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Electroweak symmetry breaking by strong supersymmetric dynamics at the TeV scale
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We construct models in which electroweak symmetry is spontaneously broken by supersymmetric strong
dynamics at the TeV scale. The order parameter is a composite of scalars, and the longitudinal components of
theW andZ are strongly coupled bound states of scalars. The usual phenomenological problems of dynamical
electroweak symmetry breaking are absent: the sign of theS parameter unconstrained in strongly interacting
SUSY theories, and fermion masses are generated without flavor-changing neutral currents or large corrections
to ther parameter. The lightest neutral Higgs scalar can be heavier thanMZ without radiative corrections from
standard-model fields. All the mass scales in the model can be naturally related in low-scale models of
supersymmetry breaking. Them problem can also be solved naturally, and the model can incorporate pertur-
bative unification of standard-model gauge couplings with intermediate thresholds.
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I. INTRODUCTION

Understanding the origin of electroweak symmetry bre
ing is without question the most important open problem
particle physics. On the experimental side, despite a we
of precision data that shows convincingly that the el
troweak interactions are described by a spontaneously
ken SU~2!W3U~1!Y gauge theory, we still have no direc
information about the dynamics of electroweak symme
breaking. On the theoretical side, there are only a handfu
mechanisms known for electroweak symmetry breaking
can naturally explain the enormous hierarchy between
weak scaleMW;100 GeV and more fundamental scal
such as the unification scaleMGUT;1016GeV and the
Planck scaleMPlanck;1018GeV. The oldest idea is that new
QCD-like strong dynamics near the weak scale are resp
sible for electroweak symmetry breaking@1#. This idea,
known as ‘‘technicolor,’’ is currently out of favor because
phenomenological problems and the difficulty of constru
ing compelling models. Perhaps the most attractive and w
studied idea is supersymmetry~SUSY! @2#. Most recently,
there has been a great deal of interest in the idea that
fundamental Planck scale is near the weak scale, thus o
ating the hierarchy problem. In such scenarios the obse
weakness of gravity compared to the weak interactions
explained by the presence of large extra dimensions felt o
by gravity @3# or by the effects of gravitational curvature
extra dimensions@4#.

In this paper, we consider a new class of models in wh
electroweak symmetry is broken by strongsupersymmetric
dynamics at the TeV scale. Supersymmetry is assumed t
broken softly at the weak scale, but this breaking is sm
enough to be viewed as a perturbation on the strong dyn
ics. Electroweak symmetry is broken by a vacuum expe
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tion value~VEV! for a composite operator made of scala
arising from a nonperturbative ‘‘deformed moduli space
@5#. The Nambu-Goldstone bosons that become the long
dinal components of theW andZ are composites of scalars
In this sense, the mechanism can be viewed as the ‘‘su
partner’’ of the technicolor mechanism, in which the conde
sate and the longitudinal component of the gauge bosons
fermion composites. We therefore call this mechanism ‘S-
color,’’ where the ‘‘S’’ stands for ‘‘super’’ or ‘‘scalar.’’ We
will show that these models elegantly avoid all of the pro
lems of technicolor models, and compare favorably w
other SUSY models in terms of naturalness and simplic
Most importantly, these models give a viable and we
motivated scenario for strongly-coupled supersymme
physics at the TeV scale. The models have many interes
signatures, including a nonminimal Higgs sector, nonsta
ard Yukawa couplings, and an approximately supersymm
ric spectrum of strong resonances in the TeV region.

It is interesting to compare these models with nonsup
symmetric technicolor models. Technicolor models have d
ficulty generating fermion masses without generating la
flavor-changing neutral currents@6#. The models we conside
have no problem with fermion masses because they con
an elementary Higgs multiplet that gets a VEV by mixin
with the composite fields of theS-color sector. The fermion
masses therefore arise from ordinary Yukawa couplings,
the usual Glashow-Iliopoulos-Maiove~GIM! mechanism
suppresses flavor changing neutral currents~FCNC’s!.1 Also,
technicolor models generally give rise to large positive co
tributions to the electroweakS parameter from strong reso
nances in the TeV region@9#. In the models we consider, th
sign of S is not determined by any currently known metho
Other radiative corrections are also naturally under contr

