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Abstract

We construct models in which electroweak symmetry is sponiaously bro-
ken by supersymmetric strong dynamics at the TeV scale. Thader pa-
rameter is a composite of scalars, and the longitudinal corapents of theW
and Z are strongly-coupled bound states of scalars. The usual plteneno-
logical problems of dynamical electroweak symmetry brealg are absent:
the sign of the S parameter unconstrained in strongly interacting SUSY
theories, and fermion masses are generated without avoh&nging neutral
currents or large corrections to the parameter. The lightest neutral Higgs
scalar can be heavier thatM ; without radiative corrections from standard-
model elds. All the mass scales in the model can be naturalkelated in
low-scale models of supersymmetry breaking. The problem can also be
solved naturally, and the model can incorporate perturbate uni cation of
standard-model gauge couplings with intermediate threshis.
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1 Introduction

Understanding the origin of electroweak symmetry breaking without question the

most important open problem in particle physics. On the expénental side, despite
a wealth of precision data that shows convincingly that thelectroweak interactions
are described by a spontaneously brokeédU(2),, U(1)y gauge theory, we still have
no direct information about the dynamics of electroweak symetry breaking. On

the theoretical side, there are only a handful of mechanisniown for electroweak
symmetry breaking that can naturally explain the enormous ierarchy between the
weak scaleM,y, 100 GeV and more fundamental scales such as the uni cationade
Mgur 10 GeV and the Planck scaléMpnek 108 GeV. The oldest idea is that
new QCD-like strong dynamics near the weak scale are respities for electroweak
symmetry breaking [IL]. This idea, known as “technicolor'sicurrently out of favor

because of phenomenological problems and the di culty of estructing compelling

models. Perhaps the most attractive and well-studied idea supersymmetry (SUSY)
[B]. Most recently, there has been a great deal of interest the idea that the funda-

mental Planck scale is near the weak scale, thus obviatingeathierarchy problem. In
such scenarios the observed weakness of gravity comparedh® weak interactions is
explained by the presence of large extra dimensions felt gridy gravity [B] or by the

e ects of gravitational curvature in extra dimensions [[4].

In this paper, we consider a new class of models in which elegteak symmetry
is broken by strongsupersymmetricdynamics at the TeV scale. Supersymmetry is
assumed to be broken softly at the weak scale, but this breakj is small enough to be
viewed as a perturbation on the strong dynamics. Electrowkaymmetry is broken by
a VEV for a composite operator made of scalars arising from am-perturbative "de-
formed moduli space'[[5]. The Nambu-Goldstone bosons thaébome the longitudinal
components of theW and Z are composites of scalars. In this sense, the mechanism
can be viewed as the “superpartner' of the technicolor mectism, in which the con-
densate and the longitudinal component of the gauge boson® dermion composites.
We therefore call this mechanismS-color', where the S' stands for “super' or “scalar'.
We will show that these models elegantly avoid all of the praééms of technicolor mo-
dels, and compare favorably with other SUSY models in termd maturalness and
simplicity. Most importantly, these models give a viable ad well-motivated scenario
for strongly-coupled supersymmetric physics at the TeV st&a The models have many
interesting signatures, including a non-minimal Higgs sewr, non-standard Yukawa
couplings, and an approximately supersymmetric spectrumf gtrong resonances in
the TeV region.



It is interesting to compare these models with non-supersymetric technicolor
models. Technicolor models have di culty generating fermon masses without gen-
erating large avor-changing neutral currents [[6]. The moels we consider have no
problem with fermion masses because they contain an elememyt Higgs multiplet
that gets a VEV by mixing with the composite elds of the S-color sector. The
fermion masses therefore arise from ordinary Yukawa coumls, and the usual GIM
mechanism suppresses FCNdJsAlso, technicolor models generally give rise to large
positive contributions to the electroweakS parameter from strong resonances in the
TeV region [9]. In the models we consider, the sign & is not determined by any
currently known method. Other radiative corrections are ao naturally under control.

