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We present a supersymmetric model of flavor. A single U~1! gauge group is responsible for both generating
the flavor spectrum and communicating supersymmetry breaking to the visible sector. The problem of flavor
changing neutral currents is overcome, in part using an ‘‘effective supersymmetry’’ spectrum among the
squarks, with the first two generations very heavy. All masses are generated dynamically and the theory is
completely renormalizable. The model contains a simple Froggatt-Nielsen sector and communicates supersym-
metry breaking via gauge mediation without requiring a separate messenger sector. By forcing the theory to be
consistent with SU~5! grand unification, the model predicts a large tanb and a massless up quark. While
respecting the experimental bounds onCP violation in theK system, the model leads to a large enhancement

of CP violation in B-B̄ mixing as well as inB decay amplitudes.@S0556-2821~99!06713-2#

PACS number~s!: 12.60.Jv, 12.60.Cn
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I. INTRODUCTION

Small dimensionless numbers in physics should hav
known dynamical origin@1#. However, nature contains
number of unexplained, seemingly fundamental small qu
tities, such as the ratio between the weak scale and
Planck scale (Mw /M p) and the ratios of known fermion
masses to the weak scale (M f /Mw). The former is subject to
large radiative corrections in the standard model~SM!. But
the hierarchyMw!M p could be explained by dynamicall
broken supersymmetry with superpartner masses near
weak scale and a superpartner spectrum which satisfies
perimental constraints on flavor changing neutral curre
~FCNC! and CP violation @2#. By contrast, the fermion
masses are protected by an approximate chiral symm
However, the SM requires tiny dimensionless parameter
reproduce the measured spectrum. These parameters
be produced dynamically by the spontaneous breaking
flavor symmetry. A complete model would successfully p
dict the entire spectrum of scalars and fermions with a
grangian that only contained coupling constants of or
unity. In this article, we present a model of supersymme
and flavor which is renormalizable and natural, and avo
excessive FCNC. All mass scales are generated dynami

*On leave from Department of Theoretical Physics, University
Oxford, U.K.
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from the fundamental scale of supersymmetry breaking.
One way of mediating supersymmetry breaking to the

servable sector is through gauge interactions@3#. In some of
the first complete models of gauge mediated supersymm
breaking~GMSB!, a new gauge group, U(1)mess, couples to
both a dynamical supersymmetry breaking~DSB! sector and
a ‘‘messenger’’ sector to which supersymmetry breaking
communicated via loop effects@4,5#. The messenger secto
consists of superfields that are vector-like with respect to
SM gauge group (Gsm) and other superfields that areGsm
singlets. At least oneGsm singlet has a non-zero vacuum
expectation value~VEV! with both scalar and auxiliary com
ponents, which in turn give supersymmetric and no
supersymmetric masses respectively to the vector-like fie
Squarks, sleptons and gauginos receive supersymm
breaking masses from loop corrections involving the mess
ger sector and SM gauge fields. The mass contributi
come from gauge interactions and are therefore flavor in
pendent. Hence, the three generations of scalars are
nearly degenerate, naturally suppressing unwanted contr
tions to FCNC. Efforts to improve this scenario have be
made in the last few years, including attempts to remove
messenger sector and allow the DSB sector to carryGsm
quantum numbers@6#.

The most successful models of flavor are based o
mechanism developed by Froggatt and Nielsen in the
1970’s @7#. In their original models, the small Yukawa cou
plings of the SM are forbidden by an additional~gauged!

f

©1999 The American Physical Society03-1



t

e
or

v
pt
de

u
na
th
o

ca

m
FN
ld
e
at

ve

ts
n
e

th

n
ug
a

th

u
s

ho
-

n-
es
ic
he
n

th
la

ice
th

x-
ting
the
en-

he

ich
ec-

ef-
s in
en
e-
d.

the
er
ef-

of
ich

he

-

rm
-

he
a

n-
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U(1)F symmetry. Quarks and leptons instead couple
Froggatt-Nielsen~FN! fields ~heavy fermions in vector-like
representations ofGsm) and scalar flavons,f (Gsm sin-
glets!. Non-zero flavon VEVs,̂ f&!MF ~whereMF is the
mass of the FN fields!, break the U(1)F and cause mixing
between the heavy and light fermions. This produc
Yukawa couplings in the low energy effective theory prop
tional to the small ratioe;^f&/MF to some powern. Here,
n depends on the charges of the relevant fermions. A cle
choice of charges can produce the correct quark and le
masses and quark mixing angles, all with couplings of or
unity.

These models of fermion masses and GMSB share a n
ber of significant features. Both make use of an additio
gauged U~1! symmetry which is spontaneously broken, bo
contain heavy vector-like quarks and leptons and both c
tain fields that are singlets underGsm. These similarities are
striking and compel one to ask if these two mechanisms
be incorporated efficiently into the same model.1 There are,
however, major differences between the two mechanis
The biggest difference comes from the fact that in the
mechanism the vector-like fields and some of the SM fie
are charged under the U~1! symmetry. If the same were tru
in GMSB, the squarks would not, in general, be degener
However, large contributions to FCNC andCP violation can
be suppressed if the first two generations of squarks are
heavy, as in ‘‘effective supersymmetry’’@10#. If the first two
generations carry U~1! charges, their scalar componen
would be heavy due to loop effects, while their fermio
masses would be suppressed. Models of this kind have b
built with the U~1! anomalies canceled at a high scale by
Green-Schwarz mechanism@9,11#.

In this article, we present a model that dynamically ge
erates both fermion and scalar masses using a single ga
U~1! which is non-anomalous. In doing so, we employ
modified version of the FN mechanism. We produce
small ratio e;^f&/MF in a similar fashion. However, the
range of small parameters comes predominantly from the
of flavons with different VEVs producing different ratios a
opposed to different powers of the same ratio. This met
requires fewer FN fields~at the cost of requiring more fla
vons!, allowing us to avoid a Landau pole inas below
MGUT. While requiring U~1! charge assignments to be co
sistent with SU~5!, we are able to cancel all gauge anomali
and we are able to find reasonable fermion mass matr
with fundamental coupling constants of order unity. T
spectrum includes a massless up quark, a viable solutio
the strongCP problem.

The paper is laid out as follows: Sec. II describes
overall design of the model, the mass spectrum of the sca
and the restrictions on the U~1! charges required for this
spectrum. Section III describes the fermion mass matr
allowed within these restrictions. Section IV describes

1These similarities were first noted by Arkani-Hamedet al. @8#. In
their article, they indicate some of the problems with identifying t
two sectors. These and other problems are addressed in this p
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contributions to FCNC and shows that they fall within e
perimental bounds. Section V describes some interes
cosmological effects of the model, and Sec. VI concludes
paper. The Appendix shows why squarks cannot be deg
erate in this approach.

