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Abstract

We construct supersymmetric gauge theories with new mechanisms of dy-
namical supersymmetry breaking. The models have 
at directions at the
classical level, and di�erent mechanisms lift these 
at directions in di�erent
regions of the classical moduli space. In one branch of the moduli space,
supersymmetry is broken by con�nement in a novel manner. Themodels
contain only dimensionless couplings and have large groupsof unbroken
global symmetries, making them potentially interesting for model-building.
As an illustrative application, we couple the standard model gauge group
to a model with an SU(5) global symmetry, resulting in a model with com-
posite messengers and a non-minimal spectrum of superpartner masses.
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1 Introduction

The last few years have seen a revival of interest in models inwhich supersymme-
try is broken at low energy scales [1, 2]. In this work, there has been a fruitful
interplay between theoretical progress in understanding dynamical supersymmetry
breaking [3, 4, 5, 6, 7] and model-building (for recent progress in gauge-mediated
model-building, seee.g. Refs. [8, 9, 10, 11, 12]).

In this paper, we construct a class of models that exhibit a new mechanism of
supersymmetry breaking. In these models, there is a classical 
at direction that can
be parameterized by a composite \baryon" chiral super�eldB � QN , whereQ is an
elementary chiral super�eld. This �eld gets a dynamical superpotential

Wdyn � B p � QNp : (1.1)

For large Q, the K•ahler potential is approximately canonical in Q, so if Np > 1
the potential for B slopes towardB = 0. For small B , the models exhibit smooth
con�nement (\s-con�nement") [13, 14], and the K•ahler potential is smooth in B. In
this case, ifp < 1 the potential for B slopes away fromB = 0. Since the vacuum
energy does not vanish for any value ofB , supersymmetry is broken withhB i 6= 0.1

The models considered here have additional classical 
at directions as well as large
groups of global symmetries. We are able to obtain a great deal of information about
the location of the global minimum in the �eld space, but someimportant properties
of the ground state depend on non-calculable strong dynamics.

We then use the models constructed above as building blocks for realistic models
of gauge-mediated supersymmetry breaking. We construct anillustrative example by
gauging a global symmetry with the standard-model gauge group. The resulting mo-
del has composite fermions that are charged under the standard-model gauge group,
and we add additional interactions so that the composite fermions obtain a Dirac
mass with elementary �elds. This model can be realistic, andgives rise to interesting
phenomenology. (For the model to work, we must make some assumptions about the
signs of non-calculable K•ahler terms, and the supersymmetry-breaking masses are
also non-calculable.)

This paper is organized as follows. In Section 2, we describemodels that realize
the supersymmetry-breaking mechanism described above. InSection 3, we construct
gauge-mediated supersymmetry breaking models. Section 4 contains our conclusions.
Some additional supersymmetry-breaking models related tothe models discussed in

1The model of Ref. [6] also breaks supersymmetry by con�nement, but that model has a linear
potential at the origin.
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Section 2 are analyzed in the Appendix. These models also have classical 
at direc-
tions and break supersymmetry through novel mechanisms.

2 Sp(2N ) � SU (2N � 1) models

In this Section, we analyze models with gauge and global symmetry group2

G = Sp(2N ) � SU(2N � 1) � [SU(2N � 1) � U(1) � U(1)R ]; (2.1)

where the global symmetries are written in brackets. The matter content is

Q � ( ; ) � (1; 1; 1);

L � ( ; 1) � ( ; � 1; � 3
2N � 1);

�U � (1; � ) � ( � ; 0; 2N +2
2N � 1);

�D � (1; � ) � (1; � 6; � 4N );

(2.2)

and there is a tree-level superpotential

W = �QL �U: (2.3)

The �eld content and superpotential of this model are reminiscent of the \3{2" model
of dynamical supersymmetry breaking [4]. (In fact we will see that the dynamics is
similar to that of the 3{2 model in one branch of the moduli space.) If we turn o� the
Sp(2N ) gauge coupling and the superpotential,SU(2N � 1) s-con�nes for anyN � 2
[13]. If we turn o� the SU(2N � 1) gauge coupling and the superpotential,Sp(2N ) is
in a non-Abelian Coulomb phase forN � 6, it has a weakly-coupled dual description
for N = 4; 5, it s-con�nes for N = 3, and con�nes with a quantum-deformed moduli
space forN = 2 [13, 15].

