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We propose a new framework for constructing supersymmetric theories of flavor, in which flavor symmetry
breaking is triggered by the dynamical breakdown of supersymmetry at low energies. All mass scales in our
scheme are generated from the supersymmetry-breaking scaleLSSB'107 GeV through radiative corrections.
We assume a spontaneously broken flavor symmetry and the Froggatt-Nielsen mechanism for generating the
fermion Yukawa couplings. Supersymmetry breaking radiatively induces a vacuum expectation value for a
scalar field, which generates invariant masses for the Froggatt-Nielsen fields atMF'104 GeV. ‘‘Flavon’’
fields w, which spontaneously break the flavor symmetry, naturally acquire negative squared masses due to
two-loop diagrams involving the Froggatt-Nielsen fields, and acquire vacuum expectation values of order
^w&'MF/16p

2. The fermion mass hierarchy arises in our framework as a power series in the ratio
^w&/MF'1/16p2. @S0556-2821~96!03323-1#

PACS number~s!: 12.60.Jv, 12.15.Ff
r-

I. INTRODUCTION

Two outstanding problems of particle physics both i
volve the origin of symmetry breaking. How does the ele
troweak gauge symmetry break, allowing theW and Z
bosons to acquire mass? And secondly, what breaks the
vor symmetry of the standard model gauge interactions,
lowing the quark and leptons to also become massive?
mechanisms for these symmetry breakings must involve n
particles and interactions. Furthermore, this new phys
must involve new mass scales: the physics of electrow
symmetry breaking~EWSB! must provide an origin for the
weak scaleMZ , and the physics of flavor symmetry breakin
~FSB! must involve a mass scaleMF .

In the standard model, the interactions of the Higgs d
blet H generate both EWSB and FSB. Although the Hig
sector is extremely economical it provides no understand
for the small size of the weak scale,^H&/MPl , nor for the
small size of FSB,mq,l /MZ . Indeed, the Yukawa coupling
of the standard model are arbitrary, explicit, FSB paramet
An understanding of fermion masses would result if the
small dimensionless parameters were given in terms o
small ratio^w&/MF @1#, where^w& is the vacuum expecta
tion value ~VEV! of a flavon field which spontaneousl
breaks a flavor groupGf . However, such a scheme involve
three mass scales:^H&, ^w&, andMF .

In theories with weak scale supersymmetry, the we
scale^H& is determined to be comparable to the superpart
massesm̃ which are derived from two other scales: the p
mordial supersymmetry-breaking scaleLSSBand the messen
ger scaleMmess. Specific models show that it is possible
generate supersymmetry breaking, and thereforeLSSB, by
540556-2821/96/54~11!/7032~19!/$10.00
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dimensional transmutation from nonperturbative dynamics
@2#. The messenger scale describes the softness of the supe
partner massesm̃ which rapidly vanish at scales above
Mmess.

Hence in supersymmetric theories there are generally four
mass scales: two to describe supersymmetry breakingLSSB

andMmess, which lead to EWSB, and two to describe flavor
physics and FSB,MF and ^w&. In supergravity theories, su-
persymmetry breaking is transmitted to superpartners via su-
pergravitational interactions, so thatMmess5MPl andLSSB is
determined to be 1011 GeV. If LSSB,1011 GeV, sufficient
supersymmetry breaking can be transmitted to the superpart-
ners by gauge interactions, and it is this case which we study
in this paper@3,4#. In these theoriesMmess'1/(16p2)LSSB
can arise in perturbation theory@5#. The messenger sector
contains a set of vectorlike generations,X and X̄, which ac-
quire both supersymmetry preserving and supersymmetry
breaking masses:Mmess@X̄X#F1Mmess

2 @X̄X#A . On integrat-
ing these heavy vector generations out of the theory,
the standard model gauge interactions transmit the super-
symmetry breaking to the superpartners, giving
m̃'(1/16p2)2LSSB. Furthermore, renormalization group
scalings induced by the large top quark Yukawa coupling,
l t , induce a negative shift in the Higgs mass squared:
DmH

2 /mH
2'23/4p2ln(Mmess/300 GeV)(m

t̃

2
/mH

2 ). Since
mt̃ /mH'a3 /a2, this triggers EWSB. ThusMmessand ^H&
are understood as arising fromLSSBby a successive cascade
of perturbative loop factors:

LSSB→Mmess→m̃,^H&. ~1.1!
7032 © 1996 The American Physical Society
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In this paper we study whether the scales of FSB can
similarly derived fromLSSB by a succession of perturbativ
loops:

LSSB→MF→^w&. ~1.2!

The most successful scheme for generating fermion m
hierarchies from flavor symmetry breaking VEVs,^w&, in-
volves the mixing of heavy vectorlike generations,F and
F̄, with the light generations,f : @MFF̄F1F̄w f #F . The fla-
vor symmetry group,Gf , prevents direct Yukawa coupling
for the light quarks and leptons@ f fH#F , but these are gen-
erated from f -F mixing from the allowed couplings
@F fH1FFH#F . It is intriguing that the cascade of~1.1! for
EWSB and~1.2! for FSB both require vectorlike generation
at the intermediate stage. We will argue, however, thatF and
X cannot be identical. In particular, onlyX has a large su-
persymmetry breaking mass,@X̄X#A , and onlyF has direct
Yukawa couplings with ordinary matter@ F̄w f #F . These dis-
tinctions, which arise becauseF transforms nontrivially un-
der Gf while X is trivial, result in an important difference
between the last cascade of~1.1! and~1.2!. In the case~1.1!,
the last cascade is induced by standard model gauge inte
tions, and leads to positive squared masses for the sc
superpartners. On the other hand, the last cascade of~1.2! is
induced by the Yukawa couplings@ F̄w f #F and produces
negative squared masses forw, triggering FSB. In our
scheme, both mass scales of the EWSB sector,Mmess and
^H&, and both mass scales of the FSB sector,MF and ^w&,
are generated via perturbative loops from the single dyna
cal scaleLSSB, as illustrated in Fig. 1. We will see later tha
^w&/MF'c/(16p2), wherec represents a product of severa
coupling constants, so thatc may easily vary between 1/10
and 10. This is sufficient for constructing viable models
the fermion Yukawa matrices, like those in Refs.@6,7#.

It is well known that theories of weak scale supersymm
try also need mass terms which couple the two Higgs d
blets:m@HuHd#F andm3

2@HuHd#A . In supergravity theories,
m plausibly arises from higher orderD terms, giving
m5LSSB

2 /MPl , and a nonzerom leads automatically to a

FIG. 1. Schematic structure of the model. The wavy lines in
cate radiative corrections due to gauge interactions, while
dashed lines are due to superpotential interactions.
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2. With gauge mediated supersymmetry breaking,

LSSB is too small to allow such an origin form: the origin of
m andm3

2 is problematic. Our scheme allows a simple origin
for bothm andm3

2, as we will see in Section III.
The main accomplishment of this paper is the generation

of flavor mass scalesMF and ^w& in a way which is analo-
gous, but not identical, to the generation ofMmessand ^H&.
In Sec. II we survey the possible origins for fermion mass
hierarchies in supersymmetric theories, and find that severa
alternative options are not very promising. In Sec. III we
give the structure of the messenger sector atMmessand of the
flavor sector atMF . We discuss the differences between
these sectors, showing that they cannot be identical. Keepin
the group structure forGf general, we show explicitly how
radiative corrections trigger the FSB VEV̂w&. We also
study the EWSB sector in this framework.

The flavor physics scales of our framework are suffi-
ciently low, of order 10 TeV forMF and 100s of GeV for
^w&, to be both dangerous and interesting from the viewpoint
of flavor-changing andCP-violating processes. In Sec. IV
we study amplitudes for these processes induced by integra
ing out the heavy vector generationsF and the flavon fields
w. These rare processes provide constraints on our frame
work which are very different from the constraints they im-
pose on supergravity theories@6#. Hence the model building
choices for the groupGf , and for the representations of
w, F, and f , are governed by constraints which are summa-
rized in the conclusions, and which differ greatly from the
supergravity case.

II. FERMION MASS HIERARCHY
IN SUPERSYMMETRIC MODELS

The hierarchy in fermion Yukawa couplings is one of the
major puzzles in the standard model. The only known ferm-
ion with a Yukawa coupling of order one is the top quark,
while all other fermions have Yukawa couplings that are
significantly smaller.1 The existence of small parameters in
the standard model Lagrangian is natural in the sense of ’
Hooft: When all the Yukawa couplings are set to zero, the
standard model is invariant under a global U~3! 5 flavor sym-
metry. Thus, the symmetry of the theory is enhanced as the
Yukawa couplings are reduced. While this explains why
small Yukawa couplings are technically natural, it sheds no
light on how such small parameters arise. Thus, we would
like to understand how a low-energy effective theory con-
taining small Yukawa couplings can arise when the corre-
sponding high-energy theory involves no small parameters a
all.

One way of framing this problem is to assume that the
Yukawa couplings of the light fermions are forbidden at high
energies by a flavor symmetryGf , which is a subgroup of
U~3! 5. The top quark Yukawa coupling may be invariant
under the flavor symmetry. Then, the problem at hand is to
understand whyGf is broken only by a small amount. Since
the flavor scale is generally much larger than the weak scale
it is natural to work in the supersymmetric context. Then the

1If tanb is large, the bottom quark and tau lepton may also have
order 1 Yukawa couplings.
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hierarchy between the weak scale, the flavor scale, and
other high scales in the problem will be stable against rad
tive corrections.

Supersymmetry, however, makes the task of generat
small couplings a challenging one. If small Yukawa cou
plings are not present in the original superpotential, then t
supersymmetric nonrenormalization theorem tells us th
such couplings willneverbe generated at any order in per
turbation theory. Therefore, the mechanism of flavor symm
try breaking must be linked either to supersymmetric nonp
turbative effects, or to supersymmetry breaking. Thr
popular schemes have been proposed for generating sm
Yukawa couplings in supersymmetric models: string com
pactification, radiative generation, and the Froggatt-Niels
mechanism. Let us review these possibilities and consid
the limitations of each:

I. String compactification. It is possible that the small
Yukawa couplings are simply present as a boundary con
tion due to physics at the string scale. All coupling constan
in string theory are supposed to be proportional to a sing
string coupling constant, which is of the same order as t
gauge coupling constants, i.e., order 1. However, couplin
in the superpotential depend on the compactification. In o
bifold models, if chiral fields belong to twisted sectors wit
different fixed points, their superpotential couplings are su
pressed bye2R2 in the limit where the size of the compacti
fied manifoldR is large@8#. In this case, small numbers arise
as a result of the compactification. It has been pointed o
that the radiusR does not need to be much larger than th
string scale@9#. One possible problem with this scenario i
that different generations have different modular weigh
and the scalar masses are therefore nonuniversal. This m
lead to dangerous flavor-changing neutral current effe
@10#.