II. OVERVIEW

In this section, we describe the overall structure of t
model.

A. Supersymmetry breaking

The highest scale defined in our model is the one at wh
supersymmetry breaks. This breaking occurs in the DSB s
tor at

LDSB;103–104 TeV. ~1!

This scale is generated dynamically via non-perturbative
fects. Because there are currently many types of model
which supersymmetry is known or believed to be brok
dynamically@12,13#, and because we have very few requir
ments of this sector, we will leave it largely unspecifie
However, the sector must contain a global U~1! symmetry
which can be identified with a U(1)mess gauge symmetry
that communicates supersymmetry breaking to the rest of
model. Once the DSB sector is integrated out, all low
scales will be generated dynamically through radiative
fects.

B. Flavor and the messengers of supersymmetry breaking

In order to naturally produce the small fermion masses
the SM, our model contains Froggatt-Nielsen fields wh
are in vector-like representations ofGsm. A U(1)F gauge
symmetry forbids most of the SM Yukawa couplings. T
SM fields2 f instead couple to the FN fields (F,F̄) and fla-
vons (x,f) in the superpotential~heuristically! as

W;xFF̄1f f F̄1HF f , ~2!

where H is a Higgs superfield. The scalar VEV ofx pro-
duces a mass term for the FN fields. Iff has a scalar com
ponent with a VEV such that̂f&!^x&, then the low energy
description of this theory will contain the superpotential te
;(^f&/^x&)H f f̄ ~see Fig. 1!. Thus a small coupling is pro

per.

2When referring to ‘‘SM fields’’ we mean superfields which co
tain the standard model fields and their superpartners.

FIG. 1. Source off - f̄ mixing.
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FERMION MASSES AND GAUGE MEDIATED . . . PHYSICAL REVIEW D60 055003
duced dynamically from coupling constants of order uni
Different small Yukawa couplings can be produced by fl
vons with different VEVs. The U(1)F charges are chosen s
as to produce fermion masses and mixing angles that m
those experimentally measured.3

The DSB sector will also have fields charged und
U(1)F. All other matter is assumed to couple to the DS
sector only via the U(1)F. Fields carrying this charge wil
receive contributions to their scalar masses at two loops
giving the first two generations non-zero flavor charge,
can produce the effective supersymmetry spectrum@10#. The
uncharged fields will be lighter and receive their masse
one or two loops belowLDSB ~see Sec. II D!. The large
masses of the first two generations adequately suppress
wanted contributions to FCNC andCP violation ~Sec. IV!.

C. Flavor symmetry breaking

We choose Froggatt-Nielsen fields that are vector-like
der Gsm and chiral under U(1)F. Their masses at the tre
level will be proportional to flavon VEVs which break th
flavor symmetry. This symmetry breaking is due in part to
Fayet-Iliopoulos~FI! term @15#, j2, which appears in the
U(1)F D-term:

gF
2

2 Fj21(
i

qi uc i u2G2

~3!

wheregF is the gauge coupling andqi are the U(1)F charges.
The fields c i represent all charged fields, including bo
trivial and non-trivial representations ofGsm. Provided that
( iqi vanishes, which is necessary for anomaly cancellat
the FI term only receives finite renormalization proportion
to supersymmetry breaking effects. We assume that the
damental FI term vanishes. Then the effectivej depends on
the DSB spectrum, and is generally an order of magnit
below LDSB.

At two loops, every scalar with a non-zeroqi receives a
supersymmetry breaking mass squared proportional to
charge squared@4,5#.4 Specifically, the contribution to the
effective potential ism̃2( iqi

2uc i u2, where the DSB secto

again determines the exact value ofm̃2. Its magnitude will
generally be two orders of magnitude belowj2. Thus, after
integrating out the DSB sector, the full effective potent
looks like

Ve f f5U]W

]c i
U2

1$GsmD-terms%1
gF

2

2 Fj21(
i

qi uc i u2G2

1m̃2(
i

qi
2uc i u21••• ~4!

3Our model is ‘‘notationally’’ similar but significantly differen
from another old and interesting approach to flavor by Dimopou
@14#.

4We assume there are no direct contact interactions between
DSB sector and the visible sector.
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where the ellipsis represents higher dimension supersym
try breaking terms. The U(1)F D-term has a large number o

flat directions. The parameterm̃2 comes from the DSB and
may have either sign. As we will see in Sec. II E, the squa
masses of the third generation and Higgs scalars come f

loop corrections which depend onm̃2. We find we must have

m̃2,0 to keep the squark masses positive. This choice
sign introduces runaway flat directions into Eq.~4!. These
are curbed by the higher dimensional supersymmetry bre
ing terms that we have ignored and by superpotential in
actions. We will choose a superpotential and a local m
mum that allows us to neglect the higher dimension term

How can we generate the appropriate flavon VEV hier
chy? One approach is to give VEVs only tox fields at the
tree level. Thef flavons receive VEVs at one or more loop
Assume for instance that the two flavonsx and x8 have
VEVs. The superpotential interactionxx8f gives a VEV to
the flavonf via the diagram~solid and dashed lines repre
sent fermion and scalar fields respectively!

Once f has a VEV, some other flavonf8 may receive a
VEV by means of a similar diagram if it appears in th
superpotential interactionfff8. Such a technique produce
a hierarchy of VEVs. In the above case, for instance,^f&
and ^f8& are respectively one loop and three loop facto
smaller than̂ x&.

Generating the hierarchy of VEVs requires that we ass
charges to the flavons that allow the required superpoten
interactions. It is also important to prevent any field th
transforms non-trivially under SU(5) from acquiring a VEV
Finally, additional flavons must be added to the model
order to cancel the U(1)F and U(1)F

3 anomalies. Preliminary
calculations have shown that the above approach sh
yield a viable scalar potential.

D. Mass generation: Scalars

As we have seen, all U(1)F charged scalars have mass
of at least orderm̃. Uncharged scalars receive supersymm
try breaking contributions from a number of differe
sources. Fields that transform non-trivially underGsm re-
ceive contributions from two loop diagrams in the low e
ergy theory~belowLDSB). Drawing from the results of Pop
pitz and Trivedi@16#, we find that the leading contribution t
the mass of an uncharged scalar at two loops is~up to a
group theory factor!

s

the
3-3
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munchg
2 ;N

a i
2

2p2
Dm2logS LDSB

2

mf
2 D

where N is the number of charged Froggatt-Nielsen~FN!
pairs,i denotes the relevant gauge group,mf is the fermionic
mass of the Froggatt-Nielsen fields andDm2 is of the order
of the non-holomorphic contribution to the scalar mas
~i.e. Dm2;m̃2).