Compared to more traditional SUSY models, these m

1Technicolor models with a GIM mechanism@7# or ‘‘walking’’
@8# can be constructed, but the models are very complicated
require nontrivial dynamical assumptions.
©2001 The American Physical Society01-1
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els also have a number of attractive features. For exam
the m problem can be solved by theS-color dynamics. Also,
the lightest neutral Higgs boson can be significantly m
massive thanMZ due to mixing with the composite state
Perhaps the least appealing feature of these models is tha
SUSY breaking masses must be close to theS-color scale,
even though they do not originate from theS-color dynam-
ics. We will show that this can be natural if theS-color group
is near a conformal fixed point and is driven away from t
fixed point by low-scale SUSY breaking, for example fro
gauge-mediated SUSY breaking. We will present a mo
that incorporates this mechanism, together with a dynam
solution to them problem and gauge unification, all withou
excessive complication.

A model very similar to the ones considered here w
discussed in Ref.@11#, which appeared while this paper wa
in progress. However, the model of Ref.@11# has a massles
fermion with couplings to theZ, and is therefore ruled out.2

Also, electroweak radiative corrections are not discusse
Ref. @11#. However, the idea that there can be strong
proximately supersymmetric dynamics at the TeV scale
pears for the first time in Ref.@11#.

The models presented here also have some similar
with ‘‘bosonic technicolor’’ models@10#, which involve both
SUSY and strong dynamics near the TeV scale. Howeve
bosonic technicolor, SUSY breaking scalar masses are l
compared to the strong dynamical scale, so the dynamics
breaks electroweak symmetry is completely nonsupers
metric. Therefore, in bosonic technicolor the spectrum
strong resonances at the TeV scale is nonsupersymme
and theS parameter is unsuppressed and positive.

This paper is organized as follows. In Sec. II, we analy
a minimal ~but realistic! model that illustrates the main fea
tures of the idea. In Sec. III, we consider an extension of
model analyzed in Sec. II that incorporates a solution to
m problem. In Sec. IV, we estimate the electroweak radiat
corrections in this class of models. In Sec. V, we discus
mechanism that can explain the coincidence of theS-color
scale and the scale of soft SUSY breaking, and accoun
gauge coupling unification. Section VI contains some spe
lations on phenomenology and our conclusions.

II. A MINIMAL MODEL

We now present a simple model that illustrates the m
features of the mechanism. The non-Abelian symmetrie
the model are

SU~2!SC3SU~2!L3SU~2!R , ~2.1!

where SU~2!SC is the S-color gauge group, SU~2!L is the
weak gauge group, and we only gauge the U~1!Y subgroup of
SU~2!R which is generated by thet3 generator. The fields ar

2The massless fermion can be avoided in the model of Ref.@11#
by assuming a different structure for the VEV’s and introduci
additionalB-type soft masses. See Sec. II.
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TL;~h,h,1!, TR;~h,1,h !, H;~1,h,h !, ~2.2!

and two singletsSL , SR . The field H therefore contains a
pair of doublet Higgs fields, and the fieldsTL andTR are a
supersymmetric version of minimal technicolor@1#. The
theory has a tree-level superpotential

W5lLSLTLTL1lRSRTRTR1lHHTLTR1 1
2 mHH.

~2.3!

These terms break all global U~1! symmetries, which is im-
portant for avoiding massless fermions or axions. The ga
symmetries allow the addition of a superpotential term

DW5lH8 HTL~TRt3! ~2.4!

that violates custodial SU~2!. We will ignore this term for
simplicity when discussing the effective potential, but w
will return to it when we discuss electroweak radiative co
rections. The elementary Higgs fields,H, are also assumed t
have Yukawa couplings to the quark and lepton fields. Th
are important for generating the quark and lepton masses
they do not play a role for the vacuum structure as long
the squark and slepton fields do not get VEV’s.

The strongS-color dynamics has a global SU~4! symme-
try that is broken only by standard-model gauge interacti
and trilinear superpotential couplings. Under SU~4!, the
S-colored fields transform as a fundamental:

Tj5S TL

TR
D; , j 51, . . . ,4. ~2.5!