II. Radiative generation. If small Yukawa couplings are
not already present at the string scale, one may try to gen
ate them through radiative corrections that involve the s
supersymmetry-breaking operators. In scenarios of this ty
the flavor symmetryGf is broken by the nonvanishing en-
tries of the scalar mass matrices, while the fermion Yukaw
matrices retain their flavor-symmetric form at the tree leve
This can be a consequence of the spontaneous breakdow
the flavor group. Yukawa couplings are then generated at
higher loop level when the superpartners are integrated o
The limitation of this approach is that it is very difficult to
generate small Yukawa couplings for both the first and se
ond generation fermions, assuming the minimal particle co
tent of the supersymmetric standard model@11,12#. While
the small first-generation Yukawa couplings may be unde
stood as radiative effects, those of the second genera
must be generated by a separate mechanism. In addition,
models that have been proposed require a special mechan
to ensure separate muon number conservation in the lep
sector to evade the tight constraints fromm→eg.

III. Froggatt-Nielsen mechanism. The Froggatt-Nielsen
mechanism@1# is perhaps the most popular mechanism f
generating small Yukawa couplings. Fields of the first an
second generations have no direct Yukawa couplings to
Higgs bosons, as a consequence of a flavor symmetry.
the other hand, heavy vectorlike fields couple to the Hig
fields withO(1) strength. When the flavor symmetry break
any
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spontaneously, a small mixing is induced between the ligh
generations and the vectorlike fields, as described in the In
troduction. When the vectorlike fields are integrated out,
small Yukawa couplings are generated in the low-energy ef
fective theory, having the form

S ^w&
MF

D nf fH. ~2.1!

The smallness of the light fermion Yukawa couplings is a
consequence of a hierarchy between two scales^w&/MF ,
whereMF is the mass scale of heavy vectorlike fields, and
^w& is the vacuum expectation value of a flavon field that
spontaneously breaksGf . This is the mechanism of generat-
ing small Yukawa couplings that we will adopt in this paper.

There are two important questions associated with supe
symmetric models that involve the Froggatt-Nielsen mecha
nism. First, one may worry that the scalar mass matrices ma
not be sufficiently degenerate to suppress flavor-changin
processes, since the three generations couple differently
the heavy states. However, the flavor symmetry restricts th
form of both the Yukawa and scalar mass matrices, and thi
can be sufficient to prevent any flavor-changing problems
The flavor symmetry can either enforce a sufficient degen
eracy among the scalar states, or align the Yukawa and scal
mass matrices so that flavor changing neutral current pro
cesses are adequately suppressed@13,16#. In many models
based on the Froggatt-Nielsen mechanism, one typicall
needŝ w&/MF&0.01–0.05; powers of this ratio appear in the
operators that generate the light fermion Yukawa couplings
Thus, we are lead to the second question, which is mor
fundamental: from where does the hierarchy^w&/MF!1
originate? This is the main issue of the paper.

Nonrenormalization theorems tell us that it is impossible
to generate thêw&/MF hierarchy perturbatively in models
with unbroken supersymmetry, unless the scales are put int
the superpotential by hand. This is exactly what we would
like to avoid. Therefore, the only logical possibilities are that
the origin of scales is either triggered by~a! nonperturbative
effects or by~b! supersymmetry breaking~or both!. Let us
consider each of these possibilities:

~a! Nonperturbative effects. One can imagine that the
Froggatt-Nielsen mass scaleMF and the scalêw& are gen-
erated by separate gauge groups that each become strong
scales much lower than the Planck scale. The scale parame

of each gauge group is given byL i5M* e
28p2b0

i /gi
2
, where

gi are the gauge coupling constants atM*5MPl /A8p and
b0
i are theirb function coefficients. When the model is in-
corporated into supergravity, a condensation due to stron
gauge dynamics is likely to break supersymmetry. Even
when the strongly interacting groups do not couple directly
to the fields in the minimal supersymmetric standard mode
~MSSM!, their scales have to be smaller than
L i&(mWM*

2 )1/3.1013 GeV. Thus, a small ratio in scales
L1 /L2;0.01–0.05 requires a special arrangement in the
particle content and a mild fine-tuning in the initial gauge
couplings of both gauge groups. The tuning becomes mor
and more severe as one considers lower scales for theL i .

~b! Supersymmetry breaking.The other possibility is to
use soft supersymmetry breaking parameters to generate t
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scales^w& andMF . We discuss two cases separately. T
first possibility is that supersymmetry breaking occurs in t
hidden sector, and all soft supersymmetry breaking terms
generated at the Planck scale, at the same order of ma
tude. The other possibility is that supersymmetry break
occurs at low energy;107 GeV, and is transmitted to the
MSSM fields via renormalizable interactions.

The hidden sector case suffers from naturalness probl
similar to those that we encountered earlier. The basic d
culty is that there is only one scale in the problem fro
which we would like to generate two scales. If all ma
scales are generated by supersymmetry breaking with a
neric superpotential, they will all be of order the weak sca
with no hierarchy among them. Therefore, one needs to
on flat directions of the superpotential to generate sca
much higher than the weak scale. One may try to be e
nomical by identifyingMF with M* ~or M string) and then
hope to generatêw&;1022M* . A difficulty with this idea
is that one needs to forbid higher dimension operators in
superpotential of the formwn13/M

*
n , up to n*7 in order

that ^w& not be pushed down to lower scales. If the flav
symmetry isZN , then one needs a relatively largeN*10. If
the flavor symmetry is continuous, it needs to be gauged o
will be violated by Planck scale effects. If it is a gauged U~1!
symmetry, we always require fields with positive and neg
tive charges to cancel the anomaly. As a result, it is like
that there will be higher dimension operators allowed by
gauge symmetry that reduce^w&. This statement trivially ex-
tends to non-Abelian gauge symmetries as well. Therefor
gauged flavor symmetry had better be anomalous, with
anomaly cancelled by the Green-Schwarz mechanism. T
possibility has been studied by many authors, who have
cused on obtaining the correct sin2uW53/8 from the anomaly
cancellation condition@14#. In general, however, this sce
nario leads to nondegenerate scalar masses because the~1!
charge assignments are generation dependent@15#. If there is
quark-squark alignment@16#, then scalar nondegeneracy ma
not lead to dangerous flavor changing effects. However,
are not aware of any models in which alignment is achiev
using the same U~1! whose anomalies are canceled by t
Green-Schwartz mechanism. It remains to be seen wheth
model of this type can be constructed.

The obvious way to avoid the problems with higher d
mension operators is to lower the scales ofMF and^w&. The
potential along a flat direction is given bym2(w)uwu2 where
m2(w) is the effective supersymmetry breaking squar
mass which satisfies the renormalization group equation.
minimum of the potential is generated around the sc
wherem2(w) crosses zero. In this way, one can easily obt
the invariant massMF of the vectorlike Froggatt-Nielsen
fields such thatMF!MPl ; then higher dimension operator
become completely irrelevant. Once the scaleMF is gener-
ated, the vectorlike fields decouple from the renormalizat
group equation of the flavon mass squared. Therefore
running of the flavon mass squared is slowed, and it cros
zero at a much lower scale, which is likely to be much le
than one hundreth ofMF . To obtain^w&/MF;0.01 requires
the model to be very carefully arranged.

Models with low-energy supersymmetry breaking do n
suffer from the difficulties discussed above. While sup
symmetry breaking in the hidden sector presented us w
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only one scale from which we needed to generate two, low-
energy supersymmetry breaking mediated by renormalizable
interactions tends to produce a multitude of scales. Since
supersymmetry breaking is mediated to the MSSM fields, or
to any other fields in the theory, via renormalizable interac-
tions, the effects are not always transmitted at the same orde
in perturbation theory. Thus, it is natural to obtain many
different mass scales separated from each other by powers o
1/(16p2).

This observation suggests an intriguing scenario: Super-
symmetry is broken at a scaleLSSB;107 GeV. This scale is
determined by dimensional transmutation, and is not directly
input into the theory. Supersymmetry breaking is mediated
via renormalizable interactions to all other fields in the
theory. This occurs at varying order in perturbation theory,
producing a hierarchy of scales, of the form
(1/16p2)nLSSB

2 . Thus, the small flavor symmetry breaking
parameters described earlier are identified with the ratio of
some of these scales. Notice that the range of^w&/MF that is
required by the Froggatt-Nielsen mechanism,.0.01–0.05,
corresponds to a loop factor (1/4p or 1/16p2) times an order
one coefficient. In this framework, all coupling constants in
the superpotential can be of order 1, and all mass scales
generated from a single scale, the scale at which supersym
metry is broken.

In the rest of the paper we show how our framework may
be implemented. We focus on the generic structure of our
framework and demonstrate that it is phenomenologically
viable. We do not go into a detailed discussion of particular
flavor symmetries. Our framework is compatible with a va-
riety of explicit flavor models that are described in the litera-
ture, including U(1)3 @16,6#, D(75) @17#, and (S3)

3

@18,7,19#.

III. FRAMEWORK

The overall structure of our model is summarized sche-
matically in Fig. 1. Supersymmetry is broken at the scale
LSSB, and communicated to both the gauge-mediation~GM!
and flavor sectors via two-loop diagrams. We assume that
different U~1! gauge interactions act as the messengers of
supersymmetry breaking to each of these sectors. Thus, the
GM and flavor mass scales are given by
LGM'gm8

2LSSB/16p
2 and Lflav'gm

2LSSB/16p
2, where gm8

andgm are the messenger U~1! gauge couplings.2 The ordi-
nary superparticlesf̃ and the flavor symmetry breaking fields
w communicate with the supersymmetry breaking sector
through four-loop diagrams, and develop masses of order
gm8

2LSSB/(16p
2)2 and gm

2LSSB/(16p
2)2, respectively. The

ordinary Higgs fieldH develop masses comparable to those
of f̃ for the choicegm8 .gm that we assume below.

A. Constraints on the flavor sector

The requirement that we generate TeV scale masses for
the ordinary superparticles fixesLGM at approximately 100
TeV. This is consistent with a supersymmetry breaking scale

2LGM andLflav also depend on couplings in the supersymmetry-
breaking sector which we have omitted for simplicity.
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LSSB'10 000 TeV. On the other hand, we choose the flav
scale to be somewhat lower,Lflav'10 TeV, so that we do
not generate negative squared masses for the Higgs fie
that are too large~see Sec. III E!. In addition, this choice
reduces flavor changing neutral current effects that origin
from the supersymmetry-breaking masses of the Frogg
Nielsen~FN! fields ~see Sec. IIIG!. The difference between
the GM and flavor scales can be obtained by choosing
messenger U~1! gauge couplings such thatgm /gm8 '1/3,
which does not constitute a significant fine-tuning.3 With the
flavor scale at 10 TeV, the flavon fieldsw develop masses of
order a few hundred GeV. We will show in Sec. IV that th
possibility of flavon fields with masses in the few hundre
GeV range is not excluded by the current phenomenologi
constraints.

In order to generate the flavor scale in the way sugges
above, we must first address some immediate phenome
logical difficulties. Let us assume that there is a fielda
whose vacuum expectation value~VEV! generates the mass
of the FN fields. Consider the superpotential couplings

W5aaFF̄1bF̄w f , ~3.1!

whereF and F̄ are FN fields,w is a flavon, andf is an
ordinary matter field. The first term determines the FN ma
scaleMF5a^a&, while the second term generates the d
sired mixing between the ordinary fields and the heavy F
fields beneath the flavor-symmetry-breaking scale. Since
assume that the VEV ofa is a consequence of supersymme
try breaking, we expect that the auxiliary component ofa
will also be nonvanishing, and in general,

^Fa&'^a&2. ~3.2!