If we include the e�ects of the tree-level superpotential, this theory has a classical
moduli space that can be parameterized by the gauge-invariants

MLL = LL � ( ; � 2; � 6
2N � 1);

�BU = �U2N � 2 �D � ( ; � 6; � 4(N 2 � N +1)
2N � 1 );

�BD = �U2N � 1 � (1; 0; 2N + 2) ;

(2.4)

subject to the constraints

(MLL ) jk ( �BU )` � k`m 1 ���m2N � 3 = 0; (MLL ) jk �BD = 0: (2.5)
2In our conventions, the fundamental representation ofSp(2N ) has dimension 2N .
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These constraints split the moduli space into two branches:on one of themMLL = 0
and �BU ; �BD 6= 0, and on the other MLL 6= 0 and �BU ; �BD = 0.

2.1 The \Baryon" Branch

We �rst consider the branch where �BU ; �BD 6= 0. In terms of the elementary �elds,
this corresponds to the vacuum expectation values (up to gauge and 
avor transfor-
mations)

h�Ui =

 
v cos�

v12N � 2

!

; h�D i =

0

B
B
B
B
@

v sin�
0
...
0

1

C
C
C
C
A

; (2.6)

where 12N � 2 is the (2N � 2)-dimensional identity matrix. Far out along this 
at
direction, the SU(2N � 1) gauge group is completely broken, and the �eldsQ and
L get masses of order�v (for cos� 6= 0). Below the scale�v , the e�ective theory is
Sp(2N ) super Yang{Mills, and gaugino condensation in this theorygives rise to the
dynamical superpotential

We� '
� 3

Sp

16� 2

 
4�� �U
� Sp

! (2N � 1)=(N +1)

: (2.7)

For v � � SU, the K•ahler potential is approximately canonical in �U, and so the
potential for �U slopes toward �U = 0 for N > 2. (The special caseN = 2 will be
considered separately below.) However, if�U becomes small, we must reconsider the
analysis.3

The physics for small �eld values depends on the relative strength of the two
gauge groups. We �rst consider �SU � � Sp. (This is the situation that would arise
if the two groups were uni�ed at a higher scale.) In this case,the analysis above
breaks down forv <� � SU=(4� ), the scale at which the massiveSU(2N � 1) gauge
bosons have massgSU v � � SU according to \na•�ve dimensional analysis" [16]. For
small values ofh�BD i , we can use a description whereSU(2N � 1) s-con�nes, and we
obtain an e�ective theory (after integrating out states with mass� � � SU=(4� )) with
symmetry group

Ge� = Sp(2N ) � [SU(2N � 1) � U(1) � U(1)R ] ; (2.8)

3The analysis for the case cos� = 0 is somewhat di�erent. In that case, the Sp(2N ) theory has
one light 
avor that would run away if there were no other inte ractions. However, the runaway
direction is not D 
at, and so there is no supersymmetric vacuum with cos� = 0.
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matter content

MQD = Q �D � � (1; � 5; � 4N + 1) ;

BQ = Q2N � 1 � � (1; 2N � 1; 2N � 1);

�BU = �U2N � 2 �D � ( ; � 6; � 4(N 2 � N +1)
2N � 1 );

�BD = �U2N � 1 � (1; 0; 2N + 2) ;

(2.9)

and an e�ective superpotential

We� = BQMQD
�BD : (2.10)

If this were an elementary theory, theSp(2N ) dynamics would force�BD to run away.
This can again be described by a superpotential of the form ofEq. (2.7), but in
the regime we are now considering the K•ahler potential is smooth in the �eld �BD .
Because the �eld �BD is composite, we know that ifh�BD i is large compared to �SU,
we should use the previous analysis in terms of the elementary degrees of freedom.
But this analysis shows that there is no supersymmetric vacuum for large �eld values,
and we conclude that supersymmetry is broken. We see that this model realizes the
mechanism of supersymmetry breaking described in the Introduction.