The SU~2!SC group has a deformed moduli space@5#. This
means that below the scaleL where the theory become
strong, the light degrees of freedom correspond to the ‘‘m
son’’ fields M jk}TjTk:

M jk52Mk j5S BLe P

2PT BRe D , e[S 0 1

21 0D , ~2.6!

subject to the constraint

Pf~M !5BLBR2det~P!Þ0. ~2.7!

Under SU~2!L3SU~2!R the composite fields transform as

P;~ , !, BL;~1,1!, BR;~1,1!. ~2.8!

In order to be realistic, this theory must incorporate s
SUSY breaking.3 Since the strong dynamics is responsib
for breaking electroweak symmetry, the required soft SU

3It is amusing to note that if we omit them term in Eq.~2.3!, then
this model dynamically breaks SUSY@12#. However, this cannot be
the only source of SUSY breaking since it gives very small~gauge-
mediated! masses to standard-model gauginos and scalars. Ev
we add soft SUSY breaking by hand, the model without them term
gives rise to an ‘‘extra’’ Goldstino that couples to theZ. Therefore,
we must complicate the model to ensure that it doesnot dynami-
cally break SUSY.
1-2
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ELECTROWEAK SYMMETRY BREAKING BY STRONG . . . PHYSICAL REVIEW D63 075001
breaking terms are not much smaller than the dynam
scale of theS-color dynamics. However, we will see tha
naive dimensional analysis~NDA! @15,16# indicates that it is
sensible to treat soft SUSY breaking as a perturbation.

Denote the scale where theS-color dynamics become
strong byL. In a normalization where the composite fiel
have kinetic terms of order 1, the quantum constraint can
written @16#

det~P!2BLBR5 1
2 f 2, ~2.9!

and the effective superpotential is

Weff5 f @lLSLBL1lRSRBR1lHHP#1 1
2 mHH,

~2.10!

wheref 5L/4p. We have used our freedom to normalize t
fields to set various coefficients to 1; in this normalizatio
all of the unknown strong interaction coefficients appear
the effective Ka¨hler potential for the composite fields.

SU~4! symmetry and NDA tells us that the effectiv
Kähler potential is

Keff5 f 2kS tr~M†M !

2 f 2 D
5 f 2kS P0

†P01PA
†PA1BL

†BL1BR
†BR

f 2 D , ~2.11!

wherek is an unknown order-1 function. We know thatk8
.0 for all field values in order that the theory has a posit
kinetic term in the SUSY limit.

From the above, we see that we requiref ;100 GeV,
which impliesL;1 TeV. The soft masses must be of ord
msoft;100 GeV, so NDA implies that SUSY breaking pe
turbations are suppressed bymsoft/L;1/4p. Some of our
results rely on NDA, so it is reassuring to note that NDA f
soft SUSY breaking is known to work well in supersymme
ric theories where exact results are available@13#. Note also
that in QCD, the strange quark mass breaks SU~3! flavor
symmetry by an amount mstrange/LQCD;(100 MeV)/
(1 GeV), a perturbation just as large as the one we are c
templating. The fact that SU~3! is a useful approximate sym
metry in QCD is thus further support that the expansion
are performing is sensible.

At this point, there is no explanation for the near coin
dence of the scalesf andmsoft. Also, them term must be put
in by hand, and must be the same order asmsoft. In Sec. III
we will discuss extensions of this model that can addr
these issues. However, the present model gives a simple
realistic illustration of the mechanism we are proposing.

To solve the quantum constraint, we write

P j
k5

1

&
~P0121 iPAtA! j

k , H j
k5

1

&
~H0121 iH AtA! j

k ,

~2.12!

wheretA (A51,2,3) are the Pauli matrices. This gives
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HP5H0P01HAPA , det~P!5 1
2 ~P0

21PAPA!,
~2.13!

etc. Solving Eq.~2.9! for P0 gives

P05~ f 212BLBR2PAPA!1/2. ~2.14!

We therefore parametrize the moduli space byBL , BR , and
PA ; this parametrization is nonsingular for all vacua whe
^P0&Þ0. In this way we obtain the unconstrained effecti
superpotential

Weff5 f $lLSLBL1lRSRBR1lH@H0P01HAPA#%

1 1
2 m~H0

21HAHA!, ~2.15!

where P0 is eliminated using Eq.~2.14!. Similarly, P0
should also be eliminated in the effective Ka¨hler potential
Eq. ~2.11!.

