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We present a supersymmetric model of flavor. A singl&)ldauge 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 S(b) grand unification, the model predicts a large Baand a massless up quark. While
respecting the experimental bounds®R violation in theK system, the model leads to a large enhancement

of CP violation in B-B mixing as well as irB decay amplitudedS0556-282(99)06713-7

PACS numbd(s): 12.60.Jv, 12.60.Cn

[. INTRODUCTION from the fundamental scale of supersymmetry breaking.
One way of mediating supersymmetry breaking to the ob-
Small dimensionless numbers in physics should have aervable sector is through gauge interacti8is In some of
known dynamical origin[1]. However, nature contains a the first complete models of gauge mediated supersymmetry
number of unexplained, seemingly fundamental small quanbreaking(GMSB), a new gauge group, U({)ss couples to
tities, such as the ratio between the weak scale and thisoth a dynamical supersymmetry breakii@SB) sector and
Planck scale M,,/M;) and the ratios of known fermion a “messenger” sector to which supersymmetry breaking is
masses to the weak scaldl {/M,,). The former is subjectto communicated via loop effec{,5]. The messenger sector
large radiative corrections in the standard mo@). But  consists of superfields that are vector-like with respect to the
the hierarchyM,,<M, could be explained by dynamically SM gauge group Gs,) and other superfields that a&p,
broken supersymmetry with superpartner masses near thgnglets. At least onés,, singlet has a non-zero vacuum
weak scale and a superpartner spectrum which satisfies e@xpectation valu¢vEV) with both scalar and auxiliary com-
perimental constraints on flavor changing neutral currentponents, which in turn give supersymmetric and non-
(FCNO and CP violation [2]. By contrast, the fermion supersymmetric masses respectively to the vector-like fields.
masses are protected by an approximate chiral symmetrgquarks, sleptons and gauginos receive supersymmetry
However, the SM requires tiny dimensionless parameters threaking masses from loop corrections involving the messen-
reproduce the measured spectrum. These parameters cogjer sector and SM gauge fields. The mass contributions
be produced dynamically by the spontaneous breaking of aome from gauge interactions and are therefore flavor inde-
flavor symmetry. A complete model would successfully pre-pendent. Hence, the three generations of scalars are very
dict the entire spectrum of scalars and fermions with a Lanearly degenerate, naturally suppressing unwanted contribu-
grangian that only contained coupling constants of ordetions to FCNC. Efforts to improve this scenario have been
unity. In this article, we present a model of supersymmetrymade in the last few years, including attempts to remove the
and flavor which is renormalizable and natural, and avoidsnessenger sector and allow the DSB sector to c@yy,
excessive FCNC. All mass scales are generated dynamicaltyuantum numbergs].
The most successful models of flavor are based on a
mechanism developed by Froggatt and Nielsen in the late
*On leave from Department of Theoretical Physics, University of1970’s[7]. In their original models, the small Yukawa cou-
Oxford, U.K. plings of the SM are forbidden by an addition@augedl
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U(1)r symmetry. Quarks and leptons instead couple to f F F f
Froggatt-Nielser{FN) fields (heavy fermions in vector-like '

representations oG4,) and scalar flavonsg (Ggp, Sin-
glets. Non-zero flavon VEVs{¢$)<M (where M is the
mass of the FN fields break the U(1) and cause mixing ¢ H
between the heavy and light fermions. This produces X
Yukawa couplings in the low energy effective theory propor-
tional to the small ratice~(¢)/Mg to some powen. Here,

n depends on the charges of the relevant fermions. A CleV(:"(gontributions to FCNC and shows that they fall within ex-
choice of charges can produce the correct quark and IeptoE

m nd K mixing andl Il with linas of ord erimental bounds. Section V describes some interesting
uneiltsyses and qua g angies, a couplings ot orde osmological effects of the model, and Sec. VI concludes the

) aper. The Appendix shows why squarks cannot be degen-
These models of fermion masses and GMSB share a nu

- Y < rate in this approach.
ber of significant features. Both make use of an additional
gauged W1) symmetry which is spontaneously broken, both
contain heavy vector-like quarks and leptons and both con-
tain fields that are singlets undér,,,. These similarities are In this section, we describe the overall structure of the
striking and compel one to ask if these two mechanisms camodel.
be incorporated efficiently into the same motidlhere are,
however, major differences between the two mechanisms. A. Supersymmetry breaking
The biggest difference comes from the fact that in the FN
mechanism the vector-like fields and some of the SM f'eldssupersymmetry breaks. This breaking occurs in the DSB sec-
are charged under the(l symmetry. If the same were true tor at
in GMSB, the squarks would not, in general, be degenerate.
However, large contributions to FCNC af@P violation can Apsg~10°-10" TeV. (1)
be suppressed if the first two generations of squarks are very
heavy, as in “effective supersymmetry’10]. If the firsttwo  This scale is generated dynamically via non-perturbative ef-
generations carry (1) charges, their scalar components fects. Because there are currently many types of models in
would be heavy due to loop effects, while their fermionwhich supersymmetry is known or believed to be broken
masses would be suppressed. Models of this kind have beglynamically[12,13], and because we have very few require-
built with the U(1) anomalies canceled at a high scale by thements of this sector, we will leave it largely unspecified.
Green-Schwarz mechanid®,11]. However, the sector must contain a globalllJJsymmetry

In this article, we present a model that dynamically gen-which can be identified with a U(%)ss gauge symmetry

erates both fermion and scalar masses using a single gauggtht communicates supersymmetry breaking to the rest of the
U(1) which is non-anomalous. In doing so, we employ amodel. Once the DSB sector is integrated out, all lower
modified version of the FN mechanism. We produce thescales will be generated dynamically through radiative ef-
small ratio e~(¢)/Mg in a similar fashion. However, the fects.
range of small parameters comes predominantly from the use
of flavons with different VEVs producing different ratios as g Fjavor and the messengers of supersymmetry breaking

opposed to different powers of the same ratio. This method ,
requires fewer FN fieldgat the cost of requiring more fla- [N order to naturally produce the small fermion masses of
vons, allowing us to avoid a Landau pole i, below the SM, our model contains Froggatt-Nielsen fields which

