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We propose a new framework for constructing supersymmetric theories of flavor, in which flavor symmetry
breaking is triggered by the dynamical breakdown of supersymmetry at low energies. All mass scales in our
scheme are generated from the supersymmetry-breaking Agale-10" GeV through radiative corrections.

We assume a spontaneously broken flavor symmetry and the Froggatt-Nielsen mechanism for generating the
fermion Yukawa couplings. Supersymmetry breaking radiatively induces a vacuum expectation value for a
scalar field, which generates invariant masses for the Froggatt-Nielsen fieMg=al0* GeV. “Flavon”

fields ¢, which spontaneously break the flavor symmetry, naturally acquire negative squared masses due to
two-loop diagrams involving the Froggatt-Nielsen fields, and acquire vacuum expectation values of order
(@)~Mg/167%. The fermion mass hierarchy arises in our framework as a power series in the ratio
(@) Mg~1/1672. [S0556-282(96)03323-1

PACS numbdps): 12.60.Jv, 12.15.Ff

[. INTRODUCTION dimensional transmutation from nonperturbative dynamics
[2]. The messenger scale describes the softness of the super-

Two outstanding problems of particle physics both in-partner massesn which rapidly vanish at scales above
volve the origin of symmetry breaking. How does the elec-M ,oq
troweak gauge symmetry break, allowing tNé and Z Hence in supersymmetric theories there are generally four
bosons to acquire mass? And secondly, what breaks the flanass scales: two to describe supersymmetry breakig
vor symmetry of the standard model gauge interactions, alandM,,.., which lead to EWSB, and two to describe flavor
lowing the quark and leptons to also become massive? Thgnysics and FSBM g and( ). In supergravity theories, su-
mechanisms for these symmetry breakings must involve neWersymmetry breaking is transmitted to superpartners via su-
partlé:l_es ?nd interactions. lTurthtehrmoLe, _thls fne\lN ths'cgergravitational interactions, so tHt, .c= M p and A gsg iS
must involve new mass scales: the sics of electrowea] : =
symmetry breakindEWSB) must provi[()jeyan origin for the etermined to be 10 GeV. If Assg< 10" GeV, sufficient

, .~ supersymmetry breaking can be transmitted to the superpart-

weak scaléM;, and the physics of flavor symmetry breaking e s by gauge interactions, and it is this case which we study

(FSB) must involve a mass scaM. . in this paper[3,4]. In these theoriedl nese 1/(1672) A
In the standard model, the interactions of the Higgs dou- paper(3,4. mess= 1/( JAsss

can arise in perturbation theof$]. The messenger sector
blet H generate both EWSB and FSB. Although the Higgs P ] 256Ng

; S . ~“contains a set of vectorlike generatioXsand X, which ac-
sector is extremely economical it provides no understandln%uire both supersymmetry preserving and supersymmetry
for the small size of the weak scalg;1)/Mp,, nor for the <

small size of FSBm, /M. Indeed, the Yukawa couplings _breaklng MasseM mest XX ]+ Mme_SLXX]A. On integrat-
of the standard model are arbitrary, explicit, FSB parameters'9 these heavy vector generations out of _the theory,
An understanding of fermion masses would result if thesd® Standard model gauge interactions transmit the super-
small dimensionless parameters were given in terms of &MMety 2break|ng to the superpartners, giving
small ratio{¢)/M¢ [1], where{p) is the vacuum expecta- m~(1/16m")"Assg. Furthermore, renormalization group
tion value (VEV) of a flavon field which spontaneously Sc@lings induced by the large top quark Yukawa coupling,
breaks a flavor groufs; . However, such a scheme involves M- zlndgce a negative shift in the Hzlggsé mass squared:
three mass scaleét), (), andM. Ami/mi~ — 3/4m°In(Myes{300 GeV)n/m).  Since

In theories with weak scale supersymmetry, the weakm;/my=~ a3/a,, this triggers EWSB. Thut essand (H)
scale(H) is determined to be comparable to the superpartneare understood as arising fraftssg by a successive cascade
massesn which are derived from two other scales: the pri- of perturbative loop factors:
mordial supersymmetry-breaking scalgsgand the messen-
ger scaleM .s« Specific models show that it is possible to
generate supersymmetry breaking, and therefoggg, by Assg— M mess— M, (H). (1.1
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nonzerom%. With gauge mediated supersymmetry breaking,

10000 TeV Bfe‘if“?;g A sspis too small to allow such an origin fqt: the origin of
Sector M andmg is problematic. Our scheme allows a simple origin
= for both u andm3, as we will see in Section IIl.
:ﬁ)’\”’f\j\] LU, The main accomplishment of this paper is the generation
(’z of flavor mass scaleM  and(¢) in a way which is analo-
Gauge Z gous, but not identical, to the generationMf,cssand(H).
100Tev Mediation = In Sec. Il we survey the possible origins for fermion mass
g‘;::: 10Tev hierarchies in ;upersymmetric theories_, gnd find that several
Gey a!ternatlve options are not very promising. In Sec. lll we
F(pf/,/‘ o give the structure of the messenger sectdvgt..and of the
1TeV Squark Vel flavor sector atMg. We discuss the differences between
g::fgti‘:::p - these sectors, showing that they cannot be |dent_|c_al. Keeping
Hises ﬂ:;;’e‘; the group structure fo6; general, we show explicitly how
100 Gev Masses radiative corrections trigger the FSB VEWp). We also

study the EWSB sector in this framework.

FIG. 1. Schematic structure of the model. The wavy lines indi- The flavor physics scales of our framework are suffi-
cate radiative corrections due to gauge interactions, while theiently low, of order 10 TeV foMg and 100s of GeV for
dashed lines are due to superpotential interactions. (@), to be both dangerous and interesting from the viewpoint

of flavor-changing andC P-violating processes. In Sec. IV
In this paper we study whether the scales of FSB can beve study amplitudes for these processes induced by integrat-
similarly derived fromA ggg by a succession of perturbative ing out the heavy vector generatioRsand the flavon fields
loops: ¢. These rare processes provide constraints on our frame-
work which are very different from the constraints they im-
Assg—Me— (o). (1.2 pose on supergravity theorig8]. Hence the model building
choices for the groupgs¢, and for the representations of

The most successful scheme for generating fermion mass, F, andf, are governed by constraints which are summa-
hierarchies from flavor symmetry breaking VEM%), in-  rized in the conclusions, and which differ greatly from the
volves the mixing of heavy vectorlike generatios,and  supergravity case.

F, with the light generations,: [MgFF+Fef]e. The fla-

vor symmetry groupG;, prevents direct Yukawa couplings Il. FERMION MASS HIERARCHY

for the light quarks and leptorisfH]g, but these are gen- IN SUPERSYMMETRIC MODELS

erated from f-F mixing from the allowed couplings ) i i i i
[FfH+FFH]e. It is intriguing that the cascade ¢.1) for The hierarchy in fermion Yukawa couplings is one of the

major puzzles in the standard model. The only known ferm-
ion with a Yukawa coupling of order one is the top quark,
while all other fermions have Yukawa couplings that are
significantly smallet The existence of small parameters in
the standard model Lagrangian is natural in the sense of 't
Hooft: When all the Yukawa couplings are set to zero, the

standard model is invariant under a globdB\} flavor sym-

EWSB and(1.2) for FSB both require vectorlike generations
at the intermediate stage. We will argue, however, fhand

X cannot be identical. In particular, only has a large su-
persymmetry breaking magsXX],, and onlyF has direct
Yukawa couplings with ordinary mattgF ¢f ] . These dis-
tinctions, which arise becauge transforms nontrivially un-
der G; while X is trivial, result in an important difference metry. Thus, the symmetry of the theory is enhanced as the
between the last cascade(@fl) and(1.2). Inthe casél.1),  yykawa couplings are reduced. While this explains why
the last cascade is induced by standard model gauge interagm | yukawa couplings are technically natural, it sheds no
tions, and leads to positive squared masses for the_ scalﬁéht on how such small parameters arise. Thus, we would
superpartners. On the other hand, the last cascadedfis  jike to understand how a low-energy effective theory con-
induced by the Yukawa couplingis=¢f]r and produces taining small Yukawa couplings can arise when the corre-
negative squared masses fer triggering FSB. In our sponding high-energy theory involves no small parameters at
scheme, both mass scales of the EWSB sediy.sand  a|l.

(H), and both mass scales of the FSB sedibf, and (), One way of framing this problem is to assume that the
are generated via perturbative loops from the single dynamivyukawa couplings of the light fermions are forbidden at high
cal scaleA sgg, as illustrated in Fig. 1. We will see later that energies by a flavor symmet@;, which is a subgroup of
(¢)IMg=~cl(16m°), wherec represents a product of several U(3)5. The top quark Yukawa coupling may be invariant
coupling constants, so thatmay easily vary between 1/10 under the flavor symmetry. Then, the problem at hand is to
and 10. This is sufficient for constructing viable models ofynderstand whys; is broken only by a small amount. Since
the fermion Yukawa matrices, like those in R€8,7]. the flavor scale is generally much larger than the weak scale,

It is well known that theories of weak scale supersymmeiit is natural to work in the supersymmetric context. Then the
try also need mass terms which couple the two Higgs dou-

blets: u[H Hq4]e and mg[Hqu]A. In supergravity theories,
wn plausibly arises from higher ordeb terms, giving Yf tang is large, the bottom quark and tau lepton may also have
M=A§SE{MP|, and a nonzerqu leads automatically to a order 1 Yukawa couplings.
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hierarchy between the weak scale, the flavor scale, and argpontaneously, a small mixing is induced between the light

other high scales in the problem will be stable against radiagenerations and the vectorlike fields, as described in the In-

tive corrections. troduction. When the vectorlike fields are integrated out,
Supersymmetry, however, makes the task of generatingmall Yukawa couplings are generated in the low-energy ef-

small couplings a challenging one. If small Yukawa cou-fective theory, having the form

plings are not present in the original superpotential, then the

supersymmetric nonrenormalization theorem tells us that (e)\"

such couplings willneverbe generated at any order in per- (M_) ffH. 23

turbation theory. Therefore, the mechanism of flavor symme- F

try breaking must be linked either to supersymmetric nonper-

turbative effects, or to supersymmetry breaking. Three! N€ smaliness of the light fermion Yukawa couplings is a

popular schemes have been proposed for generating sm&fnseduence of a hierarchy between two scalgsMe,

Yukawa couplings in supersymmetric models: string com-WhereM¢ is the mass scale of heavy vectorlike fields, and

pactification, radiative generation, and the Froggatt-Nielse®) 1S the vacuum expectation value of a flavon field that

mechanism. Let us review these possibilities and considetPontaneously breaks; . This is the mechanism of generat-
the limitations of each: ing small Yukawa couplings that we will adopt in this paper.