We now discuss the vacua in the SUSY limit. TheH0 ,
HA , andPA equations of motion give, respectively,

H052
lHf

m
P0 , ~2.16!

f lHPA52mHA , ~2.17!

H0PA5HAP0 , ~2.18!

whereP0 is given by Eq.~2.14!. Substituting Eq.~2.17! into
Eq. ~2.18! reproduces Eq.~2.16!, so we find three flat direc-
tions. The moduli space of vacua includes a subspace w
SU~2!L3SU~2!R→SU~2!, i.e., the gauge symmetry break
as SU~2!L3U~1!Y→U~1!em. In these vacua, electrowea
symmetry is broken in the correct pattern in the SUSY lim
and the three flat directions are associated with the Nam
Goldstone bosons of the symmetry breaking.

To obtain a realistic model we must include soft SUS
breaking withmsoft;L/4p. We must then check that ther
are choices for the fundamental soft masses where e
troweak symmetry is broken. An important point is that t
potential has no global U~1! symmetries, so there is no dan
ger of obtaining a weak-scale axion. The potential is n
calculable in this model, because when we include s
SUSY breaking the potential depends on the full functio
form of the effective Ka¨hler potential, parametrized by th
function k defined in Eq.~2.11!. This is simply because in
units wheref 51, the Kähler potential is an order-1 function
of an order-1 argument. Derivatives of the Ka¨hler potential
appear multiplicatively in the potential, and do not affect t
VEV’s in the SUSY limit. However, formsoft; f , these mul-
tiplicative corrections are parametrically as important as
soft mass contributions to the potential. Without knowled
of the Kähler potential we cannot determine rigorous
whether vacua of the desired form exist. However, given
large number of free parameters in the soft masses,
1-3
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reasonable to assume that there are vacua that break
troweak symmetry in the desired fashion.4

We now turn to the fermion masses. We first negl
gaugino masses. In the presence of a nontrivial Ka¨hler po-
tential and SUSY breaking, the fermion mass matrix is p
portional to

mab5^Wab&1^Kab
c&^Fc

†&, ~2.19!

where we denote the fields byFa and Wa5]W/]Fa, Wa

5]W/]Fa
† , etc. The physical fermion mass matrices a

given by matrix products ofmab and ^Ka
b&, but the impor-

tant fact for our purposes is that massless fermions
present if and only if det(m)50.5 The determinant ofm is
thus an important diagnostic, and we find that it is nonz
for general VEV’s. The precise expression depends on
form of the effective Ka¨hler potential, and is complicate
and unenlightening; for example, if we assume that
Kähler potential is tr(M†M ), and assumêPA&50, ^BL&
5^BR&50, we find

det~m!52m f 7lH
3 lL

2lR
2~m^H0&1lHf !3. ~2.20!

This vanishes for SUSY vacua@see Eq.~2.16!#, but is non-
zero~and nonsingular! for general VEV’s. When we include
the gauginos, there are mass terms that mix the gaug
with some of the fermions above, as part of the SUSY Hig
effect. These mixing mass terms are of orderMZ , so the
nonvanishing of the determinant above shows that there
no massless fermions in the limitg1,2→0. This is important
because it shows that there are no fermions whose m
comes entirely from the SUSY Higgs effect, so there is
reason that all fermions cannot be heavier thanMZ . The
nonzero electroweak gauge couplings can in principle g
rise to light fermions, but only for special parameter choic
We conclude that the fermion masses do not present a
nomenological problem for this model.

An undesirable feature of the present model is that it c
tains an explicit ‘‘m term.’’ This term must be of order the
weak scale: ifm is large compared to the weak scale, t
elementary Higgs fieldsH decouple and we do not genera
quark and lepton masses; ifm is too small we have light
fermions @see Eq.~2.20!#. ~The only difference from them
problem in the MSSM is that the present model can br
electroweak symmetry for any value ofm.! In the next sec-
tion, we show that a simple modification of the model c
solve this problem.

