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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 ofStharameter unconstrained in strongly interacting
SUSY theories, and fermion masses are generated without flavor-changing neutral currents or large corrections
to thep parameter. The lightest neutral Higgs scalar can be heavieMhamithout radiative corrections from
standard-model fields. All the mass scales in the model can be naturally related in low-scale models of
supersymmetry breaking. The 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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[. INTRODUCTION tion value (VEV) for a composite operator made of scalars
arising from a nonperturbative “deformed moduli space”

Understanding the origin of electroweak symmetry break{5]. The Nambu-Goldstone bosons that become the longitu-
ing is without question the most important open problem indinal components of the/ andZ are composites of scalars.
particle physics. On the experimental side, despite a wealth this sense, the mechanism can be viewed as the “super-
of precision data that shows convincingly that the elecsartner” of the technicolor mechanism, in which the conden-
troweak interactions are described by a spontaneously brgate and the longitudinal component of the gauge bosons are
ken SU2)yxU(1)y gauge theory, we still have no direct fermion composites. We therefore call this mechanis& “
information about the dynamics of electroweak symmetrycolor,” where the “S’ stands for “super” or “scalar.” We
breaking. On the theoretical side, there are only a handful owill show that these models elegantly avoid all of the prob-
mechanisms known for electroweak symmetry breaking thalems of technicolor models, and compare favorably with
can naturally explain the enormous hierarchy between théther SUSY models in terms of naturalness and simplicity.
weak scaleM,~100GeV and more fundamental scalesMost importantly, these models give a viable and well-
such as the unification scaltgy~10*GeV and the moti\(ated scenario for strongly-coupled supersymmetrjc
Planck scaléM pianac 10 GeV. The oldest idea is that new Physics at the TeV scale. The models have many interesting
QCD-like strong dynamics near the weak scale are resporfiignatures, including a nonminimal Higgs sector, nonstand-
sible for electroweak symmetry breakirig]. This idea, ard Yukawa couplings, and an approximately supersymmet-
known as “technicolor,” is currently out of favor because of "€ Spectrum of strong resonances in the TeV region.
phenomenological problems and the difficulty of construct- It is interesting to compare these models with nonsuper-
ing compelling models. Perhaps the most attractive and wellSymmetric technicolor models. Technicolor models have dif-
studied idea is supersymmet(t@USY) [2]. Most recently, ficulty genergtmg fermion masses without generatlng. large
there has been a great deal of interest in the idea that tHf2vor-changing neutral curren{i§]. The models we consider
fundamental Planck scale is near the weak scale, thus obviave no problem with fermion masses because they contain
ating the hierarchy problem. In such scenarios the observe@ elementary Higgs multiplet that gets a VEV by mixing
weakness of gravity compared to the weak interactions i¥vith the composite fields of th&color sector. The fermion
explained by the presence of large extra dimensions felt onljnasses therefore arise from ordinary Yukawa couplings, and
by gravity [3] or by the effects of gravitational curvature in the usual Glashow-lliopoulos-MaioveéGIM) mechanism
extra dimension§4]. suppresses flavor changing neutral _curréﬁGNC’s).l Also,

In this paper, we consider a new class of models in whicHechnicolor models generally give rise to large positive con-
electroweak symmetry is broken by strosgpersymmetric tr|but|on_s to the eIectrpweaB parameter from strong reso-
dynamics at the TeV scale. Supersymmetry is assumed to BEnces in the TeV regidi®]. In the models we consider, the
broken softly at the weak scale, but this breaking is smalfign ofSis not determined by any currently known method.
enough to be viewed as a perturbation on the strong dynanfther radiative corrections are also naturally under control.
ics. Electroweak symmetry is broken by a vacuum expecta- Compared to more traditional SUSY models, these mod-