I. String compactification It is possible that the small There are two important questions associated with super-

Yukawa couplings are simply present as a boundary condieYmmetric models that involve the Froggatt-Nielsen mecha-
tion due to physics at the string scale. All coupling constant81iSM- First, one may worry that the scalar mass matrices may
in string theory are supposed to be proportional to a singl&©t be sufficiently degenerate to suppress flavor-changing
string coupling constant, which is of the same order as th®'0Cesses, since the three generations couple d|ffer_ently to
gauge coupling constants, i.e., order 1. However, couplingg‘e heavy states. However, the flavor symmetry restricts the
in the superpotential depend on the compactification. In orf0rm of both the Yukawa and scalar mass matrices, and this
bifold models, if chiral fields belong to twisted sectors with ¢@n be sufficient to prevent any flavor-changing problems.
different fixed points, their superpotential couplings are sup- "€ flavor symmetry can either enforce a sufficient degen-
pressed by~ R% i the limit where the size of the compacti- eracy among the scalar states, or al|g_n the Yukawa and scalar
fied manifoldR is large[8]. In this case, small numbers arise n:azssse sm:rt(ram:c?eza attr; ?:, Z%grecsr[]ggg%g Igerlﬁgzlycﬁlrézg}spm'
as a result of the compactification. It has been pointed o : o )
that the radiuR does npot need to be much Iargepr than the ased on the Froggatt-Nielsen mech_anlsr_n, one typlcally
- - .
string scalg/9]. One possible problem with this scenario is needs ¢)/M¢=0.01-0.05; powers of this ratio appear in the
that different generations have different modular weightsOperaltors that generate the light fermion Yukawa couplings.

and the scalar masses are therefore nonuniversal. This mThus, we are lead to the second question, which is more
. ) fndamental: from where does the hierarchy)/Mg<1
lead to dangerous flavor-changing neutral current effect

[10] %riginate? This is the main issue of the paper.

. . : Nonrenormalization theorems tell us that it is impossible
Il. Radiative generationlf small Yukawa couplings are

- to generate thé)/M¢ hierarchy perturbatively in models
not already present at the string scale, one may try to gener-. .
with unbroken supersymmetry, unless the scales are put into

ate them through radiative corrections that involve the SOf{he superpotential by hand. This is exactly what we would
fﬁgilsgg?rgert;ﬁk;rt?akmig ?)Fr’;izt:rs ‘ I{;}:Cr?gﬁ\ifésogi;h'Setg_p?ike to avoid. Therefore, the only logical possibilities are that
Y G y 9 the origin of scales is either triggered ) nonperturbative

tries of the scalar mass matrices, while the fermion YUkaW%ffects or by(b) supersymmetry breakingpr both. Let us
matrices retain their flavor-symmetric form at the tree IeveI.COc%nSi der each of these possibilities:

This can be a consequence of fthe spontaneous breakdown (a) Nonperturbative effectsOne can imagine that the
the flavor group. Yukawa couplings are then generated at th?roggatt-Nielsen mass scalé- and the scalée) are gen-

higher loop level when the superpartners are integrated ouk ~ted by separate gauge groups that each become strong at

The limitation of this approach is that it is very difficult to
. , scales much lower than the Planck scale. The scale parameter
generate small Yukawa couplings for both the first and sec-

. . 200 .2

ond generation fermions, assuming the minimal particle conof €ach gauge group is given by;=M, e™®7/9%, where
tent of the supersymmetric standard moftel,12. While  §; are the gauge coupling constantshaf = Mg,/ 87 and
the small first-generation Yukawa couplings may be underbg are their function coefficients. When the model is in-
stood as radiative effects, those of the second generaticsprporated into supergravity, a condensation due to strong
must be generated by a separate mechanism. In addition, tgauge dynamics is likely to break supersymmetry. Even
models that have been proposed require a special mechanigiiien the strongly interacting groups do not couple directly
to ensure separate muon number conservation in the leptda the fields in the minimal supersymmetric standard model
sector to evade the tight constraints fram-evy. (MSSM), their scales have to be smaller than

Ill. Froggatt-Nielsen mechanisniThe Froggatt-Nielsen A;=<(myM2)¥*=10'® GeV. Thus, a small ratio in scales
mechanisn{1] is perhaps the most popular mechanism forA,/A,~0.01-0.05 requires a special arrangement in the
generating small Yukawa couplings. Fields of the first andparticle content and a mild fine-tuning in the initial gauge
second generations have no direct Yukawa couplings to theouplings of both gauge groups. The tuning becomes more
Higgs bosons, as a consequence of a flavor symmetry. Gand more severe as one considers lower scales fah the
the other hand, heavy vectorlike fields couple to the Higgs (b) Supersymmetry breakin@he other possibility is to
fields withO(1) strength. When the flavor symmetry breaksuse soft supersymmetry breaking parameters to generate the
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scales(¢) and M. We discuss two cases separately. Theonly one scale from which we needed to generate two, low-
first possibility is that supersymmetry breaking occurs in theenergy supersymmetry breaking mediated by renormalizable
hidden sector, and all soft supersymmetry breaking terms ar@teractions tends to produce a multitude of scales. Since
generated at the Planck scale, at the same order of magrsiupersymmetry breaking is mediated to the MSSM fields, or
tude. The other possibility is that supersymmetry breakingo any other fields in the theory, via renormalizable interac-
occurs at low energy-10’ GeV, and is transmitted to the tions, the effects are not always transmitted at the same order
MSSM fields via renormalizable interactions. in perturbation theory. Thus, it is natural to obtain many

The hidden sector case suffers from naturalness problentifferent mass scales separated from each other by powers of
similar to those that we encountered earlier. The basic diffil/(16m?).
culty is that there is only one scale in the problem from This observation suggests an intriguing scenario: Super-
which we would like to generate two scales. If all massSymmetry is broken at a scalesgg~ 10’ GeV. This scale is
scales are generated by supersymmetry breaking with a gdetermined by dimensional transmutation, and is not directly
neric superpotential, they will all be of order the weak scalejnput into the theory. Supersymmetry breaking is mediated
with no hierarchy among them. Therefore, one needs to relyia renormalizable interactions to all other fields in the
on flat directions of the superpotential to generate scaletheory. This occurs at varying order in perturbation theory,
much higher than the weak scale. One may try to be ecoproducing a hierarchy of scales, of the form
nomical by identifyingMg with M, (or Mgy and then (1/167%)"A2gg. Thus, the small flavor symmetry breaking
hope to generatép)~10 M, . A difficulty with this idea  parameters described earlier are identified with the ratio of
is that one needs to forbid higher dimension operators in theome of these scales. Notice that the rangefM¢ that is
superpotential of the fornp"*3/MJ , up ton=7 in order required by the Froggatt-Nielsen mechanism0.01-0.05,
that (@) not be pushed down to lower scales. If the flavorcorresponds to a loop factor (%#4or 1/1677) times an order
symmetry isZy, then one needs a relatively lartye=10. If ~ one coefficient. In this framework, all coupling constants in
the flavor symmetry is continuous, it needs to be gauged or the superpotential can be of order 1, and all mass scales
will be violated by Planck scale effects. If it is a gaugedU  generated from a single scale, the scale at which supersym-
symmetry, we always require fields with positive and negaimetry is broken.
tive charges to cancel the anomaly. As a result, it is likely In the rest of the paper we show how our framework may
that there will be higher dimension operators allowed by thebe implemented. We focus on the generic structure of our
gauge symmetry that reduc¢e). This statement trivially ex- framework and demonstrate that it is phenomenologically
tends to non-Abelian gauge symmetries as well. Therefore, ¥iable. We do not go into a detailed discussion of particular
gauged flavor symmetry had better be anomalous, with thfavor symmetries. Our framework is compatible with a va-
anomaly cancelled by the Green-Schwarz mechanism. Thigety of explicit flavor models that are described in the litera-
possibility has been studied by many authors, who have foture, including U(1§ [16,6, A(75) [17], and (S3)°
cused on obtaining the correct %, =3/8 from the anomaly [18,7,19.
cancellation conditiof14]. In general, however, this sce-
nario leads to nondegenerate scalar masses becausélthe U ll. FRAMEWORK
charge assignments are generation deperjd&htlf there is
quark-squark alignmenii.6], then scalar nondegeneracy may The overall structure of our model is summarized sche-
not lead to dangerous flavor changing effects. However, wéhatically in Fig. 1. Supersymmetry is broken at the scale
are not aware of any models in which alignment is achieved\sss, and communicated to both the gauge-mediat®i)
using the same (1) whose anomalies are canceled by theand flavor sectors via two-loop diagrams. We assume that
Green-Schwartz mechanism. It remains to be seen whetherdifferent U(1) gauge interactions act as the messengers of
model of this type can be constructed. supersymmetry breaking to each of these sectors. Thus, the

The obvious way to avoid the problems with higher di-GM and flavor mass scales are given by
mension operators is to lower the scalesvf and(¢). The  Agu~0n Assg16m® and Aga,~gnAssg16m?, where g/,
potential along a flat direction is given y?(¢)|¢|2 where — andg,, are the messenger(l) gauge couplingé.The ordi-
m?(¢) is the effective supersymmetry breaking squaredhary superparticles and the flavor symmetry breaking fields
mass which satisfies the renormalization group equation. The communicate with the supersymmetry breaking sector
minimum of the potential is generated around the scaleéhrough four-loop diagrams, and develop masses of order
wherem?() crosses zero. In this way, one can easily obtaing/?A ssg/(1672)? and g2 A sss/(1672)2, respectively. The
the invariant masdM of the vectorlike Froggatt-Nielsen ordinary Higgs fieldH develop masses comparable to those
fields such thaM<Mp,; then higher dimension operators of f for the choiceg/,>g,, that we assume below.
become completely irrelevant. Once the sddlg is gener-
ated, the vectorlike fields decouple from the renormalization
group equation of the flavon mass squared. Therefore the
running of the flavon mass squared is slowed, and it crosses The requirement that we generate TeV scale masses for
zero at a much lower scale, which is likely to be much lesghe ordinary superparticles fixe'sgy at approximately 100
than one hundreth d¥1-. To obtain{¢)/M~0.01 requires TeV. This is consistent with a supersymmetry breaking scale
the model to be very carefully arranged.

Models with low-energy supersymmetry breaking do not
suffer from the difficulties discussed above. While super- 2Ag, and Ag,, also depend on couplings in the supersymmetry-
symmetry breaking in the hidden sector presented us withreaking sector which we have omitted for simplicity.