We close this section by considering what happens w
lL5lR50. Then the singletsSL ,SR decouple, and we ob

4In the limit where the superpartners decouple this model beco
minimal technicolor. In minimal technicolor, the vacuum aligns
break electromagnetism, due to effects of standard-model ga
loops. In the present model, the superpotential couplings as we
standard-model gauge couplings break the accidental global s
metries of the strong dynamics. There is no reason to think tha
problems of minimal technicolor are present in our model.

5This assumes that the Ka¨hler potential is nonsingular.
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tain the model of Ref.@11#. This model has an anomaly-fre
global U~1!SB3U~1!R symmetry, where the U~1!SB is ‘‘ S-
baryon’’ number. The U~1!R symmetry is broken explicitly
by soft SUSY breaking terms. Reference@11# assumes tha
^BL&5^BR&50 in order to avoid spontaneously breaking t
U~1!SB. In this case, we find that there is a massle
‘‘baryon’’ fermion in the spectrum. This fermion has unsu
pressed couplings to theZ, and is therefore ruled out. Th
massless fermion can be avoided by allowing^BL&, ^BR&
Þ0. In order to avoid a weak-scale axion, U~1!SB must be
broken explicitly. This can be done by adding theB-type soft
SUSY breaking mass termsTLTL1H.c., TRTR1H.c. to the
potential. The origin of these terms in a specific model
SUSY breaking may be difficult to understand, since th
are no terms with the same symmetries in the SUSY par
the theory.

III. AN IMPROVED MODEL

We can eliminate them problem simply by replacing the
m term with a cubic interaction:6

W5lLSLTLTL1lRSRTRTR1lHHTLTR1 1
2 y~SL1SR!HH.

~3.1!

The symmetry between theSL andSR cubic couplings is not
essential; it merely simplifies the form of the VEV’s in th
model. We can also include further cubic interactions for
singletsSL and SR , but these do not lead to qualitativel
different results. Note that all global U~1! symmetries are
broken.

In the SUSY limit, the VEV’s are determined by

]W

]SL
5 f lLBL1

y

2
~H0H01HAHA!,

]W

]SR
5 f lRBR1

y

2
~H0H01HAHA!,

]W

]BL
5 f lLSL2

f lHH0BR

P0
,

]W

]BR
5 f lRSR2

f lHH0BL

P0
,

]W

]H0
5 f lHP01y~SL1SR!H0 ,

]W

]HA
5 f lHPA1y~SL1SR!HA ,

]W

]PA
5 f lHS HA2

H0PA

P0
D . ~3.2!

Using theH0 equation we can see that thePA andHA equa-

es

ge
as
m-
e

6This is similar in spirit to the next-to-minimal supersymmetr
standard model@14#.
1-4
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tions are equivalent, so we again find three flat directio
Solving the remaining equations for the special case^HA&
50, we obtain

^H0&5S 2lLlR

9y2 D 1/4

f ,

^SL&5^SR&56lHS 2

9y2lLlR
D 1/4

f ,

^BL&52S lR

18y2lL
D 1/2

f ,

^BR&52S lL

18y2lR
D 1/2

f . ~3.3!

We see that there are points on the moduli space where
troweak symmetry is broken in the correct pattern. In ad
tion, the nonzero VEV for the singlets gives an effectivem
term for the Higgs doublets.

The inclusion of soft SUSY breaking proceeds as for
simpler model above. The details are not enlightening,
will not be given here. We expect that there is a vacuum w
the desired properties for reasonable choices of soft mas

We also computed the determinant of the fermion m
matrix to check that there are no light fermions. As in t
previous model, we find that the fermion determinant is n
zero and unsuppressed for nonsupersymmetric VEV’s.
discussion is similar to that for the simpler model, but t
expressions are more complicated.

IV. ELECTROWEAK RADIATIVE CORRECTIONS

We now discuss electroweak radiative corrections in th
models. This is particularly interesting because it is gener
believed that models in which electroweak symmetry is b
ken by strong dynamics are strongly constrained by the e
troweak S parameter@9#. However, we show that in the
present model this is not the case. We will show that ot
radiative corrections are also small.

A. The S parameter

TheSparameter can be viewed as a gauge kinetic mix
term between SU(2)L and U(1)Y gauge groups in an effec
tive theory below the scaleL where electroweak symmetr
is broken:

Leff52
S

16p
gg8FL

mnFmnY . ~4.1!