Now consider the scalar mass squared matrix for the or
nary and the FN fields. Ifa has a nonvanishingF compo-
nent, then there will be a scalarB-term of the formFF̄ of
ordera^Fa&'MF

2 From Eq.~3.1!, the scalar mass squared
matrix is then given by

S MF
2 a^Fa& 0

a^Fa& MF
2 bMF^w&

0 bMF^w& b2^w&2
D ~3.3!

in the basis (F̄* ,F, f ). In the case wherêFa&50, the matrix
~3.3! has one zero eigenvalue~corresponding to the physica
squarks or sleptons!, and two eigenvalues of orderMF

2 .
WhenFa is nonvanishing, the zero eigenvalue is shifted to

3While we have introduced two messenger U~1! gauge groups to
obtain different flavor and GM mass scales, the gauge structure
our model has an additional benefit. If there were only one U~1!
gauge interaction coupling to the two otherwise disconnected s
tors of the model, we would be left with an extra Nambu-Goldston
boson after symmetry breakdown. While it is not clear wheth
such a massless scalar boson would do any harm phenomeno
cally, we have chosen to avoid this situation completely: th
Nambu-Goldstone boson is absorbed by the additional U~1! gauge
field.
or
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2b2S ^w&
MF

D 2^Fa&
2/MF

2 . ~3.4!

The fact that the lightest eigenvalue is negative is not a prob
lem by itself, since there are larger positive contributions to
the squared masses from the gauge-mediation diagrams
the gauge mediation sector of the model, as we will see later
However, the contribution in Eq.~3.4! is flavor dependent,
and can lead to large flavor changing neutral current effects
The simplest way of avoiding these difficulties is to construct
models in whichFa is naturally much smaller than̂a&2, so
that the effect of Eq.~3.4! is phenomenologically irrelevant.4

Thus, we choose to build a model in which the messenge
sector for generating the FN mass scale has some mechanis
of protecting thea field from acquiring anF component, at
least at tree level. The situation is quite different in the gauge
mediation sector, where the field analogous toa must ac-
quire both scalar andF-component VEVs to produce the
correct nonsupersymmetric spectrum of vectorlike states@5#.
Thus, in addition to a differing sequence of mass scales, the
two branches of Fig. 1 are distinguished by the properties o
the field that couples to the vectorlike multiplets; thus, the
GM and flavor sectors cannot be identified. We will see this
explicitly in the model that we present below.

B. The supersymmetry breaking sector

We assume that supersymmetry is broken in a sector o
the model that is nearly isolated from all other sectors. The
only communication between fields in the supersymmetry
breaking sector and the remaining fields in the theory is
through the two messenger U~1! gauge interactions. Fields
j6 that carry either of the messenger charges can commun
cate with the supersymmetry breaking sector through two-
loop diagrams. When supersymmetry is broken, thej6 fields
can acquire supersymmetry breaking masses. In some mod
els of dynamical supersymmetry breaking, like the SU~6!
3U~1! model discussed in Refs.@5,20#, it is known that the
j fields can acquire negative squared masses after supersym
metry is broken. Although our framework involves two mes-
senger U~1! gauge groups, we assume that the same is pos
sible here. We view this as a mild restriction on the types of
model that can serve as an adequate supersymmetry breakin
sector. Note that there are many models of dynamical super
symmetry breaking that contain two nonanomalous U~1! fac-
tors that can be gauged. Examples include the SU~9! model

of
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4If the squarks have masses around 1 TeV, then flavor-changing
neutral current~FCNC! effects in the quark sector due to Eq.~3.4!
may not necessarily be fatal. For example, in an explicit model of
flavor with ^w&/MF;131022, the ~1,2! elements of the squark
mass squared matrices will be of the orderm̃12

2 /m̃2'0.01, assuming
that Fa'^a&25 (10 TeV!2. This is in borderline agreement with
the current experimental bounds. The real problem arises is the
lepton sector, where the right-handed sleptons are a factor of 7
lighter than the squarks. Lepton flavor violation will be present at
an unacceptable level unless a separate FN sector is constructed f
the leptons that preserves electron or muon number. The solutio
presented in the text does not place additional restrictions on the
flavor structure of the model.
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with an antisymmetric tensor and five antifundamentals@2#,
and the SU~2! model with four doublets and six singlets@21#.
Both of these models possess large global symmetries@SP~4!
or SU~4!# that contain a nonanomalous U~1!3U~1!
subgroup.5 It is reasonable to assume that in some of the
models, there are regions of parameter space in which
possible to generate negative squared masses for fields
rying either of the messenger U~1! charges. This point will
be assumed in the next two subsections.

C. Gauge mediation sector

We first consider the sector of the theory that genera
the gauge mediation mass scale, following the work of Din
Nelson, Nir, and Shirman@20#. The superpotential for this
sector is given by

W52h18j18 j28 S181
l18

3
S18

31a18S18X̄X, ~3.5!

whereX andX̄ are vectorlike fields that carry standard mod
quantum numbers, andS18 is a gauge singlet. Thej8 fields
are charged under the messenger U~1! gauge group that con-
nects the superpotential above to the supersymmetry bre
ing sector of the theory. To prevent the fields in Eq.~3.5!
from coupling to fields in the flavor sector, we will impose
Z3 ‘‘sector symmetry’’ under which all the GM sector field
transform by the phasee2ip/3.6 Then~3.5! includes the most
general renormalizable interactions consistent with the sy
metries of the theory. The two-loop diagrams described
Sec. III B contribute to thej18 and j28 masses after super
symmetry is broken. Thus, in addition to the superpoten
given above, we assume there are soft supersymme
breaking masses

V52m82uj18 u22m82uj28 u2. ~3.6!

With LSSB'10000 TeV, we expect thej68 massesm8 to be
of order (am8 /4p)LSSB'100 TeV, whereA4pa5gm8 is the
relevant messenger U~1! gauge coupling. The negative
squared masses for thej68 generate nonvanishing VEVs fo
both the scalar andF components ofS18 , of orderm8 and
m82 respectively. This leads to a nonsupersymmetric sp
trum for the fieldsX andX̄, which can communicate with the
ordinary fieldsf̃ via standard model gauge interactions.

If the X andX̄ form a5 and5 of SU~5!, then the ordinary
gaugino and squark masses are given by@5#

mi5
gi
2

16p2

^FS
18
&

^S18&
, ~3.7!

m̃25(
i
2CF

~ i !S gi
2

16p2D 2 ^FS
18
&2

^S18&
2 , ~3.8!

5In addition, Fayet-IlliopoulosD terms are not generated in thes
models because of unbroken discrete symmetries@20#.
6Without this symmetry, the singletS18 above could also couple to

the FN fields. Then we would not be able to avoid the phenome
logical disasters described in Sec. III A.
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where thegi are standard model gauge couplings, and the
CasimirCF is 3/4 for SU~2! doublets, 4/3 for SU~3! triplets,
and ~3/5!Y2 for fields with ordinary hyperchargeY. For our
choiceLGM5^FS

18
&/^S18&5100 TeV, we obtain the squark

and slepton masses~at 100 TeV!,

q̃ ũ d̃ l̃ ẽ

1140 1100 1100 350 150

and the gaugino masses~at 1 TeV!

B̃ W̃ g̃

130 270 930,

in GeV. Notice that gauge-mediation renders the squarks an
gluinos heaviest, with masses around 1 TeV.

It is important to point out that there are a number of
problems with the messenger superpotential in Eq.~3.5!.7

First, the couplingh18 must satisfyh18
3,2l18gm8

2,8 so that the
D-term vanishes at the minimum of the above potential. Sec
ond, the couplingh18 must be also smaller thanl18 so that the
desired vacuum witĥS&Þ0 is a local minimum. This is in
disagreement with the claim made in Ref.@20#. The region
a18l18/(l181a18),h18,l18 is also problematic, because
a18^FS

18
& will be larger than (a18^S18&)

2, and the scalar mass

squared matrix for theX and X̄ fields will have a negative
eigenvalue. This would imply that the standard model gauge
group is broken at the 100 TeV scale. Therefore, we need
h18,a18l18/(l181a18). Even in this region, there is still a glo-
bal minimum of the potential where the standard model
gauge group is broken. To see this, notice that in the super
symmetric limit there is a flat direction in whichS1850,
j18 5j28 , X5X̄, andh18j18 j28 5a18X̄X. Along this direction,
the potential becomes increasingly negative until the nega
tive mass squared for thej8 fields2m82 disappears beyond
j68 'LSSB. For larger values ofj8, the potential becomes
flat with V.2m82LSSB

2 , which is much lower than the local
minimum, whereV.2m84. In order to avoid this problem,
it seems that the gauge mediation sector must be modified
One obvious solution is to introduce another singlet field
S28 with the the additional superpotential couplings

DW52h28j18 j28 S281
l28

3
S28

31a28S28X̄X

1 ~S18, S28 couplings!. ~3.9!

Unlessh28/a285h18/a18 , there is no longer a flat direction. The
desired vacuum can be a global minimum in a certain range
of parameters as discussed above. The precise conditions o
the parameters are complicated and not worth presentin
here. It should be stressed that the details of the gauge me
diation sector are irrelevant to the flavor sector presented in

e

no-

7Shortly after our original preprint similar observations were
made independently in Ref.@22#.
8We thank the authors of Ref.@22# for pointing out that our origi-

nal boundh18,g was not necessary.
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the next subsection. Thus, any workable alternative to
~3.5! can be adopted without altering the conclusions of t
paper.

D. The flavor sector

As we described in Sec. III A, the field that determines t
FN mass scale,a, must have noF component at tree level. If
a self-coupling termla3 were present in the superpotentia
then we would expect thea field to acquire anF component
Fa53la2Þ0 whena acquires a VEV. Therefore, we wil
begin by imposing aZ2 symmetry under which thea field is
odd. In the superpotential that we present below, this will
sufficient to preventFa from acquiring a VEV at lowest
order in perturbation theory.

Since we would like to generate^a& from supersymmetry
breaking, the fielda must couple, at least indirectly, to field
that are charged under the messenger U~1!. The simplest
renormalizable superpotential that generates a VEV fora is

W5h1j1j2S12g1S1a
21

l1

3
S1
3, ~3.10!

where thej6 andS1 fields are even under theZ2, and we
allow no dimensionful couplings. As before, we assume t
the j fields develop negative squared masses when su
symmetry is broken:

V52m2uj1u22m2uj2u2, ~3.11!

wherem is of order (am/4p)LSSB'10 TeV. Thus, thej6

fields acquire VEVŝ j1&5^j2&5^j& which are of order
m. Given these VEVs, theS1 field develops a massh1^j&.
As long as l1,h1, S1 remains at the origin, while
FS1

5h1^j&2Þ0. Since FS1
Þ0, the scalar (a,a* ) mass

squared matrix develops a negative eigenvalue, anda then
obtains a VEV. However,S1 does not have a VEV in this
parameter range, soFa exactly vanishes, as desired.

Unfortunately, this simple superpotential has the sa
problem that we encountered with the first superpoten
presented in Sec. IIIC: there is a flat direction whe
h1j1j25g1a

2. As a consequence of the negative squa
masses of thej6 fields, the potential has a running-awa
behavior along the flat direction, and thus we expect t
^j& will be at least of orderLSSB. To eliminate the unwanted
flat direction, we introduce a new field,S2, with the follow-
ing superpotential interactions:

DW5h2j1j2S22g2S2a
21

l2

3
S2
31 ~S1, S2 couplings!.

~3.12!