*Email address: mluty@physics.umd.edu Technicolor models with a GIM mechanisfi] or “walking”
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els also have a number of attractive features. For example, T ~(0,0,1), Te~(0,1,0), H~(1,0,0), (2.2
the u problem can be solved by ti&color dynamics. Also,

the lightest neutral Higgs boson can be significantly moreand two singletsS, , Sg. The fieldH therefore contains a
massive tharM, due to mixing with the composite states. pair of doublet Higgs fields, and the fields and Ty are a
Perhaps the least appealing feature of these models is that thepersymmetric version of minimal technicolpt]. The
SUSY breaking masses must be close to $molor scale, theory has a tree-level superpotential

even though they do not originate from tBecolor dynam-

ics. We will show that this can be natural if tBecolor group W=\ ST T+ NRSRTRTR+ AGHT Tr+ 7 HH.

is near a conformal fixed point and is driven away from the 23

fixed point by low-scale SUSY breaking, for example from These terms break all global(l) symmetries, which is im-

auge-mediated SUSY breaking. We will present a mode e . .
tghatg{ncorporates this mechanisrgT]\ togetherF\)Nith a dynamicaﬁortant fgr avoiding massl_e_ss fermions or axions. The gauge
solution to theu problem and gauge unification, all without ymmetries allow the addition of a superpotential term

excessive complication. AW=\/HT (Tg7s) (2.4)

A model very similar to the ones considered here was
discussed in Ref.11], which appeared while this paper was that violates custodial S). We will ignore this term for
in progress. However, the model of REf1] has a massless simplicity when discussing the effective potential, but we
fermion with couplings to th&, and is therefore ruled ofit.  will return to it when we discuss electroweak radiative cor-
Also, electroweak radiative corrections are not discussed ifections. The elementary Higgs fields, are also assumed to
Ref. [11]. However, the idea that there can be strong aphave Yukawa couplings to the quark and lepton fields. These
proximately supersymmetric dynamics at the TeV scale apare important for generating the quark and lepton masses, but

pears for the first time in Ref11]. they do not play a role for the vacuum structure as long as
The models presented here also have some similaritiee squark and slepton fields do not get VEV's.
with “bosonic technicolor” model$10], which involve both The strongS-color dynamics has a global $4) symme-

SUSY and strong dynamics near the TeV scale. However, ifry that is broken only by standard-model gauge interactions
bosonic technicolor, SUSY breaking scalar masses are largghd trilinear superpotential couplings. Under (8)) the
compared to the strong dynamical scale, so the dynamics thatcolored fields transform as a fundamental:
breaks electroweak symmetry is completely nonsupersym-
metric. Therefore, in bosonic technicolor the spectrum of
strong resonances at the TeV scale is nonsupersymmetric,
and theS parameter is unsuppressed and positive.

This paper is organized as follows. In Sec. Il, we analyzeThe SU2)sc group has a deformed moduli spadd. This
a minimal (but realisti¢ model that illustrates the main fea- means that below the scale where the theory becomes
tures of the idea. In Sec. lIl, we consider an extension of theétrong, the light degrees of freedom correspond to the “me-
model analyzed in Sec. Il that incorporates a solution to thson” fields M TIT:
u problem. In Sec. IV, we estimate the electroweak radiative
corrections in this class of models. In Sec. V, we discuss a Mik— Mka( Bie I ) 62( 0 1) 2.6
mechanism that can explain the coincidence of $mlor —II7 Bge/’ =1 o) ™
scale and the scale of soft SUSY breaking, and account for
gauge coupling unification. Section VI contains some specusubject to the constraint
lations on phenomenology and our conclusions.