In our model, the leading contribution toS comes from op-
erators of the form

c

L2 E d4u tr@¹̄¹~M†eV!¹̄¹M #1H.c., ~4.2!

where ¹a is the gauge covariant SUSY derivative, andc
;1 by NDA. Putting in VEV’s forM we find
07500
s.
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S;
c

p
;60.3. ~4.3!

Note that there are no large multiplicity factors, since there
only a single electroweak doublet charged under a stron
coupled SU~2! gauge group.

The most recent Particle Data Group analysis of precis
electroweak data givesS520.1660.14 for the standard
model with mh05MZ , and S520.2660.14 for mh0

5300 GeV@17#. We see that the estimates above are co
patible with the data, provided that the sign ofS can be
negative.

It is therefore very encouraging that the sign of the co
tribution Eq.~4.3! to S is not determined by the usual argu
ments in QCD-like theories, because of the crucial r
played by scalars in these theories. Clearly we cannot
QCD data to directly estimateS in these theories. An alter
native approach in QCD-like theories uses the Weinberg s
rules @18# together with the less rigorous resonance satu
tion ‘‘approximation’’ to estimateS. The first step is to use
the operator product expansion~OPE! to find the short-
distance behavior of the current-current correlation funct
relevant forS,

E d4x eip•x^0uTJLA
m ~x!JRB

n ~0!u0&

;
gmn2pmpn/p2

p2 ^0u~TL
†tLATL!~TR

†tRBTR!u0&1¯ ,

~4.4!

whereTL,R are the scalar components of theS-colored fields.
In QCD, the leading operator on the right-hand side is
quartic fermion term, and the correlation function behaves
1/p4 rather than 1/p2. This implies that only the first Wein-
berg sum rule holds in the present class of theories.
Weinberg sum rules can be written in terms of spectral d
sity functions for vector and axial-vector channels@18#.
Making the assumption that these sum rules are appr
mately saturated by the lowest-lying single particle interm
diate states with vector and axial-vector quantum numb
the first and second sum rules yield

f r
22 f A

25 f p
2 , ~4.5!

f r
2mr

22 f A
2mA

250. ~4.6!

With these assumptions,S is given by@19#

S54pS f r
2

mr
22

f A
2

mA
2 D . ~4.7!

Using both sum rules Eqs.~4.5! and~4.6!, one one can show
that mr,mA , f A, f r and hence thatS.0. However in a
SUSY theory with only the first Weinberg sum rule Eq.~4.5!
we can reach no conclusion as to the sign ofS. Abandoning
the saturation approximation we have even less informat

Yet another approach to determining the sign ofS is to
apply Vafa-Witten @20# positivity arguments to current
1-5
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current correlators. However, in spite of significant effo
along these lines, the sign ofS has not been determined i
this way for a QCD-like theory@21#. Furthermore, the Vafa
Witten arguments generally break down in theories~such as
supersymmetric theories! that include scalars with Yukaw
couplings. We conclude that there is no reason to believe
S cannot be negative in this class of models.

In the remainder of this section, we will argue that theF
term contributions toS are much smaller than the contribu
tion of Eq. ~4.3!. This is a somewhat surprising result, b
cause there is an operator

1

L2 E d2u~Wa! j
k~Wa! l

ne j lrsMknMrs1H.c. ~4.8!

that is invariant under all symmetries, and that gives a n
zero value forS. NDA implies that the contribution toS from
this operator is the same as Eq.~4.3!, so the conclusions
above would not be affected if this operator is present. T
remainder of this subsection is therefore primarily of the
retical interest, and the reader interested mainly in the res
is urged to skip to the next subsection.

We begin by classifying the possibleF terms that can
contribute toS. For this, it is important to keep track of th
SU~4! symmetry of the strong dynamics. The elementa
Higgs fields and composite ‘‘meson’’ fields fall into SU~4!
representations

S jk5S lLSLe lHH

2lHHT lRSRe D; , M jk5S BLe P

2PT BRe D; ,

~4.9!

while the SU(2)L3SU(2)R field strengths are in the SU~4!
adjoint:

~Wa! j
k;S WLa 0

0 WRa
D;Ad. ~4.10!

In this notation, the tree-level superpotential of the mode
Sec. III is

W5S jkM jk1yjklnpqS jkS lnSpq , ~4.11!

whereyjklmpq contains the cubic term in Eq.~3.1!. In addi-
tion, there is an anomaly-free U(1)R symmetry with

R~M !50, R~S!52, R~Wa!51, R~y!524.
~4.12!