Mgur. While requiring U1) charge assignments to be con- @€ in vector-like representations . A U(1)r gauge

sistent with SU5), we are able to cancel all gauge anomaliesSYmmetry forbids most of the SM Yukawa couplings. The

and we are able to find reasonable fermion mass matriceSM fields f instead couple to the FN fields (F) and fla-

with fundamental coupling constants of order unity. Thevons (x,¢) in the superpotentigheuristically as

spectrum includes a massless up quark, a viable solution to _ _

the strongCP problem. W~ xFF+ ¢fF+HFT, 2
The paper is laid out as follows: Sec. Il describes the

overall design of the model, the mass spectrum of the scala¥nereH is a Higgs superfield. The scalar VEV gf pro-
and the restrictions on the (1) charges required for this duces a mass term for the FN fields.difhas a scalar com-

spectrum. Section Il describes the fermion mass matriceBonent with a VEV such thaltg) <(x), then the low energy

allowed within these restrictions. Section IV describes thedescription of this theory will contain the superpotential term
~{d){x))Hff (see Fig. L Thus a small coupling is pro-

FIG. 1. Source oif-f_mixing.

II. OVERVIEW

The highest scale defined in our model is the one at which

These similarities were first noted by Arkani-Hanetdal.[8]. In
their article, they indicate some of the problems with identifying the ?When referring to “SM fields” we mean superfields which con-
two sectors. These and other problems are addressed in this pap&in the standard model fields and their superpartners.
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duced dynamically from coupling constants of order unity.where the ellipsis represents higher dimension supersymme-
Different small Yukawa couplings can be produced by fla-try breaking terms. The U(})D-term has a large number of
vons with different VEVs. The U(1)charges are chosen so flat directions. The paramet«?nz comes from the DSB and

as to produce fermion masses and mixing angles that mim'ﬁ'lay have either sign. As we will see in Sec. Il E, the squared

those experimentally measuréd. . . .
The DSB sector will also have fields charged undermasses of the third generation and Higgs scalars come from

U(1)e. All other matter is assumed to couple to the DSB!0Op corrections which depend omf. We find we must have
sector only via the U(1) Fields carrying this charge will m?<0 to keep the squark masses positive. This choice of
receive contributions to their scalar masses at two loops. Bgign introduces runaway flat directions into E¢). These
giving the first two generations non-zero flavor charge, weare curbed by the higher dimensional supersymmetry break-
can produce the effective supersymmetry specfli@h The  ing terms that we have ignored and by superpotential inter-
uncharged fields will be lighter and receive their masses &ctions. We will choose a superpotential and a local mini-
one or two loops below\psp (see Sec. Il The large  myum that allows us to neglect the higher dimension terms.
masses of the first two generations adequately suppress un- How can we generate the appropriate flavon VEV hierar-
wanted contributions to FCNC ar@P violation (Sec. V). chy? One approach is to give VEVs only jofields at the

tree level. Thep flavons receive VEVs at one or more loops.
_ . _ Assume for instance that the two flavogsand xy' have
We choose Froggatt-Nielsen fields that are vector-like unygvs. The superpotential interactiony’ ¢ gives a VEV to

der Gy, and chiral under U(1) Their masses at the tree the flavong via the diagram(solid and dashed lines repre-
level will be proportional to flavon VEVs which break the gant fermion and scalar fields respectively

flavor symmetry. This symmetry breaking is due in part to a
Fayet-lliopoulos(F1) term [15], €2, which appears in the
U(1)g D-term:

C. Flavor symmetry breaking

97 2
2| €+ 2 alwl® 3

wheregg is the gauge coupling argl are the U(1p charges.
The fields ¢; represent all charged fields, including both
trivial and non-trivial representations &,,,. Provided that
>q; vanishes, which is necessary for anomaly cancellation,
the FI term only receives finite renormalization proportional
to supersymmetry breaking effects. We assume that the fu
damental FI term vanishes. Then the effeciivdepends on

the DSB spectrum, and is generally an order of magnitudc‘e51 hierarchy of VEVs. In the above case, for instanag)

belX;NtADSlB' | ith _ and(¢') are respectively one loop and three loop factors
wo loops, every scalar with a non-zegp receives a (.10 thart x).

supersymmetry breaking mass squared proportional to its Generating the hierarchy of VEVs requires that we assign

charge square@4,5].4~8pecglcally, the contribution to the charges to the flavons that allow the required superpotential

effective potential ism”s;q7|y|?, where the DSB sector interactions. It is also important to prevent any field that

again determines the exact valuerof. Its magnitude will  transforms non-trivially under SU(5) from acquiring a VEV.

generally be two orders of magnitude bel@f Thus, after  Finally, additional flavons must be added to the model in

integrating out the DSB sector, the full effective potential order to cancel the U(%)and U(1} anomalies. Preliminary

looks like calculations have shown that the above approach should
yield a viable scalar potential.

Once ¢ has a VEV, some other flavo#p’ may receive a
VEV by means of a similar diagram if it appears in the
superpotential interactio¢¢’. Such a technique produces

2 2

g
Veti= +{Gs,D-termg + 7F

2
9 §2+2i Qi|¢i|2}

D. Mass generation: Scalars

_1_%22 qi2|¢i|2+ o (4) As we have seen, all U(¥)charged scalgrs have masses
[ of at least ordem. Uncharged scalars receive supersymme-
try breaking contributions from a number of different
sources. Fields that transform non-trivially und8g,, re-
30ur model is “notationally” similar but significantly different Ceive contributions from two loop diagrams in the low en-
from another old and interesting approach to flavor by Dimopoulos£gy theory(below A psg). Drawing from the results of Pop-

[14]. pitz and Trivedi16], we find that the leading contribution to
“We assume there are no direct contact interactions between tftbe mass of an uncharged scalar at two loop$ufs to a
DSB sector and the visible sector. group theory factor
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L~~~ Bg Cy . Moreover, if an uncharged field appears with a charged field
/ ) B, in the same F-term, they may mix due to UfIjreaking.