A. Constraints on the flavor sector
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A ssg=10 000 TeV. On the other hand, we choose the flavor L[ (@)
scale to be somewhat loweh,;,,~10 TeV, so that we do —B M=o
not generate negative squared masses for the Higgs fields
that are too largesee Sec. IIIE In addition, this choice The fact that the lightest eigenvalue is negative is not a prob-
reduces flavor changing neutrall current effects that originatg, by itself, since there are larger positive contributions to
from the supersymmetry-breaking masses of the Froggatihe squared masses from the gauge-mediation diagrams in
Nielsen(FN) fields (see Sec. IllG The difference between he gayge mediation sector of the model, as we will see later.
the GM and flavor scales can be obtained by c,hoosmg theiowever, the contribution in Eq3.4) is flavor dependent
messenger U) gauge couplings such tha@y,/g,~1/3,  and can lead to large flavor changing neutral current effects.
which does not constitute a significant fine-tung/ith the  The simplest way of avoiding these difficulties is to construct
order a few hundred GeV. We will show in Sec. IV that the that the effect of Eq(3.4) is phenomenologically irrelevaft.
possibility of flavon fields with masses in the few hundred Thys, we choose to build a model in which the messenger
GeV range is not excluded by the current phenomenologicadector for generating the FN mass scale has some mechanism
constraints. . of protecting thea field from acquiring arF component, at
In order to generate the flavor scale in the way suggestefdast at tree level. The situation is quite different in the gauge
above, we must first address some immediate phenomengegiation sector, where the field analogousatenust ac-
whose vacuum expectation val(¢EV) generates the mass cqrrect nonsupersymmetric spectrum of vectorlike stigs
of the FN fields. Consider the superpotential couplings  Thys, in addition to a differing sequence of mass scales, the
_ _— — two branches of Fig. 1 are distinguished by the properties of
W=aaFF+ gFef, (3.1 the field that couples to the vectorlike multiplets; thus, the

h — fiel . f . GM and flavor sectors cannot be identified. We will see this
whereF and F are FN fields,¢ is a flavon, andf is an oy jicitly in the model that we present below.

ordinary matter field. The first term determines the FN mass

scaleMr= a(a), while the second term generates the de- )

sired mixing between the ordinary fields and the heavy FN B. The supersymmetry breaking sector

fields beneath the flavor-symmetry-breaking scale. Since we We assume that supersymmetry is broken in a sector of
assume that the VEV d is a consequence of supersymme-the model that is nearly isolated from all other sectors. The
try breaking, we expect that the auxiliary componentaof only communication between fields in the supersymmetry

2
F) (Fo)2IM2Z., (3.4

will also be nonvanishing, and in general, breaking sector and the remaining fields in the theory is
) through the two messenger(1) gauge interactions. Fields
(Fa)~(a)~. 3.2 & that carry either of the messenger charges can communi-

) . cate with the supersymmetry breaking sector through two-
Now consider the scalar mass squared matrix for the ordiggp diagrams. When supersymmetry is broken ghdields
nary and the FN fields. 1a has a nonvanishing compo-  can acquire supersymmetry breaking masses. In some mod-
nent, then there2 will be a scal&-term of the formFF of  els of dynamical supersymmetry breaking, like the(&U
order a(F )~M¢ From Eq.(3.1), the scalar mass squared x U(1) model discussed in RefE5,20], it is known that the

matrix is then given by ¢ fields can acquire negative squared masses after supersym-
) metry is broken. Although our framework involves two mes-
Mg a(Fy) 0 senger 1) gauge groups, we assume that the same is pos-
E M2 M 3.3 sible here. We view this as a mild restriction on the types of
«({Fa) F A 5 a (P2> @3 model that can serve as an adequate supersymmetry breaking
0 BMe(@)  BH®) sector. Note that there are many models of dynamical super-

_ symmetry breaking that contain two nonanomaloy$) gac-
in the basis £* ,F,f). In the case wher@F,)=0, the matrix  tors that can be gauged. Examples include th¢dBbhodel
(3.3) has one zero eigenvaliieorresponding to the physical
squarks or sleptofns and two eigenvalues of ordeME.
WhenF, is nonvanishing, the zero eigenvalue is shifted to “f the squarks have masses around 1 TeV, then flavor-changing
neutral currentFCNC) effects in the quark sector due to E§.4)
may not necessarily be fatal. For example, in an explicit model of
SWhile we have introduced two messengefllUgauge groups to  flavor with (¢)/Mg~1x1072, the (1,2 elements of the squark
obtain different flavor and GM mass scales, the gauge structure ohass squared matrices will be of the or&'ﬁgm2~o.01, assuming
our model has an additional benefit. If there were only ori@) U that F,~(a)2= (10 TeV)2. This is in borderline agreement with
gauge interaction coupling to the two otherwise disconnected sedhe current experimental bounds. The real problem arises is the
tors of the model, we would be left with an extra Nambu-Goldstonelepton sector, where the right-handed sleptons are a factor of 7
boson after symmetry breakdown. While it is not clear whetherlighter than the squarks. Lepton flavor violation will be present at
such a massless scalar boson would do any harm phenomenologin unacceptable level unless a separate FN sector is constructed for
cally, we have chosen to avoid this situation completely: thethe leptons that preserves electron or muon number. The solution
Nambu-Goldstone boson is absorbed by the additiorid) Jauge  presented in the text does not place additional restrictions on the
field. flavor structure of the model.
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with an antisymmetric tensor and five antifundamenfdls  where theg; are standard model gauge couplings, and the
and the SW2) model with four doublets and six single®&1]. CasimirCg is 3/4 for SU2) doublets, 4/3 for S(B) triplets,
Both of these models possess large global symmdi®Bg)  and (3/5)Y? for fields with ordinary hypercharg€. For our

or SU4)] that contain a nonanomalous (YXU(1)  choice Agy=(Fg)/{S;)=100 TeV, we obtain the squark
subgroup’, It is reasonable to assume that in some of thes%nd slepton maslséat 100 TeV

models, there are regions of parameter space in which it is ’

possible to generate negative squared masses for fields ch— ~ a T

u e
rying either of the messenger(l) charges. This point will
be assumed in the next two subsections. 1140 1100 1100 350 150
C. Gauge mediation sector and the gaugino masséat 1 TeV)
We first consider the sector of the theory that generateg W 6]
the gauge mediation mass scale, following the work of Dineg 3q 270 930

Nelson, Nir, and Shirmaf20]. The superpotential for this

sector is given by in GeV. Notice that gauge-mediation renders the squarks and

/ gluinos heaviest, with masses around 1 TeV.

)\,1 ,3 ’ ,_ . . .

—S3+ a)SXX, (3.5 It is important to point out that there are a number of
3 problems with the messenger superpotential in &05).”

First, the couplingh; must satisfyh;3<2\;g/.2,8 so that the

whereX andX are vectorlike fields that carry standard model ..\ vanishes at the minimum of the above potential, Sec-

quanLum ngmbgrs,tﬁnﬁl Is a gauge singlet. Théthfutalds ond, the couplind; must be also smaller thar] so that the
are charged under the messengét@auge group that con- gesired vacuum withS)#0 is a local minimum. This is in

nects the superpotential above to the supersymmetry break: : ; . :

ing sector of the theory. To prevent the fields in E8.5) a',sf %r(i%rie;,t)gw th , cl?;m ;\:(;je '?Olggnﬂ]étlhe eri?:I::se
from coupling to fields in the flavor sector, we will impose a "1 Ié 1 il l; | L ':h e 2p dth ' |

Z5 “sector symmetry” under which all the GM sector fields a Si> will be larger than 1(S;))", and the scalar mass

transform by the phase? ™3.° Then(3.5) includes the most squared matrix for th&X and X fields will have a negative
general renormalizable interactions consistent with the symeigenvalue. This would imply that the standard model gauge
metries of the theory. The two-loop diagrams described irgroup is broken at the 100 TeV scale. Therefore, we need
Sec. IIIB contribute to the, and ¢ masses after super- h;<aj\i/(\;+a;). Even in this region, there is still a glo-
symmetry is broken. Thus, in addition to the superpotentiabal minimum of the potential where the standard model
given above, we assume there are soft supersymmetrgrauge group is broken. To see this, notice that in the super-
breaking masses symmetric limit there is a flat direction in whicB;=0,

& =¢, X=X, andhi €l & = a1 XX. Along this direction,

the potential becomes increasingly negative until the nega-
tive mass squared for thg fields —m’? disappears beyond
&'~ Aggp. For larger values ot’, the potential becomes
flat with V= —m’2A 2z, which is much lower than the local
minimum, whereV=—m’'#. In order to avoid this problem,

it seems that the gauge mediation sector must be modified.
One obvious solution is to introduce another singlet field
CS; with the the additional superpotential couplings

W=—hig ¢ S+

V=—mFg 2o mel 2 (36

With A gsg~10000 TeV, we expect thg, massesn’ to be
of order (a;/4m)Assg~100 TeV, wherey4ma=g;, is the
relevant messenger (1) gauge coupling. The negative
squared masses for t§é¢ generate nonvanishing VEVs for
both the scalar ané components of5;, of orderm’ and
m'’? respectively. This leads to a nonsupersymmetric spe
trum for the fields< andX, which can communicate with the

ordinary fieldsf via standard model gauge interactions. NS 5 _
If the X andX form a5 and5 of SU(5), then the ordinary AW=—hz¢" ¢. Sy+ 335 +a;$HXX
gaugino and squark masses are giver %y
+ (81, S; couplings. (3.9
g7 (Fs)
Mi=1672 sy (3.7 Unlesshy/ay=h]/a), there is no longer a flat direction. The
! desired vacuum can be a global minimum in a certain range
2 \2(Fg)2 of parameters as discussed_ above. The precise conditions_ on
'rﬁz:E ZC(”(iz) L (3.9 the parameters are complicated and not worth presenting
i Fl16m*) (s))?’ here. It should be stressed that the details of the gauge me-

diation sector are irrelevant to the flavor sector presented in

%In addition, Fayet-llliopoulo® terms are not generated in these
models because of unbroken discrete symmef&6§ "Shortly after our original preprint similar observations were
Swithout this symmetry, the singl&; above could also couple to made independently in Ref22].
the FN fields. Then we would not be able to avoid the phenomeno- 8We thank the authors of R€f22] for pointing out that our origi-
logical disasters described in Sec. Il A. nal boundh;<g was not necessary.
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the next subsection. Thus, any workable alternative to Egtake the\ to be larger than thi/ so thatS; andS; fields
(3.5 can be adopted without altering the conclusions of thisjo acquire VEVs, whilex and X do not.

paper. To study the scalar potential of the theory, it is convenient
to work with the redefined superpotential couplings
D. The flavor sector

As we described in Sec. Il A, the field that determines the W=hé, & y+9é, & n—ralp++ ﬁX3+ Kox27

FN mass scaleg, must have nd- component at tree level. If 3

a self-coupling termva® were present in the superpotential, K

then we would expect the f_ield to acquire arF component + Koy 2+ -4 7, (3.13

F,=3\a?#0 whena acquires a VEV. Therefore, we will 3

begin by imposing &, symmetry under which tha field is ] o

odd. In the superpotential that we present below, this will bévhere x and » are linear combinations &, andS,. h, g,

sufficient to prevent, from acquiring a VEV at lowest andk; (i=1,2,3,4) are coupling constants of the redefined

order in perturbation theory. fields. Using suitable phase rotations of fields, we can take
Since we would like to genera(a> from Supersymmetry h, g and\ I’ea.l| and pOSitiVe W|th0ut a loss of generality. The

breaking, the fieldx must couple, at least indirectly, to fields Scalar potential of the theory is given by

that are charged under the messengét)UThe simplest

= 2 2|12 2
renormalizable superpotential that generates a VE\afe V=[hé, € +kix®+2kox n+kan®[“+ &4 (hx +g7)|
Ay +|E_(hx+an)|®+|gé - —Na+kox?
W:h1§+§781—glsla2+?s3, (3.10 ,

g
+2kax 7+ kg n? 2+ [20an|P+ (1€ P 1E )2
where theé. andS; fields are even under th&,, and we

allow no dimensionful couplings. As before, we assume that —m?| &, |2—mPE |2 (3.14
the ¢ fields develop negative squared masses when super-
symmetry is broken: For simplicity, we assumg,,>h. Then the potential is mini-

mized when the messengef1y D-term contribution to the
potential is minimized{¢,)=(¢_).° In some region of pa-
wherem is of order (u,/4m)Assg~10 TeV. Thus, thet. rameter space, the rest of the potential is minimized when
fields acquire VEVS(&,)=(£_)=(&) which are of order (7=(x)=0, and

m. Given these VEVs, th&, field develops a masis;(¢).