This SU~4!3U~1!R symmetry strongly constrains the form o
operators that can appear in the effective theory.

We now show that the only operator allowed by the
symmetries that can contribute toSat the level of Eq.~4.3! is
Eq. ~4.8!. We first consider contributions that do not vani
in the SUSY limit. In the SUSY limit, any operator tha
contributes to a gauge kinetic mixing must have the form

E d2u~Wa! j
k~Wa! l

nFkn
j l ~M ,S,y!1H.c. ~4.13!
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We can expandF in a power series iny, and NDA tells us
that the terms proportional to powers ofy are suppressed b
powers of 1/4p. We therefore consider only terms indepe
dent ofy.7 F cannot depend onS21 because it must have
smooth limit asS→0. @F can depend on bothM andM 21 to
construct invariants since Pf(M )Þ0 ensures thatM is invert-
ible.# Therefore U~1!R invariance then does not allow an
dependence of they-independent part ofF on S. We are left
with terms whereF is a function ofM only. It is not hard to
see that Eq.~4.8! is the only possibility, taking into accoun
the quantum constraint.

However, we claim that the operator Eq.~4.8! cannot be
present in the theory because it cannot arise from the the
with an additional massive flavor. Consider an SU~2! gauge
theory with 6 fundamentals, and a mass termW5mjkM jk

that gives mass to 2 fundamentals. Near the origin of mod
space, this theory has a weakly-coupled ‘‘s-confined’’ @5#
description in terms of the unconstrained meson fieldsM jk

and a dynamically generated superpotentialWdyn}Pf(M ).
The theory has ananomaly-free U~1!R symmetry with
R(M )5 2

3 , R(m)5 4
3 . This forbids all terms of the form

E d2u~Wa! j
k~Wa! l

nFkn
j l ~M ,m!1H.c. ~4.14!

whereF is nonsingular in the limitm→0. For example, the
term

E d2u~Wa! j
k~Wa! l

ne j lpqrsM
knM pq~m21!rs ~4.15!

is invariant under all symmetries, and reduces to Eq.~4.8! if
the matrixmjk has rank 2, but it has a singular limit asm
→0. Therefore, it cannot appear in the effective theory
low the scaleL6 , where the theory with 6 fundamenta
becomes strong.

We now turn to the possibility that the operator Eq.~4.8!
is generated in the theory with 6 fundamentals when we
tegrate out the massive modes. Form!L6 we can integrate
out the massive modes using the confined description.
operator Eq.~4.8! does not appear at any order in the pert
bative expansion, as follows from conventional perturbat
nonrenormalization theorems. We believe that there are
nonperturbative corrections to the matching that can give
~4.8!, since the effective theory is simply a weakly coupl
Wess-Zumino model. This argument is valid only form
!L, but there can be no phase transitions as a function
holomorphic coupling in the SUSY limit, so we conclud
that the operator Eq.~4.8! vanishes even form@L. We can
summarize this by saying that the operator Eq.~4.8! in the
theory with 4 fundamentals is not generated despite the
that it is invariant under all symmetries; we do not have
generic superpotential in the ultraviolet theory~with 6 fun-
damentals!.

7There are contributions such asFjk
ln;yjkpqrsSpqS rs(M 21) ln

that are allowed by all symmetries.
1-6
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There are additional contributions to theSparameter from
SUSY breaking terms such as

E d4u~Wa! j
k~Wa! l

n~M†! j l ~S†!kn1H.c. ~4.16!

However, NDA shows that these are highly suppressed
cause the VEV’s of fields and SUSY breaking parameters
of order L/4p, while the mass scale that suppresses s
higher dimension operators isL.