~0, j=1,...,4 (2.5

Pf(M)=B, Bg—defII)+#0. (2.7
Il. A MINIMAL MODEL Under SU2), X SU(2)g the composite fields transform as
We now present a simple model that illustrates the main ~(0,0), B.~(L1), Bgr~(11). (2.9
features of the mechanism. The non-Abelian symmetries of
the model are In order to be realistic, this theory must incorporate soft
SUSY breaking’ Since the strong dynamics is responsible
SU(2)cX SU(2) X SU(2)g, (2.1) for breaking electroweak symmetry, the required soft SUSY

where SU2)sc is the S-color gauge group, S@), is the
weak gauge group, and we only gauge th&)|J subgroup of
SU(2)g which is generated by the; generator. The fields are

3It is amusing to note that if we omit the term in Eq.(2.3), then
this model dynamically breaks SUSY2]. However, this cannot be
the only source of SUSY breaking since it gives very sr{gdluge-
mediatedl masses to standard-model gauginos and scalars. Even if
we add soft SUSY breaking by hand, the model withoutghterm

2The massless fermion can be avoided in the model of [R4].  gives rise to an “extra” Goldstino that couples to tAeTherefore,
by assuming a different structure for the VEV's and introducingwe must complicate the model to ensure that it doesdynami-
additional B-type soft masses. See Sec. Il. cally break SUSY.
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breaking terms are not much smaller than the dynamical

scale of theScolor dynamics. However, we will see that
naive dimensional analysi®iDA) [15,16 indicates that it is
sensible to treat soft SUSY breaking as a perturbation.
Denote the scale where tH&color dynamics becomes
strong byA. In a normalization where the composite fields

have kinetic terms of order 1, the quantum constraint can be

written [16]

detIl)— B Bg=1f?, (2.9
and the effective superpotential is
Weff:f[)\LSI_BL+)\RSRBR+)\HHH]+%/.LHH,
(2.10

wheref=A/47. We have used our freedom to normalize the

fields to set various coefficients to 1; in this normalization,

PHYSICAL REVIEW D63 075001

HIT=HoITg+HAITs, de(IT)=3(IT3+TTI1,),

(2.13

etc. Solving Eq(2.9) for 11, gives

o= (f?+2B Bg—IIAII) 2 (2.14

We therefore parametrize the moduli spaceByy Br, and
IT,; this parametrization is nonsingular for all vacua where
(ITy)#0. In this way we obtain the unconstrained effective
superpotential

Werr= F{NLS.BL + ArSrBr+ Au[Hollg+ HallA]}
+3u(HG+HaHA), (2.19

where I1; is eliminated using Eq(2.14). Similarly, II,

all of the unknown strong interaction coefficients appear inshould also be eliminated in the effective Her potential

the effective Kaler potential for the composite fields.
SU(4) symmetry and NDA tells us that the effective
Kahler potential is

I+ TIN5+ B/ B, +BLBg
f2 ‘

tr(MT™M)

Keff: fzk( —2_2 f

o

wherek is an unknown order-1 function. We know tHalt

(2.11

Eqg. (2.17).
We now discuss the vacua in the SUSY limit. THg,
Ha, andII, equations of motion give, respectively,

Auf
HOZ_THO' (21@
fARIIA=—uHa, (217
Holla=Hallp, (2.18

>0 for all field values in order that the theory has a positive

kinetic term in the SUSY limit.

From the above, we see that we requfre 100 GeV,
which impliesA~1 TeV. The soft masses must be of order
Mg~ 100 GeV, so NDA implies that SUSY breaking per-
turbations are suppressed by,,/A~1/47. Some of our
results rely on NDA, so it is reassuring to note that NDA for
soft SUSY breaking is known to work well in supersymmet-
ric theories where exact results are availdhilg]. Note also
that in QCD, the strange quark mass breakg33Ulavor
symmetry by an amountMgyangd Agcp~ (100 MeV)/

(1 GeV), a perturbation just as large as the one we are co
templating. The fact that SB) is a useful approximate sym-

wherelly is given by Eq.(2.14). Substituting Eq(2.17) into

Eq. (2.18 reproduces Eqg2.16), so we find three flat direc-
tions. The moduli space of vacua includes a subspace where
SU2) X SU(2)g—SU(2), i.e., the gauge symmetry breaks
as SU2) XxU(Q)y—U(@D)em- In these vacua, electroweak
symmetry is broken in the correct pattern in the SUSY limit,
and the three flat directions are associated with the Nambu-
Goldstone bosons of the symmetry breaking.