As long as A ;<h;, S; remains at the origin, while :E\ﬁ :E 1
F51=h1<§>2¢0. Since Fg #0, the scalar §,a*) mass (@ h VA" and(¢..) h™ (319

squared matrix develops a negative eigenvalue, auigen ) )
obtains a VEV. HoweverS, does not have a VEV in this It is straightforward to check that thé components of,
parameter range, 90, exactly vanishes, as desired. ., &, andy vanish at this minimumy develops arF
Unfortunately, this simple superpotential has the sam&omponentF,=m?/h. Of course, there are corrections to
problem that we encountered with the first superpotentiafhese results that are suppressed by loop factors. For ex-
presented in Sec. IIIC: there is a flat direction where@mple, we expect supersymmetry breaking to generate soft
h,é,é_=g,a% As a consequence of the negative squaredf"'near terms in addition to the squared masses qutl_ae
masses of the . fields, the potential has a running-away fields. Since these terms appear at the same order in the loop
behavior along the flat direction, and thus we expect thagXpansion as tgfx masses, they will have coefficients
(&) will be at least of orden sgg. To eliminate the unwanted A=~Assg/(167)%, which implies thatA/m~1/(1677). In

flat direction, we introduce a new fiel@,, with the follow-  this case, we find that a nonvanishifigcomponent ofa is
ing superpotential interactions: indeed generated. However, it is more than adequately sup-

pressed{F,)~(a)?/(1672).
, N2 g i Given these VEVs, we can now study the effects of su-
AW=h;£.¢-5,—0,Sa"+ 5 S+ (S, S; couplings. persymmetry breaking on the scalar and fermion spectra of
(3.12  our model. Only the fields that mix wita are relevant to the
generation of flavon masses, as we will see below. It is
Again, all the fields above are even under Byesymmetry,  straightforward to show that the scalar and fermion masses
except fora. The coupling«aFF generates the desired matrices are two-by-two block diagonal in the basfsa(y,
masses of the FN fields, without the bilinear supersymmetry;, £’), where &=(&,+&_)/\2 and &' =(&,—&.)1V2.
breaking mass terms. Notice that the superpotential in thgince¢ is the only field that mixes witla, we focus on the
flavor sector is actually identical to the one in the gauge(¢,a) submatrices. In this basis, the mass squared matrices
mediation sector providing we make the identificationfor the real and imaginary scalar components are given by
XX«—a?. The only difference between these sectors is the
allowed range of the superpotential couplings. In the flavor————
sector we take thie; to be smaller than thie;, so thatS,; and %If gm<h, the potential preferé¢, )+ (&£_) and develops a dif-
S, will not develop VEVs. In the gauge-mediation sector, weferent minimum.

V=—m?£, [2-m?|&_|?, (3.1)
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, | 2h?+29> —2gy2ng|m? 5 o
M:= — A EEASN ‘
' —2gvV2)Ng 49\ h? (310 ) a .'/ 3 ® \‘>-<"I
and P P
co---ﬁ\ ,LF----fp Pt @
29> -2g\2\g], 2 ¥
2_ N
Mi=| —2gv2rg 4gn |2 (3.17 © O §
a7
1 1
while the squared mass matrix for the fermionic components a7 7/ "5
is N A R @“'—---(p

2h2+2g% —2g\2\g m2
2_
Mi=| — 2g9v2\g 4g\ hZ- (3.18 FIG. 2. Two-loop Feynman diagrams that generate the negative
squared flavon masses. The cross onahmopagator indicates the

. . . . ) o supersymmetry-breaking effect given in E®.19. See text for
Notice thatM? andM?# are identical, whileM? differs in its mc?re d):etails. Y 9 9 @

(1,1) component. As far as we are interested in the effects of

supersymmetry breaking in thea spectrum alone, we may 1

evaluate the deviation of a given Feynman diagram about its <(p>2=2—2(— mi), (¢")2=0, (3.23
supersymmetric limit by replacing the propagator for the Y

imaginary components af anda by the difference if 8<2y. For the first choice of parameterg! acquires a

(02— M2 1—i(p2—M2)"L. 31 VEV. We will see in Sec. IVA that this may be desirable in
(P ) (P 2 .19 some cases to avoid model-dependent pseudo-Nambu-
The potential(3.14, combined with a termvaFF gen- Goldstone bosons that are too light. With the second choice

erates the supersymmetric mass of FN fields while avoidin§f Parameterse’ does not acquire a VEV, arfél, remains
supersymmetry breaking bilinear term. This is a consequencNishing. This choice will be useful when we need to sup-
of the Z, symmetry that we imposed at the start. For sim-Press. the flavor-dependent trilinear soft su_persym_metry
plicity, we assume that the FN fields and ordinary matter Preaking terms generated whén,#0; these will be dis-
fields f transform in the same way under thfs. The cou- cussed in Sec. IlIG. The exact pattern @f VEVs andF

. . _components is a highly model-dependent issue. Equations
ggggfna':olfj;:ig;ft;?zen imply that the flavong are nec (3.22 and (3.23 allow us to leave our options open; it is
Y 2 quite likely that the relative size of and é differs from one

Now we are in a position to show that supersymmetryﬂr‘%‘Von o the other.

breaking generates a negative mass squared for the flavo . I .
fields ¢. To communicate flavor symmetry breaking to the _Equatlons(3.22 and (3.23 are the ongin O.f the hierar-
chical pattern of flavor symmetry breaking in our model.

ordinary fields, we assume the superpotential couplings Notice that Eqs.(3.21), (3.22, and (3.23 depend on the
= 2 1 '3 product of many different coupling constants, so that the
Wo=BFel+ e e+ e, (3:20 precise ratid ¢)/m can vary significantly from one flavon to
wherep, y, and § are coupling constants. The fielgé are  the other, even when the individual couplings are not far
even under th&,, and hence do not have &w'f coupling. from unity. Thus, it is possible that t_he flavons coupling to
The interactions in Eq(3.13 and Eq.(3.20 allow us to Iepton_s may have vacuum expectation values that are sys-
write down the two-loop diagrams presented in Fig. 2. omytematlcally smaller_than those coup_llng to quarks, as a con-
the diagrams that involve the imaginary partofre shown. ~Seduence of the different renormalization group running of
The cross on tha line indicates we are using the (2,2) the corresponding superpotential couplings. This may par-
element of the difference propagator in E§.19. The de- tially alleviate the more severe flavor-changing problem in

tails of this calculation are presented in the Appendix. Theéhe lepton szector. The typical parameter range we have in
result is mind is m2~(400GeVy in the quark sector and

~(100 GeV)éa in the lepton sector; with the coupling con-
) N. @®B%g°\ stants y,8 varying between 1/3 to unity, we obtain
me~-— (16752 n* m=, (3.23) (¢)~0.4—1 TeV and ¢)~100-300 GeV, respectively.

To properly implement the FN mechanism, we must also
whereN, is the number of colors, and we have assumed thainclude the Yukawa couplings of the ordinary Higgs fields
all superpotential couplings are of order unity. This generatesi
the vacuum expectation values

2 Wy ={FHf+kFFH+hffH, (3.24
2y

<¢>2=m(—mi), <¢'>2=W

2 . .
—) (—mg), where{ andk are coupling constants. The term proportional

(3.22  tohfollows from our assumption that the top quark Yukawa
coupling is invariant under the flavor symmetries of the
if 6>27y, or theory. There are several ways in which we may extend the
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Z, symmetry to theH, F, and f fields that are consistent pseudoscalar states that are light enough to be produced in

with the interactions ir(3.24). The simplest choice is Z decay. This problem led the authors of R¢f$23,20 to
L consider much more complicated Higgs sectors. In our
F F f 10 @' H framework, the situation is somewhat better. The coupling of
_ + + - + +. ¢, tothe flavor sector of the model through E§.25 leads

to a two-loop negative mass squarmfip, ~— (100 GeVy,
.It IS interesting to note that the form of our superpotenngl"ke the flavon fieldse. The negative mass squared and the
interactions may be guaranteed by other discrete symmetrlei,. '3/3 term force botH{¢') and(F )=\ 2 10 become
One rather nice possibility is&, symmetry, where the fields 6Pu Pu P 6Pu

have the charges: nonvanishing, and hence generatend m§ parameters. We

studied the potential following from E@3.26) numerically,
E F f © o' H and obtained local minima in which all the physical scalar
| i i _ n — and pseudoscalar states are sufficiently hé@wtowever,

this required a fine-tuning of the couplingg andAg. Thus,

In this case, tha VEV breaks thisz, down to aZ, which is  the longstanding problem of generating ]‘daqandm% param-
precisely the matter parityor R parity) needed to forbid €ters natyrall_y in m_odels Wlth gauge—med]ated supersymme-
dangerous baryon- or lepton-number-violating interactions afy breaking is not immediately resolved in our framework.
the renormalizable level. We considered other EWSB superpotentials, e.g., those al-

We will proceed with our discussion assuming that thelowing ¢, to have couplings to the other flavons of the form
form of our superpotential interactions are restricted by thep”¢;, but our conclusions remain unchanged. Regardless of
Z, symmetry introduced earlier. All that remains is to the details of the superpotential, we always found that a fine-
specify the sector of the theory that is responsible for electuning of parameters was necessary to compensate for the
troweak symmetry breakingEWSB). This is considered in very large negative value cnﬁﬁu.

the next section. Of course, it is possible that there is some explicit model
of flavor compatible with our framework, that provides ad-
E. Electroweak symmetry breaking ditional contributions tow, m, andm3. For example, in
Perhaps the simplest solution for EWSB is achieved by?ome model there may be FN fields with even matter parity
assuming the couplings that mix with Higgs fleIQS. Such a mixing induces a positive
mass squared to the Higgs bosons. Or, there may be higher
AWI:/B@,@LFF, (3.29 dimension operators of the form({¢)/Mg)H Hy, which

generateg andm:z3 at the desired orders of magnitude. Since

N\g this is a model-dependent question, we will not pursue this

— 4 13
AW,=Ns¢, HyHq— 3 Pu (320 issue further here.
The FN field F in AW, is neutral under standard model F. R axions
gauge interactions. The field,, is even under th&, sym- The absence of dimensionful parameters in the theory we

metry like thee' fields introduced earlier, though we assumenhaye presented leads to an effective gloRalymmetry un-
that it has no couplings to the other flavapso simplify the  ger which all fields transform with charge 2/3. Since our
discussion. Then, E3.26) is the usual superpotential of the syperpotential is partitioned into “sectors,” which are rela-
next-to-minimal supersymmetric standard model, except Wejyely isolated from each other, one may worry that there are
assume thaﬁD,’L andH have nontrivial flavor transformation separate and potentially dangerdtisxions associated with
properties. This must be the case if we are to prevent coueach. In this section, we show that all the model-independent
plings YHH or »HH. The Higgs fieldsH, andHy acquire R axions that are present in our framework are phenomeno-
positive squared masses at the scelg, from gauge media- |ogically harmless. There could be additional light scalar
tion diagrams, so tham?(Agy)~350 GeV. The contribu- bosons that arise as a consequence of accidental global sym-
tion to the Higgs masses from the flavor sector is negligiblemetries in specific flavor models; we discuss how these may
given our choice of scaled, s,,~ Agm/10. If we had chosen be avoided in Sec. IVA.