Compared to more traditional SUSY models, these models albave a number
of attractive features. For example, the problem can be solved by theS-color
dynamics. Also, the lightest neutral Higgs boson can be sigrantly more massive
than Mz due to mixing with the composite states. Perhaps the least gpaling
feature of these models is that the SUSY breaking masses mib& close to theS-
color scale, even though they do not originate from th&-color dynamics. We will
show that this can be natural if the S-color group is near a conformal xed point
and is driven away from the xed point by low-scale SUSY breakg, for example
from gauge-mediated SUSY breaking. We will present a modehat incorporates
this mechanism, together with a dynamical solution to the problem and gauge
uni cation, all without excessive complication.

A model very similar to the ones considered here were discedsin Ref. [11],
which appeared while this paper was in progress. However,etmodel of Ref. [[1]1]
has a massless fermion with couplings to th&, and is therefore ruled oufj Also,
electroweak radiative corrections are not discussed in R¢f[]]. However, the idea
that there can be strong approximately supersymmetric dymaics at the TeV scale
appears for the rst time in Ref. [11].

The models presented here also have some similarities wittosonic technicolor'
models [IP], which involve both SUSY and strong dynamics nethe TeV scale.
However, in bosonic technicolor, SUSY breaking scalar massare large compared
to the strong dynamical scale, so the dynamics that breakseetroweak symmetry is
completely non-supersymmetric. Therefore, in bosonic tegicolor the spectrum of
strong resonances at the TeV scale is non-supersymmetrigidathe S parameter is

1Technicolor models with a GIM mechanism [}7] or \walking" [E] can be constructed, but the
models are very complicated and require nontrivial dynami@al assumptions.

2The massless fermion can be avoided in the model of Ref:[lly fassuming a di erent structure
for the VEV's and introducing additional B-type soft masses. See Section 2.



unsuppressed and positive.

This paper is organized as follows. In Section 2, we analyzenanimal (but
realistic) model that illustrates the main features of thedea. In Section 3, we consider
an extension of the model analyzed in Section 2 that incorpates a solution to the
problem. In Section 4, we estimate the electroweak radiagvcorrections in this class
of models. In Section 5, we discuss a mechanism that can expléhe coincidence
of the S-color scale and the scale of soft SUSY breaking, and accodot gauge
coupling uni cation. Section 6 contains some speculationsn phenomenology and
our conclusions.

2 A Minimal Model

We now present a simple model that illustrates the main feates of the mechanism.
The non-Abelian symmetries of the model are

SU@)sc SU@). SU(2)g; (2.1)

where SU(2)sc is the S-color gauge groupSU(2), is the weak gauge group, and we
only gauge theU(1)y subgroup of SU(2)r which is generated by the ;3 generator.
The elds are

. @01, Tz (@10, H (Lo0O); (2.2)

and two singletsS, ; Sg. The eld H therefore contains a pair of doublet Higgs elds,
and the elds T, and Tr are a supersymmetric version of minimal technicolof][1].
The theory has a tree-level superpotential

W= ST T.+ rSrTrTr + HHTLTR"'%HHI (2.3)

These terms break all globaU(1) symmetries, which is important for avoiding mass-
less fermions or axions. The gauge symmetries allow the diluh of a superpotential
term

W= %HT. (Tr 3) (2.4)

that violates custodial SU(2). We will ignore this term for simplicity when discussing
the e ective potential, but we will return to it when we discuss electroweak radiative
corrections. The elementary Higgs eldsH, are also assumed to have Yukawa cou-
plings to the quark and lepton elds. These are important forgenerating the quark
and lepton masses, but they do not play a role for the vacuumrsicture as long as
the squark and slepton elds do not get VEV's.



The strong S-color dynamics has a globaBU(4) symmetry that is broken only
by standard-model gauge interactions and trilinear supegtential couplings. Under
SU(4), the S-colored elds transform as a fundamental:

!