Again, all the fields above are even under theZ2 symmetry,
except for a. The couplingaaF̄F generates the desire
masses of the FN fields, without the bilinear supersymme
breaking mass terms. Notice that the superpotential in
flavor sector is actually identical to the one in the gau
mediation sector providing we make the identificatio
X̄X↔a2. The only difference between these sectors is
allowed range of the superpotential couplings. In the fla
sector we take thel i to be smaller than thehi , so thatS1 and
S2 will not develop VEVs. In the gauge-mediation sector, w
q.
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take thel i8 to be larger than thehi8 so thatS18 andS28 fields
do acquire VEVs, whileX and X̄ do not.

To study the scalar potential of the theory, it is convenient
to work with the redefined superpotential couplings

W5hj1j2x1gj1j2h2la2h11
k1
3

x31k2x
2h

1k3xh21
k4
3

h3, ~3.13!

wherex andh are linear combinations ofS1 andS2. h, g,
and ki ( i51,2,3,4) are coupling constants of the redefined
fields. Using suitable phase rotations of fields, we can tak
h, g andl real and positive without a loss of generality. The
scalar potential of the theory is given by

V5uhj1j21k1x
212k2xh1k3h

2u21uj1~hx1gh!u2

1uj2~hx1gh!u21ugj1j22la21k2x
2

12k3xh1k4h
2u21u2lahu21

gm
2

4
~ uj1u22uj2u2!2

2m2uj1u22m2uj2u2. ~3.14!

For simplicity, we assumegm.h. Then the potential is mini-
mized when the messenger U~1! D-term contribution to the
potential is minimized:̂ j1&5^j2&.9 In some region of pa-
rameter space, the rest of the potential is minimized when
^h&5^x&50, and

^a&5
1

h
Ag

l
m and^j6&5

1

h
m. ~3.15!

It is straightforward to check that theF components ofa,
j1 , j2 , andh vanish at this minimum;x develops anF
componentFx5m2/h. Of course, there are corrections to
these results that are suppressed by loop factors. For e
ample, we expect supersymmetry breaking to generate so
trilinear terms in addition to the squared masses of thej6

fields. Since these terms appear at the same order in the loo
expansion as thej6 masses, they will have coefficients
A'LSSB/(16p

2)2, which implies thatA/m'1/(16p2). In
this case, we find that a nonvanishingF component ofa is
indeed generated. However, it is more than adequately sup
pressed:̂ Fa&'^a&2/(16p2).

Given these VEVs, we can now study the effects of su-
persymmetry breaking on the scalar and fermion spectra o
our model. Only the fields that mix witha are relevant to the
generation of flavon masses, as we will see below. It is
straightforward to show that the scalar and fermion masse
matrices are two-by-two block diagonal in the basis (j,a,x,
h,j8), where j5(j11j2)/A2 and j85(j12j2)/A2.
Sincej is the only field that mixes witha, we focus on the
(j,a) submatrices. In this basis, the mass squared matrice
for the real and imaginary scalar components are given by

9If gm,h, the potential preferŝj1&Þ^j2& and develops a dif-
ferent minimum.
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Mr
25F 2h212g2 22gA2lg

22gA2lg 4gl
Gm2

h2
~3.16!

and

Mi
25F 2g2 22gA2lg

22gA2lg 4gl Gm2

h2
, ~3.17!

while the squared mass matrix for the fermionic compone
is

M f
25F 2h212g2 22gA2lg

22gA2lg 4gl Gm2

h2
. ~3.18!

Notice thatMr
2 andM f

2 are identical, whileMi
2 differs in its

(1,1) component. As far as we are interested in the effects
supersymmetry breaking in thej-a spectrum alone, we may
evaluate the deviation of a given Feynman diagram abou
supersymmetric limit by replacing the propagator for th
imaginary components ofj anda by the difference

i ~p22Mi
2!212 i ~p22M f

2!21. ~3.19!

The potential~3.14!, combined with a termaaF̄F, gen-
erates the supersymmetric mass of FN fields while avoid
supersymmetry breaking bilinear term. This is a conseque
of the Z2 symmetry that we imposed at the start. For sim
plicity, we assume that the FN fieldsF and ordinary matter
fields f transform in the same way under thisZ2. The cou-
plingsaF̄F and F̄w f then imply that the flavonsw are nec-
essarily odd under thisZ2.

Now we are in a position to show that supersymme
breaking generates a negative mass squared for the fla
fields w. To communicate flavor symmetry breaking to th
ordinary fields, we assume the superpotential couplings

Ww5bF̄w f1gw2w81dw83/3, ~3.20!

whereb, g, andd are coupling constants. The fieldsw8 are
even under theZ2, and hence do not have anF̄w8 f coupling.
The interactions in Eq.~3.13! and Eq. ~3.20! allow us to
write down the two-loop diagrams presented in Fig. 2. On
the diagrams that involve the imaginary part ofa are shown.
The cross on thea line indicates we are using the (2,2
element of the difference propagator in Eq.~3.19!. The de-
tails of this calculation are presented in the Appendix. T
result is

mw
2'2

Nc

~16p2!2
a2b2g3l

h4
m2, ~3.21!

whereNc is the number of colors, and we have assumed t
all superpotential couplings are of order unity. This genera
the vacuum expectation values

^w&25
d2

8g3~d2g!
~2mw

2 !, ^w8&25
d22g

8g2~d2g!
~2mw

2 !,

~3.22!
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^w&25
1

2g2 ~2mw
2 !, ^w8&250, ~3.23!

if d,2g. For the first choice of parameters,w8 acquires a
VEV. We will see in Sec. IVA that this may be desirable in
some cases to avoid model-dependent pseudo-Namb
Goldstone bosons that are too light. With the second choic
of parameters,w8 does not acquire a VEV, andFw remains
vanishing. This choice will be useful when we need to sup
press the flavor-dependent trilinear soft supersymmetr
breaking terms generated whenFwÞ0; these will be dis-
cussed in Sec. IIIG. The exact pattern ofw8 VEVs andF
components is a highly model-dependent issue. Equation
~3.22! and ~3.23! allow us to leave our options open; it is
quite likely that the relative size ofg andd differs from one
flavon to the other.

Equations~3.22! and ~3.23! are the origin of the hierar-
chical pattern of flavor symmetry breaking in our model.
Notice that Eqs.~3.21!, ~3.22!, and ~3.23! depend on the
product of many different coupling constants, so that the
precise ratiô w&/m can vary significantly from one flavon to
the other, even when the individual couplings are not fa
from unity. Thus, it is possible that the flavons coupling to
leptons may have vacuum expectation values that are sy
tematically smaller than those coupling to quarks, as a con
sequence of the different renormalization group running o
the corresponding superpotential couplings. This may par
tially alleviate the more severe flavor-changing problem in
the lepton sector. The typical parameter range we have i
mind is mw

2;(400 GeV)2 in the quark sector and
;(100 GeV)2 in the lepton sector; with the coupling con-
stants g,d varying between 1/3 to unity, we obtain
^w&;0.4–1 TeV and̂ w&;100–300 GeV, respectively.

To properly implement the FN mechanism, we must also
include the Yukawa couplings of the ordinary Higgs fields
H

WH5zFHf1kFFH1ht f fH, ~3.24!

wherez andk are coupling constants. The term proportional
to ht follows from our assumption that the top quark Yukawa
coupling is invariant under the flavor symmetries of the
theory. There are several ways in which we may extend th

FIG. 2. Two-loop Feynman diagrams that generate the negativ
squared flavon masses. The cross on thea propagator indicates the
supersymmetry-breaking effect given in Eq.~3.19!. See text for
more details.
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Z2 symmetry to theH, F, and f fields that are consistent
with the interactions in~3.24!. The simplest choice is

F̄ F f w w8 H

2 1 1 2 1 1.

It is interesting to note that the form of our superpotenti
interactions may be guaranteed by other discrete symmetr
One rather nice possibility is aZ4 symmetry, where the fields
have the charges:

F̄ F f w w8 H

i i i 2 1 2.

In this case, thea VEV breaks thisZ4 down to aZ2 which is
precisely the matter parity~or R parity! needed to forbid
dangerous baryon- or lepton-number-violating interactions
the renormalizable level.

We will proceed with our discussion assuming that th
form of our superpotential interactions are restricted by t
Z2 symmetry introduced earlier. All that remains is t
specify the sector of the theory that is responsible for ele
troweak symmetry breaking~EWSB!. This is considered in
the next section.

E. Electroweak symmetry breaking

Perhaps the simplest solution for EWSB is achieved
assuming the couplings

DW15bw8wm8FF, ~3.25!

DW25l5wm8HuHd2
l6

3
wm8

3. ~3.26!

The FN field F in DW1 is neutral under standard mode
gauge interactions. The fieldwm8 is even under theZ2 sym-
metry like thew8 fields introduced earlier, though we assum
that it has no couplings to the other flavonsw to simplify the
discussion. Then, Eq.~3.26! is the usual superpotential of the
next-to-minimal supersymmetric standard model, except
assume thatwm8 andH have nontrivial flavor transformation
properties. This must be the case if we are to prevent co
plings xHH or hHH. The Higgs fieldsHu andHd acquire
positive squared masses at the scaleLGM from gauge media-
tion diagrams, so thatmH

2 (LGM)'350 GeV. The contribu-
tion to the Higgs masses from the flavor sector is negligib
given our choice of scales,Lflav;LGM/10. If we had chosen
them to be comparable, we would have had an addition
negative contribution to themH

2 .2(3 TeV2)2 which is too
large for correct electroweak symmetry breaking. As th
Higgs masses are run to lower energies,mHu

2 becomes nega-

tive due to the effect of the top quark Yukawa coupling an
the squark squared masses. However, the heaviness of
squarks in models with gauge-mediated SUSY breaki
forcesmHu

2 to become negative much more rapidly than

does in the MSSM, so thatmHu

2 '2(500 GeV)2 at the weak

scale. Ifwm8 has no soft supersymmetry breaking mass, th
the simple extension of the Higgs sector in Eq.~3.26! does
not work phenomenologically: there are always scalar a
al
ies.

at

e
he
o
c-

by

l

e

we

u-

le

al

e

d
the
ng
it

en

nd

pseudoscalar states that are light enough to be produce
Z decay. This problem led the authors of Refs.@5,23,20# to
consider much more complicated Higgs sectors. In o
framework, the situation is somewhat better. The coupling
wm8 to the flavor sector of the model through Eq.~3.25! leads
to a two-loop negative mass squaredmw

m8
2

'2(100 GeV)2,

like the flavon fieldsw. The negative mass squared and t
l6wm8

3/3 term force botĥwm8 & and^Fw
m8
&5l6wm8

2 to become

nonvanishing, and hence generatem andm3
2 parameters. We

studied the potential following from Eq.~3.26! numerically,
and obtained local minima in which all the physical scal
and pseudoscalar states are sufficiently heavy.10 However,
this required a fine-tuning of the couplingsl5 andl6. Thus,
the longstanding problem of generating them andm3

2 param-
eters naturally in models with gauge-mediated supersymm
try breaking is not immediately resolved in our framewor
We considered other EWSB superpotentials, e.g., those
lowing wm8 to have couplings to the other flavons of the for
w2wm8 but our conclusions remain unchanged. Regardless
the details of the superpotential, we always found that a fi
tuning of parameters was necessary to compensate for
very large negative value ofmHu

2 .