them to be comparable, we would have had an additional There are four approximate symmetries in our frame-
negative contribution to thenZ=— (3 TeV?)? which is too  work, corresponding to each of the nearly decoupled sectors
large for correct electroweak symmetry breaking. As thein which spontaneous symmetry breaking occurs: the super-
Higgs masses are run to lower energiuaﬁ,u becomes nega- Symmetry breaking sector at the scalgsg, the gauge me-
tive due to the effect of the top quark Yukawa coupling anddiation sector atAgy, the flavor sector ai\g,,, and the

the squark squared masses. However, the heaviness of thdVSB-FSB sector at a few hundred GeV. The lines in Fig. 1
squarks in models with gauge-mediated SUSY breakinéhat connect the different sectors explicitly break the inde-

forces mﬁu to become negative much more rapidly than it
does in the MSSM, so thai, ~ — (500 GeVy at the weak 19 soft trilinear couplingAg,H,Hg is generated at one loop,

scale. Ifcp;b has no soft supersymmetry breaking mass, thervhich pushes the lightest pseudoscalar mass above 10 GeV. This is
the simple extension of the Higgs sector in E8.26 does  sufficient to evade the bounds from astrophysics and cosmology,
not work phenomenologically: there are always scalar andjuarkonium decay, and beam dump experiments.
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pendent Wl)r symmetries, leaving one unbroken linear level. In this case, the quarkonium decdy-A°%y excludes
combination acting on all the sectors. This corresponds to ththe model. On the other hand, there are no constraints from
non-anomalouR-symmetry in the supersymmetry breaking flavor-changing processes lik&°— virtual A°>-~K° be-
sector, with all fields in the other sectors transforming withcause thisR axion couples to the overaR charge 2/3 of
charge 2/3. The remaining three linear combinations are exeach ordinary matter fields and its coupling is therefore fla-
plicitly broken by the messengernl) gauge interactions, the vor blind. Note also that the coupling &0 is axial and
indirect coupling between the field and the flavons through hence proportional to the fermion masses; this makes it im-
loops of FN fields in the flavor sector, and the indirect cou-possible to findA® as ans-channel resonance at e~ ex-
pling between the Higgs fields ar8lthrough loops of the periments. The beam dump experiments do not constrain ax-
X field, in the gauge mediation sector. Once th@) is  ionlike fields above the GeV range. Known astrophysical
spontaneously broken in the supersymmetry breaking sectospurces do not produce particles above the GeV range either.
the low-energy effective theory beneath;gg contains ex- Cosmology is also not likely to constrain such a particle
plicit U(1)g breaking parameters. Below we estimate thebecause it decays relatively quickly A8— bb with a width
masses for the one truR-axion and the three “would-be” much larger than a keV. We are not aware of any experimen-
R-axions separately. tal constraints which exclude the existence of a scalar boson
The only trueR-axion is the first linear combination de- in the 10 GeV range which couples universally to all fermion
scribed above. Since its decay constant is higth, 10’ GeV,  axial currents.
all direct search experiments are irrelevant. The only poten-
tial problem is its possible contribution to the cooling of red G. The flavor changing problem
giant stars. However, we expect titsaxion to obtain a mass . .
; . . Now that we have outlined the important features of our
of order 100 MeV via the same mechanism which cancels del turm to the i 1l hanai tral cur-
the cosmological constaf24], and thus it is astrophysically model, we return to the issue of flavor changing neutral cur
harmless. The cosmological implications of tRsaxion are rents, and how they constrain our choice of scales_. In our
9 P framework, the ordinary squarks and sleptons receive four
, Yy sq p

less clear. Since this issue is not specific to our framework S . ]
: i . ¢ontributions to their squared masses:
we will not consider it further.

The would-beR axion in the gauge mediation sector ob- (i). A pqsitive, ﬂa"or‘b"”‘i contrik;uztion from gauge-
tains a mass of order 10 TeV in the following manner. Sinceme‘.j."”ltIon d|agrams, of Orde*GM/(.lGW ) I
(ii) A negative, flavor-symmetric contribution from two-

globalR symmetry is spontaneously broken in the dynamlcalIoop diagrams like those in Fig. 2, except with theand f

supersymmetry breaking sector, the messeng#y §augino . > v
acquires a Majorana mass at the one-loop level. We explidin€S interchanged, of orderAf,/(167°)". The term

itly checked this point in the case of the @yx U(1) model. “flavor-symmetric” refers to op_erators which _respe_ct the
Then a trilinear coupling-Ah' &, ¢' S’ is generated at the flavor symmetry of the model, without necessarily being fla-

two-loop order withA~ A gsg/(167)2~ A gy /(167). This vor blind. This can be the case, for instance, if the flavor
- SSB! GM .

coupling explicitly breaks the globaR symmetry in the symmetry is Abelian.

gauge mediation sector, and tReaxion aquires a mass of (i) A posmvetz), flal\(/_or-dep?ndent Conmfbl;]t'on d;{ek;o the
dor m2 N >/A2 ~(10 TeVP  according to supersymmetry brea ing scalar masses o _t e_FN ields. Note
or Al +5-/172GM 9 that the one-loop subdiagram in Fig. 2 will give the scalar

Dashen’s formula. It is completely harmless given this IargeF andF fields supersymmetry breaking squared masses, of

mass. 2 5 . .
Similarly, the would-beR axion in the flavor sector ob- order Aj,/(1677). Th|s_ alf[ers the 1,1 and_ (2,2) entries of
the scalar mass matrix in Ed3.3), leading to a flavor-

tains a mass via the analogous trilinear coupling o : X
—Ahé&, £ x. While its mass is much smaller; 100 GeV, it iefgr\;j((alrng)s(r](lz>/:\ljl )tzhe lightest  eigenvalue of ~order
fla F) -

is still heavy enough to avoid all existing phenomenological =~ : S

constraints. Recaly does not acquire a VEV in the absence (iv) A negative, fIavor—_dependent contribution as(_:fn?),

of the trilinear coupling, and hende()~A~ A ga/1672 as due to the small nonvanishirfg component of the fielc.
: . i v - With  (Fy~(a)?/(167?), this effect is of order

discussed in Sec. Il D. Therefore the operator which explic-"" ", &l M2

ity breaks R symmetry is suppressed. Dashen’s formula_Afla\/(_167T) (<$"> MF) ' i _

givesm20~(A§+§ X>/Af2| ~ (100 GeVy The first contribution was estimated in Sec. IlIC, assum-

A - av "

Finally, there is a separate would-Beaxion in the flavon 2 Aeu=(F9/(S)=100 TeV. With Aa,=10 TeV, we

. i may estimate the remaining contributions:
superpotential that gains a mass of order 10 GeV as a con- y g

sequence of the soft trilinear flavon interactions. Trilinear (i) —(100 GeV?
couplings of the formA¢?¢’ are generated at ordeéx~ 1
GeV through one-loop diagrams involving the FN fields and (i) +(1000 GeV2({¢)/Mg)?

an insertion of their supersymmetry breaking bilinear mass
term «(F,). As long as(at least one of ¢’ obtains a VEV
comparable tog, the R axion obtains a mass of order
mao~(Ag?e’ )I{ 9)?~ (10 GeVY. In Sec. llID we showed
that the relative size of the two couplingsand § determines  Notice that contributior(ii) is much smaller than contribu-
whether or note’ acquires a VEV. If{¢')=0 at lowest tion (i), given the choice\ gyy=10A;,,. Thus, the flavor-
order for all¢’, then(¢') is induced only through trilinear blind component of the squark and slepton masses is exactly
couplings, and théR axion mass goes down to the 1 GeV what we would expect in the kind of scenario proposed by

(v) —(100 GeV((p)/Mp)2.
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Dine and Nelson. If the flavor symmetry does not guaranteenixing at a more dangerous level than the operators involv-
degeneracy of the squarksr sleptong of the first two gen-  ing F,. The effective Yukawa operators of the form
erations, then the flavor-symmetric contributigingcan lead

to flavor changing neutral current effects. In the quark sector,
the constraints oK -K mixing are satisfied rather easily for 1
TeV squarks, so there is no restriction on the flavor structure . . . ) .
of the model. However, the lightness of the sleptons make§enerate trilinear couplings in the following way. Since
the situation in the lepton sector more dangerous; the flavoMr= (@), they should be written more correctly as
symmetric contributiongii), may favor some flavor models

over others. Note that in models with a non-Abelian flavor W= (i
symmetry in which the first two generations transform as a aa
doublet, there will be no constraint on the contributigir).
The flavor-dependent contributigiii) dominates ovefiv),
since the latter is suppressed by the the smallne$E gfin
the FN sector of our model. With\,,=10 TeV, (iii) is ®
marginally consistent with the bounds from flavor changing Ver=|—— -
processes, assuming that thg)/Aq,, are of order 10% in a(a) (a)
the quark sector, and a few10™ 2 in the lepton sector. Since Recall (F)/{a)~(a)/16m2~100 GeV. If the powem is

(iii) scales asAf,,, we would not be able to construct a different for different generations, the left-right mass terms
viable model had we chosefig,, to be much larger than generated from this operator cannot be simultaneously diago-
10 TeV. On the other hand, we will see in Sec. IV that thenalized with the fermion masses. This is not a problem in the
exchange of the relatively light flavon fields are also marginquark sector, but could be serious in the lepton sector. One
ally consistent with the bounds on FCNC processes, fovay to avoid this problem is to have an alignment. Another
Ag~10 TeV. Thus, lowering\ 4, significantly is also phe- way is to obtain the Yukawa couplings of the first two gen-
nomenologically unacceptable. Our choice fof,, is a rea-  erations in any given Yukawa matrix from a set of operators
sonable compromise, given the constraints on flavor changn the high-energy theory that all involve the same powers of
ing processes detailed in Sec. IV. (@)/M¢; then these contributions t2; will be diagonal in

The constraints on the left-right mass matrices, on thehe fermion mass basis, and will not give additional con-
other hand, are very weak in our framework. The left-rightstraints.

masses originate from the effective Yukawa couplings,

£

Weff: M F

) ffH (3.29

n
ffH, (3.30

and an expansion of the chiral superfi@ldaround its VEV
asa=a+ 6°F, generates trilinear couplings

(Fa)

n
n

ffH. (3.3)

