

S;={(e,e),(e,(123)),(e,(132),((12),(12)),
X((12),(23)),((12),(31))},
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If the overall scale ofb’ andK’ is lower than® andK by
a factor of\, we obtain the desired form of the expectation
values of® and®’ .3

The important point is thaK fields do not contribute to
the mixing between light and Froggatt-Nielsen fields because
they lack thel, factor. It is easy to check that none of our
conclusions regarding the form of the Yukawa matrices, sca-
lar matrices, and the accidenfRlparity present at the renor-
malizable level are modified by the existence of khéelds.
Our discussion of nonrenormalizabieparity-violating op-
erators is only slightly modified by the existence of the op-
eratorW=(Kq-Q)(d-L)/M, . If the expectation value of
Kg is similar to that of ®q, this operator gives an
R-parity-violating Q;sSL, operator with a coupling of
€gAM( /M, , which is larger than that discussed in Sec. IlI
by A3. The upper bound ol in Eq.(20) is strengthened by

and hence the existence of this extremum is guaranteed /2 or 1, <8x 10° GeV. Note, however, that the expecta-

the symmetry. By having another independent sebbfand

K’, one may have the same type of extremum but with zamK from my, .

Z rotation,

-1/2 32 0 )
o= ,
—\312 =172 | J(mKi+3gxKi%)/gg
(A7)
—1/2 312\ [ m}i2gk
K'= . (A8)
—\312 —1/2 0

tion value ofK can be made different fror® by varying
Hence the bound given in ERO) is the only
one that is parameter independent.

13f a coupling between the, K sector and®’, K’ sector is
present, such asi(x®") - K, the minima are shifted due to mixing
betweend and®’. Such a mixing makes both componentsdof
and®’ nonvanishing, and does not lead to any problem.
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