Of course, it is possible that there is some explicit mod
of flavor compatible with our framework, that provides ad
ditional contributions tom, mH

2 , andm3
2 . For example, in

some model there may be FN fields with even matter par
that mix with Higgs fields. Such a mixing induces a positiv
mass squared to the Higgs bosons. Or, there may be hig
dimension operators of the forma(^w&/MF)HuHd , which
generatesm andm3

2 at the desired orders of magnitude. Sinc
this is a model-dependent question, we will not pursue t
issue further here.

F. R axions

The absence of dimensionful parameters in the theory
have presented leads to an effective globalR-symmetry un-
der which all fields transform with charge 2/3. Since o
superpotential is partitioned into ‘‘sectors,’’ which are rela
tively isolated from each other, one may worry that there a
separate and potentially dangerousR axions associated with
each. In this section, we show that all the model-independ
R axions that are present in our framework are phenome
logically harmless. There could be additional light scal
bosons that arise as a consequence of accidental global s
metries in specific flavor models; we discuss how these m
be avoided in Sec. IVA.

There are four approximateR symmetries in our frame-
work, corresponding to each of the nearly decoupled sec
in which spontaneous symmetry breaking occurs: the sup
symmetry breaking sector at the scaleLSSB, the gauge me-
diation sector atLGM , the flavor sector atLflav , and the
EWSB-FSB sector at a few hundred GeV. The lines in Fig
that connect the different sectors explicitly break the ind

10A soft trilinear couplingAwm8HuHd is generated at one loop
which pushes the lightest pseudoscalar mass above 10 GeV. Th
sufficient to evade the bounds from astrophysics and cosmolo
quarkonium decay, and beam dump experiments.
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pendent U~1!R symmetries, leaving one unbroken line
combination acting on all the sectors. This corresponds to
non-anomalousR-symmetry in the supersymmetry breakin
sector, with all fields in the other sectors transforming w
charge 2/3. The remaining three linear combinations are
plicitly broken by the messenger U~1! gauge interactions, the
indirect coupling between thea field and the flavons through
loops of FN fields in the flavor sector, and the indirect co
pling between the Higgs fields andS through loops of the
X field, in the gauge mediation sector. Once the U~1!R is
spontaneously broken in the supersymmetry breaking se
the low-energy effective theory beneathLSSB contains ex-
plicit U~1!R breaking parameters. Below we estimate t
masses for the one trueR-axion and the three ‘‘would-be’’
R-axions separately.

The only trueR-axion is the first linear combination de
scribed above. Since its decay constant is high,F;107 GeV,
all direct search experiments are irrelevant. The only pot
tial problem is its possible contribution to the cooling of re
giant stars. However, we expect thisR axion to obtain a mass
of order 100 MeV via the same mechanism which canc
the cosmological constant@24#, and thus it is astrophysically
harmless. The cosmological implications of thisR axion are
less clear. Since this issue is not specific to our framewo
we will not consider it further.

The would-beR axion in the gauge mediation sector o
tains a mass of order 10 TeV in the following manner. Sin
globalR symmetry is spontaneously broken in the dynami
supersymmetry breaking sector, the messenger U~1! gaugino
acquires a Majorana mass at the one-loop level. We exp
itly checked this point in the case of the SU~6!3U~1! model.
Then a trilinear coupling2Ah8j18 j28 S8 is generated at the
two-loop order withA;LSSB/(16p)

2;LGM /(16p). This
coupling explicitly breaks the globalR symmetry in the
gauge mediation sector, and theR axion aquires a mass o
order mA0

2 ;^Ah8j18 j28 &/LGM
2 ;(10 TeV)2 according to

Dashen’s formula. It is completely harmless given this lar
mass.

Similarly, the would-beR axion in the flavor sector ob-
tains a mass via the analogous trilinear coupli
2Ahj1j2x. While its mass is much smaller,;100 GeV, it
is still heavy enough to avoid all existing phenomenologic
constraints. Recallx does not acquire a VEV in the absenc
of the trilinear coupling, and hencêx&;A;Lflav/16p

2 as
discussed in Sec. IIID. Therefore the operator which exp
itly breaks R symmetry is suppressed. Dashen’s formu
givesmA0

2 ;^Aj1j2x&/Lflav
2 ;(100 GeV)2.

Finally, there is a separate would-beR axion in the flavon
superpotential that gains a mass of order 10 GeV as a c
sequence of the soft trilinear flavon interactions. Triline
couplings of the formAw2w8 are generated at orderA;1
GeV through one-loop diagrams involving the FN fields a
an insertion of their supersymmetry breaking bilinear ma
term}^Fa&. As long as~at least! one ofw8 obtains a VEV
comparable tow, the R axion obtains a mass of orde
mA0
2 ;^Aw2w8&/^w&2;(10 GeV)2. In Sec. IIID we showed

that the relative size of the two couplingsg andd determines
whether or notw8 acquires a VEV. If^w8&50 at lowest
order for allw8, then^w8& is induced only through trilinear
couplings, and theR axion mass goes down to the 1 Ge
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level. In this case, the quarkonium decayY→A0g excludes
the model. On the other hand, there are no constraints fro
flavor-changing processes likeK0→ virtual A0→K̄0 be-
cause thisR axion couples to the overallR charge 2/3 of
each ordinary matter fields and its coupling is therefore fla
vor blind. Note also that the coupling ofA0 is axial and
hence proportional to the fermion masses; this makes it im
possible to findA0 as ans-channel resonance ate1e2 ex-
periments. The beam dump experiments do not constrain a
ionlike fields above the GeV range. Known astrophysica
sources do not produce particles above the GeV range eith
Cosmology is also not likely to constrain such a particl
because it decays relatively quickly asA0→bb̄ with a width
much larger than a keV. We are not aware of any experime
tal constraints which exclude the existence of a scalar bos
in the 10 GeV range which couples universally to all fermio
axial currents.

G. The flavor changing problem

Now that we have outlined the important features of ou
model, we return to the issue of flavor changing neutral cu
rents, and how they constrain our choice of scales. In o
framework, the ordinary squarks and sleptons receive fo
contributions to their squared masses:

~i! A positive, flavor-blind contribution from gauge-
mediation diagrams, of orderLGM

2 /(16p2)2.
~ii ! A negative, flavor-symmetric contribution from two-

loop diagrams like those in Fig. 2, except with thew and f
lines interchanged, of order2Lflav

2 /(16p2)2. The term
‘‘flavor-symmetric’’ refers to operators which respect the
flavor symmetry of the model, without necessarily being fla
vor blind. This can be the case, for instance, if the flavo
symmetry is Abelian.

~iii ! A positive, flavor-dependent contribution due to the
supersymmetry breaking scalar masses of the FN fields. No
that the one-loop subdiagram in Fig. 2 will give the scala
F and F̄ fields supersymmetry breaking squared masses,
orderLflav

2 /(16p2). This alters the~1,1! and ~2,2! entries of
the scalar mass matrix in Eq.~3.3!, leading to a flavor-
dependent shift in the lightest eigenvalue of orde
1Lflav

2 /(16p2)(^w&/MF)
2.

~iv! A negative, flavor-dependent contribution as in~3.7!,
due to the small nonvanishingF component of the fielda.
With ^Fa&'^a&2/(16p2), this effect is of order
2Lflav

2 /(16p2)2(^w&/MF)
2.

The first contribution was estimated in Sec. IIIC, assum
ing LGM5^FS&/^S&5100 TeV. With Lflav510 TeV, we
may estimate the remaining contributions:

~ii ! 2~100 GeV!2,

~iii ! 1~1000 GeV!2~^w&/MF!2,

~iv! 2~100 GeV!2~^w&/MF!2.

Notice that contribution~ii ! is much smaller than contribu-
tion ~i!, given the choiceLGM510Lflav . Thus, the flavor-
blind component of the squark and slepton masses is exac
what we would expect in the kind of scenario proposed b
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Dine and Nelson. If the flavor symmetry does not guaran
degeneracy of the squarks~or sleptons! of the first two gen-
erations, then the flavor-symmetric contributions~ii ! can lead
to flavor changing neutral current effects. In the quark sec
the constraints onK-K̄ mixing are satisfied rather easily for 1
TeV squarks, so there is no restriction on the flavor struct
of the model. However, the lightness of the sleptons ma
the situation in the lepton sector more dangerous; the flav
symmetric contributions~ii !, may favor some flavor models
over others. Note that in models with a non-Abelian flav
symmetry in which the first two generations transform as
doublet, there will be no constraint on the contribution~ii !.
The flavor-dependent contribution~iii ! dominates over~iv!,
since the latter is suppressed by the the smallness of^Fa& in
the FN sector of our model. WithLflav510 TeV, ~iii ! is
marginally consistent with the bounds from flavor changi
processes, assuming that the^w&/Lflav are of order 1021 in
the quark sector, and a few31022 in the lepton sector. Since
~iii ! scales asLflav

2 , we would not be able to construct
viable model had we chosenLflav to be much larger than
10 TeV. On the other hand, we will see in Sec. IV that t
exchange of the relatively light flavon fields are also marg
ally consistent with the bounds on FCNC processes,
Lflav'10 TeV. Thus, loweringLflav significantly is also phe-
nomenologically unacceptable. Our choice forLflav is a rea-
sonable compromise, given the constraints on flavor cha
ing processes detailed in Sec. IV.

The constraints on the left-right mass matrices, on
other hand, are very weak in our framework. The left-rig
masses originate from the effective Yukawa couplings,

Weff5S w

Lflav
D nQdHd1 up-quark, leptons, ~3.27!

when onew field is set to itsF component, while the remain
ing w fields and the Higgs fieldH are all set to their VEVs.
Thus, the left-right mass terms are of the order

mLR
2 .mf S ^Fw&

^w& D , ~3.28!

wheremf stands for the mass of a light quark or lepto
Therefore, the left-right mass terms are always proportio
to the corresponding fermion masses, which is not neces
ily true in the case of supergravity. In the quark sector,
squarks are at 1 TeV while the effectiveA parameters are
about 400 GeV or less. This is phenomenologically safe
itself. In the lepton sector, Eq.~3.28! may lead to a large
mixing between smuons and selectrons, and hence an u
ceptably largem→eg decay rate. Fortunately, this can b
avoided in a number of ways. For instance, ifd,2g ~see
discussions in Sec. IIID!, w8 does not acquire a VEV and
henceFw vanishes identically. A trilinear coupling amon
flavons inducêw8& only at a higher order in 1/16p2. In this
case there is no further restriction on the flavor model.
the other hand, an alignment or non-Abelian flavor symme
can suppress the off-digonal entry in the left-right mass m
trix in the basis where fermion masses are diagonal.