. IV. PHENOMENOLOGY OF A LOW FLAVOR SCALE
¢
H) QdHg+ up-quark, leptons, (3.27) In the previous section, we found that the flavor-blind,
av

gauge-mediated contribution to the scalar masses dominates
over any flavor-dependent splittings induced by the mixing
of the light families with the FN fields. Thus, the super-
Glashow-lliopoulos-Maiani(GIM) mechanism is effective
and the usual supersymmetric flavor probléra., the large
FCNCs effects generated by the exchange of sfermions in
@)' (3.29 loops is greatly reduced. As a consequence, the usual con-
(@) straints placed on the flavor structure of the model are sig-
nificantly weakened in our framework. This is in sharp con-
where m; stands for the mass of a light quark or lepton.trast to the case of gravity-mediated supersymmetry
Therefore, the left-right mass terms are always proportionabreaking, where the flavor symmetry must either guarantee a
to the corresponding fermion masses, which is not necessaigh degree of sfermion degeneracy or an alignment between
ily true in the case of supergravity. In the quark sector, allfermion and sfermion mass matrices to avoid the SUSY fla-
squarks are at 1 TeV while the effective parameters are vor problem.
about 400 GeV or less. This is phenomenologically safe by However, with the FN scale at-10 TeV and flavon
itself. In the lepton sector, Eq3.28 may lead to a large VEVs and masses in the few hundred GeV range, we must
mixing between smuons and selectrons, and hence an unamensider new contributions to FCNCs originating from the
ceptably largeu— ey decay rate. Fortunately, this can be exchange of the physical states of the flavor sector. In this
avoided in a number of ways. For instanceik2vy (see section, we describe the phenomenological constraints that
discussions in Sec. IlIP ¢’ does not acquire a VEV and FCNC processes impose on theories with low flavor scales.
henceF, vanishes identically. A trilinear coupling among Most of the new flavor-violating effects are described by
flavons inducd ¢') only at a higher order in 1/4. In this ~ four-fermion operators, with coefficien/M2. In Table I,
case there is no further restriction on the flavor model. Orwe present bounds on the coefficientS assuming
the other hand, an alignment or non-Abelian flavor symmetryM =M=10 TeV, for a number of four-fermion operators
can suppress the off-digonal entry in the left-right mass mathat contribute to rare processes. We then estimate the coef-
trix in the basis where fermion masses are diagonal. ficientsC for the flavor-violating operators that may arise in
Finally, one may worry that operators involving tlke  our framework, and determine in what ways the bounds in
component of thea field may contribute to left-right mass Table | constrain the flavor structure of the model.

W=

when onep field is set to itd= component, while the remain-
ing ¢ fields and the Higgs fielth are all set to their VEVs.
Thus, the left-right mass terms are of the order

2
Mig=M;
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TABLE |. Constraints on the four fermion operatoG/(VM?)O [0
from various rare processes, with= 10 TeV.A,B are color in- U .
dicies. Other relevant operators can be obtained from the above by
charge conjugation. This table then exhausts all possible four ferm- l2 % e

ion operators contributing to these flavor changing processaad
R are chiral projection operators for left-handed and right-handed

fields, respectively. We have usedn{+my)= 160 MeV. The
bounds onAm; scale aq160 Me\AZ/fizBi, wherei=K,D,B and y

f; ,B; are the relevant decay and bag constants respectively.

Process (0] C<
(d"y*Lsx)(d°y,Lsp) 4x10°°
(dALsy,) (dPLSg) 6x10°°
Amyg (dPLsg)(dBLs,) 3x10°°
(d"Lsp) (d°Rsp) 5x10°°
(d"Lsg)(d°Rsy) 2x10°°
analogous to above X104
“ 6 X104 FIG. 3. Feynman diagrams contributing go—evy.
AmD,AmB ” 3 X10_3
“ 5x10°4 These two cases are discussed separately in Secs. IVB and
" 4x10°8 IVC. Most of the constraints are new as far as we know,
(zy"Le)(ey,Le) 2% 103 though some were briefly discussed[&].
M—)SG (a_,u,) (a_e) 9x 103
(eLu)(eRe 7x10°° A. General constraints from FCNC
Kiop'p _ (@Y (ny,lr) 4x10°2 The existence of FN fields at a 10 TeV scale and flavons
(dLs)(uLp),(dLs)(nRp) 4x10°° at a few 100 GeV scale can induce new flavor-changing pro-
KL—ue (dy“Ls)(umy,Le) 4x10°3 cesses. The phenomenological constraints are identical for
(dLs)(uLe),(dLs)(zRe) 3x10°4 discrete or continuous flavor symmetries, except those in-
K —e'e” _ (dy*Ls)(ey,Le) 6x10°1 duced by flavor gauge bosons or familons. They will be dis-
(dLs)(eLe),(dLs)(eRe) 3% 104 cussed separately in the next _subsectlons. We dlsc_:uss con-
straints common to all possible flavor groups in this
subsection.
There are four logical possibilities as flavor groups: com- 1. Flavor-violating operators induced at FN scale

binations of local or global, and discrete or continuous. In all — ) ) o
cases, flavor-violating operators may be generated at two dis- 1h€F¢f couplings lead to diagrams withfields on the
tinct scales: at-10 TeV. where the EN fields andF are external lines, and the FN and flavon fields in loops. Flavor-

integrated out, and at a few hundred GeV where the fIavorYiOIatmg operators, like those listed in Table I, are induced
fields ¢ are integrated out. If there exist yet lighter degreesIn the low-energy theory when the FN a@dﬂe]ds are inte- .
rated out. All superpotential couplings which we generi-

of freedom such as pseudo Nambu-Goldstone bosons, th ally refer to ash are of order 1, so these operators are only
may induce further flavor-changing operators. We will dis- ppressed by loop factors and the mass of the FN fields

cuss general constraints which apply to all cases in Se(i./lu 10 TeV. | cal estimates bel ¢ all
IV A. By itself, this discussion will present all the constraints ™' F— eVv. In our numerical estimates below, we set a

relevant to discrete flavor symmetries, except those relating® F ¢f Yukawa couplings to 1, and assume that the multi-

to a possible domain wall problem; we do not have anythingo"c'ty of th(_a particles running around mtemal loops is also

to add on this point! On the other hand, a broken continous 1. We pon3|der flavor violating processes in the lepton, quark
flavor symmetry produces additional degrees of freedonfind mixed lepton-quark sectors separately.

(flavor gauge bosons in the local case and “familons” in the

global casgwhich induce new flavor-changing phenomena.(i) Lepton sector

u—evy: The amplitude foru—ey comes from the dia-
grams of Fig. 3. Crucially, this amplitude, like all magnetic

1 . : transitions, vanishes in the supersymmetric limit. Mor =
It may be worth recalling that a global discrete symmetry couldl0 TeV, we find

be anomalous. Then the domain walls dissolve due to instanton
effects and do not cause cosmological embarassni2ilsOn the
other hand, a global discrete symmetry is probably spoiled by quan-
tum gravitational effects. Still, it could well arise as an accidental
low-energy symmetry especially when one considers a low flavor
scale as in our framework. Nonrenormalizable operators suppressed ) )
by 1M may also solve the domain wall problem even if the dis- Where them,_ —are the masses of the real and imaginary
crete symmetry is anomaly fr¢&]. components of the scalar part of My, is the mass of the

B(u—ey)~ 10*1°h4[f<m§R/M 2)+ f(miI/M 2)

—2f(mZ IMD %, (4.1)



7044 ARKANI-HAMED, CARONE, HALL, AND MURAYAMA 54

(a) l » ? > ) (a)
2 1 d > 20 > Ky
Fi vF — -
Fi vF
ll -« » - l
¢ 1 A - > - d
¢
(b) 9 (b)
12 — < —_ ll d R ¢
vF > - —> Ky
X X VF
F WF X
e > - > '4 “F
H Q2 »- - > ql
H
FIG. 4. Superdiagrams contributing to—eee ( )
C
fermionic part ofe, M is the mass of the FN fermiom ¢ d > iP > q1
the mass of the FN scalar, and . .
FA wF
00 24 3x—6x2+x3+ 6xIn(x) 42
X)= . .
12(x—1)* s - > - q>
¢
Sincem,, /M £~102, the quantity in square brackets in Eq.
(4.1) is highly suppressed; we find that it is always numeri- (d)
cally much smaller than-0.001. ThusB(u—ey)<10"16, d . EP . s
well beneath the current bour{ u—ey)<5x10 % We " §
. . X
conclude that thee— ey operator is not dangerous, even if it Y {'1 Y
is allowed in the flavor-symmetric limit. >ﬂ< >t<
n—3e: If allowed by the flavor symmetry, box diagrams Y y

q2

with internal FN and flavon fields can generate four-fermion ?() ~ 7
operators that contribute t@— 3e. Even if these operators
are forbidden in the flavor symmetric limit, they may be
generated after we rotate a flavor-symmetric operator to the
mass eigenstate basis. The diagram of Fig) 4&he flavor
symmetric version of which necessarily exigenerates the
interaction

A

FIG. 5. Superdiagrams contributing to neutral meson mixing.

metric limit. If the above operator is generated through mix-
ing with an angle~ym,/m,~0.1 it is no longer dangerous
phenomenologically.
h P (ii) Quark sector
oz (myile)(ey,le). (4.3 b—sy: The rate is completely negligible, for the same
327°M ) ) \ ¢
reasons given in our discussion gf-evy.

Even if this operator is allowed in the flavor symmetric limit, ~2Mk: The diagram of Fig. @) generates the interaction
the coefficientC~3x 102 is in borderline agreement with 4 o
the constraint given in Table I. ——— (dAyLs,) (dBy, Lsg). (4.5)

The diagram of Fig. @), on the other hand, does not 32m°M a
necessarily exist. It can only be generated if there is a dire - _ 3
Yukawa coupling between the Higgs, FN, and lepton fieIdCPhe coefficientC~3x 10
of the first two generations. This box diagram diverges in th
infrared, and is cut off by the mass,,. From this diagram
we generate the operator

is ~75 times bigger than the

%ound in Table I. Thus, this diagram must be forbidden in

Ghe flavor symmetric limit. With a mixing suppression of

~\2, the coefficient is only 3 times bigger than the bound.