Note that the considerations above imply that there must be at least a local
supersymmetry-breaking minimum withh�BD i 6= 0, since there are no classical 
at
directions that can connect this vacuum to the other branch of the moduli space. The
supersymmetry-breaking order parameter is

F '
� (2N � 1)=(N +1) � Sp� SU

4�

� � Sp

� SU

� 3=(N +1)

: (2.11)

We see that this model has two descriptions: a \Higgs" description in which the
gauge groupSU(2N � 1) is broken, and a \con�ning" description in which it con�nes.
This model therefore realizes the \complementarity" picture described in Refs. [17].
Neither of these descriptions is quantitatively under control near the vacuum of the
theory, but both pictures should be a reliable guide to qualitative features of the
low-energy physics. We are not able to determine whether or not h�BU i is nonzero.
(This can be thought of as the question of whether the inducedsoft mass-squared for
�BU is positive or negative at �BU = 0.) If h�BU i = 0, the global symmetry is broken
down to SU(2N � 1) � U(1), and there is a massless composite fermion

 � ( � ; � 6): (2.12)
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If h�BU i 6= 0, the global symmetry is broken down toSU(2N � 2) � U(1) (where the
unbrokenU(1) is a linear combination of the originalU(1) and a brokenSU(2N � 1)
generator), and there are massless composite fermions

 � ( ; � 30); � � (1; 0): (2.13)

In the con�ned description, the composite fermions correspond to the fermion compo-
nents of �BD , and in the Higgs description they correspond to the fermioncomponent
of �D .

It is amusing that the model above does not have gauge anomalies if we replace
Sp(2N ) by either SU(2N ) or SO(2N ). The SO model breaks supersymmetry by
a mechanism very similar to the one described above, but theSU model does not
break supersymmetry! The reason is that the analog of the dynamical superpotential
Eq. (2.7) in the SU model is

We� � �U(2N � 1)=(2N ) ; (2.14)

which gives rise to a potential that runs away for large�U. We will not analyze the
SO version of the model in this paper.

We now brie
y consider the analysis for small �eld values when � Sp � � SU. The
analysis depends on the value ofN .

For N = 2, the Sp(4) group has a con�ned description with a deformed moduli
space. The tree-level superpotential turns into a mass termthat combines with the
quantum constraint to force some of the composite �elds in this description to run
away. This shows that there is no supersymmetric vacuum for small �elds in this
model.

For N = 3, the Sp(6) group s-con�nes, and the low-energy theory is anSU(5)
gauge theory with matter content � � plus singlets. This theory is known to break
supersymmetry [18], so there is no supersymmetric vacuum inthis model for small
�elds. This mechanism leads to a class of models that are discussed in the Appendix.

For N � 4, the Sp(2N ) group has a dual description in terms of aSp(2N � 6)
gauge group. TheSU(2N � 1) matter content is � (2N � 5) � � plus singlets. This
theory has a dynamically-generated superpotential [19], and this combines with the
tree-level superpotential to give a runaway behavior. Thisagain shows that there is
no supersymmetric vacuum for small �elds.
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2.2 The \Lepton" Branch

We now consider the branch wherehLi 6= 0. Along this branch, we have

hLi =

0

B
B
B
B
B
B
B
@

v112
. . .

vN � 112

0
0

1

C
C
C
C
C
C
C
A

: (2.15)

Ignoring global U(1) factors, this breaks the gauge and 
avor symmetries downto

Ge� = SU(2) � SU(2N � 1) �
h
SU(2)N � 1

i
; (2.16)

with light �elds

L0 � ( ; 1) � 1;

Q0 � ( ; ) � 1;

�U0 � (1; � ) � 1;

�D 0 � (1; � ) � 1;

L00� (1; 1) � ;

L000� (1; 1) � ;

(2.17)

and superpotential

W = �Q 0L0�U0: (2.18)

(Each SU(2)N � 1 representation is denoted by aSU(2N � 2) representation that is
understood to be decomposed underSU(2N � 2) ! SU(2)N � 1.) The only 
at direc-
tions are excitations ofL, which correspond to the �eldsL00and L000in Eq. (2.17).
The remaining light �elds have quartic potentials from theD-term potential.