B. The T parameter

We now turn to the isospin-breakingT parameter. In an
effective Lagrangian language,T is proportional to the dif-
ference between theW3 andW6 mass term obtained by in
tegrating out theS-color states at the TeV scale. The on
large contribution from theS-color dynamics comes from th
isospin breaking term Eq.~2.4!, which gives a shift in theZ
mass of order

DMZ
2;

~lH8 f !2

16p2 . ~4.17!

Comparing this to the shift induced by the top quark,
obtain

TSC

Ttop
;

~lH8 f !2

mtop
2 . ~4.18!

For lH8 ;1, the S-color contribution is as large as the to
contribution, but we can easily obtain an acceptable con
bution for moderately small values oflH8 .8

V. FURTHER MODEL BUILDING

Why is f ;msoft? It could be a coincidence just likef p

;mstrange. However, it is not difficult to construct model
where the strong interaction scale ofS-color is fixed by
SUSY breaking. The idea is that theS-color gauge dynamics
is near a strongly coupled fixed point, and is perturbed aw
from this fixed point by SUSY breaking, similar to ‘‘pos
modern’’ technicolor theories@22#. For example, in our
model, SU~2!SC would have an infrared fixed point if ther
were four or five flavors rather than two. If the addition
S-colored fields are electroweak singlets and receive ma
somewhat larger thanmsoft, then theS-color gauge coupling
rapidly becomes strongly coupled near the scalemsoft.

For an explicit example of this type of model, conside
theory with fourS-color flavors, one electroweak doublet an
two electroweak singlets, as well as a gauge singletX with a
superpotential term

8Note that f is somewhat smaller thanv5246 GeV, since elec-
troweak symmetry breaking is distributed between four Higgs d
blets.
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X3. ~5.1!

Suppose thatX gets a negative soft mass squared of or
msoft

2 ;(100 GeV)2. ~We will discuss how this can happe
below.! The potential forX is

V;2msoft
2 uXu21uku2uXu4, ~5.2!

with a minimum at̂ X&;msoft/k. For smallk, X gets a VEV
larger thanmsoft. If X has Yukawa couplings to theS-colored
electroweak singlets, then they can be integrated out and
S-color gauge coupling will rapidly go from fixed point be
havior to strong coupling. This threshold is not supersy
metric, but^FX&/^X&;msoft. This SUSY breaking feeds into
S-colored superpartners throughS-color gauge mediation
but this gives corrections smaller thanmsoft.

One might also wonder what becomes of unification sin
the S-color particles we have added to the MSSM are not
complete SU~5! multiplets. There are many ways to achie
unification with the addition of further particles. An attra
tive possibility is that these may be responsible for gau
mediating SUSY breaking to the ordinary superpartners
simple example is to add a vector-like right-handed up qu
to the model of this section. With theS-color particles re-
sponsible for electroweak symmetry breaking describ
above this makes an approximate SU~5! multiplet. The SM
gauge couplings unify if the vector-like quark mass is ne
106 GeV. If the vector-like quark is the gauge messenger
SUSY breaking for the usual superpartners then the spec
of superpartner masses will differ from the usual scenar
since the messengers are not complete SU~5! multiplets.

VI. CONCLUSIONS

We have presented models that dynamically break e
troweak symmetry via strong supersymmetric~‘‘ S-color’’ !
dynamics. Our analysis of the dynamics is based on ex
nonperturbative results in supersymmetric gauge theor
and is therefore on a firm theoretical foundation. The failu
of the second Weinberg sum rule shows that theSparameter
can have either sign, and is thus potentially consistent w
precision electroweak data. One of our models gives a s
tion to the ‘‘m problem.’’ Simple extensions of these mode
can relate the supersymmetry breaking scale to theS-color
scale and allow for gauge coupling unification.

The phenomenology of these models is very exciting. T
spectrum contains the MSSM spectrum with two extra~com-
posite! Higgs doublets. In addition, the theory is strong
coupled with a rich spectrum of supersymmetric strong
teraction resonances in the TeV range, and therefore
exhibit anomalousWW scattering. Yukawa couplings ar
larger than in the MSSM~or the standard model!, since elec-
troweak symmetry breaking is distributed between comp
ite and fundamental Higgs doublets. We hope that this
proach to electroweak symmetry breaking will stimula
further theoretical and experimental work on the possibi
of strong dynamics at the TeV scale.
-
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