Ap N Ll Ay + Ay A For example, the F-term contribution to the scalar potential
from the fieldC above is|AB+ D y|2. If both y andB have

non-zero VEVs, thei and D would mix.
The contributions described in the preceding two para-
graphs are not flavor independent. Thus, degenerate squarks

FIG. 2. One loop contribution to the mass of an uncharged scagre not a feasible method of avoiding FCNC.
lar, A, appearing in the superpotential teWi~ ABC. The fieldsB

andC have U(1} chargesq and —g respectively. E. Constraints on charge assignments and couplings

a2 A2 In choosing a Froggatt-Nielsen sector, our desire is to

2 [ 2 DSB . . -

Minchg™ N ——Am-log > leave intact perhaps the most compelling feature of the mini-
2m f mal supersymmetric standard mod®ISSM), i.e. the unifi-

cation of gauge coupling constants. To preserve this result,

o 4 Y our vector-like FN fields should come in complete (SU
pairs,i denotes the relevant gauge groap,is the fermionic representations. In addition, U(dxharges should be as-

. . 2 .
n}ashs of thehFrloggatt-hl\_IleIsen f';ld_s afh r:s of thle order  gjgned to full multiplets. In addition to maintaining unifica-
of the non-holomorphic contribution to the scalar MasSS€¥ion, this allows us to satisfy easily the standard anomaly

where N is the number of charged Froggatt-Niels€FN)

(i.e. Am?~m?). conditions as well as
The gaugino masses arise at one loop. Using again the
results of[16], we find TIY nf]=0, (7)
M. ~N Qi i wherem; are scalar particle masses anis ordinary hyper-
: 4 my charge. If this equation were not satisfied, the W(D}term

o would receive an unwanted Fayet-lliopoulos term at one

where we have assumed thatis significantly larger than loop.
Am?. Here(x)=M + 66F, wherey is a flavon whose VEV It is well known that the addition of complete SU(5) mul-
gives a mass to FN fields. Thusy =M. These results as- tiplets to the standard model does not ruin coupling constant
sumeF <M<, which is the case for our model. In order for ynification. In order for the gauge couplings to remain per-
the gauginogand in particular th&\-inos) not to be too light  tyrbative from one-loop running to the grand unified theory
compared to the lightest Higgs boson, we require théile  (GUT) scale, the following inequality must be satisfied:
within an order of magnitude oM? (i.e. F/IM?>%). By
choosingm to be about 20 TeV, we find that the lightest 3NgtNs=<5, (8
Higgs boson has a mass near the weak scale. L

Uncharged fields with direct superpotential couplings towheren,, is the number 010,10} pairs in addition to the
charged fields receive scalar mass contributions from onestandard model fields, anas is the number of additional

loop graphs containing charged fieldsg. 2) of order {5,5} pairs. Two loop contributions to the beta functions will
2 modify this condition, with two loop gauge contributions
A m2log Mir , (5) generally reducing slightly Fhe numbgr of additiongl field;
1672 A%SB allowed and superpotential couplings increasing this
number—we will assume that the net two-loop effects are
where\ is the superpotential coupling amM,r is of order  not too important. A realistic model of fermion masses that
the mass of the heaviest particle in the loops. This contribusatisfies this condition will haver,,=1 and ng=1or 2.
tion is approximately an order of magnitude larger than theThus, the particle content of our model includes
two-loop contribution above. . . . .
The mass of an uncharged field may also receive a corl!) ~ three_generations of matter in $& multiplets,
tribution from a charged field due to U(d preaking if the {10357}, whereg(=1,2,3) is the generation index,
charged and uncharged fields both appear in the same  andqandr denote U(1) charges,
F-term. For example, let us assume that the superpotentiéi)  two Higgs superfieldsH" andH¢>
containsABC+ CyD whereA, B andC are uncharged angd (i) Froggatt-Nielsen fields in vector representations of
andD are charged. lfjy has a non-zero vacuum expectation SuUb), {1()}1/ ,EZ}, {E|v75¥1}= and possingg’ ,5:)/’},
value(VEV), the squared masses of the scalar components of
A andB receive a contribution proportional to the supersym-

metry breaking mass of the scalar component of the charge
D fie)lld 9 P g d'5The SU5) representations of the Higgs fields are intentionally

left unspecified. We do not intend here to build a complete grand

N unified theory, but we wish to allow unification to be possible in the

~ m2. (6) context of our model. We only require thit' andH? contain the
167 standard Higgs doublets.
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(iv) flavons[SU(5) singletd which have non-zero VEVs
— some at the tree levely{, and others at one or
more loops ¢), and

(v)  additional fields A,B,C, ...) which help produce a 1000 TeV |- Apsp
“cascade” of flavon VEVs.

Another major constraint on the charge assignments of 100Tev — PN

these fields comes from the experimental limits on FCNC Flavons
. P . | 1st/2nd generation scalars

[2]. There are different ways to constrain squéakd slep- 10 TeV
ton) masses in order to limit supersymmetric contributions to
FCNC. One way is to make their masses degenerate, thus 1TeV [— ard i !
suppressing their contribution through a supersymmetric rd generation sca‘ars
Glashow-lliopoulos-Maian{GIM) mechanism. Degeneracy 100Gev |- SM/Higgs/ gauginos

is a natural result and thus a virtue of the original GMSB
models[3-5]. In those models, squark and slepton masses
are dominated by loop corrections involving flavor-blind
Gsm couplings. However, the additional structure in our
model produces significant flavor dependent contributions to
sparticle masses, destroying this degeneracy. Therefore, to
suppress FCNC, we instead decouple the problem by making The masses of the fermions are generated by superpoten-
the first two generations heay9—11]. This can be achieved tial terms likeM;;#;¢;, whereM;; are the scalar VEVs of
naturally by simply requiring the particles in the first two Higgs bosons or flavon superfields. To construct these super-

generations 1051110%51512) to have non-zero U(}) Ppotential terms, we apply the following guidelines:

charges. We do find, however, that some level of degeneracy (1) We work in the context of S(5). This means our

FIG. 3. Spectral structure of the model.