The gaugino masses arise at one loop. Using again
results of@16#, we find

Mi.N
a i

4p

F

mf

where we have assumed thatF is significantly larger than
Dm2. Here^x&5M1uuF, wherex is a flavon whose VEV
gives a mass to FN fields. Thus,mf5M . These results as
sumeF,M2, which is the case for our model. In order fo
the gauginos~and in particular theW-inos! not to be too light
compared to the lightest Higgs boson, we require thatF be
within an order of magnitude ofM2 ~i.e. F/M2. 1

10 ). By
choosingm̃ to be about 20 TeV, we find that the lighte
Higgs boson has a mass near the weak scale.

Uncharged fields with direct superpotential couplings
charged fields receive scalar mass contributions from o
loop graphs containing charged fields~Fig. 2! of order

;
l

16p2
m̃2log

MIR
2

LDSB
2

, ~5!

wherel is the superpotential coupling andMIR is of order
the mass of the heaviest particle in the loops. This contri
tion is approximately an order of magnitude larger than
two-loop contribution above.

The mass of an uncharged field may also receive a c
tribution from a charged field due to U(1)F breaking if the
charged and uncharged fields both appear in the s
F-term. For example, let us assume that the superpote
containsABC1CxD whereA, B andC are uncharged andx
andD are charged. Ifx has a non-zero vacuum expectati
value~VEV!, the squared masses of the scalar componen
A andB receive a contribution proportional to the supersy
metry breaking mass of the scalar component of the cha
D field,

;
l

16p2
m̃2. ~6!

FIG. 2. One loop contribution to the mass of an uncharged s
lar, A, appearing in the superpotential termW;ABC. The fieldsB
andC have U(1)F chargesq and2q respectively.
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Moreover, if an uncharged field appears with a charged fi
in the same F-term, they may mix due to U(1)F breaking.
For example, the F-term contribution to the scalar poten
from the fieldC above isuAB1Dxu2. If both x andB have
non-zero VEVs, thenA andD would mix.

The contributions described in the preceding two pa
graphs are not flavor independent. Thus, degenerate squ
are not a feasible method of avoiding FCNC.

E. Constraints on charge assignments and couplings

In choosing a Froggatt-Nielsen sector, our desire is
leave intact perhaps the most compelling feature of the m
mal supersymmetric standard model~MSSM!, i.e. the unifi-
cation of gauge coupling constants. To preserve this res
our vector-like FN fields should come in complete SU~5!
representations. In addition, U(1)F charges should be as
signed to full multiplets. In addition to maintaining unifica
tion, this allows us to satisfy easily the standard anom
conditions as well as

Tr@Ymi
2#.0, ~7!

wheremi are scalar particle masses andY is ordinary hyper-
charge. If this equation were not satisfied, the U(1)Y D-term
would receive an unwanted Fayet-Iliopoulos term at o
loop.

It is well known that the addition of complete SU(5) mu
tiplets to the standard model does not ruin coupling cons
unification. In order for the gauge couplings to remain p
turbative from one-loop running to the grand unified theo
~GUT! scale, the following inequality must be satisfied:

3n101n5&5, ~8!

wheren10 is the number of$10,10% pairs in addition to the
standard model fields, andn5 is the number of additiona

$5̄,5% pairs. Two loop contributions to the beta functions w
modify this condition, with two loop gauge contribution
generally reducing slightly the number of additional fiel
allowed and superpotential couplings increasing t
number—we will assume that the net two-loop effects
not too important. A realistic model of fermion masses th
satisfies this condition will haven1051 and n551or 2.
Thus, the particle content of our model includes

~i! three generations of matter in SU~5! multiplets,

$10q
g ,5̄r

g%, whereg(51,2,3) is the generation index
andq and r denote U(1)F charges,

~ii ! two Higgs superfields,Hu andHd,5

~iii ! Froggatt-Nielsen fields in vector representations

SU~5!, $10d
V ,10e

V̄%, $5̄l
V ,5m

V̄%, and possibly$5̄n
V8 ,5p

V̄8%,

5The SU~5! representations of the Higgs fields are intentiona
left unspecified. We do not intend here to build a complete gra
unified theory, but we wish to allow unification to be possible in t
context of our model. We only require thatHu andHd contain the
standard Higgs doublets.

a-
3-4
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FERMION MASSES AND GAUGE MEDIATED . . . PHYSICAL REVIEW D60 055003
~iv! flavons @SU~5! singlets# which have non-zero VEVs
— some at the tree level (x), and others at one o
more loops (f), and

~v! additional fields (A,B,C, . . . ) which help produce a
‘‘cascade’’ of flavon VEVs.

Another major constraint on the charge assignments
these fields comes from the experimental limits on FC
@2#. There are different ways to constrain squark~and slep-
ton! masses in order to limit supersymmetric contributions
FCNC. One way is to make their masses degenerate,
suppressing their contribution through a supersymme
Glashow-Iliopoulos-Maiani~GIM! mechanism. Degenerac
is a natural result and thus a virtue of the original GMS
models@3–5#. In those models, squark and slepton mas
are dominated by loop corrections involving flavor-blin
Gsm couplings. However, the additional structure in o
model produces significant flavor dependent contribution
sparticle masses, destroying this degeneracy. Therefor
suppress FCNC, we instead decouple the problem by ma
the first two generations heavy@9–11#. This can be achieved
naturally by simply requiring the particles in the first tw
generations (10a

1 ,10b
2 ,5̄i

1 ,5̄j
2), to have non-zero U(1)F

charges. We do find, however, that some level of degene
must still exist between the first two generations.

The following observations impose additional constrai
on our model:

To avoid fine tuning, at least one Higgs boson must h
a mass at the weak scale. Therefore, one Higgs super
must be uncharged@under U(1)F# and must not have an
contact interactions with charged fields.

The Higgsino mass will come from am-type term in the
superpotential,

W.XHuHd. ~9!

Thus, to satisfy the previous condition, both Higgs fie
must be uncharged.

The top quark’s Yukawa coupling is of order unity an
therefore does not come from the Froggatt-Nielsen mec
nism, but from a direct coupling to the Higgs boson:

W.Hu10c
310c

3 ~10!

wherec is the flavor charge and the 3 indicates the gene
tion. We conclude thatc50 by U(1)F invariance. Note also
that c50 guarantees that theHu mass contribution is no
much larger than the weak scale.

Figure 3 summarizes the resulting spectrum.