However, it is easy to compensate for this factor by choosing
ha all the Yukawa couplings in the diagram to be 1/2 instead of

o) (eR 1.
gomztt In(M/mg)1(eLu)(eRe). 49 The diagram in Fig. ) only exists if there are flavons
coupling to both left- and right-handed superfields. If such

With m¢/MF~1O‘2, the coefficient of this operator is couplings exist, we generate the operator

C~4x10"2, which is bigger than the bound in Table | by a he

factor of ~7. This is not necessarily a disaster, but it is A 4B

certainly safer to forbid the diagran(b); in the flavor sym- 1622 4 Lse) (dLsa), 4.6
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after appropriate Fierz transformations. The coefficient TABLE Il. Constraints on®;; from exchange of physical fla-
C~6x10 %is ~200 times bigger than the bound in Table I, vons. The mass and VEV of the flavons coupling to quarks alone

and we conclude that this diagram must be forbidden in thé@re taken to be at 400 GeV, all others at 100 GeV.
flavor symmetric limit. If we include a mixing suppression

~\2, the coefficient is still too large by a factor of 10. In this Process Constraint
case, however, we can reduce the amplitude sufficiently b¥b—>3e 0 ,.<130
choosing all the Yukawa couplings in the diagram to beAmK @t <0.2
h~1/2 instead of 1. Am Q) S<0 3
The diagram in Fig. &) is by far the most dangerous one mD o) uc<0 69
we will encounter. It only exists if there is a direct Yukawa gL @bd <d 2
— M as<0.

coupling between down or strange, FN and Higgs fields. As™"
in the case ofu— 3e, this box diagram is enhanced by an
infrared divergence. We obtain the operator

4

h _ _
W[l— In(Mg/m,)](d*Lsy)(d°Rsg).  (4.7)

via box diagrams analogous to those in Fig®)55(d). We
have already learned that we must forbid direct couplings
between the down or strange quark, Higgs boson, and FN
fields, so we do not consider the analogue of Fig):3his

If we take m,/Mg~\?, the coefficientC~2x10"2 is  diagram would give too large an amplitude fisk— ne,ee
~3000 times larger than the corresponding bound in Table Ipy a factor~ 200 if it were generated in the flavor symmetric
even with \? suppression, it is stil~100 times too big. limit. All the remaining diagrams are on the borderline even
Notice that we cannot reduce the magnitude of this operatdif they are present in the flavor symmetric limit.

by choosing smaller couplings in the box diagram. The prod-

uct of the two couplings on the left-hand side of the diagram 2. Flavor violating operators induced at the flavor

with (¢)/M¢ gives us an element of a quark Yukawa matrix; symmetry breaking scale

thus, we can only reduce the couplings in the box diagram if These operators arise from tree-level exchange of physi-

we |ncrea_se{<p>/MF. Note alsc_) that this diagram is particu- cal flavons. Recall that we generate higher dimension opera-
larly worrisome in a theory with large tgh Recall that the fors of the form

negative squared masses for the flavon fields were naturally
of order[1/(1672)?]M2, and thug ¢)/M¢ fell in the range K
A2—\3. However, for large taB, the strange Yukawa cou- M
pling is itself of ordern?—A3, and we therefore require a
direct coupling between the strange quark, Higgs boson, andfter integrating out the FN fields. Here tlieare ordinary
a FN field. This is precisely the situation that gives us thefields of the first two generations. When thefields acquire
disastrous contribution tAmy in Eq. (4.7). VEVs, the operator in4.8) gives us an element of the cor-
Finally, even when there is no direct Yukawa coupling responding Yukawa coupling matrix. If we now set all but
between down or strange quark, Higgs boson, and FN fieldene of the flavon fields and the Higgs field to their VEVs, we
we can have a two-loop contribution #§-K mixing as generate a Yukawa coupling between the light fermions and
shown in Fig. 5d). We generate exactly the same effectiveflavons:
operator as in Eq4.7), and we find form(p~)\2M,: a coef- (@)\""1(H)
ficient C~3x10~°, which is 5 times bigger than the bound. (—)
This can easily be avoided either by choosing slightly Me

smaller couplings in the diagram, or by forbidding the opera-, I . .
tor in the flavor symmetric limit. We do not show an exact equality in E.9) since, in

It is important to point out that our conclusions remain general, the mass matrix elemeny receives contributions

unchanged if we includ€ P violating phases of order 1 in ;rom tsev;ralldiffe:c?n_t o?ergt;)rs of thgtfo(m.sg, mth dif- that
the theory. In this case, the constraint fremis ~ 10 times erent order 1 coetlicients. LT course, it may be the case tha

stronger than the one frothmy that we have presented here. in. specific models, the flavon COUP"F‘QS will become flavor.
However, we have already concluded from the FCNC Con_dlagonal when we rotate to the fermion mass basis. Generi-
sideratioﬁs that the corresponding=2 operators must be cally, h(_)we\_/er, this wil n_ot be the case, and we W.'" obtain
forbidden in the flavor symmetry limit. In a model where this flavor-violating four-fermion operators when we integrate

is the caseCP violation does not provide us with any addi- out the physical flavons ."’?‘ tree level. Let us write
: g : m;; =max(m ,m)0;; . Then, fixing the mass of the flavons
tional generic constraints. ! i | ]t t]h K tor at\2x 10 TeV ~400
Amp ,Amg: The only significant constraint from either of coupiing only to the guark sector ; e
ﬁgv and the mass of the flavons coupling to the leptons or

these processes comes from the analogue of the danger 12
diagram %c) above. We conclude that this diagram Shouléﬁeptons.and quarks athQ GeV,” we prgsent the strongest
constraints on the magnitudes of thkg; in Table II. In all

be forbidden in the flavor symmetric limit; if it is induced the b I | than th d
through mixing from a flavor symmetric operator, then its €3S€S: ij can be as large or larger than the correspond-

effects are on the borderline from experimental constraints "9 CKM matrix ele.me_r.lt, and thus p.hysmal flavon exchange
does not give us significant constraints.

) f,fH 4.9

mij

(ili) Mixed quark-lepton sector
If some flavons couple to both the quark and lepton sec=—
tors, they can give a significant contributionkg —/ "/~ 125ee Section 111D for these estimates.
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3. Pseudo Nambu-Goldstone bosons the flavor group is spontaneously broken. If some NG bosons

The above analysis assumes that all the physical fIavor’%ave flavor-violating couplingévhich is certainly the case if

get masses of order the VEV of the flavon field. However,tN® 9roup has a non-Abelian componeCNC constraints,

given many flavons and the restriction to renormalizable sulfom processes lik& —m+ familon andu—e+ familon,

H 1
perpotentials, it is often the case that there are approximat%USh the flavor symmetry breaking scale above0™ GeV.
accidental continuous symmetries of the tree-level potentiafiowever, if the flavor group has only (1) factors, the
producing pseudo-Nambu-Goldstone bos@PRGB) which familons may have purely diagonal couplings in the flavor
pick up a mass only at loop level{ ¢)/4 which may be as basis. If the first two generation fields have different charges
small as 10 GeV. These PNGBs can have flavor-violating'nder some W) factor, the alignment between flavor and
couplings, and(especially for the PNGBs coupling to the Mass e|g§rl1$tate bgges must be —very precise
first two generations mediate disastrously large FCNC. (~1 TeV/10% GeV=10"") to avoid FCNC constraints,
Thus, a specific model must ensure that most of the PNGB¥hich implies that a mechanism for perfect alignment is re-
receive a mass directly at tree level. This puts a constraint ofiuired. For instance, we can imagine that all left-handed

the flavor symmetry and flavon particle content. The absench€!ds in the theory have the same charge, whereas the right-
of accidental global symmetries must be checked in eachanded fields have different charges. Since the only absolute
explicit model of flavor. requirement we have is for the existence of nontrivial rota-

Even when there is no accidental global symmetry whicHions on the left-handed fields to generate the (_ZKM matrix,
results in PNGB with flavor-dependent coupling, there is al-tN€ flavor and mass bases may be exactly aligned for the

ways one model-independent PNGB. Since the superpoteﬁLght'handed fields. Then, the rotation in going to the mass
tial is purely trilinear, it necessarily has a tree lefesym- eigenstate basis for the left-handed fields does not induce any

metry under which all fields hav® charge 2/3 and the off-diagonal familon couplindgsince the left handed charges

negative squared masses for the flavon fields do not breg¥® 9eneration blind while there is no rotation on, and
this R symmetry. We discussed this particular “model- hence no off-diagonal familon coupling to the right handed
independenR axion” in Sec. IIIF and showed it does not fields. While this sort of idea is not excluded, it is clear that

have flavor-changing interaction and is phenomenologicalI>5:°r‘tir“10,us global flavor groups are strongly constrained by
harmless as long as it is heavier than 10 GeV. the requirement of purely diagonal familon couplings.

4. Summary of general constraints C. Continuous, local flavor symmetries

Let us summarize the major constraints that emerged from N the case of a gauged flavor symmetry, a new contribu-
our analysis. We have found that the flavor symmetry muston to flavor violating processes comes from the exchange
forbid all K-K mixing operators in the flavor symmetric of massive flavor gauge bosons at th@00 GeV scale. This

limit. Furthermore, there can be no direct Yukawa Couplingsource of FCNCs will place significant restrictions on the

. “form of the flavor group and symmetry breaking sector, as
of theFTH type between down or strange quark, Higgs bo we will see below. In addition, when a gauged flavor sym-

son and FN fields; this in particular causes great difficulty formetr is spontaneously broken. degeneracy between the first
a scenario with large tgh Once these constraints are satis- y P Sy 1, 0€g y bel
and second generation sfermions may be spoiled by flavor-

fied, CP violation does not put any further significant con- : 4 4
straints even with order 1 phgses. Klotice thatgthe constrain%epe.ndenD terms in the scalar potentig26]. We consider
on the flavor group we have found are quite different from oth issues below.

the usual ones needed to guarantee sfermion degeneracy. For
instance, an S(2) flavor symmetry with the first two gen-
eration fields in a doublet is sufficient to guarantee sfermion Let us examine the effects of gauge boson exchange in the
degeneracy in the flavor symmetric limit; however the dan-down quark sector. Suppose that the left-handed Weyl spinor
gerous operator ¢f*d;Ra) (egqyRd) [with i,j.k,I flavor ~ 9uarksq (grouped into a three-vector in generation space
SU(2) indiced gives largeK-K mixing while being com- trans_form under a representatiof of the flavor groug) while
pletely flavor symmetric. Similarly, (1)'s (or discrete sub- the right-handed down quarkd transform undefTy_. In
groups can be used to forbid ak-K mixing operators in the the flavor basis(denoted by primes the flavor current is
flavor symmetric limit but cannot in themselves guaranteegiven by

sfermion degeneracy. Also, a specific model must suffi- JaM=d_[7,LTﬁd[+d_§7ﬂTS dr,. (4.10
ciently break any accidental global symmetries which give R
rise to light PNGBs. These new constraints differ from the
ones we usually encounter in supergravity scenarios, an
suggest new avenues for flavor model building.