T

T O =104 (2.5)
The SU(2)sc group has a deformed moduli spac¢] [5]. This means that belowet
scale where the theory becomes strong, the light degrees fséedom correspond to

the “'meson' eldsM ik /| TiTk:
! !

Mk = MW= B o 01 (1) : (2.6)
subject to the constraint
Pf(M)= B Bgr det() 60: (2.7)
Under SU(2). SU(2)r the composite elds transform as
@:O); Bo (1;1); Br (L;1) (2.8)

In order to be realistic, this theory must incorporate soft §SY breakingf] Since
the strong dynamics is responsible for breaking electrovkeaymmetry, the required
soft SUSY breaking terms are not much smaller than the dynawal scale of theS-
color dynamics. However, we will see that nave dimensiohanalysis (NDA) [I3, [1%]
indicates that it is sensible to treat soft SUSY breaking as perturbation,

Denote the scale where theé-color dynamics becomes strong by . In a nor-
malization where the composite elds have kinetic terms ofrder 1, the quantum
constraint can be written [16]

det() B.Bgr= if? (2.9)
and the e ective superpotential is

We :f[LSLBL+ rRSrBR + HH]+ %HH, (210)

3It is amusing to note that if we omit the  term in Eq. (E), then this model dynamically
breaks SUSY ]. However, this cannot be the only source ofUSY breaking since it gives very
small (gauge-mediated) masses to standard-model gaugin@hd scalars. Even if we add soft SUSY
breaking by hand, the model without the term gives rise to an “extra’ Goldstino that couples to the
Z. Therefore, we must complicate the model to ensure that it desnot dynamically break SUSY!



wheref = =4 . We have used our freedom to normalize the elds to set varisiLco-
e cients to 1; in this normalization, all of the unknown strong interaction coe cients
appear in the e ective Kahler potential for the composite elds.

SU(4) symmetry and NDA tells us that the e ective Kahler potential is

tr(MYM)
2
Ke =2 o
|
— f2k % 0+ X A + BKBL + BéBR . (211)

f2 '

wherek is an unknown order-1 function. We know thatk®> 0 for all eld values in
order that the theory has a positive kinetic term in the SUSY imit.

From the above, we see that we require 100 GeV, which implies 1 TeV.
The soft masses must be of ordemg 100 GeV, so NDA implies that SUSY
breaking perturbations are suppressed byngqi= 1=4 . Some of our results rely
on NDA, so it is reassuring to note that NDA for soft SUSY breaikg is known to
work well in supersymmetric theories where exact resultsaavailable [IB]. Note also
that in QCD, the strange quark mass break$SU(3) avor symmetry by an amount
Msiange= ocp (100 MeV)=(1 GeV), a perturbation just as large as the one we are
contemplating. The fact that SU(3) is a useful approximate symmetry in QCD is
thus further support that the expansion we are performing isensible.

At this point, there is no explanation for the near coincidepe of the scale$ and
Msoit- AlSO, the term must be put in by hand, and must be the same order aBgy;.
In Section 3 we will discuss extensions of this model that catddress these issues.
However, the present model gives a simple and realistic giimation of the mechanism
we are proposing.

To solve the quantum constraint, we write
- 1 . - - 1 . -
he = P—é( olo+i aa)ks Hly= P—Q(Holz+ iHa )« (2.12)
where A (A =1;2;3) are the Pauli matrices. This gives

H = Ho o+ Ha a; det()= 2 5+ A A ; (2.13)

etc. Solving Eq. (Z.9) for o gives

1=2

o= f242B Br A a (2.14)

We therefore parameterize the moduli space [, , Br, and ,; this parameterization
is non-singular for all vacua wheré i & 0. In this way we obtain the unconstrained



e ective superpotential

We =f | S BL+ rSgBr+ n[Ho o+ Ha a]
(2.15)

+ 3 (H+ HaHa);
where o is eliminated using Eq. [2.14). Similarly, o should also be eliminated in

the e ective Kahler potential Eq. (2.17).