Finally, one may worry that operators involving theF
component of thea field may contribute to left-right mass
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mixing at a more dangerous level than the operators invo
ing Fw . The effective Yukawa operators of the form

Weff5S w

MF
D nf fH ~3.29!

generate trilinear couplings in the following way. Sinc
MF5a^a&, they should be written more correctly as

Weff5S w

aaD
n

f fH, ~3.30!

and an expansion of the chiral superfielda around its VEV
asa5a1u2Fa generates trilinear couplings

Veff5S w

a^a& D
n

nS ^Fa&

^a& D f̃ f̃ H. ~3.31!

Recall ^Fa&/^a&;^a&/16p2;100 GeV. If the powern is
different for different generations, the left-right mass term
generated from this operator cannot be simultaneously dia
nalized with the fermion masses. This is not a problem in t
quark sector, but could be serious in the lepton sector. O
way to avoid this problem is to have an alignment. Anoth
way is to obtain the Yukawa couplings of the first two gen
erations in any given Yukawa matrix from a set of operato
in the high-energy theory that all involve the same powers
^w&/MF ; then these contributions tomLR

2 will be diagonal in
the fermion mass basis, and will not give additional con
straints.

IV. PHENOMENOLOGY OF A LOW FLAVOR SCALE

In the previous section, we found that the flavor-blind
gauge-mediated contribution to the scalar masses domina
over any flavor-dependent splittings induced by the mixin
of the light families with the FN fields. Thus, the super
Glashow-Iliopoulos-Maiani~GIM! mechanism is effective
and the usual supersymmetric flavor problem~i.e., the large
FCNCs effects generated by the exchange of sfermions
loops! is greatly reduced. As a consequence, the usual c
straints placed on the flavor structure of the model are s
nificantly weakened in our framework. This is in sharp con
trast to the case of gravity-mediated supersymme
breaking, where the flavor symmetry must either guarante
high degree of sfermion degeneracy or an alignment betwe
fermion and sfermion mass matrices to avoid the SUSY fl
vor problem.

However, with the FN scale at;10 TeV and flavon
VEVs and masses in the few hundred GeV range, we m
consider new contributions to FCNCs originating from th
exchange of the physical states of the flavor sector. In th
section, we describe the phenomenological constraints t
FCNC processes impose on theories with low flavor scal
Most of the new flavor-violating effects are described b
four-fermion operators, with coefficientsC/M2. In Table I,
we present bounds on the coefficientsC assuming
M5MF510 TeV, for a number of four-fermion operators
that contribute to rare processes. We then estimate the co
ficientsC for the flavor-violating operators that may arise in
our framework, and determine in what ways the bounds
Table I constrain the flavor structure of the model.
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There are four logical possibilities as flavor groups: com
binations of local or global, and discrete or continuous. In a
cases, flavor-violating operators may be generated at two d
tinct scales: at;10 TeV, where the FN fieldsF and F̄ are
integrated out, and at a few hundred GeV where the flav
fields w are integrated out. If there exist yet lighter degree
of freedom such as pseudo Nambu-Goldstone bosons, t
may induce further flavor-changing operators. We will dis
cuss general constraints which apply to all cases in S
IVA. By itself, this discussion will present all the constraint
relevant to discrete flavor symmetries, except those relat
to a possible domain wall problem; we do not have anythi
to add on this point.11 On the other hand, a broken continou
flavor symmetry produces additional degrees of freedo
~flavor gauge bosons in the local case and ‘‘familons’’ in th
global case! which induce new flavor-changing phenomen

11It may be worth recalling that a global discrete symmetry cou
be anomalous. Then the domain walls dissolve due to instan
effects and do not cause cosmological embarassments@25#. On the
other hand, a global discrete symmetry is probably spoiled by qu
tum gravitational effects. Still, it could well arise as an accident
low-energy symmetry especially when one considers a low flav
scale as in our framework. Nonrenormalizable operators suppres
by 1/MPl may also solve the domain wall problem even if the dis
crete symmetry is anomaly free@5#.

TABLE I. Constraints on the four fermion operators (C/M2)O
from various rare processes, withM5 10 TeV.A,B are color in-
dicies. Other relevant operators can be obtained from the above
charge conjugation. This table then exhausts all possible four fe
ion operators contributing to these flavor changing processes.L and
R are chiral projection operators for left-handed and right-hand
fields, respectively. We have used (ms1md)5 160 MeV. The
bounds onDmi scale as~160 MeV!2/f i

2Bi , where i5K,D,B and
f i ,Bi are the relevant decay and bag constants respectively.

Process O C,

(d̄AgmLsA)(d̄
BgmLsB) 431025

(d̄ALsA)(d̄
BLsB) 631026

DmK (d̄ALsB)(d̄
BLsA) 331025

(d̄ALsA)(d̄
BRsB) 531026

(d̄ALsB)(d̄
BRsA) 231025

analogous to above 431024

‘‘ 6 31024

DmD ,DmB ’’ 3 31023

‘‘ 5 31024

’’ 4 31023

(m̄gmLe)(ēgmLe) 231023

m→3e (ēLm)(ēLe) 931023

(ēLm)(ēRe) 731023

KL→m1m2 (d̄gmLs)(m̄gmLm) 431022

(d̄Ls)(m̄Lm),(d̄Ls)(m̄Rm) 431023

KL→me (d̄gmLs)(m̄gmLe) 431023

(d̄Ls)(m̄Le),(d̄Ls)(m̄Re) 331024

KL→e1e2 (d̄gmLs)(ēgmLe) 631021

(d̄Ls)(ēLe),(d̄Ls)(ēRe) 331024
-
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These two cases are discussed separately in Secs. IVB and
IVC. Most of the constraints are new as far as we know,
though some were briefly discussed in@6#.

A. General constraints from FCNC

The existence of FN fields at a 10 TeV scale and flavons
at a few 100 GeV scale can induce new flavor-changing pro-
cesses. The phenomenological constraints are identical for
discrete or continuous flavor symmetries, except those in-
duced by flavor gauge bosons or familons. They will be dis-
cussed separately in the next subsections. We discuss con
straints common to all possible flavor groups in this
subsection.

1. Flavor-violating operators induced at FN scale

The F̄w f couplings lead to diagrams withf fields on the
external lines, and the FN and flavon fields in loops. Flavor-
violating operators, like those listed in Table I, are induced
in the low-energy theory when the FN andw fields are inte-
grated out. All superpotential couplings which we generi-
cally refer to ash are of order 1, so these operators are only
suppressed by loop factors and the mass of the FN fields
MF;10 TeV. In our numerical estimates below, we set all
the F̄w f Yukawa couplings to 1, and assume that the multi-
plicity of the particles running around internal loops is also
1. We consider flavor violating processes in the lepton, quark
and mixed lepton-quark sectors separately.

~i! Lepton sector
m→eg: The amplitude form→eg comes from the dia-

grams of Fig. 3. Crucially, this amplitude, like all magnetic
transitions, vanishes in the supersymmetric limit. ForMF 5
10 TeV, we find

B~m→eg!;10210h4@ f ~mwR

2 /MF
2 !1 f ~mw I

2 /MF
2 !

22 f ~mw f

2 /Ms
2!#2, ~4.1!

where themwR,I
are the masses of the real and imaginary

components of the scalar part ofw, mw f
is the mass of the
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FIG. 3. Feynman diagrams contributing tom→eg.
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fermionic part ofw, MF is the mass of the FN fermion,Ms
the mass of the FN scalar, and

f ~x!5
213x26x21x316xln~x!

12~x21!4
. ~4.2!

Sincemw /MF;1022, the quantity in square brackets in E
~4.1! is highly suppressed; we find that it is always nume
cally much smaller than;0.001. Thus,B(m→eg)&10216,
well beneath the current boundB(m→eg),5310211. We
conclude that them→eg operator is not dangerous, even if
is allowed in the flavor-symmetric limit.

m→3e: If allowed by the flavor symmetry, box diagram
with internal FN and flavon fields can generate four-fermi
operators that contribute tom→3e. Even if these operators
are forbidden in the flavor symmetric limit, they may b
generated after we rotate a flavor-symmetric operator to
mass eigenstate basis. The diagram of Fig. 4~a! ~the flavor
symmetric version of which necessarily exist! generates the
interaction

h4

32p2M2 ~m̄gmLe!~ ēgmLe!. ~4.3!

Even if this operator is allowed in the flavor symmetric lim
the coefficientC;331023 is in borderline agreement with
the constraint given in Table I.

The diagram of Fig. 4~b!, on the other hand, does no
necessarily exist. It can only be generated if there is a di
Yukawa coupling between the Higgs, FN, and lepton fie
of the first two generations. This box diagram diverges in
infrared, and is cut off by the massmw . From this diagram
we generate the operator

h4

8p2M2 @12 ln~M /mw!#~ ēLm!~ ēRe!. ~4.4!

With mw /MF;1022, the coefficient of this operator is
C;431022, which is bigger than the bound in Table I by
factor of ;7. This is not necessarily a disaster, but it
certainly safer to forbid the diagram 4~b! in the flavor sym-

FIG. 4. Superdiagrams contributing tom→eee.
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metric limit. If the above operator is generated through mix-
ing with an angle;Ame /mm;0.1 it is no longer dangerous
phenomenologically.

~ii ! Quark sector
b→sg: The rate is completely negligible, for the same

reasons given in our discussion ofm→eg.
DmK : The diagram of Fig. 5~a! generates the interaction

h4

32p2M2 ~ d̄AgmLsA!~ d̄BgmLsB!. ~4.5!

The coefficientC;331023 is ;75 times bigger than the
bound in Table I. Thus, this diagram must be forbidden in
the flavor symmetric limit. With a mixing suppression of
;l2, the coefficient is only 3 times bigger than the bound.
However, it is easy to compensate for this factor by choosin
all the Yukawa couplings in the diagram to be 1/2 instead o
1.

The diagram in Fig. 5~b! only exists if there are flavons
coupling to both left- and right-handed superfields. If such
couplings exist, we generate the operator

h4

16p2M2 ~ d̄ALsB!~ d̄BLsA!, ~4.6!

FIG. 5. Superdiagrams contributing to neutral meson mixing.
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after appropriate Fierz transformations. The coefficie
C;631023 is;200 times bigger than the bound in Table
and we conclude that this diagram must be forbidden in t
flavor symmetric limit. If we include a mixing suppression
;l2, the coefficient is still too large by a factor of 10. In thi
case, however, we can reduce the amplitude sufficiently
choosing all the Yukawa couplings in the diagram to b
h;1/2 instead of 1.

The diagram in Fig. 5~c! is by far the most dangerous one
we will encounter. It only exists if there is a direct Yukaw
coupling between down or strange, FN and Higgs fields.
in the case ofm→3e, this box diagram is enhanced by a
infrared divergence. We obtain the operator

h4

8p2M2 @12 ln~MF /mw!#~ d̄ALsA!~ d̄BRsB!. ~4.7!

If we take mw /MF;l2, the coefficientC;231022 is
;3000 times larger than the corresponding bound in Table
even with l2 suppression, it is still;100 times too big.
Notice that we cannot reduce the magnitude of this opera
by choosing smaller couplings in the box diagram. The pro
uct of the two couplings on the left-hand side of the diagra
with ^w&/MF gives us an element of a quark Yukawa matrix
thus, we can only reduce the couplings in the box diagram
we increasêw&/MF . Note also that this diagram is particu
larly worrisome in a theory with large tanb. Recall that the
negative squared masses for the flavon fields were natur
of order@1/(16p2)2#MF

2 , and thuŝ w&/MF fell in the range
l22l3. However, for large tanb, the strange Yukawa cou-
pling is itself of orderl22l3, and we therefore require a
direct coupling between the strange quark, Higgs boson, a
a FN field. This is precisely the situation that gives us th
disastrous contribution toDmK in Eq. ~4.7!.