1. Flavor gauge boson exchange

fter integrating out the massive flavor gauge bosons, we
enerate the following four-fermion operators:
2

2
g g _/_ ! ! _/_ ! !
> JaMJ2=§ 2 (A7 T+ dgy, Torde)?.
a

z M3
(4.11
In addition to the constraints presented in the previous
subsection, continuous flavor symmetries lead to other, ofteln the second expression we have rotated to the mass basis
problematic, contributions to flavor changing processes. Im=U,q’, d°=U4d®’, and theT?" are the flavor group gen-
the case of global flavor symmetries, we must contend witterators in the mass basi§®' =UT3U". Suppose that the
the Nambu-Goldstone bosofifamilons” ) that arise when pattern of flavor symmetry breaking is such that Mg are

B. Continuous, global flavor symmetries
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different from each other. If the flavor group is Abelian andtons. The reason is that th2 terms splitting has the form

there is precise alignment between flavor and mass eige@m%NQZQDTTaQDNMZ where M is the mass of the flavor

states, all the operators above are flavor diagonal. Howeve&l,auge boson. On the other hand, for slepton masses;of

if there is no alignment, théM, must be pushed above o [y ;
~1000 TeV to avoid FCNC constraint® particular, from ¢ 100 Gev an sleztonh:f;mgn/g %L ”:)el/ m ,t:_he iﬁnsftlramt
Amy). Thus, for an Abelian flavor symmetry broken below rom p.— ey demands thamy/my < .01, putting the flavor )
the TeV scale, the alignment between mass and flavor bas@8Uge boson at a mass less than about 30 GeV. Thus, in
must be precise better thanl TeV/1000 Te\=10"3. For ~ order to have gauged flavor symmetries in the lepton sector,
non-Abelian flavor groups, a give® will have off- We must have some mechanism either to cancel the un-

diagonal flavor-violating elements. When thk, are all dif- ~ Wwanted D term  splitting between selectron and smuon
ferent, there is no hope that summing owemill yield a ~ Masses or to guarantee the absence of slepton mixing in the
flavor conserving result, once again forcing #g to above ISt two generations.
1000 TeV. Thus, if the flavor group is non-Abelian and bro-
ken at the TeV scale, some mechanism must guarantee that
the flavor gauge bosorigspecially coupling to the first two
generationshave identical mass at least at tree level. For this  ynderstanding the origins of supersymmetry breaking
to happen it seems neccessary to have some accidental “cU$sSB and flavor symmetry breaking=SB) are two of the
todial” symmetry analogous to the one which forges1 at  greatest challenges for theories with weak-scale supersym-
tree level in the standard model. We have not succeeded ietry. Much of the structure of the theory is dictated by the
finding a model of flavor which simultaneously guaranteesmechanisms and scales for these symmetry breakings. In par-
sufficient flavor gauge boson degeneracy and produces thgular, the degree to which the soft supersymmetry breaking
Cabibbo angle, but this remains an interesting direction tgperators contain information about flavor depends on the
explore. . relative size of the flavor scal®| ¢, and the messenger scale
2. D term splitting for supersymmetry breakinffl o IN Supergravity theories

In Ref.[26], it was shown that flavdD terms can splitthe with M<M <& Mp|, the interactions of the flavor scale
first two generation sfermion masses by an amount indeperieave an imprint on the soft operators; while in theories of
dent of the flavor gauge couplings, if flavor symmetry break-gauge-mediated supersymmetry breaking, with
ing occurs in the supersymmetric limit. In this case, the split-M ,..<< Mg, they do not.
tings cannot be made small by reducing the flavor gauge In this paper we have studied a framework in which
coupling. This is also the case in supergravity scenarios tha¥l ,..;andM g are comparable because they have a common
generatd o)/ Mg along flat directions after supersymmetry is origin — the scale of dynamical supersymmetry breaking,
broken. In our framework, however, the situation is different.A ggg. This scheme allows a unified view of FSB and EWSB
The flavor sector potential has a stable minimum as the fla=— indeed the FSB VEV$¢) are comparable to the EWSB
vor gauge coupling is taken to zero. Thus, the flabderms  VEVs (H). This unification is illustrated in Fig. 1, which
can be made arbitrarily small. shows the Froggatt-Nielsen sector as being the flavor ana-

As an example, consider an 8) theory with a doublet logue of the gauge mediation messenger sector. Indeed these
flavon ¢, and a triplet field 23, with superpotential sectors bear more than just a passing resemblance: both con-
W=\ p,¢,22". Suppose that only the doublets talk to thetain heavy vector generations of matter. Fundamentally, they
FN fields and hence get a negative mass squared at tware distinguished only by whether these heavy vector genera-
loops. The crucial point is that, even if the gauge coupling igions have large supersymmetry breaking contributions to
put to zero, the potential has a stable minimum; in thetheir masses. We have given explicit models for the messen-
g—0 limit the superpotential part of the potential is mini- ger sector(3.5 + (3.9), and for the Froggatt-Nielsen sector

V. CONCLUSIONS

mized by puttings3°=0, and we have (3.10 + (3.12. These models are both variants of a basic
2t N2 2t model which has two phases, with the vacuum choice depen-
V=N *(¢ @)’ ~mo'e (412 dent on the values of the dimensionless couplings. The sec-

, . tors are chosen to be in opposite phases, so that the heavy
and without loss of generality we can ChooSeyector generations feel supersymmetry breaking strongly in
(@)=(m/\2|\|,0). Forsufficiently smallg, theD term con-  the gauge mediation sector but only mildly in the flavor sec-
tribution is a small perturbation to the above potential. Intor, These models, while certainly not unique, illustrate our
particular, the VEV of the flavo® term is~m?, and so the  scheme and explicitly show how the flavon fields acquire
inducedD term splitting between first two generation sfer- negative squared masses triggering FSB, in a way which is
mions is~g’m?. Now, for squark masses of1 TeV,K-  analogous but not identical to the triggering of EWSB.

K mixing constrains ec(mg—mg)/m2<o.01. Thus, for The interactions which feed supersymmetry breaking to
m~500 GeV we must havg®< 1/5, making this gauge cou- the superpartners are phenomenologically very important.
pling moderately larger thaa. Given that many fields trans- Supergravity mediation has been the most studied case, and
form under this flavor S(2), it could be that the S(2) cou- mediation by the known gauge interactions is the only other
pling is non-asymptotically free, in which case a small valuecase that has received significant attention. Our scheme does
for the coupling could be naturally explained. have mediation via the known gauge interactions, but in ad-
In the lepton sector, it is difficult to ensure that tBe  dition there is mediation via the superpotential interactions
terms do not spoil slepton degeneracy without running intef the Froggatt-Nielsen sector. This provides a new origin
trouble with a very light flavor gauge boson coupling to lep-for contributions to the soft operators; in particular it pro-
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vides the dominant contribution to the soft trilineaterms,  mixing V., should arise at ordep in the up sector, op? in
and important flavor-dependent contributions to the scalathe down sector. Entries of the lightx2 block of the
mass matrices. Yukawa matrices should be at most of orde.

We believe that the unified scheme for FSB and EWSB (6) To prevent dangerous nonunivergakerms, all non-
introduced in this paper, and summarized in Fig. 1, providegero entries of the light 22 block of the down and lepton
significant motivation for studying a new class of models foryukawa matrices must be of order.
flavor. This new class of models, although based on the old Each of the above constraints is very significant, and none
ideas of Froggatt and Nielsen, are substantially differenbf them applies to Froggatt-Nielsen models with a high fla-
from the theories which have been constructed up to nowor scale and supergravity mediated supersymmetry break-
This is partly because the messenger sector provides a domirg. Furthermore, these constraints are completely indepen-
nant, flavor-independent, contribution to the squark and slepdent of the particular models chosen to give masses to the
ton masses, and partly because flavon VEVs of order theeavy vector generations in the gauge mediation and
weak scale introduce several new flavor-changing confroggatt-Nielsen sectors; there may be additional model-
straints. dependent constraints. For example, the explicit flavor sector

The construction of any Froggatt-Nielsen model requiresf Sec. Il which led to masses for the heavy vector genera-
a choice for the flavor grougs;, and for theG; transfor-  tions of the Froggatt-Nielsen sector was based @3 aym-
mations of the flavong, the heavy vector generatioRsand ~ metry. The flavons separated into two categorigswhich
the light generation$. The class of models which is consis- haveF ¢f type couplings an@’, which do not. The trilinear
tent with the framework of this paper has these choices sqnteractions necessary to prevent accidental flavgt)s
verely restricted by the following six constraints. then take the formp’3+ ¢’ 2. Finally there may be further

(1) Gy is preferred to be discret— a continuous global constraints which arise from the mechanism used to generate
G gives unacceptable familons, while a continuous gaugedsfective . and m3 terms. In Sec. IlIE this was accom-
Gy has additional flavor dependent scalar mass contributionsjished by an interaction of the forgy,H,Hy, implying that

from D terms. o at least one of the Higgs fields must transform nontrivially
(2) The size of the flavon VEVs is given by ,nder the flavor group.

(@)Mg=~1/16m2~\2 or A3, where \=0.22. This hierar-
chy is determined by the order in perturbation the_ory at ACKNOWLEDGMENTS
which the flavon VEVs are generated, and the requirement
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(3) Sufficient trilinear flavon interactions must I al- ics, Division of High Energy Physics of the U.S. Department
lowed so that there are no accidental)flavor groups of Energy under Contract DE-AC03-76SF00098 and in part
which are spontaneously broken. Since there must be severay the National Science Foundation under grant PHY-95-
different flavon fields, this is a very powerful constraint on 14797. The work of N.A.-H. was supported by NSERC.
the theory.
(4) Box diagrams involving internal heavy vector genera- APPENDIX A: TWO-LOOP INTEGRALS
tions and flavons must not generdfg-Kg mixing in the ) ] ) o )
G, symmetric limit. For example, this means that the 12 or !N this Appendix, we evaluate the diagrams in Fig. 2 using
21 entries of the down Yukawa matrix may not be generated® difference of propagators given (8.19:

at linear order inp/ M . This excludes the case of very large ) ( 292 _zgm) m2] 1
p —_ J—

-1

=i (A1)

tanB where theb Yukawa coupling is of order unity, since in i
that case these entries are expected to be linearimorder —2g+2\g 4gA h?
to generate the Cabibbo angle. The only way to avoid this
conclusion is if the Cabibbo angle is generated from the up ) 2(g?+h?)  —2gy2rng\m?
sector, in which casB-D mixing is predicted at the level of p== —2g\2ng 4g\ h?
the present experimental limit.

(5) From the previous point it follows that the and 7 Since these diagrams only involve modification of the
Yukawa couplings should arise at linear order¢n This  propagator, we need the (2,2) component of the expression
means that tg is expected to be low, less than about 3. Theabove:

—i(161gm®)
p’[h?p?—2gn?(g+2\)][h%p*—2m?(g®+h?+2g\ ) p?+8gam?]”

(A2)

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

d*p —i(8a?B%g3*\mP) d4l 12+ M?
f (2m)* [h?p®—2gm?(g+2\)][h°p*—2m*(g*+h?+2g\)p*+8gam*] | (2m)* I7(1°=M?)*[(p—1)*~M?]’
(A3)
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where M= a(a) is the Froggatt-Nielsen mass scale. Note

that diagramg(B), (C), and (D) in Fig. 2 are individually
ultraviolet divergent, but their sum is finite. Tiél integral

in Eq. (A3) can be done analytically by conventional meth-

ods. To evaluate the remaining integral, we first go to

Euclidean space, and do the trivial angular integration. What
remains is a one-dimensional integral in the Euclidean radial

coordinatepg :

i
————(16a?8%g3\m°®)

(1672)2
X fo dpepEF (pE/M?)D4(p2)Dy(pd), (A4)
where
Dy(pg)= ! (A5)
1 PE) = M2 h2pZ+ 2gmi(g+20)]
D,(p2)= !
2(Pe)= h?pg+2m?(g?+h?+2g\)pZ+8gam*’
(A6)
and
F_——x hfl/x x+1|1
(x)——mtan m‘f’Tn( +X).
(A7)
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FIG. 6. The functionF(x).

spectrum change accordingly but the final sign of the mass

squared remains the same. We conclude that the mass
squared generated in the flavon potential is negative. The
dpe integral can be evaluated numerically, and the results

are consistent with the order of magnitude estimate given in

the text.

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

The functionF(x), plotted in Fig. 6, is positive definite. We
have choserg and\ to be real and positive without loss of 1 A%SB
generality, by making suitable field phase rotations. There- 16772”‘ m2
fore the entire integrand of EQGA4) is also positive definite.
If we use a different phase convention, the VEVs and masand hence can be neglected.

=0.09, (A8)
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