III. FERMION MASSES

We want Yukawa coupling matrices in the low ener
effective theory that reproduce the known experimental v
ues of fermion masses and mixing angles. In order to ha
model from which the fermion masses of the SM app
naturally, we must produce the small parameters in
Yukawa matrices dynamically. We accomplish this with
modified FN mechanism and a hierarchy of flavon VEV
This section describes the allowed fermion mass matrice
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A. Framework

The masses of the fermions are generated by superpo
tial terms likeMi j c ic j , whereMi j are the scalar VEVs of
Higgs bosons or flavon superfields. To construct these su
potential terms, we apply the following guidelines:

~1! We work in the context of SU~5!. This means our
U(1)F charge assignments are consistent with SU~5!.

~2! We want the model to be natural. Any superpotent
interaction should appear with a coupling constant of or
unity.

~3! The Higgs fields are uncharged. The up-type Hig
field cannot couple directly to charged fields and the field
couples to have restricted interactions with charged fie
The third generation10 is also uncharged.

~4! The first two generations must be charged in order
avoid large FCNC~this will be shown explicitly!.

From the following arguments, we will conclude that th
FN sector must include one$10,10% pair andtwo $5,5̄% pairs.
The model predicts a massless up quark and a large valu
tanb.

The masses of up-type quarks come from the superpo
tial terms

Hu10 10 and w1010, ~11!

while those of down-type quarks and leptons come from
terms

Hd5̄10, w1010 and w5̄5. ~12!

Because of the SU~5! symmetry, the charged lepton ma
matrix will be proportional to the down quark mass matr
Deviations will derive from SU~5! breaking and will depend
on the Higgs sector of the~grand unified! model. We will
assume that this can be done such that the correct le
masses are predicted, and thus for convenience, we
speak only in terms of quark masses.

The quark content of the SU~5! multiplets are

10q
g.$ūq

g ,uq
g ,dq

g%

FIG. 3. Spectral structure of the model.
3-5
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KAPLAN, LEPEINTRE, MASIERO, NELSON, AND RIOTTO PHYSICAL REVIEW D60 055003
10q
V̄.$uq

V̄ ,ūq
V̄ ,d̄q

V̄%

5̄q
g.$d̄q

g%

5q
V̄.$dq

V̄%,

whereg(51,2,3,V) is a generation index, andq is the U(1)F
charge of the multiplet. Schematically, the tree-level m
matrices look like

ūa
1 ūb

2 ū0
3 ūd

V ūe
V̄

ua
1

ub
2 ^flav-

u0
3 ^up-Higgs& ons&

ud
V

ue
V̄ ^flavons& ^Hd&

and

d̄i
1 d̄ j

2 d̄k
3 d̄l

V (d̄n
V8) d̄e

V̄

da
1

db
2 ^flav-

d0
3 ^down-Higgs& ons&

dd
V

dm
V̄ ^flavons& ^Hu&

(dp
V̄8)

where the 6th row and 5th column of the down quark m
matrix represent the optional (5̄,5) pair. Now, following the
above mentioned guidelines on charge constraints, we
fill in these matrices.

Our strategy for avoiding large FCNC requiresa,bÞ0.
Therefore, any field that appears in one of the first two ro
of either matrix has a contact interaction with a charged fie
However, the up-type Higgs field must not interact w
U(1)F-charged particles, so the first two rows of the up m
trix will be devoid of Higgs~VEVs!. That matrix will have a
zero eigenvalue, thus predicting a massless up quark. A
ishing up quark mass is a possible solution to the strongCP
problem, as the strong phase is no longer physical and ca
rotated into the up quark field via an axial rotation. For co
plete details on the viability of a massless up quark, see@17#.

To complete the up matrix, we note that ifdÞ0, this
matrix would have two zero eigenvalues. Since we are c
fident that the charm mass is not zero, we setd50.

Also, the Froggatt-Nielsen fieldū0
V must interact withūe

V̄

through a flavonx2e to receive a masŝx2e& much greater
than the weak scale. Butū0

V must interact withHu as well if
the up matrix has only one zero eigenvalue. To avoid corr
tions to the up Higgs mass of orderm̃/4p the fields interact-
ing with ūe

V must be uncharged. That is,e50.
Assuming that all allowed couplings exist, we find th

the up matrix is completely determined and takes the for
05500
s

s

an

s
.
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be
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c-

t

Mu5

ua
1

ub
2

u0
3

u0
V

u0
V̄

ūa
1 ūb

2 ū0
3 ū0

V ū0
V̄

S 0 0 0 0 ^f2a&

0 0 0 0 ^f2b&

0 0 ^Hu& ^Hu& 0

0 0 ^Hu& ^Hu& ^x0&

^f2a& ^f2b& 0 ^x0& ^Hd&

D ,

~13!

where the fields100
3 and100

V have been rotated to remove th
~3,5! and ~5,3! entries. For generic couplings, the~4,4! and
~5,5! entries have little effect on the final results. For conv
nience, we henceforth set them to zero.6 This matrix pro-
duces the following up-type Yukawa couplings in the lo
energy theory:

ū^Hu&S 0 0 ; e1

0 0 ; e2

; e1 ; e2 ;1
D u, ~14!

where

e15
^f2a&

^x0&

e25
^f2b&

^x0&
.

The tildes represent the~order 1! couplings that have not ye
been included.

Now we shall attempt to design a down mass matrix w
only one additional$5̄,5% pair. First, to prevent a zero eigen
value, there must be at least one^Hd& entry in one of the first
two rows. However, since we wish to produce the sm
Yukawa couplings of the first two generations dynamical
we place the entry in the 4th column. To do this, we lel
52b ~choosing2a would lead to the same conclusions!.
Examining the first three columns, we see that in order
avoid a zero eigenvalue, at least two ofi, j and k must be
zero. This is in contradiction with our decoupling strate
for avoiding FCNC, hence ruling out this scenario. O
could ask if by setting alli 5 j 5k50, these squarks would
be degenerate. However~see the Appendix!, the degeneracy
is broken by large flavor-dependent contributions.

We must include two$5̄,5% pairs in the FN sector. Making
similar arguments as those above, we see our matrix is
ited to

6These couplings are relevant when dealing with the ‘‘m-term
problem.’’ For details, see our Conclusion.
3-6
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Md5

da
1

db
2

d0
3

d0
V

dm
V̄

dp
V̄8

d̄i
1 d̄ j

2 d̄0
3 d̄l

V d̄2b
V8 d̄0

V̄

S 0 0 0 ? 0 ^f2a&

0 0 0 ? ^Hd& ^f2b&

0 0 ^Hd& ? 0 0

0 0 ^Hd& ? 0 ^x0&

^f2 i 2m& ^f2 j 2m& ^f2m& ^x2 l 2m& ^fb2m& 0

^f2 i 2p& ^f2 j 2p& ^f2p& ^f2 l 2p& ^xb2p& 0

D , ~15!

where the question marks label undetermined entries. We see thatl can be either (2a) or zero, and any of the flavons in th
last two rows can be removed.