Finally, even when there is no direct Yukawa couplin
between down or strange quark, Higgs boson, and FN fiel
we can have a two-loop contribution toK-K̄ mixing as
shown in Fig. 5~d!. We generate exactly the same effectiv
operator as in Eq.~4.7!, and we find formw;l2MF a coef-
ficientC;331025, which is 5 times bigger than the bound
This can easily be avoided either by choosing slight
smaller couplings in the diagram, or by forbidding the oper
tor in the flavor symmetric limit.

It is important to point out that our conclusions remai
unchanged if we includeCP violating phases of order 1 in
the theory. In this case, the constraint fromeK is ;10 times
stronger than the one fromDmK that we have presented here
However, we have already concluded from the FCNC co
siderations that the correspondingDS52 operators must be
forbidden in the flavor symmetry limit. In a model where thi
is the case,CP violation does not provide us with any addi
tional generic constraints.

DmD ,DmB : The only significant constraint from either o
these processes comes from the analogue of the dange
diagram 5~c! above. We conclude that this diagram shou
be forbidden in the flavor symmetric limit; if it is induced
through mixing from a flavor symmetric operator, then it
effects are on the borderline from experimental constraint

~iii ! Mixed quark-lepton sector
If some flavons couple to both the quark and lepton se

tors, they can give a significant contribution toKL→l 1l 2
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via box diagrams analogous to those in Figs. 5~a!–5~d!. We
have already learned that we must forbid direct couplings
between the down or strange quark, Higgs boson, and FN
fields, so we do not consider the analogue of Fig. 5~c!: this
diagram would give too large an amplitude forK→me,ee
by a factor;200 if it were generated in the flavor symmetric
limit. All the remaining diagrams are on the borderline even
if they are present in the flavor symmetric limit.

2. Flavor violating operators induced at the flavor
symmetry breaking scale

These operators arise from tree-level exchange of physi
cal flavons. Recall that we generate higher dimension opera
tors of the form

S w

MF
D nf i f jcH ~4.8!

after integrating out the FN fields. Here thef i are ordinary
fields of the first two generations. When thew fields acquire
VEVs, the operator in~4.8! gives us an element of the cor-
responding Yukawa coupling matrix. If we now set all but
one of the flavon fields and the Higgs field to their VEVs, we
generate a Yukawa coupling between the light fermions and
flavons:

S ^w&
MF

D n21 ^H&
M

w f i f j
c;

mi j

^w&
f i f j

cw. ~4.9!

We do not show an exact equality in Eq.~4.9! since, in
general, the mass matrix elementmi j receives contributions
from several different operators of the form~4.8!, with dif-
ferent order 1 coefficients. Of course, it may be the case tha
in specific models, the flavon couplings will become flavor
diagonal when we rotate to the fermion mass basis. Generi
cally, however, this will not be the case, and we will obtain
flavor-violating four-fermion operators when we integrate
out the physical flavons at tree level. Let us write
mi j5max(mi ,mj)Qij . Then, fixing the mass of the flavons
coupling only to the quark sector at;l2310 TeV ;400
GeV and the mass of the flavons coupling to the leptons or
leptons and quarks at;100 GeV,12 we present the strongest
constraints on the magnitudes of theQ i j in Table II. In all
cases, theQ i j can be as large or larger than the correspond-
ing CKM matrix element, and thus physical flavon exchange
does not give us significant constraints.

12See Section III D for these estimates.

TABLE II. Constraints onQ i j from exchange of physical fla-
vons. The mass and VEV of the flavons coupling to quarks alone
are taken to be at 400 GeV, all others at 100 GeV.

Process Constraint

m→3e Qme,130
DmK Qds,0.2
DmD Quc,0.3
DmB Qbd,0.09
KL→m1m2 Qds,0.2



s

s

e

t-
te

e

y

-
e

st
r-

e
r

is

7046 54ARKANI-HAMED, CARONE, HALL, AND MURAYAMA
3. Pseudo Nambu-Goldstone bosons

The above analysis assumes that all the physical flav
get masses of order the VEV of the flavon field. Howeve
given many flavons and the restriction to renormalizable
perpotentials, it is often the case that there are approxim
accidental continuous symmetries of the tree-level potent
producing pseudo-Nambu-Goldstone bosons~PNGB! which
pick up a mass only at loop level;^w&/4p which may be as
small as 10 GeV. These PNGBs can have flavor-violat
couplings, and~especially for the PNGBs coupling to th
first two generations! mediate disastrously large FCNC
Thus, a specific model must ensure that most of the PNG
receive a mass directly at tree level. This puts a constrain
the flavor symmetry and flavon particle content. The abse
of accidental global symmetries must be checked in ea
explicit model of flavor.

Even when there is no accidental global symmetry whi
results in PNGB with flavor-dependent coupling, there is
ways one model-independent PNGB. Since the superpo
tial is purely trilinear, it necessarily has a tree levelR sym-
metry under which all fields haveR charge 2/3 and the
negative squared masses for the flavon fields do not br
this R symmetry. We discussed this particular ‘‘mode
independentR axion’’ in Sec. III F and showed it does no
have flavor-changing interaction and is phenomenologica
harmless as long as it is heavier than 10 GeV.

4. Summary of general constraints

Let us summarize the major constraints that emerged fr
our analysis. We have found that the flavor symmetry m
forbid all K-K̄ mixing operators in the flavor symmetric
limit. Furthermore, there can be no direct Yukawa coupli
of theF fH type between down or strange quark, Higgs b
son and FN fields; this in particular causes great difficulty f
a scenario with large tanb. Once these constraints are sati
fied, CP violation does not put any further significant co
straints even with order 1 phases. Notice that the constra
on the flavor group we have found are quite different fro
the usual ones needed to guarantee sfermion degeneracy
instance, an SU~2! flavor symmetry with the first two gen-
eration fields in a doublet is sufficient to guarantee sferm
degeneracy in the flavor symmetric limit; however the da
gerous operator (e jkd̄iRqk)(e

klq̄kRdl) @with i , j ,k,l flavor
SU~2! indices# gives largeK-K̄ mixing while being com-
pletely flavor symmetric. Similarly, U~1!’s ~or discrete sub-
groups! can be used to forbid allK-K̄ mixing operators in the
flavor symmetric limit but cannot in themselves guarant
sfermion degeneracy. Also, a specific model must su
ciently break any accidental global symmetries which gi
rise to light PNGBs. These new constraints differ from t
ones we usually encounter in supergravity scenarios,
suggest new avenues for flavor model building.

B. Continuous, global flavor symmetries

In addition to the constraints presented in the previo
subsection, continuous flavor symmetries lead to other, of
problematic, contributions to flavor changing processes.
the case of global flavor symmetries, we must contend w
the Nambu-Goldstone bosons~‘‘familons’’ ! that arise when
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the flavor group is spontaneously broken. If some NG boson
have flavor-violating couplings~which is certainly the case if
the group has a non-Abelian component!, FCNC constraints,
from processes likeK→p1 familon andm→e1 familon,
push the flavor symmetry breaking scale above;1011 GeV.
However, if the flavor group has only U~1! factors, the
familons may have purely diagonal couplings in the flavor
basis. If the first two generation fields have different charge
under some U~1! factor, the alignment between flavor and
mass eigenstate bases must be very precis
(;1 TeV/1011 GeV51028) to avoid FCNC constraints,
which implies that a mechanism for perfect alignment is re-
quired. For instance, we can imagine that all left-handed
fields in the theory have the same charge, whereas the righ
handed fields have different charges. Since the only absolu
requirement we have is for the existence of nontrivial rota-
tions on the left-handed fields to generate the CKM matrix,
the flavor and mass bases may be exactly aligned for th
right-handed fields. Then, the rotation in going to the mass
eigenstate basis for the left-handed fields does not induce an
off-diagonal familon coupling~since the left handed charges
are generation blind!, while there is no rotation on, and
hence no off-diagonal familon coupling to the right handed
fields. While this sort of idea is not excluded, it is clear that
continuous global flavor groups are strongly constrained by
the requirement of purely diagonal familon couplings.

C. Continuous, local flavor symmetries

In the case of a gauged flavor symmetry, a new contribu
tion to flavor violating processes comes from the exchang
of massive flavor gauge bosons at the;100 GeV scale. This
source of FCNCs will place significant restrictions on the
form of the flavor group and symmetry breaking sector, as
we will see below. In addition, when a gauged flavor sym-
metry is spontaneously broken, degeneracy between the fir
and second generation sfermions may be spoiled by flavo
dependentD terms in the scalar potential@26#. We consider
both issues below.

1. Flavor gauge boson exchange

Let us examine the effects of gauge boson exchange in th
down quark sector. Suppose that the left-handed Weyl spino
quarksqL ~grouped into a three-vector in generation space!
transform under a representationTL

a of the flavor group while
the right-handed down quarksdR transform underTdR

a . In

the flavor basis~denoted by primes!, the flavor current is
given by

Jam5d̄L8 ḡmTL
adL81d̄R8 ḡmTdR

a dR8 . ~4.10!

After integrating out the massive flavor gauge bosons, we
generate the following four-fermion operators:

(
a

g2

Ma
2 J

amJm
a5(

a

g2

Ma
2 ~ d̄L8 ḡmTL8

adL81d̄R8 ḡmTdR8
adR8 !2.

~4.11!

In the second expression we have rotated to the mass bas
q5Uqq8, dc5Udcd

c8, and theTa8 are the flavor group gen-
erators in the mass basis,Ta85UTaU†. Suppose that the
pattern of flavor symmetry breaking is such that theMa are
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different from each other. If the flavor group is Abelian an
there is precise alignment between flavor and mass eig
states, all the operators above are flavor diagonal. Howev
if there is no alignment, theMa must be pushed above
;1000 TeV to avoid FCNC constraints~in particular, from
DmK). Thus, for an Abelian flavor symmetry broken below
the TeV scale, the alignment between mass and flavor ba
must be precise better than;1 TeV/1000 TeV51023. For
non-Abelian flavor groups, a givenTa8 will have off-
diagonal flavor-violating elements. When theMa are all dif-
ferent, there is no hope that summing overa will yield a
flavor conserving result, once again forcing theMa to above
1000 TeV. Thus, if the flavor group is non-Abelian and bro
ken at the TeV scale, some mechanism must guarantee
the flavor gauge bosons~especially coupling to the first two
generations! have identical mass at least at tree level. For th
to happen it seems neccessary to have some accidental ‘‘
todial’’ symmetry analogous to the one which forcesr51 at
tree level in the standard model. We have not succeeded
finding a model of flavor which simultaneously guarante
sufficient flavor gauge boson degeneracy and produces
Cabibbo angle, but this remains an interesting direction
explore.