We will assume that theSU(2N � 1) group in the e�ective theory above is stronger
than the SU(2). This is always true for N � 6, where the SU(2) group is not
asymptotically free. ForN � 5, it is su�cient to assume that the in the fundamental
theory � SU � � Sp. In the e�ective theory, the SU(2N � 1) gauge group has 2 
avors,
and if the �elds Q0, �U0, and �D 0 were 
at directions, the model would have a runaway
supersymmetric vacuum where these �elds are in�nite. TheD-term potential does
not allow these �elds to run away, and so there is no supersymmetric vacuum in
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this region of moduli space. (This is the same mechanism thatoperates in the 3{2
model, but the present model has classical 
at directions.)Since we have explored
all regions of the classical moduli space, we conclude that supersymmetry is broken
in this theory.

We would like to know whether there are local minima on the lepton branch of
the moduli space, and if so, whether these have lower energy than the local minimum
found on the baryon branch. For �SU � � Sp we can show that the only minimum is
the one found on the baryon branch above. The reason is simplythat if we minimize
the energy with hLi held �xed, the energy depends only on the scale �SU;e� where
the SU(2N � 1) gets strong. The scale at which the unbrokenSU(2) gauge group
becomes strong is irrelevant, because we have seen that supersymmetry is broken in
the limit where we ignore the non-perturbative e�ects of theSU(2) gauge interactions.
The scalehLi appears in the e�ective theory through the scale �SU;e� , but otherwise it
only controls the size of higher-dimension operators that give only small corrections to
the vacuum energy. Therefore, we expect that the vacuum energy as a function ofhLi
is V(hLi ) � j � SU;e� (hLi )j4. This grows with hLi , and so we do not expect a vacuum
for largehLi . The analysis above breaks down forhLi � � SU. For hLi � � SU, we can
use the con�ned description of theSU(2N � 1) dynamics of the previous subsection,
so the only remaining possibility is a vacuum withhLi � � SU. However, in this case,
we expect the vacuum energy to be of orderj� SUj4, which is larger than the vacuum
energy Eq. (2.11) found on the baryon branch. We conclude that the global minimum
of this theory is on the baryon branch.

The case where �Sp � � SU appears to be more complicated, and we cannot rule
out the possibility that the global minimum is on the lepton branch in that case.

For N � 5 and � Sp � � SU, we have not explicitly shown that there is no su-
persymmetric vacuum on the lepton branch. However, we have examined the entire
moduli space for �SU � � Sp and shown that there is no supersymmetric vacuum. If
there were a supersymmetric vacuum in the limit �Sp � � SU, there would have to
be a critical condition on the interaction scales �Sp and � SU that gave the critical
values at which the supersymmetric vacua are lifted. However, the moduli space of
supersymmetric vacua structure is a holomorphic function of � Sp and � SU [20] and
so the critical conditions must be holomorphic functions of� Sp and � SU. This means
there can be no critical lines in the space of gauge couplingsseparating a phase where
supersymmetry is broken from a phase where it is unbroken [21]. This means that
supersymmetry is broken also in the limit �Sp � � SU.
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2.3 The Sp(4) � SU(3) Model

We now consider the special caseN = 2, where the superpotential Eq. (2.7) is

We� � ( �U3)1=3: (2.19)

The vacuum is forced away from the origin for smallU, but the potential becomes
constant for h�Ui � � SU. The location of the true vacuum therefore depends on
the form of the K•ahler potential. Yukawa couplings give corrections to the K•ahler
potential that push the �eld to the origin of moduli space, while gauge corrections
do the reverse. SinceSp(4) is asymptotically free, the contribution from the Yukawa
coupling will dominate for large �U, while the Sp(4) gauge contributions will dominate
for small �U. For a range of couplings, there is a supersymmetry-breaking vacuum at
large �eld values where the theory is fully calculable. Thisis an instance of the
inverted hierarchy mechanism [22] similar to the ones in Refs. [9, 10].