To obtain a realistic model we must include soft SUSY

reaking withmgo~ A/47. We must then check that there

are choices for the fundamental soft masses where elec-

metry in QCD is thus further support that the expansion wdroweak symmetry is broken. An important point is that the

are performing is sensible.

At this point, there is no explanation for the near coinci-
dence of the scaldsandmg.;. Also, theu term must be put
in by hand, and must be the same ordenmgg;. In Sec. llI
we will discuss extensions of this model that can addres
these issues. However, the present model gives a simple a
realistic illustration of the mechanism we are proposing.

To solve the quantum constraint, we write

) 1 ) ) 1 )

I, =—(TL+illa7a), H\ =—(HoL+iHa7a)'\,

kﬂ(oz ATA) K k‘/?(oz ATA) k
(2.12

wherer, (A=1,2,3) are the Pauli matrices. This gives

i

potential has no global (1) symmetries, so there is no dan-
ger of obtaining a weak-scale axion. The potential is not
calculable in this model, because when we include soft
SUSY breaking the potential depends on the full functional
rm of the effective Kaler potential, parametrized by the
ction k defined in Eq.(2.11). This is simply because in
units wheref =1, the Kanler potential is an order-1 function
of an order-1 argument. Derivatives of thedar potential
appear multiplicatively in the potential, and do not affect the
VEV’s in the SUSY limit. However, fomg.s~ f, these mul-
tiplicative corrections are parametrically as important as the
soft mass contributions to the potential. Without knowledge
of the Kéhler potential we cannot determine rigorously
whether vacua of the desired form exist. However, given the
large number of free parameters in the soft masses, it is
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reasonable to assume that there are vacua that break el¢ain the model of Refl11]. This model has an anomaly-free
troweak symmetry in the desired fashibn. global U1)sgX U(1)g symmetry, where the (Q)sg is “S
We now turn to the fermion masses. We first neglectbaryon” number. The l)s symmetry is broken explicitly
gaugino masses. In the presence of a nontrividhl&@po- by soft SUSY breaking terms. Referendel] assumes that
tential and SUSY breaking, the fermion mass matrix is pro{B,)=(Bg)=0 in order to avoid spontaneously breaking the
portional to U(Dsg. In this case, we find that there is a massless
“baryon” fermion in the spectrum. This fermion has unsup-
Map={(Wap) +(Kap(FL), (219  pressed couplings to thg and is therefore ruled out. The
massless fermion can be avoided by allowifR) ), (Bg)
where we denote the fields bp® and W,=dW/9®?3, W2 0. In order to avoid a weak-scale axion(l)kz must be
=oW/d!, etc. The physical fermion mass matrices arebroken explicitly. This can be done by adding Bxype soft
given by matrix products ofn,, and(K?,), but the impor- SUSY breaking mass termi§ T, +H.c., TRTg+H.c. to the
tant fact for our purposes is that massless fermions arpotential. The origin of these terms in a specific model of
present if and only if det)=0."> The determinant omis  SUSY breaking may be difficult to understand, since there
thus an important diagnostic, and we find that it is nonzerare no terms with the same symmetries in the SUSY part of
for general VEV's. The precise expression depends on théhe theory.
form of the effective Khler potential, and is complicated
and unenlightening; for example, if we assume that the
Kahler potential is trfAT™M), and assuméll,)=0, (B,)
=(Bgr)=0, we find

I1l. AN IMPROVED MODEL

We can eliminate the. problem simply by replacing the
w term with a cubic interaction:

_ 7y 3y 2y 2 3
detm) =~ ufFNGAAR(W(HO) T MWD (220 \y )\ o T T 4 A oSaTrTrt AyHT Tat 2y(S,+ SoHH.
This vanishes for SUSY vacyaee Eq.2.16)], but is non- 3.9
zero(and nonsingularfor general VEV’s. When we include The symmetry between tt& andSg cubic couplings is not
the gauginos, there are mass terms that mix the gauginasssential; it merely simplifies the form of the VEV's in the
with some of the fermions above, as part of the SUSY Higgsnodel. We can also include further cubic interactions for the
effect. These mixing mass terms are of ordiéy, so the singletsS, and Sy, but these do not lead to qualitatively
nonvanishing of the determinant above shows that there argifferent results. Note that all global () symmetries are
no massless fermions in the lingy ,— 0. This is important  proken.
because it shows that there are no fermions whose mass In the SUSY limit, the VEV'’s are determined by
comes entirely from the SUSY Higgs effect, so there is no
reason that all fermions cannot be heavier thdn. The dW y
nonzero electroweak gauge couplings can in principle give E:f)‘LB'—JF E(H0H0+HAHA)'
rise to light fermions, but only for special parameter choices.

We conclude that the fermion masses do not present a phe-
nomenological problem for this model. S fARBr+ 5 (HoHo+HaHa),
An undesirable feature of the present model is that it con-

tains an explicit ‘u term.” This term must be of order the IW fAyHoBR
weak scale: ifu is large compared to the weak scale, the Ezf)\LSL— TP
elementary Higgs fieldsl decouple and we do not generate L 0
quark and lepton masses; jf is too small we have light W f\uHB
fermions[see Eq.(2.20]. (The only difference from the. = RSy — 2t
problem in the MSSM is that the present model can break 9Br Iy
electroweak symmetry for any value pf) In the next sec- W

tion, we show that a simple modification of the model can
solve this problem.
We close this section by considering what happens when

ﬂozf)\HHO_l'y(SL_"SR)HO.

N =Ar=0. Then the singlet§, ,Sg decouple, and we ob- W
-OR TSR P oA, ARITATY (S S)Ha,
oW HolIl
“In the limit where the superpartners decouple this model becomes Ny Hae —22A) 3.2
H H A H ( )
minimal technicolor. In minimal technicolor, the vacuum aligns to Il 0

break electromagnetism, due to effects of standard-model gau
loops. In the present model, the superpotential couplings as well

standard-model gauge couplings break the accidental global sym-

metries of the strong dynamics. There is no reason to think that the
problems of minimal technicolor are present in our model.
5This assumes that the Ker potential is nonsingular.

075001-4

ggsing theH, equation we can see that thie, andH , equa-

5This is similar in spirit to the next-to-minimal supersymmetric
standard moddl14].



ELECTROWEAK SYMMETRY BREAKING BY STRONG . .. PHYSICAL REVIEW D63 075001

tions are equivalent, so we again find three flat directions. c
Solving the remaining equations for the special cédq) S~_—~+03. (4.3
=0, we obtain

Note that there are no large multiplicity factors, since there is
only a single electroweak doublet charged under a strongly
coupled SW2) gauge group.
The most recent Particle Data Group analysis of precision
2 wa electroweak data give§=—0.16+0.14 for the standard
(S =(Sr)= =\ 92\ g model with mpo=M,, and S=-0.26:0.14 for myo
=300 GeV[17]. We see that the estimates above are com-

r |12 patible with the data, provided that the sign $fcan be
(BL)=- (@2)\—) f, negative.
- It is therefore very encouraging that the sign of the con-
112 tribution Eq.(4.3) to Sis not determined by the usual argu-

f (3.3 ments in QCD-like theories, because of the crucial role
played by scalars in these theories. Clearly we cannot use

We see that there are points on the moduli space where ele )CD data to directly estimat8 in these theories. An alter-
e p X P “riative approach in QCD-like theories uses the Weinberg sum
troweak symmetry is broken in the correct pattern. In addi-

. . . : rules[18] together with the less rigorous resonance satura-
:Ieor?ﬁ }2? tuznliieg;cg)sv di\atiloert;he singlets gives an effective tion “approximation” to estima}tes The firs.t step is to use
The inclusion of soft SUéY breaking proceeds as for thethe operator p_roduct expansid®PB 1o find thfe short-_
. . . . istance behavior of the current-current correlation function
simpler model above. The details are not enlightening, an&elevant forS
will not be given here. We expect that there is a vacuum with
the desired properties for reasonable choices of soft masses. .
We also computed the determinant of the fermion mass f d*x &P (0| T J{'A(X) I5g(0)[0)
matrix to check that there are no light fermions. As in the