2. D term splitting

In Ref. @26#, it was shown that flavorD terms can split the
first two generation sfermion masses by an amount indep
dent of the flavor gauge couplings, if flavor symmetry brea
ing occurs in the supersymmetric limit. In this case, the spl
tings cannot be made small by reducing the flavor gau
coupling. This is also the case in supergravity scenarios t
generatêw&/MF along flat directions after supersymmetry i
broken. In our framework, however, the situation is differen
The flavor sector potential has a stable minimum as the fl
vor gauge coupling is taken to zero. Thus, the flavorD terms
can be made arbitrarily small.

As an example, consider an SU~2! theory with a doublet
flavon wa and a triplet field Sab, with superpotential
W5lwawbS

ab. Suppose that only the doublets talk to th
FN fields and hence get a negative mass squared at
loops. The crucial point is that, even if the gauge coupling
put to zero, the potential has a stable minimum; in th
g→0 limit the superpotential part of the potential is mini
mized by puttingSab50, and we have

V5ulu2~w†w!22m2w†w ~4.12!

and without loss of generality we can choos
^w&5(m/A2ulu,0). Forsufficiently smallg, theD term con-
tribution is a small perturbation to the above potential.
particular, the VEV of the flavonD term is;m2, and so the
inducedD term splitting between first two generation sfer
mions is;g2m2. Now, for squark masses of;1 TeV, K-
K̄ mixing constrains uc(m̃d

22m̃s
2)/m̃2,0.01. Thus, for

m;500 GeV we must haveg2,1/5, making this gauge cou-
pling moderately larger thane. Given that many fields trans-
form under this flavor SU~2!, it could be that the SU~2! cou-
pling is non-asymptotically free, in which case a small valu
for the coupling could be naturally explained.

In the lepton sector, it is difficult to ensure that theD
terms do not spoil slepton degeneracy without running in
trouble with a very light flavor gauge boson coupling to lep
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tons. The reason is that theD terms splitting has the form
dm

l̃

2
;g2w†Taw;M2 whereM is the mass of the flavor

gauge boson. On the other hand, for slepton masses ofml̃

; 100 GeV and slepton mixing of;Ame /mm, the constraint
from m→eg demands thatdm

l̃

2
/m

l̃

2
, .01, putting the flavor

gauge boson at a mass less than about 30 GeV. Thus, in
order to have gauged flavor symmetries in the lepton sector,
we must have some mechanism either to cancel the un-
wanted D term splitting between selectron and smuon
masses or to guarantee the absence of slepton mixing in the
first two generations.

V. CONCLUSIONS

Understanding the origins of supersymmetry breaking
~SSB! and flavor symmetry breaking~FSB! are two of the
greatest challenges for theories with weak-scale supersym-
metry. Much of the structure of the theory is dictated by the
mechanisms and scales for these symmetry breakings. In par
ticular, the degree to which the soft supersymmetry breaking
operators contain information about flavor depends on the
relative size of the flavor scale,MF , and the messenger scale
for supersymmetry breakingMmess. In supergravity theories
with MF,Mmess'MPl , the interactions of the flavor scale
leave an imprint on the soft operators; while in theories of
gauge-mediated supersymmetry breaking, with
Mmess,MF , they do not.

In this paper we have studied a framework in which
MmessandMF are comparable because they have a common
origin — the scale of dynamical supersymmetry breaking,
LSSB. This scheme allows a unified view of FSB and EWSB
— indeed the FSB VEVŝw& are comparable to the EWSB
VEVs ^H&. This unification is illustrated in Fig. 1, which
shows the Froggatt-Nielsen sector as being the flavor ana-
logue of the gauge mediation messenger sector. Indeed thes
sectors bear more than just a passing resemblance: both con
tain heavy vector generations of matter. Fundamentally, they
are distinguished only by whether these heavy vector genera-
tions have large supersymmetry breaking contributions to
their masses. We have given explicit models for the messen-
ger sector,~3.5! 1 ~3.9!, and for the Froggatt-Nielsen sector
~3.10! 1 ~3.12!. These models are both variants of a basic
model which has two phases, with the vacuum choice depen-
dent on the values of the dimensionless couplings. The sec-
tors are chosen to be in opposite phases, so that the heav
vector generations feel supersymmetry breaking strongly in
the gauge mediation sector but only mildly in the flavor sec-
tor. These models, while certainly not unique, illustrate our
scheme and explicitly show how the flavon fields acquire
negative squared masses triggering FSB, in a way which is
analogous but not identical to the triggering of EWSB.

The interactions which feed supersymmetry breaking to
the superpartners are phenomenologically very important.
Supergravity mediation has been the most studied case, and
mediation by the known gauge interactions is the only other
case that has received significant attention. Our scheme doe
have mediation via the known gauge interactions, but in ad-
dition there is mediation via the superpotential interactions
of the Froggatt-Nielsen sector. This provides a new origin
for contributions to the soft operators; in particular it pro-
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vides the dominant contribution to the soft trilinearA terms,
and important flavor-dependent contributions to the sca
mass matrices.

We believe that the unified scheme for FSB and EWS
introduced in this paper, and summarized in Fig. 1, provid
significant motivation for studying a new class of models f
flavor. This new class of models, although based on the
ideas of Froggatt and Nielsen, are substantially differe
from the theories which have been constructed up to no
This is partly because the messenger sector provides a d
nant, flavor-independent, contribution to the squark and sl
ton masses, and partly because flavon VEVs of order
weak scale introduce several new flavor-changing co
straints.

The construction of any Froggatt-Nielsen model requir
a choice for the flavor group,Gf , and for theGf transfor-
mations of the flavonsw, the heavy vector generationsF and
the light generationsf . The class of models which is consis
tent with the framework of this paper has these choices
verely restricted by the following six constraints.

~1! Gf is preferred to be discrete — a continuous global
Gf gives unacceptable familons, while a continuous gaug
Gf has additional flavor dependent scalar mass contributi
from D2 terms.

~2! The size of the flavon VEVs is given by
^w&/MF'1/16p2'l2 or l3, where l50.22. This hierar-
chy is determined by the order in perturbation theory
which the flavon VEVs are generated, and the requirem
that all dimensionless couplings be of order unity. The t
quark Yukawa interaction must beGf allowed.

~3! Sufficient trilinear flavon interactions must beGf al-
lowed so that there are no accidental U~1! flavor groups
which are spontaneously broken. Since there must be sev
different flavon fields, this is a very powerful constraint o
the theory.

~4! Box diagrams involving internal heavy vector gener
tions and flavons must not generateKL-KS mixing in the
Gf symmetric limit. For example, this means that the 12
21 entries of the down Yukawa matrix may not be genera
at linear order inw/MF . This excludes the case of very larg
tanb where theb Yukawa coupling is of order unity, since in
that case these entries are expected to be linear inw in order
to generate the Cabibbo angle. The only way to avoid t
conclusion is if the Cabibbo angle is generated from the
sector, in which caseD-D̄ mixing is predicted at the level of
the present experimental limit.

~5! From the previous point it follows that theb and t
Yukawa couplings should arise at linear order inw. This
means that tanb is expected to be low, less than about 3. T
lar
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mixing Vcb should arise at orderw in the up sector, orw2 in
the down sector. Entries of the light 232 block of the
Yukawa matrices should be at most of orderw2.

~6! To prevent dangerous nonuniversalA terms, all non-
zero entries of the light 232 block of the down and lepton
Yukawa matrices must be of orderw2.

Each of the above constraints is very significant, and none
of them applies to Froggatt-Nielsen models with a high fla-
vor scale and supergravity mediated supersymmetry break
ing. Furthermore, these constraints are completely indepen
dent of the particular models chosen to give masses to th
heavy vector generations in the gauge mediation and
Froggatt-Nielsen sectors; there may be additional model-
dependent constraints. For example, the explicit flavor secto
of Sec. III which led to masses for the heavy vector genera-
tions of the Froggatt-Nielsen sector was based on aZ2 sym-
metry. The flavons separated into two categories:w which
haveF̄w f type couplings andw8, which do not. The trilinear
interactions necessary to prevent accidental flavorU(1)s
then take the formw831w8w2. Finally there may be further
constraints which arise from the mechanism used to generat
effective m and m3

2 terms. In Sec. III E this was accom-
plished by an interaction of the formwmHuHd , implying that
at least one of the Higgs fields must transform nontrivially
under the flavor group.
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APPENDIX A: TWO-LOOP INTEGRALS

In this Appendix, we evaluate the diagrams in Fig. 2 using
the difference of propagators given in~3.19!:

i Fp22S 2g2 22gA2lg

22gA2lg 4gl
Dm2

h2 G21

2 i Fp22S 2~g21h2! 22gA2lg

22gA2lg 4gl
Dm2

h2 G21

. ~A1!

Since these diagrams only involve modification of thea
propagator, we need the (2,2) component of the expressio
above:
2 i ~16lg3m6!

p2@h2p222gm2~g12l!#@h2p422m2~g21h212gl!p218glm4#
. ~A2!

The sum of the diagrams in Fig. 2 then gives us

E d4p

~2p!4
2 i ~8a2b2g3lm6!

@h2p222gm2~g12l!#@h2p422m2~g21h212gl!p218glm4#
E d4l

~2p!4
l 21M2

l 2~ l 22M2!2@~p2 l !22M2#
,

~A3!
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whereM5a^a& is the Froggatt-Nielsen mass scale. No
that diagrams~B!, ~C!, and ~D! in Fig. 2 are individually
ultraviolet divergent, but their sum is finite. Thed4l integral
in Eq. ~A3! can be done analytically by conventional met
ods. To evaluate the remainingp integral, we first go to
Euclidean space, and do the trivial angular integration. W
remains is a one-dimensional integral in the Euclidean ra
coordinatepE :

i

~16p2!2
~16a2b2g3lm6!

3E
0

`

dpEpE
3F~pE

2/M2!D1~pE
2 !D2~pE

2 !, ~A4!

where

D1~pE
2 !5

1

M2@h2pE
212gm2~g12l!#

, ~A5!

D2~pE
2 !5

1

h2pE
412m2~g21h212gl!pE

218glm4 ,

~A6!

and

F~x!5
2422x

Ax~41x!
tanh21A x

41x
1
x11

x
ln~11x!.

~A7!

The functionF(x), plotted in Fig. 6, is positive definite. We
have choseng andl to be real and positive without loss o
generality, by making suitable field phase rotations. The
fore the entire integrand of Eq.~A4! is also positive definite.
If we use a different phase convention, the VEVs and m
te

h-

hat
dial

f
re-

ass

spectrum change accordingly but the final sign of the ma
squared remains the same. We conclude that the ma
squared generated in the flavon potential is negative. T
dpE integral can be evaluated numerically, and the resu
are consistent with the order of magnitude estimate given
the text.

We have shown that the two-loop diagrams in Fig. 2 gen
erate finite negative definite squared masses for the flavo
One also obtains apparently ultraviolet-divergent contribu
tions at third or higher loop orders in perturbation theory
However, the ultraviolet divergence is cut off atLSSB be-
cause the supersymmetry is restored above this scale, a
one needs to take into account that the supersymmetry bre
ing mass parameterm2 vanishes aboveLSSB. Therefore
higher order divergent contributions are suppressed co
pared to the two-loop finite ones by a factor of

;
1

16p2 ln
LSSB
2

m2 .0.09, ~A8!

and hence can be neglected.

FIG. 6. The functionF(x).
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