3 Composite Messenger Models

In this Section, we consider realistic models of gauge-mediated supersymmetry break-
ing based on the models analyzed in Section 2. The model we consider is based on
the N = 3 model of the previous section. This has a globalSU(5) symmetry into
which we embed the standard model gauge groupSU(3)C � SU(2)W � U(1)Y in the
usual way. (We refer to this embedding asSU(5)SM for brevity.) The gauge group is
therefore

Sp(6) � SU(5) � SU(5)SM (3.1)

with matter content

Q � ( ; ; 1);

L � ( ; 1; );

�U � (1; � ; � );

�D � (1; � ; 1);

D � (1; 1; );

(3.2)

and a tree-level superpotential

W = �QL �U +
1

M 3
( �U4 �D)D: (3.3)
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This model di�ers from the models analyzed above only in thatit contains an addi-
tional �eld D (which cancels the standard-model anomalies) and there is ahigher-
dimension term in the tree-level superpotential. These newfeatures are important
for the phenomenology of the model, but they do not a�ect the qualitative features
of the Sp(6) � SU(5) gauge dynamics discussed above. This model therefore has a
supersymmetry-breaking vacuum with

h�Ui '
� SU

4�
; F ' h F �U i '

� 5=4� 1=4
SU � 7=4

Sp

4�
: (3.4)

The gauge symmetry is broken in the pattern

SU(5) � SU(3)C � SU(2)W � U(1)Y ! SU(3)C � SU(2)W � U(1)Y : (3.5)

Supersymmetry breaking is communicated to the standard-model �elds via the mes-
senger pairs (Q; L), (D; �D), and the heavy SU(5) gauge bosons. (We are using a
Higgs description of the dynamics.) The masses of the messengers Q and L can be
written

� L =
Z

d2� M QL QL + h :c:

+ BQL � Q � L + h :c:

+ m2
Q � y

Q� Q + m2
L � y

L � L :

(3.6)

Here, MQL is a supersymmetric mass term,BQL is the \B-type" supersymmetry
breaking mass familiar from traditional gauge-mediated models, andm2

Q and m2
L are

soft (non-holomorphic) masses for the messengers. All of these terms are induced by
supersymmetry breaking, and we must estimate their size. The supersymmetric and
B masses are

MQL ' � h�Ui '
� � SU

4�
; (3.7)

BQL ' �F: (3.8)

Using na•�ve dimensional analysis, the soft masses can be estimated from the gauge
exchange diagrams of Fig. 1 to be

m2
Q ' m2

L '
g4

SU

16� 2

F 2

� 2
SU

+ � � � '
16� 2F 2

� 2
SU

: (3.9)

The messenger scale that sets the scale for the contributions of these messengers to
the standard model superpartner masses is

Mmess =
BQL

MQL
'

4�F
� SU

: (3.10)
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We see thatM 2
mess ' m2

Q ' m2
L , so the soft mass contributions to the standard-model

superpartner masses are comparable to the usual gauge-mediated contributions. The
soft mass contribution to the standard-model masses is not log enhanced from renor-
malization group running, since the supersymmetric mass isclose to the scale �SU

where the contribution is generated (as long as� � 1).

Fig. 1. Contributions to the soft scalar mass in the Higgs description.