AL
=,

previous model, we find that the fermion determinant is non- gh’—ptp*lp? + T

zero and unsuppressed for nonsupersymmetric VEV's. The ~ T<0|(TLTLATL)(TRTRBTR)|O>+'"a
discussion is similar to that for the simpler model, but the

expressions are more complicated. (4.9

whereT|_ g are the scalar components of tBeolored fields.
IV. ELECTROWEAK RADIATIVE CORRECTIONS In QCD, the leading operator on the right-hand side is a

We now discuss electroweak radiative corrections in thesguartic fermion term, and the correlation function behaves as
S . . X o 4 2 Thic imnli ; ;
models. This is particularly interesting because it is generaliyt/P” rather than 3g°. This implies that only the first Wein-
believed that models in which electroweak symmetry is broP€rg sum rule holds in the present class of theories. The
troweak S parameter[9]. However, we show that in the Sity functions for vector and axial-vector channg(ss].

present model this is not the case. We will show that otheMaking the assumption that these sum rules are approxi-
radiative corrections are also small. mately saturated by the lowest-lying single particle interme-

diate states with vector and axial-vector quantum numbers,

A. The S parameter the first and second sum rules yield

The S parameter can be viewed as a gauge kinetic mixing fﬁ— f,zﬁ ffT, (4.5
term between SU(2)and U(1), gauge groups in an effec-
tive theory below the scald where electroweak symmetry f2m2—fama=0. (4.6
is broken:
S With these assumption§is given by[19]
Let=— 72—-099'F{F v (4.2) 2 2
167 g S= 477( f—’;— f—’g) . 4.7)
b Ma

In our model, the leading contribution ®comes from op-
erators of the form Using both sum rules Eg¢4.5 and(4.6), one one can show
that m,<m,, fo<f, and hence tha>0. However in a

< Y VO SUSY theory with only the first Weinberg sum rule E4.5)
A? f d*oulVV(MIe)VVM]+H.c, (4.2 we can reach no conclusion as to the sigrBoAbandoning
the saturation approximation we have even less information.
where V, is the gauge covariant SUSY derivative, aod Yet another approach to determining the signSaf to
~1 by NDA. Putting in VEV'’s forM we find apply Vafa-Witten [20] positivity arguments to current-
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current correlators. However, in spite of significant effortsWe can expandF in a power series ity, and NDA tells us
along these lines, the sign &has not been determined in that the terms proportional to powersy#re suppressed by

this way for a QCD-like theory21]. Furthermore, the Vafa-
Witten arguments generally break down in theof®sch as

powers of 1/4r. We therefore consider only terms indepen-
dent ofy.” F cannot depend o ~! because it must have a

supersymmetric theorigghat include scalars with Yukawa smooth limit asS — 0. [F can depend on botll andM ~* to
couplings. We conclude that there is no reason to believe thatonstruct invariants since Rf() #0 ensures thatl is invert-

S cannot be negative in this class of models.

ible.] Therefore Wl)g invariance then does not allow any

In the remainder of this section, we will argue that the dependence of thgindependent part of onX. We are left
term contributions tdS are much smaller than the contribu- with terms whereF is a function ofM only. It is not hard to
tion of Eq. (4.3). This is a somewhat surprising result, be- see that Eq(4.8) is the only possibility, taking into account

cause there is an operator

1 .
Pf d2O(W*) (W) e isM"M™S+H.c.  (4.8)

the quantum constraint.