We now discuss the vacua in the SUSY limit. Thédg, Ha, and A equations of
motion give respectively

Ho = H—f 0, (216)
f H A= H a; (217)
Ho A= Ha o (2.18)

where o is given by Eq. (Z.I§). Substituting Eq. [2.3]7) into Eq. [2.8) reproduces

Eq. (£.1I8), so we nd three at directions. The moduli space bvacua includes

a subspace wher&U(2), SU@R)r ! SU(2) i.e. the gauge symmetry breaks as
SUR2)., U@)y ! U(@)em. Inthese vacua, electroweak symmetry is broken in the
correct pattern in the SUSY limit, and the three at directions are associated with

the Nambu-Goldstone bosons of the symmetry breaking.

To obtain a realistic model we must include soft SUSY breakinwith mgg

=4 . We must then check that there are choices for the fundameritaoft masses
where electroweak symmetry is broken. An important point ishat the potential has
no globalU(1) symmetries, so there is no danger of obtaining a weak-#&axion. The
potential is not calculable in this model, because when wedlude soft SUSY breaking
the potential depends on the full functional form of the e etive Kahler potential,
parameterized by the functionk de ned in Eq. (B.1]). This is simply because in
units wheref =1, the Kahler potential is an order-1 function of an orderd argument.
Derivatives of the Kahler potential appear multiplicatively in the potential, and do
not a ect the VEV's in the SUSY limit. However, for mg  f, these multiplicative
corrections are parametrically as important as the soft mascontributions to the
potential. Without knowledge of the Kahler potential we cannot determine rigorously
whether vacua of the desired form exist. However, given tharge number of free
parameters in the soft masses, it is reasonable to assumetttizere are vacua that
break electroweak symmetry in the desired fashidh.

4In the limit where the superpartners decouple this model beomes minimal technicolor. In



We now turn to the fermion masses. We rst neglect gaugino mass. In the
presence of a nontrivial Kahler potential and SUSY breakig, the fermion mass matrix
is proportional to

Mab = MWapi + K apSihFYi (2.19)

where we denote the elds by # and W, = @QW=@, W? = @W=@, etc. The

physical fermion mass matrices are given by matrix productsf m,, and hK &, but

the important fact for our purposes is that massless fermignare present if and only
if det(m) = 0.} The determinant of m is thus an important diagnostic, and we
nd that it is nonzero for general VEV's. The precise expressn depends on the
form of the e ective Kahler potential, and is complicated aand unenlightening; for
example, if we assume that the Kahler potential is trff4YM ), and assumeh i =0,

B i = Bgri =0, we nd

detm)= 73 2 2( tHoi + yf)% (2.20)

This vanishes for SUSY vacua (see Ed. (Z]16)), but is nonzef@nd nonsingular) for
general VEV's. When we include the gauginos, there are massms that mix the
gauginos with some of the fermions above, as part of the SUSYgHs e ect. These
mixing mass terms are of ordeMz, so the non-vanishing of the determinant above
shows that there are no massless fermions in the lingg., ! 0. This is important
because it shows that there are no fermions whose mass conmtisedy from the SUSY
Higgs e ect, so there is no reason that all fermions cannot desavier thanM;. The
nonzero electroweak gauge couplings can in principle givser to light fermions, but
only for special parameter choices. We conclude that the feion masses do not
present a phenomenological problem for this model.

An undesirable feature of the present model is that it contas an explicit ~ term'.
This term must be of order the weak scale: if is large compared to the weak scale,
the elementary Higgs eldsH decouple and we do not generate quark and lepton
masses; if is too small we have light fermions (see Eq[_(2]20)). (The gnti erence
from the problem in the MSSM is that the present model can break electweak
symmetry for any value of .) In the next Section, we show that a simple modi cation
of the model can solve this problem.

minimal technicolor, the vacuum aligns to break electromagpetism, due to e ects of standard-model
gauge loops. In the present model, the superpotential coupigs as well as standard-model gauge
couplings break the accidental global symmetries of the ststng dynamics. There is no reason to
think that the problems of minimal technicolor are present in our model.