A. Framework

must still exist between the first two generations. U(1)r charge assignments are consistent wit{SU _
The following observations impose additional constraints (2) We want the model to be natural. Any superpotential
on our model: interaction should appear with a coupling constant of order

To avoid fine tuning, at least one Higgs boson must haveinity. _ _ _
a mass at the weak scale. Therefore, one Higgs superfield (3) The Higgs fields are uncharged. The up-type Higgs
must be unchargeﬁjnder U(l):] and must not have any field cannot COUple directly to Charged fields and the fields it

contact interactions with charged fields. couples to have restricted interactions with charged fields.
The Higgsino mass will come from a-type term in the ~ The third generatioO is also uncharged. _
superpotential, (4) The first two generations must be charged in order to
avoid large FCNQthis will be shown explicitly.
WD XHYHY. 9 From the following arguments, we will conclude that the

FN sector must include or{e.0,10} pair andtwo {5,5} pairs.

The model predicts a massless up quark and a large value of
tanpg.

The masses of up-type quarks come from the superpoten-
| terms

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

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

WOHU1GE10? (10 HY1010 and ¢1010, (12)

wherec is the flavor charge and the 3 indicates the generawhile those of down-type quarks and leptons come from the

tion. We conclude that=0 by U(1)g invariance. Note also terms

that c=0 guarantees that thd" mass contribution is not

much larger than the weak scale. HI510, 1010 and @55. (12)
Figure 3 summarizes the resulting spectrum.

Because of the S@8) symmetry, the charged lepton mass
lll. FERMION MASSES matrix will be proportional to the down quark mass matrix.
We want Yukawa coupling matrices in the low energy Deviation_s will derive from S(b) bregl_dng and will depe_nd
on the Higgs sector of thgrand unifiedl model. We will

effective th?OW that reproduc_e _the known experimental Valassume that this can be done such that the correct lepton
ues of fermion masses and mixing angles. In order to have g . .
. . masses are predicted, and thus for convenience, we shall

model from which the fermion masses of the SM appear .
speak only in terms of quark masses.

naturally, we must produce the small parameters in the .
Yukawa matrices dynamically. We accomplish this with a The quark content of the §6) multiplets are

modified FN mechanism and a hierarchy of flavon VEVs. — 9 40
This section describes the allowed fermion mass matrices. 10343{‘1 »Ug ’dq}
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10y>{uy.uy dy) woow oW oW
o ul/ o 0 0 0 (¢d_p)
52{dg} w2l o 0 0 0 (dp)
57> {d, M“=U§ 0 0 (H) (H) o |,
Ug 0 0 (HY) (HY  (xo

whereg(=1,2,3V) is a generation index, arglis the U(1): v Hd
charge of the multiplet. Schematically, the tree-level mass (¢-a) ($0) O (x0) (H

matrices look like (13
ul u? ud uy Gg where the fieldd G} and1Q} have been rotated to remove the
N (3,5 and (5,3 entries. For generic couplings, tlé,4) and
Ua (5,5 entries have little effect on the final results. For conve-
uﬁ (flav nience, we henceforth set them to z&rGhis matrix pro-
ug (up-Higgs ons duces the following up-type Yukawa couplings in the low
u}j’ energy theory:
uY (flavons (HY
0 0 ~ €1
and _ _
uHy| O 0 Tely, (14)
¢ @ & & @ @ Teme
dl
a
d2 (flav{  where
d3 (down-Higgs ons
\%
A . . _(9-2
dv (flavonsg (H") 1=
V!
(dp)
where the 6th row and 5th column of the down quark mass €= <¢‘b>_
matrix represent the optionab,) pair. Now, following the {x0)
above mentioned guidelines on charge constraints, we can
fill in these matrices. The tildes represent th@rder 1) couplings that have not yet

Our strategy for avoiding large FCNC requirad#0.  peen included.
Therefore, any field that appears in one of the first two rows Now we shall attempt to design a down mass matrix with
of either matrix has a contact interaction with a charged fleldomy one additiona{g,s} pair. First, to prevent a zero eigen-

However, the up-type Higgs fie_ld must not interact with value, there must be at least oft¢?) entry in one of the first
U(1)e-charged particles, so the first two rows of the up ma,q s, However, since we wish to produce the small

trix W”! be devoid of Higgs(_\/EVs). That matrix will have a Yukawa couplings of the first two generations dynamically,
zero eigenvalue, thus predicting a massless up quark. A vagq place the entry in the 4th column. To do this, welet

ishing up quark mass is a possible solution to the stGRg _ —b (choosing—a would lead to the same conclusions

problem, as the strong th"?‘se is_no Iong_er phys_ical and can lE%(&lmining the first three columns, we see that in order to
rotated into the up quark field via an axial rotation. For COM-210id a zero eigenvalue, at least iwoioi and k must be

plete details on the viability of a massless up quark[$&& o, This is in contradiction with our decoupling strategy

Tc_) complete the up matrix, we note th.atd#o’ this for avoiding FCNC, hence ruling out this scenario. One
matrix would have two zero eigenvalues. Since we are con:

fid hat the ch ; e could ask if by setting all=j=k=0, these squarks would
dent that the charm m_ass IS hoiéero, w_e o be degenerate. Howevésee the Appendjx the degeneracy
Also, the Froggatt-Nielsen field, must interact withu, s broken by large flavor-dependent contributions.

through a flavony_ to r_e‘j:eive a masgy ) much greater We must include twd5,5} pairs in the FN sector. Making
than the weak scale. Buy must interact witiH" as well if  similar arguments as those above, we see our matrix is lim-
the up matrix has only one zero eigenvalue. To avoid correcited to

tions to the up Higgs mass of ordev4s the fields interact-
ing with uY must be uncharged. That is=0.