B. A Model

We now present a specific example of the above framework that yields the correct quark mass ratios and C
Kobayashi-Maskawa~CKM! angles.

If the up matrix is fixed, the down mass matrix would still allow many choices. We start by choosingl 52a ( l 50 would
work as well!. The first four entries of the fourth column ofMd are then̂ Hd&, 0, 0 and 0. We want, for simplicity, to limit the
number of flavons appearing in the matrices. Again, we can use the freedom offered by the down mass matrix. We can
one flavon from each of the first two columns — the entries~6,1! and~5,2! are taken to be 0. We also can take the entries~5,5!
and~6,4! to be 0. As for the third column one may ask if one could remove the two flavons in the entries~5,3! and~6,3! since
it would not generate a zero eigenvalue. However, in such a scenario the value ofVub comes out too small as is explaine
farther down. We take only entry~6,3! to be 0. The resultant matrices are

Mu5S 0 0 0 0 ^f2a&

0 0 0 0 ^f2b&

0 0 ^Hu& l1^H
u& 0

0 0 l1^H
u& 0 ^x0&

^f2a& ^f2b& 0 ^x0& 0

D ~16!

and

Md5S 0 0 0 m3^H
d& 0 ^f2a&

0 0 0 0 m2^H
d& ^f2b&

0 0 ^Hd& 0 0 0

0 0 m1^H
d& 0 0 ^x0&

^f2m2 i& 0 ^f2m& ^xa2m& 0 0

0 ^f2p2 j& 0 0 ^xb2p& 0

D , ~17!
at
in
where thel ’s andm ’s are coupling constants of order 1 th
cannot be absorbed by redefining the VEVs. Assum
^x&@^f& and ^x&@^Hu,d&, we can integrate out the
Froggatt-Nielsen fields, yielding the 333 fermion mass ma-
trices

M3
u5^Hu&S 0 0 l1e1

0 0 l1e2

l1e1 l1e2 1
D

and
05500
g
M3

d5^Hd&S m3e5 0 m3e31m1e1

0 m2e4 m1e2

0 0 1
D

with

e152
^f2a&

^x0&
, e252

^f2b&

^x0&

e352
^f2m&

^xa2m&
, e452

^f2p2 j&

^xb2p&
3-7



-

a

h
th

uld

if-

s.
su-
is

KAPLAN, LEPEINTRE, MASIERO, NELSON, AND RIOTTO PHYSICAL REVIEW D60 055003
e552
^f2m2 i&

^xa2m&
.

We can now see why the~5,3! entry ofMd cannot vanish.
The angleVub is equal to the inner productvu

†vb . The vector
vu is the eigenvector ofM3

uM3
u† corresponding to the eigen

value equal to the squared mass of the up quark~which is 0!
and vb is the eigenvector ofM3

dM3
d† corresponding to the

eigenvalue equal to the squared mass of the bottom qu
We have~up to some normalization factors of order 1!

vu5S 1

2
e1

e2

0

D
vb5S m1e11m3e31O~e3!

m1e21O~e3!

;1
D

wheree is of the order of thee i in the matrices. Typically,e
is less than 0.05. It follows that

Vub5m3e31O~e3!.

If e3 were 0, that is if there were no entry~5,3! in the 6
36 down matrix,Vub would be of order 1024, an order of
magnitude too small to meet the experimental range. T
short computation also applies to the general form of
down mass matrix. The5̄3 field must always interact with
one of the5V fields. The mass of the right-handed~RH!
he

th
n
In
th
w
ix
a
n

05500
rk.

is
e

bottom squark depends on this interaction. If5V is charged,
the mass of the RH bottom squark would be of orderm̃/4p.
If 5V is uncharged, the mass of the RH bottom squark wo
be at the weak scale.7

It remains to evaluate the orders of magnitude of the d
ferente i . We find

e2.Amcharm

mtop

e1.Vuse2

e4.
mstrange

mbottom

e5.
mdown

mstrange
e4

and

e3.Vub ~m12l1!e2.Vcb ~18!

which implies

m12l1.
1

2
.

IV. FCNC AND CP VIOLATION

Several new interactions may contribute toK0-K̄0 mixing
and eK , beyond the usual weak interaction contribution
These usually provide the most stringent constraints on
persymmetric models. The potentially largest contribution
from a gluino exchange box diagram
this
on

e
not

ons

o a
We wish to compute in the framework of our model t
two main contributions toK0-K̄0 mixing, namely the contri-
bution of the quarks via the usual weak interactions and
contribution from the squarks due to the strong interactio
We work with the specific model described in Sec. III B.
this example, we shall find that the squark contribution to
KS/KL mass difference is small, both because the first t
squark generations are heavy, and because the squark m
angles among the first two generations of the down sector
very small @18#. The largest supersymmetric contributio
e
s.

e
o
ing
re

comes from the left handed bottom squark. The phase of
contribution is naturally almost real, and so the contributi
to eK is sufficiently small.

To generateCP violation, there must exist at least on
complex parameter in the interaction Lagrangian that can
be made real by redefining fields. The relevant interacti

7The superpotential may contain couplings which contribute t
right-handed bottom squark mass above the weak scale.
3-8
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are listed in the up and down mass matrices~16! and ~17!.
Assuming that all coupling constants and VEVs are comp
suitable redefinitions of the fields that do not receive VE
allow us to make some of the entries in the mass matr
1.
he

nd

05500
x,
s
s

real. However, two entries cannot be made real. We
choose these to be the~3,3! and ~5,3! entries of the down
matrix. The up and down matrices are then~ignoring real
coupling constants of order 1!
Mup5S 0 0 0 0 ^f2a&

0 0 0 0 ^f2b&

0 0 ^Hu& ^Hu& 0

0 0 ^Hu& 0 ^x0&

^f2a& ^f2b& 0 ^x0& 0

D
and

Mdown5S 0 0 0 ^Hd& 0 ^f2a&

0 0 0 0 ^Hd& ^f2b&

0 0 h33̂ Hd& 0 0 0

0 0 ^Hd& 0 0 ^x0&

^f2m2 i& 0 h53̂ f2m& ^xa2m& 0 0

0 ^f2p2 j& 0 0 ^xb2p& 0

D ,
ases
ng

ark
rms

or

nt
op
whereh33 andh53 are two complex numbers of modulus
All of the other variables in the matrices are real. T

corresponding superpotential reads

WFN5Hd10a
15̄2a

V 1f2a10a
1100

V̄1f2b10b
2100

V̄1Hd10b
25̄2b

V8

1h33H
d100

35̄0
31Hd100

V5̄0
31x0100

V̄100
V1f2m2 i 5̄i

15m
V̄

1h53f2m5̄0
35m

V̄1xa2m5m
V̄ 5̄2a

V 1f2p2 j 5̄ j
25p

V̄8

1xb2p5p
V̄85̄2b

V8 1
1

2
Hu100

3100
31Hu100

3100
V . ~19!

Integrating out the heavy fields, we find the following up a
down matrices for the light fermions:

M3
u5^Hu&S 0 0 e1

0 0 e2

e1 e2 1
D

and

M3
d5^Hd&S e5 0 h53e31e1

0 e4 e2

0 0 h33
D

from which we get the CKM matrix
VCKM5S 1 2
e1

e2
2h33* h53e3

e1

e2
1 ~h33* 21!e2

~12h33!e1 ~12h33!e2 1
D .