5This assumes that the Kahler potential is nonsingular.



We close this Section by considering what happens whepn = g = 0. Then
the singlets S, ; Sz decouple, and we obtain the model of Ref{ J11]. This model has
an anomaly-free globalU(1)sg U(1)r symmetry, where theU(1)sg is ‘S-baryon'
number. The U(1)r symmetry is broken explicitly by soft SUSY breaking terms.
Ref. [I1] assumes thatB i = Bri = 0 in order to avoid spontaneously breaking
the U(1)sg. In this case, we nd that there is a massless "baryon' fernmoin the
spectrum. This fermion has unsuppressed couplings to tiZg and is therefore ruled
out. The massless fermion can be avoided by allowimg i;Bri & 0. In order to
avoid a weak-scale axionJ(1)sg must be broken explicitly. This can be done by
adding the B-type soft SUSY breaking mass term3, T, + h:c;,, TRTg + h:c: to the
potential. The origin of these terms in a speci c model of SUS breaking may be
di cult to understand, since there are no terms with the samesymmetries in the
SUSY part of the theory.

3 An Improved Model

We can eliminate the problem simply by replacing the term with a cubic inter-
actiorf]:

W= [ST.TL+ rSgTrTr+ wHTLTr + 3y(S. + Sr)HH: (3.1)

The symmetry between theS, and Sy cubic couplings is not essential; it merely
simpli es the form of the VEV's in the model. We can also inclde further cubic
interactions for the singletsS, and Sg, but these do not lead to qualitatively di erent
results. Note that all globalU(1) symmetries are broken.

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

g_é\’:f LBL+%(H0H0+ HaHa);

g_;/:f F{|_3,R+)—2/(H0H0+ HaHa);

g_éV:f S %; (3.2)
%sz oo+ Y(SL+ Sr)Ho;

8This is similar in spirit to the next-to-minimal supersymme tric standard model @]



@W

——— =f + Y(SL + Sr)Ha;

OH HoatY(S r)HA

QW Ho A

—— =f H

@ "t
Using the Hq equation we can see that the , and H, equations are equivalent, so
we again nd three at directions. Solving the remaining eqations for the special

caselHA1 =0, we obtain

2 1=4
- L R .
H"ol = 9y2 f;
I
hS, i = hSgi = 2 l_4f
L R H 9y2 L R ’
e (3.3)
- R .
H3|_| = 718)/2 ] f,
)
Bri= —— f
18y2 r

We see that there are points on the moduli space where elesteak symmetry is
broken in the correct pattern. In addition, the nonzero VEV br the singlets gives an
e ective term for the Higgs doublets.

The inclusion of soft SUSY breaking proceeds as for the siraplmodel above.
The details are not enlightening, and will not be given hereWe expect that there is
a vacuum with the desired properties for reasonable choicessoft masses.

We also computed the determinant of the fermion mass matribotcheck that there
are no light fermions. As in the previous model, we nd that tle fermion determinant
is nonzero and unsuppressed for non-supersymmetric VEVBhe discussion is similar
to that for the simpler model, but the expressions are more owplicated.

4 Electroweak Radiative Corrections

We now discuss electroweak radiative corrections in thesedels. This is particularly
interesting because it is generally believed that modelshich electroweak symmetry
is broken by strong dynamics are strongly constrained by thedectroweakS parameter
[B]. However, we show that in the present model this is not thease. We will show
that other radiative corrections are also small.