Assuming that all allowed couplings exist, we find that ®These couplings are relevant when dealing with the-térm
the up matrix is completely determined and takes the form problem.” For details, see our Conclusion.
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@ ® o® @ T @
di 0 0 0 ? 0 (d_a)
dj 0 0 0 ? (HY  (p_p)
d3 0 0 (HY) ? 0 0
Mgyl o o (H) 2 0 (x|’ s

d_Z (b iim) (b jm) (bm) (Xtm) (bom) O
dg, <¢7ifp> <¢7jfp> <¢7p> <¢Llfp> <bep> 0

where the question marks label undetermined entries. We sekdhatbe either {a) or zero, and any of the flavons in the
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 Cabibbo-
Kobayashi-Maskaw&CKM) angles.
If the up matrix is fixed, the down mass matrix would still allow many choices. We start by chdesing (I=0 would
work as wel). The first four entries of the fourth column bf? are then{fHY), 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 remove
one flavon from each of the first two columns — the entt®&4) and(5,2) are taken to be 0. We also can take the entfes
and(6,4) to be 0. As for the third column one may ask if one could remove the two flavons in the €btBeand(6,3) since
it would not generate a zero eigenvalue. However, in such a scenario the valije cdmes out too small as is explained
farther down. We take only entr§$,3) to be 0. The resultant matrices are

0 0 0 0  (¢-a)
0 0 0 0 (¢-p)
Mu=| O 0 (HY)  N(HY 0 (16)
0 0 A (HY) 0 (Xo)
(d-a) <¢—b> 0 <X0> 0
and
0 0 0 pHY) 0 (¢
0 0 0 0 ux(HY) (¢
0 0 (HY) 0 0 0
d_
M= o 0 (MY 0 0 (xo) | (1
<¢—m—i> 0 <¢—m> <Xa—m> 0 0
0 (D—p-i) 0 0 (Xb-p) 0
|
where the\’s and u's are coupling constants of order 1 that 3€s 0 W33t i€
cannot be absorbed by redefining the VEVs. Assuming 0
(x)>(¢) and (x)>(H"“9), we can integrate out the M3=(HY) K2€s H1€2
Froggatt-Nielsen fields, yielding thexa fermion mass ma- 0 0 1
trices
with
0 0 )\161
0 0 A __<¢—a> __<¢7b>
M= (H") L2 T o o
)\161 )\162 1
€am — <¢7m> ¢ :_<¢7pfj>
and  xaem ? (Xb—p)
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(_m—i) bottom squark depends on this interaction5¥fis charged,

(Xa—m) the mass of the RH bottom squark would be of ondé4r.
If 5 is uncharged, the mass of the RH bottom squark would
We can now see why th&,3) entry ofMY cannot vanish. pe at the weak scale.

€5=

The angleV,, is equal to the inner produetv,, . The vector It remains to evaluate the orders of magnitude of the dif-
v, is the eigenvector ofM4M4' corresponding to the eigen- ferente;. We find
value equal to the squared mass of the up quatkich is 0
and vy, is the eigenvector oi\/lgMgJr corresponding to the e [Meharm
eigenvalue equal to the squared mass of the bottom quark. 2 Migp
We have(up to some normalization factors of order 1
€1=Vs€
1 € = mstrange
vV, = _ﬂ 4 Mpottom
u 62
0 . Myown
> mstrange
pi€1t pzestO(€) and
V= € +O(63)
b Hac2 L €3=Vyp (L1~ N1)€2=Vp (18
which implies
wheree is of the order of thes; in the matrices. Typicallye
is less than 0.05. It follows that N = E
M1 1= 5"

Vb= p3€3+O(€).

L . IV. FCNC AND CP VIOLATION
If e; were 0, that is if there were no entf$,3 in the 6

X6 down matrix,V,, would be of order 10, an order of  Several new interactions may contributekt®-K® mixing
magnitude too small to meet the experimental range. Thignd ¢,, beyond the usual weak interaction contributions.
short computation also applies to the general form of therhese usually provide the most stringent constraints on su-
down mass matrix. Th&® field must always interact with persymmetric models. The potentially largest contribution is
one of the5' fields. The mass of the right-handéBH)  from a gluino exchange box diagram

1§

1

i
o

d,s,b
s - T — = d ] I NP d
~ ~ 1 I
g { g E a5k 1d,5,6
d = ¢ ________] L = S d [N — < S
dspb g

We wish to compute in the framework of our model the comes from the left handed bottom squark. The phase of this
two main contributions td°-K° mixing, namely the contri- contribution is naturally almost real, and so the contribution

bution of the quarks via the usual weak interactions and th&0 €k is sufficiently small.

contribution from the squarks due to the strong interactions. 10 generateCP violation, there must exist at least one
We work with the specific model described in Sec. Il B. In complex parameter in the interaction Lagrangian that cannot

this example, we shall find that the squark contribution to thé?® Made real by redefining fields. The relevant interactions

K¢/K, mass difference is small, both because the first two

squark generations are heavy, and because the squark mixing

angles among the first two generations of the down sector are’The superpotential may contain couplings which contribute to a
very small[18]. The largest supersymmetric contribution right-handed bottom squark mass above the weak scale.
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are listed in the up and down mass matri¢&6) and (17). real. However, two entries cannot be made real. We can
Assuming that all coupling constants and VEVs are complexchoose these to be th8,3) and (5,3) entries of the down
suitable redefinitions of the fields that do not receive VEVsmatrix. The up and down matrices are th@gnoring real
allow us to make some of the entries in the mass matricesoupling constants of orden 1

0 0 0 0 (4
0 0 0 0 (¢-p)
MUP— 0 0 (HYY  (HY) 0
0 0 (HY 0 (xo
(¢-a) (¢-b) 0 (X0) 0
and
0 0 0 (HY) 0 (¢-a)
0 0 0 0 (HY)  (¢-n)
0 0 73x(HY 0 0 0
MEM=1 o o (HY 0 0 (x|
(b-m-i) 0 75K ¢-m) (Xa-m) O 0
0 (b-p-p) 0 0 (xb-p) O
|
where 733 and 753 are two complex numbers of modulus 1. € .
All of th_e other variable_s in the matrices are real. The 1 - 6—2 ~ 77337753€3
corresponding superpotential reads
- = , VE= e 1 (75~ Der
Wen=H105Y  + ¢p_,10510Y + _p10P10Y + HI1085Y €2
(1=m33er (1= maz)e 1

+ 73gH 10353+ HO10Y53+ xo 10§10y + b _ ;5 5y,
+ 7753(2"—mg85>1/1+ Xafm5\r:1§Ya+ d’fpfjngSX

! ’ 1
+ Xb—pSy 5 p+ > HU105105+ H103105 . (19

Integrating out the heavy fields, we find the following up and

down matrices for the light fermions:

Only the significant phases have been retained. The phases
of 733 and 5s3 are assumed to be of order 1. The remaining
entries have phases of order £0or less. Such a CKM ma-

trix yields reasonable values afmy and ex from the weak
interactions.