Only the significant phases have been retained. The ph
of h33 andh53 are assumed to be of order 1. The remaini
entries have phases of order 1022 or less. Such a CKM ma-
trix yields reasonable values ofDmK andeK from the weak
interactions.

The contribution of the gluino box toK0-K̄0 mixing re-
mains to be computed. To compute this requires the squ
mass matrix. We consider tree level and one loop mass te
generated by the effective scalar potential.

We assume that all of the flavons appearing in one line
column of the mass matrices are distinct~this is automati-
cally satisfied if all the standard model fields have differe
charges!. This implies that there are no off-diagonal one-lo
corrections to the squark mass matrix of order

m̃2

16p2
logS LDSB

2

^x&2 D .

Indeed, if for examplea5b, we could havef2a5f2b . The

F-term of100
V̄ would yield the interaction
3-9
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10a
110a

2 * f2af2a*

from which we could get the one-loop scalar graph

whose supersymmetry breaking part is of the order of
above correction. The only one loop corrections to off dia
onal terms come from the supersymmetry breaking par
scalar graphs such as
to

s
RH
se
rd

s
io

f
i

tia

05500
e
-
f

Both LH squarks and RH squarks will contribute to the
processes.

We first consider the case of the LH down squarks, sin
~as we shall see! their contribution is the largest. At the tre
level, the masses of the LH down type squarks come fr
the Hermitian matrix~omitting the VEV symbol̂ & for clar-
ity!
da
1

db
2

d0
3

d0
V

dm
V̄

dp
V̄8

da
1 * db

2 * d0
3 * d0

V * dm
V̄ * dp

V̄8 *

S m̃2 f2af2b 0 f2ax0 xa2mHd 0

m̃2 0 f2bx0 0 xb2pHd

mweak
2 h33H

d 2 h33h53* f2mHd 0

x0
2 h53* f2mHd 0

xa2m
2 0

xb2p
2

D

on
r-
or-

es
EV

ms
-

t

rk-
ass
the
where we have written only the dominant contribution
each matrix element.

There are other tree level contributions to the masse
the LH down squarks since some mixing occurs with the
down squarks. However, as we note at the end of the pre
section, these terms are small and can be ignored for an o
of magnitude computation.

As mentioned above, any off-diagonal entry of the ma
matrix may receive a one-loop contribution. The correct
is of the form

1

16p2
^A&^B& logS mf ermion

2

mscalar
2 D .

The masses appearing in the logarithm are the masses o
heavier scalar particle running in the loop and of its ferm
onic partner.

Some loop corrections come from known superpoten
interactions between SU(5) and flavon fields in Eq.~19!. For
instance, from the F-terms of 50̄

3 and 5̄2a
V , we get a diagram

that mixesda
1 with d0

3

of

nt
er

s
n

the
-

l

The resulting term is

h53h33*
1

16p2
^f2m&^xa2m&

m̃2

^xa2m&2
,

wherem̃2/^x&2 comes from expanding the logarithm.
Other loop corrections may arise from terms in the flav

superpotential. Without knowing explicitly the flavon supe
potential, we cannot tell if one specific entry receives a c
rection and if so what the VEVŝA& and ^B& are. We will
assume that any off-diagonal term in the matrix receiv
such a correction with a phase of order 1 and that the V
product is of the order of̂f&^x& with ^f&/^x&.1022. This
last value is an overestimate~most likely the VEV product is
of the order of the product of twof VEVs!. For example,
assuming a flavon superpotential containing the ter
CDf2a andCD8f2b , we obtain an off-diagonal term mix
ing da

1 and db
2 . The loop correction is equal to

;(1/16p2)^D&* ^D8&m̃2/^xa2m&2. We assume tha
^D&* ^D8& is of the same order aŝf&^x&.

We may now estimate the angles at the squark-qua
gluino vertex with the quarks and squarks taken as m
eigenstates. For the LH quarks, the angles are given by
matrix that diagonalizesM3

dM3
d † :
3-10
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S 1 2~h53* e31e1!e2 h33e1

~h53e31e1!e2 1 2h33e2

2h33* e1 h33* e2 1
D

;S 1 1023 1022

1 1021

1
D .

Off-diagonal elements in the third line and column have
same order one phase. The elements~1,2! and ~2,1! have a
smaller phase of order 1021.

For the squarks, we first integrate out the heavy fields
then rotate the light squark mass matrix. Doing so, we fi
the following symmetric matrix as an estimate for the ro
tion matrix:

S 1 e1e2

^x&2

m̃2

1

16p2

^f&

^x&

1
1

16p2

^f&

^x&

1

D ;S 1 1022 1024

1 1024

1
D

where the off-diagonal elements of the third line and colu
have phases of order 1 and the entries~1,2! and~2,1! have a
phase of order 1022. The VEV ^x& is a generic value for the
VEVs of x0 , xa2m andxb2p , which we assume to be all o
the same order. The value of^x&/m̃ depends on the DSB. A
typical value iŝ x&2/m̃2510. As before,̂ f&/^x& is taken to
be 1022.

The product of the above matrices yields the matrixZLL
at the squark-quark-gluino vertices:

ZLL;S 1 1022 1022

1 1021

1
D ,

where off-diagonal elements~1,3! and ~2,3! have phases
which are of order 1 but differ by a term of order 1022. The
~1,2! angle has a phase of 1022.

The contribution of the LH squarks alone to the box d
gram is@2#

^K̄uHLLuK&5
1

3
as

2ZLL
1i * ZLL

2i ZLL
1 j * ZLL

2 j

3S 2
11

36
I 11

xg

9
I 2D 1

m̃2
mKf K

2 ,

where

I 15E
0

1`

dy
y2

~y1xi !~y1xj !~y1xg!2
05500
e

d
d
-

n

-

I 25E
0

1`

dy
y

~y1xi !~y1xj !~y1xg!2

and

xi5
mi

2

m̃2
.