4.1 The S Parameter

The S parameter can be viewed as a gauge kinetic mixing term betwe&U(2),
and U(1)y gauge groups in an e ective theory below the scale where alroweak
symmetry is broken:

S
Le = FQQOFL Fv : (4.1)

In our model, the leading contribution toS comes from operators of the form

c ¢ h i

— d" trm (MYe)rr M +hic (4.2)
wherer is the gauge covariant SUSY derivative, an¢ 1 by NDA. Putting in
VEV's for M we nd

s ¢

0:3: (4.3)
Note that there are no large multiplicity factors, since thee is only a single electroweak
doublet charged under a strongly couple®U(2) gauge group.

The most recent Particle Data Group analysis of precision ettroweak data gives
S= 016 0:14 for the standard model withmpo = Mz, andS= 0:26 0:14 for
mpo = 300 GeV [1IT]. We see that the estimates above are compatibigth the data,
provided that the sign of S can be negative.

It is therefore very encouraging that the sign of the contribtion Eq. (f.3) to
S is not determined by the usual arguments in QCD-like theorge because of the
crucial role played by scalars in these theories. Clearly veannot use QCD data to
directly estimate S in these theories. An alternative approach in QCD-like thetes
uses the Weinberg sum rule$ [IL8] together with the less rigois resonance saturation
\aproximation" to estimate S. The rst step is to use the operator product expansion
(OPE) to nd the short-distance behavior of the current-curent correlation function

relevant for S:
z

d*x P *Hj T I, (X)Jrg (0)j0i
g pp=p *.4)
p?

where T .r are the scalar components of th&-colored elds. In QCD, the leading
operator on the right-hand side is a quartic fermion term, aththe correlation function
behaves as 2p rather than 1=p*. This implies that only the rst Weinberg sum rule

HOi(TY La TLX(TE re TR)JOI +

10



holds in the present class of theories. The Weinberg sum rslean be written in
terms of spectral density functions for vector and axial-w&or channels [I8]. Making
the assumption that these sum rules are approximately satated by the lowest-lying
single particle intermediate states with vector and axialector quantum numbers, the
rst and second sum rules yield

f2 f2=12 (4.5)
f2m? f2mi=0: (4.6)

With these assumptions,S is given by [1P]

|
f 2 f 2
S=4 — 4 4.7
w m (4.7)
Using both sum rules Egs.[(4]5) and[(4]6), one one can showtha <m,, fa <f
and hence thatS > 0. However in a SUSY theory with only the rst Weinberg
sum rule Eq. (4.b) we can reach no conclusion as to the sign®f Abandoning the

saturation approximation we have even less information.

Yet another approach to determining the sign of is to apply Vafa-Witten [2Q]
positivity arguments to current-current correlators. Howvever, in spite of signi cant
e orts along these lines, the sign o6 has not been determined in this way for a QCD-
like theory [21]. Furthermore, the Vafa-Witten arguments gnerally break down in
theories (such as supersymmetric theories) that include aars with Yukawa cou-
plings. We conclude that there is no reason to believe th& cannot be negative in
this class of models.

In the remainder of this Section, we will argue that theF term contributions to

S are much smaller than the contribution of Eq. [4]3). This is aomewhat surprising
result, because there is an operator

14 2 ' : k

— d° (W )Y«(W)njs MTM™ +hc (4.8)
that is invariant under all symmetries, and that gives a nonero value forS. NDA
implies that the the contribution to S from this operator is the same as Eq[(4.3), so
the conclusions above would not be a ected if this operatosipresent. The remain-
der of this Subsection is therefore primarily of theoretidainterest, and the reader
interested mainly in the results is urged to skip to the next @bsection.

We begin by classifying the possibl& terms that can contribute to S. For this,
it is important to keep track of the SU(4) symmetry of the strong dynamics. The

11



elementary Higgs elds and composite ‘meson' elds fall inotSU(4) representations
! !

= LS HH . k — Bl _
o WHT RS 5 M= T Br 3 @9

while the SU(2), SU(2)r eld strengths are in the SU(4) adjoint:
!