The contribution of the gluino box t&°-K° mixing re-
mains to be computed. To compute this requires the squark
mass matrix. We consider tree level and one loop mass terms

0 0 & generated by the effective scalar potential.
u_quy| 0 0 e We assume that all of the flavons appearing in one line or
3=(HY column of the mass matrices are distirtttiis is automati-

€1 €) l

and

€s 0  7szezt e
e
0 733

from which we get the CKM matrix

cally satisfied if all the standard model fields have different
charges This implies that there are no off-diagonal one-loop
corrections to the squark mass matrix of order

o
(0] .
16m2 O\ (x)?

Indeed, if for example=b, we could havep_,=¢_,. The
F-term of 10 would yield the interaction
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105102 * b a0* 4

- \

from which we could get the one-loop scalar graph it S 1: jro -
\<,/
0,
1 { ) 2
_1_03_>__‘_\_<’__>.__1(_)a_ Both LH squarks and RH squarks will contribute to these

processes.

We first consider the case of the LH down squarks, since
whose supersymmetry breaking part is of the order of théas we shall seetheir contribution is the largest. At the tree
above correction. The only one loop corrections to off diaglevel, the masses of the LH down type squarks come from
onal terms come from the supersymmetry breaking part ofhe Hermitian matriXomitting the VEV symbol ) for clar-

scalar graphs such as ity)

dix a2+ a2+ v+ dz* dg’ *
di [ M d-abb O baxo  Xa-mH 0
d m 0 dopxo 0 Xo—pH*
ds Mieax  733HY2 733783 mH® 0
dy X R L
dY Xoom 0
d? Xb-p

where we have written only the dominant contribution toThe resulting term is
each matrix element.
There are other tree level contributions to the masses of
the LH down squarks since some mixing occurs with the RH Nsalas——
down squarks. However, as we note at the end of the present 162
section, these terms are small and can be ignored for an order
of magnitude computation.
As mentioned above, any off-diagonal entry of the mass
matrix may receive a one-loop contribution. The correction ~
is of the form wherem?/(x)? comes from expanding the logarithm.
Other loop corrections may arise from terms in the flavon
MZg,mi superpotential. Without knowing explicitly the flavon super-
ermion . . oge .
(A)(B)Iog( 2—) . potential, we cannot tell if one specific entry receives a cor-
scalar rection and if so what the VEV&A) and(B) are. We will
assume that any off-diagonal term in the matrix receives
. ) such a correction with a phase of order 1 and that the VEV
The masses appearing in th_e Io_garlthm are the masses Of_tB?oduct is of the order of)(x) with (#)/(x)=10"2. This
heavier scalar particle running in the loop and of its fermi-|5st yalue is an overestimatmost likely the VEV product is

onic partner. _ _ of the order of the product of twep VEVs). For example,
Some loop corrections come from known superpotentiabsgming a flavon superpotential containing the terms

interactions between SU(5) and flavon fields in Ed). For CD¢_,andCD’¢_,, we obtain an off-diagonal term mix-
instance, from the F-terms o_ﬁ':'andgfa, we get a diagram  jng d; and dﬁ. The loop correction is equal to

. 1 . 3 ~
that mixesd, with dg ~(1/167%)(D)*(D"YM?(xa-m?. We assume that

1 m?2

<¢7m><Xa7m> <Xa—_m>2 ’

1
1672

57 (D)*(D") is of the same order asp){x).
d; //>m\\ d(3) We may now estimate the angles at the squark-quark-
S e — - - gluino vertex with the quarks and squarks taken as mass
RN eigenstates. For the LH quarks, the angles are given by the
H¢ matrix that diagonalizeM$M$ ™
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1 —(niestee;  mazer | _f”’d y
(7753631 €1) €2 1 — 733€2 > Jo y(Y+Xi)(y+Xj)(y+Xg)2
— 73s€1 73362 1 and
1 103 10°? m?
N 1 10| Xi==a
1

The indices andj refer to the squarks and run from 1 to 3.

Off-diagonal elements in the third line and column have theThe Indexg stands for the gluino, whose mass is at the weak

scale &y= 10" 4). Parametersy , fx andag are theK mass,
2?}2&??%3%”;%ng?%he elemdtg) and(2,1) have a K decay constant and strong coupling constant. We use the
For the squarks, we first integrate out the heavy fields ana/alugsmK=49O MeV, fy= 16_0 MeV an(_ja{MW) =0.12.
then rotate the light squark mass matrix. Doing so, we find. Given the aboveZ,| matrix and takingm=20TeV, we
the following symmetric matrix as an estimate for the rota-find that all contributions toAmy and e, are within the

tion matrix: experimental values. For instance, a LH bottom squark of
massm,eax gives a contribution taAmy of 10 *MeV and
)2 1 (o) to e of 10" 3. Other possibilities involving first or second
1 €163 = > Toy ) 4 generation squarks give smaller contributions.
m? 167 () 1 10° 10 The same computation done with the RH down quarks
1 ()|~ 1 1074 and squarks gives the following matifg g (again neglecting
1 —_— left-right mixing):
1672 (X) 1
1 1 104 104
Zee 1 103 ,
where the off-diagonal elements of the third line and column 1

have phases of order 1 and the entfie®) and(2,1) have a
phase of order 10?. The VEV () is a generic value for the
VEVs of xq, Xa—m andyxy,_,, which we assume to be all of

the same order. The value 6f)/m depends on the DSB. A

where all off diagonal entries have a phase of order 1. This
matrix gives contributions taAmy and ex well below the
experimental bounds.

typical value is(x)?/m?=10. As before{ ¢)/(x) is taken to We now consider the mixing between LH and RH squarks
be 10°2. _ _ _ and confirm that it can be neglected.
The product of the a_bove matrices yields the maftix At the tree level, a mu termuHYHY generates mixing
at the squark-quark-gluino vertices: betweend? andd3 and also between the light squarks,
1 102 10°2 dl, andd?, and heavy squarks, namedf, d”, andd"},.
1 10! These terms come with a coefficigntH")=m?_,, and pos-
Z ~ ; sibly a phase of order 1. They are of the same order as the
1 loop corrections previously considered and would not change

the order of magnitude of; | andZgRy.