However, we claim that the operator E¢.8) cannot be
present in the theory because it cannot arise from the theory
with an additional massive flavor. Consider an(3).gauge
theory with 6 fundamentals, and a mass teWi= mjkMJ"

that is invariant under all symmetries, and that gives a nonthat gives mass to 2 fundamentals. Near the origin of moduli

zero value foiS. NDA implies that the contribution t8from

space, this theory has a weakly-coupled-confined” [5]

this operator is the same as Ed.3), so the conclusions description in terms of the unconstrained meson fieds
above would not be affected if this operator is present. Th@nd a dynamically generated superpoten®é),ccPf(M).
remainder of this subsection is therefore primarily of theo-The theory has ananomaly-free (I symmetry with
retical interest, and the reader interested mainly in the result®(M)=3%, R(m)=3. This forbids all terms of the form

is urged to skip to the next subsection.

We begin by classifying the possible terms that can
contribute toS For this, it is important to keep track of the

f d20(W) (W) A (M, m)+H.c.  (4.14

SU4) symmetry of the strong dynamics. The elementary

Higgs fields and composite “meson” fields fall into $4)
representations

)\LSLG )\HH — . B|_6 H
k= T ~H, M=
_)\HH )\RSRE

while the SU(2) X SU(2), field strengths are in the S4)
adjoint:

W, O

g

(Wa)ik~( (4.10

where F is nonsingular in the limitn— 0. For example, the
term

f dza(wa)jk(wa)lnfjlpqrsM an pq(mfl)rs (4-15)

is invariant under all symmetries, and reduces to Bd) if
the matrixm;,c has rank 2, but it has a singular limit as
—0. Therefore, it cannot appear in the effective theory be-
low the scaleAg, where the theory with 6 fundamentals
becomes strong.

We now turn to the possibility that the operator E4.8)
is generated in the theory with 6 fundamentals when we in-

In this notation, the tree-level superpotential of the model Oftegrate out the massive modes. o A ¢ we can integrate

Sec. Il is
W=3  Mikpylkinpas, 5, s o, (4.11)

wherey!!'™Pd contains the cubic term in E¢3.1). In addi-
tion, there is an anomaly-free U(d symmetry with

R(M)=0, R(2)=2, R(W,) =1, R(y)=—4.
(4.12

This SU4)xU(1)g symmetry strongly constrains the form of

operators that can appear in the effective theory.

out the massive modes using the confined description. The
operator Eq(4.8) does not appear at any order in the pertur-
bative expansion, as follows from conventional perturbative
nonrenormalization theorems. We believe that there are no
nonperturbative corrections to the matching that can give Eq.
(4.8), since the effective theory is simply a weakly coupled
Wess-Zumino model. This argument is valid only for
<A, but there can be no phase transitions as a function of a
holomorphic coupling in the SUSY limit, so we conclude
that the operator Eq4.8) vanishes even fom>A. We can
summarize this by saying that the operator E48) in the

We now show that the only operator allowed by thesetheory with 4 fundamentals is not generated despite the fact

symmetries that can contribute at the level of Eq(4.3) is

that it is invariant under all symmetries; we do not have a

Eq. (4.8). We first consider contributions that do not vanish 9eneric superpotential in the ultraviolet thedwyith 6 fun-
in the SUSY limit. In the SUSY limit, any operator that damentals

contributes to a gauge kinetic mixing must have the form

J d20(W) (W) A (M2, y) +H.c. (4.13

"There are contributions such &&¥,~y*Parss s (M~1),,
that are allowed by all symmetries.
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There are additional contributions to tB@arameter from K

SUSY breaking terms such as AW= 3 x3. (5.1

f d*OW) (W) ((MT); (3D +H.e.  (4.16 SLZJppose thaX gets a neggtivg soft mass squared of order
M3y~ (100 GeVY. (We will discuss how this can happen

below) The potential forX is
However, NDA shows that these are highly suppressed be-

cause the VEV's of fields and SUSY breaking parameters are Ve — m2 X2+ | ]2 X4 5.2
of order A/4m, while the mass scale that suppresses such sod X[+ 51X, ©.2

higher dimension operators is. ) .
with a minimum at X)~mgq/ k. For smallk, X gets a VEV