The indicesi and j refer to the squarks and run from 1 to
The indexg stands for the gluino, whose mass is at the we
scale (xg.1024). ParametersmK , f K andas are theK mass,
K decay constant and strong coupling constant. We use
valuesmK5490 MeV, f K5160 MeV andas(MW)50.12.

Given the aboveZLL matrix and takingm̃.20 TeV, we
find that all contributions toDmK and eK are within the
experimental values. For instance, a LH bottom squark
massmweak gives a contribution toDmK of 10213MeV and
to eK of 1023. Other possibilities involving first or secon
generation squarks give smaller contributions.

The same computation done with the RH down qua
and squarks gives the following matrixZRR ~again neglecting
left-right mixing!:

ZRR;S 1 1024 1024

1 1023

1
D ,

where all off diagonal entries have a phase of order 1. T
matrix gives contributions toDmK and eK well below the
experimental bounds.

We now consider the mixing between LH and RH squa
and confirm that it can be neglected.

At the tree level, a mu termmHuHd generates mixing
betweend0

3 and d̄0
3 and also between the light squarks,d̄0

3,

da
1 , anddb

2 , and heavy squarks, namelyd0
V , d̄2a

V and d̄2b
V8 .

These terms come with a coefficientm^Hu&.mweak
2 and pos-

sibly a phase of order 1. They are of the same order as
loop corrections previously considered and would not cha
the order of magnitude ofZLL andZRR.

Additional mixing may occur due to the flavon superp
tential. For instance, the flavonf2b could appear in the fla-
von superpotential in a termf2bDD8. Assuming thatD and

D8 receive a VEV, a mixing term betweendb
2 and d̄0

V̄ is
generated. Its coefficient iscb5^D&* ^D8&* . Similarly, via

f2a , we discover a mixing term betweenda
1 and d̄0

V̄ could
also be generated~with coefficientca equal to a product of
flavon VEVs!. This would mean that when integrating o

d̄0
V̄ , the entry ~1,2! of ZRR would receive a contribution

cacb /^x&2m̃2. The previous analysis could be invalidated
ca andcb were large, causing contributions to FCNC andCP
violation beyond experimental bounds. We must constr
the choice of the flavon superpotential. We assume that
VEV product ^D&^D8& is of the order of^x&^f& with a
small phase (.1022) or of the order of̂ f&2 with a phase of
order 1. If so, the orders of magnitude ofZLL and ZRR are
3-11
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unchanged. These restrictions are reasonable since mof
fields do not interact directly with ax field.

With these restrictions, left-right angles remain small~of
the order of 1023 or less! except for the mixing angle be
tweend0

3 and d̄0
3 which is about 1022. The contribution to

the gluino box of left-right effects is then well below th
experimental values.

We may conclude that the framework of our model a
commodates the current experimental bounds on FCNC
CP violation for theK system. The important point in thi
analysis was to assume that there were no loop correction
off-diagonal entries given by

m̃2

16p2
logS LDSB

2

^x&2 D
which would generate angles of order 1021. With such a
correction, FCNC is still within the experimental value
However,CP violation would be much larger than the e
perimental bound if the correction came with a phase of
der 1.

This analysis is applicable to theB system. The entries in
the third column ofZLL are large and with a phase of order
and the mass of the left-handed bottom squark is at the w
scale. Therefore, the supersymmetric contribution toCP vio-
lation in B-B̄ mixing can be as large as the weak interact
contribution @19#. Also new contributions toCP violating
decay amplitudes may arise with significant departures fr
the SM predictions. As for FCNC phenomena inB physics,
the model provides sizable new contributions to the mix
and theB radiative decays, but always keeping below t
experimental results.

Another possible constraint on new sources ofCP viola-
tion comes from electric dipole moment~EDM! bounds on
the neutron and on atoms. Our model contains a massles
quark and thus there is no strongCP violation. Though there
are several new sources ofCP violation, supersymmetric
contributions to EDM’s are sufficiently suppressed due to
large mass of the first two superpartner generations.

V. SOME COSMOLOGICAL CONSIDERATIONS

Supersymmetric models, where the messenger sect
identified with the Froggatt-Nielsen sector and a single U
symmetry is used both to give large masses to the first
generations of sfermions and to generate the flavor spect
are of considerable interest@20# from the cosmological poin
of view. Indeed, this class of low energy supersymme
breaking models naturally predicts~superconducting! cosmic
strings @21#. The presence of a Fayet-Iliopoulos D-termj2

induces the spontaneous breakdown of the U(1) gauge s
metry along some field direction in the messenger sector.
us denote this field direction generically byw and its U(1)
charge byqw . In this case local cosmic strings are form
whose mass per unit length is given bym;j2 @21#. Sincej
is a few orders of magnitude larger than the weak sc
cosmic strings are not very heavy. The crucial point is t
some quark and/or the lepton superfields are charged u
05500
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the U(1) group. Let us focus on one of the sfermion fieldsf̃
with generic U(1) chargeqf , such that signqf5sgnqw . The
potential for the fieldsw and f̃ is written as

V~ f̃ ,w!5qw
2m̃2uwu21qf

2m̃2u f̃ u21
g2

2
~qwuwu21qf u f̃ u21j2!2

1lu f̃ u4, ~20!

where we have assumed, for simplicity, thatf̃ is F-flat. The
parameterl is generated from the standard model gau
group D-terms and vanishes if we takef̃ to denote a family
of fields parameterizing a D-flat direction.

At the global minimum^ f̃ &50 and the electric charge
baryon and/or the lepton numbers are conserved. The
breaking mass term for the sfermion reads

Dmf̃
2
5qf~qf2qw!m̃2, ~21!

and is positive by virtue of the hierarchyqw,qf,0 ~recall-
ing m̃2,0). Consistency with experimental bounds requir
Dmf̃

2 to be of the order of (20 TeV)2 or so, which in turn

requires j2;(4p/g2)m̃2;(102 TeV)2. Notice that Dmf̃
2

does not depend uponj2.
Let us analyze what happens in the core of the string

this region of space, the vacuum expectation value of
field vanishes,̂ uwu&50, and non-zero values of̂u f̃ u& are
energetically preferred in the string core:

^u f̃ u2&5
2m̃2qf

22g2j2qf

g2qf
212l

. ~22!

Since the vortex is cylindrically symmetric around thez axis,
the condensate will be of the formf̃ 5 f̃ 0(r ,u) eih f (z,t), where
r andu are the polar coordinate in the (x,y) plane. One can
check easily that the kinetic term forf̃ also allows a non-zero
value of f̃ in the string and therefore one expects the ex
tence of bosonic charge carriers inside the strings. The la
are, therefore, superconducting.