where off-diagonal elementél,3) and (2,3 have phases Additiona}I mixing may occur due to the flavo.n superpo-
which are of order 1 but differ by a term of order 0 The ~ tential. For instance, the flavop_,, could appear in the fla-

(1,2 angle has a phase of 18 von superpotential in a tergd_,DD’. Assuming thaD and
The contribution of the LH squarks alone to the box dia-D’ receive a VEV, a mixing term betweedf and dg is
gram is[2] generated. Its coefficient is,=(D)*(D’)*. Similarly, via
1 ¢ _., we discover a mixing term betweet} andag could

(K[H_|K)= §a§Zﬂ* 73 zU* 72 also be generate@ith coefficientc, equal to a product of

flavon VEVS. This would mean that when integrating out
11 x 1 dy, the entry(1,2) of Zgg would receive a contribution
- %|1+§g|2)~—2mxf2 : caCy/(x)?m?. The previous analysis could be invalidated if
m ¢, andc, were large, causing contributions to FCNC &2
violation beyond experimental bounds. We must constrain
the choice of the flavon superpotential. We assume that the
oo y2 VEV product (D)(D") is of the order of(x)(¢) with a
l,= j dy 5 small phase €10 2) or of the order of ¢)? with a phase of
0 (y+Xi)(y+x;)(y+Xg) order 1. If so, the orders of magnitude Bf, and Zgg are

X

where
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unchanged. These restrictions are reasonable since ¢nostthe U(1) group. Let us focus on one of the sfermion fiefds,
fields do not interact directly with g field. with generic U(1) charge, such that signj;=sgrg,, . The
With these restrictions, left-right angles remain sniafl potential for the fieldsy andT is written as
the order of 102 or less except for the mixing angle be-
tweend? andag which is about 10%. The contribution to ~ 2ol 12 2o g° ) 15 oo
the gluino box of left-right effects is then well below the V(f.@)=a;m*[e[*+aqim?[f[*+Z-(q,le|*+qff[*+ &)
experimental values.
We may conclude that the framework of our model ac- +)\|?|4, (20)
commodates the current experimental bounds on FCNC and
CP violation for theK system. The important point in this \here we have assumed, for simplicity, tfiais F-flat. The
analysis was to assume that there were no loop corrections [y rameter\ is generated from the standard model gauge

off-diagonal entries given by group D-terms and vanishes if we takdo denote a family

~ 5 of fields parameterizing a D-flat direction.
m log ADSB) At the global minimum(f)=0 and the electric charge,
1672 (x)? baryon and/or the lepton numbers are conserved. The soft
breaking mass term for the sfermion reads
which would generate angles of order £0 With such a -
correction, FCNC is still within the experimental values. Am%:qf(qf—qq,)mz, (21

However, CP violation would be much larger than the ex-
perimental bound if the correction came with a phase of orand is positive by virtue of the hierarchy,<q;<0 (recall-

der 1. ing m?<0). Consistency with experimental bounds requires

This analysis is applicable to th&system. The entries in Am? to be of the order of (20 TeW)or so, which in turn
the third column ofZ, | are large and with a phase of order 1 f '

and the mass of the left-handed bottom squark is at the wedduires ¢*~(4mlg?)m*~(10° TeV)®. Notice that Am?z

scale. Therefore, the supersymmetric contributioGRvio- ~ does not depend upast. . _

lation in B-B mixing can be as large as the weak interaction_ €t US analyze what happens in the core of the string. In

contribution [19]. Also new contributions tcCP violating S région of space, the vacuum expectation value of the

decay amplitudes may arise with significant departures fronfield vanishes|¢[)=0, and non-zero values dff|) are

the SM predictions. As for FCNC phenomenaBrphysics, energetically preferred in the string core:

the model provides sizable new contributions to the mixing _

and theB radiative decays, but always keeping below the i —m2q?—g2£2q;

experimental results. (I11%)= 222N
Another possible constraint on new source<Céf viola- 9°ar

tion comes from electric dipole mome(EDM) bounds on

the neutron and on atoms. Our model contains a massless <~ o~ .
. . . H i fr= 7¢(z,t)
quark and thus there is no stro violation. Though there 1€ condensate will be of the forfn=fo(r, ) &%, where

are several new sources GIP violation, supersymmetric " @nd¢ are the polar coordinate in the,f) plane. One can
contributions to EDM's are sufficiently suppressed due to theeheck easily that the kinetic term féralso allows a non-zero

(22)

Since the vortex is cylindrically symmetric around thaxis,

large mass of the first two superpartner generations. value off in the string and therefore one expects the exis-
tence of bosonic charge carriers inside the strings. The latter
V. SOME COSMOLOGICAL CONSIDERATIONS are, therefore, superconducting.

These superconducting cosmic strings formed at tempera-

Supersymmetric models, where the messenger sector iares within a few orders of magnitude of the weak scale
identified with the Froggatt-Nielsen sector and a single U(1)may generate primordial magnetic fieldsl] and even give
symmetry is used both to give large masses to the first tweoise to the observed baryon asymmet?2]. Indeed, during
generations of sfermions and to generate the flavor spectrurtheir evolution, the superconducting cosmic strings carry
are of considerable intere20] from the cosmological point some baryon charge. The latter is efficiently preserved from
of view. Indeed, this class of low energy supersymmetrythe sphaleron erasure and may be released in the thermal
breaking models naturally prediatsuperconductingcosmic  bath at low temperatures. In such a case, the charge carriers
strings[21]. The presence of a Fayet-lliopoulos D-tefh  inside the strings are provided by the scalar superpartner of
induces the spontaneous breakdown of the U(1) gauge synthe fermions that carry baryotepton number. Since these
metry along some field direction in the messenger sector. Letcalar condensates are charged under SU(Baryon num-
us denote this field direction generically kyand its U(1)  ber violating processes are frozen in the core of the strings
charge byq, . In this case local cosmic strings are formedand the baryon charge number cannot be wiped out at tem-
whose mass per unit length is given py- £2 [21]. Since& peratures larger thaig,~100 GeV. In other words, the
is a few orders of magnitude larger than the weak scalesuperconducting strings act like “bags” containing the
cosmic strings are not very heavy. The crucial point is thabaryon charge and protect it from sphaleron wash-out
some quark and/or the lepton superfields are charged und#roughout the evolution of the Universe, until baryon num-
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ber violating processes become harmless. This mechanismlimnded bottom squark exchange. It remains to be calculated
efficient even if the electroweak phase transition in thewhether any other nonstandard FCNCP violating, and
MSSM is of the second order and therefore does not imposeFV effects are large enough to be revealed by new, more
any upper bound on the mass of the Higgs bos2gj. stringent experiment24].