W, 0

j
(W )« 0 Wa

Ad: (4.10)

In this notation, the tree-level superpotential of the modeof Section 3 is
W= oMK+ ylkmea (4.11)

whereyk ™4 contains the cubic term in Eq. [3]L). In addition, there is aranomaly-
free U(1)r symmetry with

RM)=0; R()=2; RW)=1; R(y)= 4 (4.12)

This SU(4) U(1)r symmetry strongly constrains the form of operators that can
appear in the e ective theory.

We now show that the only operator allowed by these symmetsgethat can con-
tribute to S at the level of Eq. (4.3) is Eq. [4.B). We rst consider contiputions that
do not vanish in the SUSY limit. In the SUSY limit, any operata that contributes

to a gauge kinetic mixing must have the form
z
(W )Y (W) F (M; ;y)+h:c (4.13)

We can expandF in a power series iry, and NDA tells us that the terms proportional
to powers ofy are suppressed by powers of4 . We therefore consider only terms
independent ofy.f] F cannot depend on ! because it must have a smooth limit as

I 0. (F can depend on botiM and M ! to construct invariants since PfM) 6 0
ensures thatM is invertible.) Therefore U(1)r invariance then does not allow any
dependence of thg/-independent part of F on . We are left with terms where F
is a function of M only. It is not hard to see that Eq. (4.8) is the only possibity,
taking into account the quantum constraint.

However, we claim that the operator Eqg.[(4]8) cannot be presein the theory
because it cannot arise from the theory with an additional mesive avor. Consider
an SU(2) gauge theory with 6 fundamentals, and a mass ter/ = my M* that

"There are contributions such asF k-, ylkears (M 1)+, that are allowed by all symme-
tries.

12



gives mass to 2 fundamentals. Near the origin of moduli spadhis theory has a
weakly-coupled “s-con ned'[[5] description in terms of thanconstrained meson elds
Mk and a dynamically generated superpotentidWVy,, / Pf(M). The theory has an
anomaly-freeU(1)r symmetry with R(M) = % R(m) = g‘. This forbids all terms of
the form

z
> (W Y (W) FK"(M;m)+h:c (4.14)
whereF is nonsingular in the limit m! 0. For example, the term
z
d2 (W )jk(W )\n i’pars M an DQ(m 1)rs (4.15)

is invariant under all symmetries, and reduces to Eq[(4.8) the matrix my, has rank
2, but it has a singular limit asm ! 0. Therefore, it cannot appear in the e ective
theory below the scale ¢, where the theory with 6 fundamentals becomes strong.

We now turn to the possibility that the operator Eq. (.8) is generated in the
theory with 6 fundamentals when we integrate out the massiveodes. Form 6
we can integrate out the massive modes using the con ned deption. The operator
Eqg. (8.8) does not appear at any order in the perturbative exgnsion, as follows from
conventional perturbative non-renormalization theorems We believe that there are
no non-perturbative corrections to the matching that can gie Eq. (4.8), since the
e ective theory is simply a weakly coupled Wess-Zumino motle This argument is

valid only for m , but there can be no phase transitions as a function of a
holomorphic coupling in the SUSY limit, so we conclude thathe operator Eq. [4.B)
vanishes even fom . We can summarize this by saying that the operator

Eqg. (B.8) in the theory with 4 fundamentals is not generated espite the fact that
it is invariant under all symmetries we do not have a genericuperpotential in the
ultraviolet theory (with 6 fundamentals).

There are additional contributions to theS parameter from SUSY breaking terms

such as
z

d* (W YW ) a(MY); ()" +hc: (4.16)

However, NDA shows that these are highly suppressed becatls2 VEV's of elds and
SUSY breaking parameters are of order=4 , while the mass scale that suppresses
such higher dimension operators is .