These superconducting cosmic strings formed at temp
tures within a few orders of magnitude of the weak sc
may generate primordial magnetic fields@21# and even give
rise to the observed baryon asymmetry@22#. Indeed, during
their evolution, the superconducting cosmic strings ca
some baryon charge. The latter is efficiently preserved fr
the sphaleron erasure and may be released in the the
bath at low temperatures. In such a case, the charge car
inside the strings are provided by the scalar superpartne
the fermions that carry baryon~lepton! number. Since these
scalar condensates are charged under SU(2)L , baryon num-
ber violating processes are frozen in the core of the stri
and the baryon charge number cannot be wiped out at t
peratures larger thanTEW;100 GeV. In other words, the
superconducting strings act like ‘‘bags’’ containing th
baryon charge and protect it from sphaleron wash-
throughout the evolution of the Universe, until baryon nu
3-12
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ber violating processes become harmless. This mechanis
efficient even if the electroweak phase transition in
MSSM is of the second order and therefore does not imp
any upper bound on the mass of the Higgs boson@22#.

VI. CONCLUSION

We have presented a renormalizable model of low ene
flavor and supersymmetry breaking in which all mass sca
are produced dynamically. A U~1! gauge group mediate
large contributions to the masses of the first two generat
of scalars, of order 20 TeV, while suppressing the masse
their fermionic partners. Excessive FCNC is successfu
avoided, in part, by decoupling the scalars of the first t
families.CP violation in the kaon system is also predicted
be within experimental bounds. We are able to produce
observed fermion masses and mixing angles while maint
ing perturbative unification of gauge coupling constants
MGUT. However, we did not explicitly construct a comple
model of flavon interactions having the correct vacuu
though we have made it plausible that one could be p
duced.

Our goal was to produce a model in which the sect
responsible for scalar masses and fermion masses cou
identified. The resulting model, as an unintended con
quence, potentially solves at least two major problems
fundamental physics. First, the model predicts a massles
quark. This is the simplest viable solution to the strongCP
problem. Second, the model predicts the existence of l
superconducting cosmic strings, which could be the sou
of the magnetic fields that are observed on the cosmolog
scale. These strings may also be responsible for the ba
asymmetry of the universe.

Our model suffers from the same ‘‘m-term’’ problem that
exists in most gauge mediated models@23#. We can naturally
generate am-term via loop corrections if we include, fo
example, the termsHu10V10V, Hd10V10V andx10V10V. At
one loop, a m-term appears with coupling constantm
;(1/16p2)F/M , where^x&5M1uuF. As pointed out by
Dvali, Pomarol and Giudice@23#, the scalar coupling
BmHuHd , also appears at one loop withBm
;(1/16p2)F2/M2;(4pm)2, which may be too large for
natural electroweak symmetry breaking. However, beca
this model naturally contains a large mass for the scalarHd ,
the weak scale Higgs VEV may still be produced natura
Otherwise, it may be possible to adopt the mechanism
Ref. @23# to suppress thisBm term, or to produce acceptab
m andBm terms via the mechanism of Ref.@25#.

As the first renormalizable and explicit example of t
effective supersymmetry@10# approach to flavor and supe
symmetry breaking, this model reproduces the success o
standard model in explaining the observed size of FCNC
absence of lepton flavor violation~LFV!. In fact this model
is surprisingly successful, as the supersymmetric contr
tions toCP violating effects inK-K̄ mixing, which even with
20 TeV squarks are potentially 100 times too large, are s
ficiently small. TheCP violating phases inBd-B̄d andBs-B̄s
mixing receive a large nonstandard contribution from le
05500
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handed bottom squark exchange. It remains to be calcul
whether any other nonstandard FCNC,CP violating, and
LFV effects are large enough to be revealed by new, m
stringent experiments@24#.
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APPENDIX: FLAVOR DEPENDENT CONTRIBUTIONS
TO UNCHARGED SQUARKS

In this appendix, we show explicitly that leaving all thre
generations of right-handed down squarks uncharged will
produce a degenerate spectrum. To see this, let us look a
matrix explicitly. Filling in the remaining entries and rotatin
fields to simplify the matrix we have

Md5

da
1

db
2

d0
3

d0
V

dm
V̄

d̄0
1 d̄0

2 d̄0
3 d̄2b

V d̄0
V̄

S 0 0 0 0 ^f2a&

0 0 0 ^Hd& ^f2b&

0 0 ^Hd& 0 0

0 ^Hd& ^Hd& 0 ^x0&

^f2m& ^f2m& ^f2m& ^xb2m& 0

D
~A1!

This matrix produces the following down-type Yukawa co
plings in the low energy theory:

d̄g^Hd&S 0 ;e1 ;e1

;e3 ;e21;e3 ;e21;e3

0 0 ;1
D

gh

dh,

~A2!

where

e35
^f2m&

^xb2m&
.

To see that, for example, the RH down squarks are not
generate, we examine the squark mass~squared! matrix. For
our purposes, we can ignore terms proportional to^Hd&
~which would be of the same order as the bottom qu
mass!. In this approximation, the relevant superpotential co
plings are
3-13
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W.(
i 51

3

l i 5̄0
i 5m

V̄f2m1lV5̄2b
V 5m

V̄xb2m1l V̄10e
V̄100

Vx0 , ~A3!

and the mass squared matrix is

S ul1u2ufu2 l1* l2ufu2 l1* l3ufu2 l1* lVf* x 0

l2* l1ufu2 ul2u2ufu2 l2* l3ufu2 l2* lVf* x 0

l3* l1ufu2 l3* l2ufu2 ul3u2ufu2 l3* lVf* x 0

lV* l1x* f lV* l2x* f lV* l3x* f ulVu2uxu2 0

0 0 0 0 ul V̄u2ux0u2

D ~A4!

where, for simplicity,f5f2m andx5xb2m . This matrix has three zero eigenvalues and two eigenvalues of order^x&2. The
three generations of squarks receive degenerate weak-scale contributions to their masses from the two loop diagra

1 of @4#. However, the FN fields receive large supersymmetry breaking contributions to their masses~of orderAm̃2). Whenm̃2

is added to the~4,4! component of the matrix, there is one less zero eigenvalue. Form̃2&j2;^x&2 and^f&!^x&, this matrix
has two eigenvalues of order^x&2, and one of order (^f&/^x&)2m̃25e3

2m̃2. In order to produce the correct mass ratios a

mixing angles without significant fine-tuning, it turns out thate3 must be of order 1022. For m̃2;(20 TeV)2, the third
eigenvalue is of order (200 GeV)2, thereby destroying the weak-scale degeneracy. A more careful analysis reveals add
flavor-dependent contributions at one loop. In fact, the only way to protect this degeneracy is to require all of the~5!
multiplets ~and hence, all flavons! to be uncharged under U(1)F, clearly a useless choice.
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