larger thammg. If X has Yukawa couplings to ti&colored
B. The T parameter electroweak singlets, then they can be integrated out and the
We now turn to the isospin-breakinf parameter. In an S-color gauge coupling will rapidly go from fixed point be-
effective Lagrangian languag®, is proportional to the dif- havior to strong coupling. This threshold is not supersym-
ference between thé/; and W™ mass term obtained by in- metric, but(Fx)/(X)~msy. This SUSY breaking feeds into
tegrating out theS-color states at the TeV scale. The only S-colored superpartners throughicolor gauge mediation,
large contribution from th&-color dynamics comes from the but this gives corrections smaller thamy.

isospin breaking term Eq2.4), which gives a shift in the&Z One might also wonder what becomes of unification since
mass of order the S-color particles we have added to the MSSM are not in
complete SWB) multiplets. There are many ways to achieve
, ()2 unification with the addition of further particles. An attrac-
AMZNT&TZ- (417 ive possibility is that these may be responsible for gauge-

mediating SUSY breaking to the ordinary superpartners. A
simple example is to add a vector-like right-handed up quark
to the model of this section. With th&-color particles re-
sponsible for electroweak symmetry breaking described
above this makes an approximate (SUmultiplet. The SM
gauge couplings unify if the vector-like quark mass is near
10° GeV. If the vector-like quark is the gauge messenger of
SUSY breaking for the usual superpartners then the spectrum
of superpartner masses will differ from the usual scenarios,

For \{,~1, the Scolor contribution is as large as the top since the messengers are not completgSSbhultiplets
contribution, but we can easily obtain an acceptable contri- 9 P pIets.

bution for moderately small values af, .%

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

Tsc  (Mf)?
TtOP mtzop .

(4.18

VI. CONCLUSIONS

V. FURTHER MODEL BUILDING We have presented models that dynamically break elec-
troweak symmetry via strong supersymmetticS-color”)
dynamics. Our analysis of the dynamics is based on exact
. : e nonperturbative results in supersymmetric gauge theories,
where the strong interaction scale Bicolor is fixed by — 5n4'is therefore on a firm theoretical foundation. The failure
SUSY breaking. The idea is that tecolor gauge dynamics ¢ e second Weinberg sum rule shows thatStarameter

IS hear a s.trongly poupled fixed point, and IS perturb?d aWa¥an have either sign, and is thus potentially consistent with
from th',? fixed point by SU.SY breaking, similar to “post- precision electroweak data. One of our models gives a solu-
modern” technicolor theorieg22]. For example, in our tion to the “u problem.” Simple extensions of these models

model, SU2)sc would have an infrared fixed point if there o rejate the supersymmetry breaking scale toSelor
were four or five flavors rather than two. If the additional scale and allow for gauge coupling unification.

S-colored fields are electroweak singlets and receive masses 1o phenomenology of these models is very exciting. The

somewhat larger thamsy, then theS-color gauge coupling  gpectrum contains the MSSM spectrum with two exa@m-
rapidly becomes strongly coupled near the scalgy. posite Higgs doublets. In addition, the theory is strongly
For an explicit example of this type of model, consider acqpled with a rich spectrum of supersymmetric strong in-
theory with fourS-color flavors, one electroweak doublet and {oaction resonances in the TeV range, and therefore will
two electroweak singlets, as well as a gauge singlefth a  oypibit anomalousWw scattering. Yukawa couplings are
superpotential term larger than in the MSSMor the standard modgelsince elec-
troweak symmetry breaking is distributed between compos-
ite and fundamental Higgs doublets. We hope that this ap-
8Note thatf is somewhat smaller tham= 246 GeV, since elec- proach to electroweak symmetry breaking will stimulate
troweak symmetry breaking is distributed between four Higgs doufurther theoretical and experimental work on the possibility
blets. of strong dynamics at the TeV scale.

Why is f~mgy? It could be a coincidence just like,
~Mgyange HOWever, it is not difficult to construct models
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