4.2 TheT Parameter

We now turn to the isospin-breakingT parameter. In an e ective Lagrangian lan-
guage,T is proportional to the di erence between theW; andW mass term obtained

13



by integrating out the S-color states at the TeV scale. The only large contribution
from the S-color dynamics comes from the isospin breaking term Ed. 43, which
gives a shift in theZ mass of order

(Af)2
MZ ez (4.17)
Comparing this to the shift induced by the top quark, we obtai
0 2
Tse  ( Hzf) : (4.18)
Ttop mtop

For O 1, the S-color contribution is as large as the top contribution, butwe can
easily obtain an acceptable contribution for moderately sail values of ¢ .f]

5 Further Model-building

Why is f Msoit? It could be a coincidence just likef Msirange- HOWeVver, it is
not di cult to construct models where the strong interaction scale ofS-color is xed
by SUSY breaking. The idea is that theS-color gauge dynamics is near a strongly
coupled xed point, and is perturbed away from this xed poirt by SUSY breaking,
similar to “postmodern’' technicolor theorieq[22]. For exaple, in our model,SU(2)sc
would have an infrared xed point if there were four or ve avors rather than two. If
the additional S-colored elds are electroweak singlets and receive massesnewhat
larger than mg., then the S-color gauge coupling rapidly becomes strongly coupled
near the scalemggg.

For an explicit example of this type of model, consider a thep with four S-
color avors, one electroweak doublet and two electrowealknglets, as well as a gauge
singlet X with a superpotential term

W = §x3: (5.1)

Suppose thatX gets a negative soft mass squared of order?,, (100 GeVY. (We
will discuss how this can happen below.) The potential foX is
Vo mEiXiP+ XY (5.2)

with a minimum at hXi  mgw= . For small , X gets a VEV larger thanmgg. If
X has Yukawa couplings to theS-colored electroweak singlets, then they can be inte-
grated out and theS-color gauge coupling will rapidly go from xed point behawor to

8Note that f is somewhat smaller thanv = 246 GeV, since electroweak symmetry breaking is
distributed between four Higgs doublets.
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strong coupling. This threshold is not supersymmetric, bubtFyx i=hXi  mgy. This
SUSY breaking feeds intd-colored superpartners througls-color gauge mediation,
but this gives corrections smaller tharmggg.

One might also wonder what becomes of uni cation since the-color particles we
have added to the MSSM are not in complet8 U(5) multiplets. There are many ways
to achieve uni cation with the addition of further particles. An attractive possibility
is that these may be responsible for gauge-mediating SUSYebking to the ordinary
superpartners. A simple example is to add a vector-like righhanded up quark to
the model of this Section. With the S-color particles responsible for electroweak
symmetry breaking described above this makes an approxineaSU(5) multiplet.
The SM gauge couplings unify if the vector-like quark mass isear 1¢ GeV. If the
vector-like quark is the gauge messenger of SUSY breakingtfte usual superpartners
then the spectrum of superpartner masses will di er from thaisual scenarios, since
the messengers are not complet@U(5) multiplets.

6 Conclusions

We have presented models that dynamically break electroweaymmetry via strong
supersymmetric (S-color’) dynamics. Our analysis of the dynamics is based oract
non-perturbative results in supersymmetric gauge theose and is therefore on a rm
theoretical foundation. The failure of the second Weinbergum-rule shows that the
S parameter can have either sign, and is thus potentially cois¢ent with precision
electroweak data. One of our models gives a solution to the problem." Simple
extensions of these models can relate the supersymmetry dkimg scale to theS-
color scale and allow for gauge coupling uni cation.

The phenomenology of these models is very exciting. The spram contains the
MSSM spectrum with two extra (composite) Higgs doublets. lraddition, the the-
ory is strongly coupled with a rich spectrum of supersymmetr strong interaction
resonances in the TeV range, and therefore will exhibit anatous WW scatter-
ing. Yukawa couplings are larger than in the MSSM (or the stadard model), since
electroweak symmetry breaking is distributed between coropite and fundamental
Higgses. We hope that this approach to electroweak symmethreaking will stimu-
late further theoretical and experimental work on the poshbility of strong dynamics
at the TeV scale.
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