VI. CONCLUSION ACKNOWLEDGMENTS

This work was supported in part by Department of Energy

rant No. DE-FG03-96ER40956 and by the European Net-
work “BSM” No. FMRX CT96 0090 - CDP516055. F.L.
was supported in part by the U.S. Department of Energy

der Grant No. DOE-ER-40561. D.E.K. would like to thank

We have presented a renormalizable model of low energ
flavor and supersymmetry breaking in which all mass scale
are produced dynamically. A (@) gauge group mediates
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be within experimental bounds. We are able to produce the

observed fermion masses and mixing angles while maintain- AppeNDIX: FLAVOR DEPENDENT CONTRIBUTIONS

ing perturbative unification of gauge coupling constants at TO UNCHARGED SQUARKS

Mgut. However, we did not explicitly construct a complete

model of flavon interactions having the correct vacuum, In this appendix, we show explicitly that leaving all three

though we have made it plausible that one could be progenerations of right-handed down squarks uncharged will not

duced. produce a degenerate spectrum. To see this, let us look at the
Our goal was to produce a model in which the sectorgnatrix explicitly. Filling in the remaining entries and rotating

responsible for scalar masses and fermion masses could Belds to simplify the matrix we have

identified. The resulting model, as an unintended conse-

guence, potentially solves at least two major problems of a R ® v av
fundamental physics. First, the model predicts a massless up 1 0 0 0 -b 0
quark. This is the simplest viable solution to the str@@@ da 0 0 0 0 (¢-a)
problem. Second, the model predicts the existence of light d? 0 0 0 (HY  (p_p)
superconducting cosmic strings, which could be the source 3 d
of the magnetic fields that are observed on the cosmologicalMd: do 0 0 (H% 0 0
scale. These strings may also be responsible for the baryon dg 0 <|-|d> <Hd> 0 {x0)
asymmetry of the universe. v

Our model suffers from the sameu“term” problem that dp\ (@-m) (p-m) (¢-m) (Xb-m) 0
exists in most gauge mediated mode&8]. We can naturally (A1)

generate gu-term via loop corrections if we include, for
example, the termbi 10V10Y, H410V10” and xy10V10". At This matrix produces the following down-type Yukawa cou-
one loop, au-term appears with coupling constapt  plings in the low energy theory:
~(1/167%)FIM, where(x)=M+ 06F. As pointed out by
Dvali, Pomarol and Giudicg23], the scalar coupling, 0
B,HHy, also appears at one loop withB,
~(1/167?)F2/M?~ (47r)?, which may be too large for dUHY| ~e€ Tet e ~ete ) gn
natural electroweak symmetry breaking. However, because 0 0 ~1
this model naturally contains a large mass for the sddlar gh
the weak scale Higgs VEV may still be produced naturally. (A2)
Otherwise, it may be possible to adopt the mechanisms of
Ref.[23] to suppress thi8, term, or to produce acceptable \ypere
w andB,, terms via the mechanism of R¢R5].

As the first renormalizable and explicit example of the
effective supersymmetr10] approach to flavor and super- €ae (¢-m
symmetry breaking, this model reproduces the success of the 3 (Xb-m) "
standard model in explaining the observed size of FCNC and
?‘bsenc?‘ 9f lepton flavor violatioft.FV). In fact thig model' To see that, for example, the RH down squarks are not de-
is surprisingly successful, as tﬁe supersymmetric Cont”bugenerate, we examine the squark mé@sgiared matrix. For
tions toCP ViOlating effects inK-K miXing, which even with our purposes, we can ignore terms proportiona|<w>
20 TeV squarks are potentially 100 times too large, are sufgwhich would be of the same order as the bottom quark
ficiently small. TheCP violating phases iB4-By andBs-B;  mass. In this approximation, the relevant superpotential cou-
mixing receive a large nonstandard contribution from left-plings are

~ € ~ €
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3 P J— -
WD El Ni5oSmd— mt M5 pBmXb—m+ Av10Y10¥ xo, (A3)

and the mass squared matrix is

INPIB17 NINolol® NINg[ol® NIAve* x 0
SN P D Y o P - W P D NV Y 0
ST TE -  P I C P W P R S VY 0 (Ad)
NN o Mhax*é Ahax* ¢ [NI?[x]? 0
0 0 0 0 INUA2Lxol?

where, for simplicity,¢=¢_, andx= x,_ . This matrix has three zero eigenvalues and two eigenvalues of Q¢iferThe
three generations of squarks receive degenerate weak-scale contributions to their masses from the two loop diagrams in Fig.

1 of [4]. However, the FN fields receive large supersymmetry breaking contributions to their rafsseerym?). Whenm?
is added to theé4,4) component of the matrix, there is one less zero eigenvaluemEeré?~ ()2 and(¢)<(x), this matrix
has two eigenvalues of ordéy)?, and one of order(($)/(x))?m?=e3m?. In order to produce the correct mass ratios and

mixing angles without significant fine-tuning, it turns out that must be of order 107. For m®~ (20 TeV)?, the third
eigenvalue is of order (200 Ge¥/)thereby destroying the weak-scale degeneracy. A more careful analysis reveals additional
flavor-dependent contributions at one loop. In fact, the only way to protect this degeneracy is to require all of3he SU
multiplets (and hence, all flavongo be uncharged under U(4 )clearly a useless choice.
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