In the Higgs picture we are using, the gauge groupSU(5) � SU(5)SM is sponta-
neously broken down to the diagonalSU(5), which we interpret as the low-energy
SU(5)SM . This theory therefore contains gauge messengers, but their contribution is
not calculable because theSU(5) gauge group is strongly coupled. (At one loop, the
gauge messenger contribution to the scalar masses is negative [23], but there is no
reason to believe that this sign of this result is correct forthe strongly coupled case.)
The size of the supersymmetry-breaking masses is the same order as theQ and L
messengers discussed above.

The �elds D and �D also act as messengers, and they have mass terms analogous
to those discussed above forQ and L. The supersymmetric andB masses are

MD �D '
h�Ui 4

M 3
'

1
M 3

� � SU

4�

� 4

; (3.11)

BD �D '
h�Ui 3F

M 3
'

F
M 3

� � SU

4�

� 3

: (3.12)

The �D soft masses can again be estimated from the diagrams of Fig. 1to be

jm2
�D j '

16� 2F 2

� 2
SU

: (3.13)

BecauseD does not feel the strongSU(5) gauge interactions,m2
D � m2

�D . We there-
fore have (BD �D =MD �D )2 ' m2

�D , so the �D soft masses are important for communicating
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supersymmetry breaking. In fact, the soft mass contribution is enhanced by renor-
malization group evolution from the scale �SU to the scaleMD �D where the messengers
are integrated out. This gives a contribution to the squark masses [24]

�m 2
eq � �

 
g2

3

16� 2

! 2

m2
�D ln

� SU

MD �D
: (3.14)

This contribution is negative if m2
�D > 0. The logarithm cannot be small: even if

� SU = M , the logarithm is of order 10. It therefore seems sensible toassume that
this term dominates. We see that this model only works if we make the dynamical
assumptionm2

�D < 0. In this case, we require thatM 2
D �D

>� jm2
�D j, so that the super-

symmetric mass be large enough thath�Di = 0. This gives the constraint

� SU >� 4� (MmessM 3)1=4: (3.15)

If we take Mmess ' 10 TeV, and identify M with the reduced Planck massM � '
2 � 1018 GeV, we have �SU >� 7 � 1015 GeV. In order to solve the 
avor problem,
we want the the supergravity-mediated contribution to the sparticle mass-squared
m3=2 � F=M� to be <� 1% of the gauge-mediated contribution. This is satis�ed for

� SU <� 2 � 1016 GeV: (3.16)

We see that if m2
�D < 0 there is a window where these models can be realistic even

if the scale of the higher dimension operator is the Planck scale. For this choice of
parameters,

p
F � 3 � 109 GeV: (3.17)

In this model, the next-lightest supersymmetric particle (NLSP) will be very long-
lived, and may decay late enough in the history of the universe that its hadronic �nal
states can induce additional contributions to nucleosynthesis, spoiling the agreement
between the standard theory and experiment. The authors of Ref. [10] obtained a
bound of

p
F <� 108 GeV from these considerations. However, this bound is rather

model-dependent: it assumesR-parity conservation, and is invalid in in
ationary
models with a reheat temperature below the NLSP mass.

Alternatively, if we identify the scale M of the higher-dimension operator with
the grand uni�cation scale, we obtain �SU >� 1014 GeV and

p
F >� (3 � 108 GeV),

which may be safe given the uncertainties involved in these estimates. In any case,
the models will work for su�ciently small M .
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In these models, the dominant contribution to the standard-model scalar masses
is given by the log-enhanced contribution of the (D; �D) messengers

m2
~q �

 
g2

16� 2

! 2 � 4�F
� SU

� 2

ln
� SU

MD �D
; (3.18)

whereMD �D is given by Eq. (3.11). The gaugino masses are given by

m� �
g2

16� 2

4�F
� SU

: (3.19)

Therefore, in these models the scalar masses are heavier than the corresponding gaug-
ino masses compared to minimal gauge-mediated models. However, the minimal
gauge-mediation relations between squark and slepton masses (say) are still satis�ed.

4 Conclusions

We have discussed a new class of supersymmetry-breaking models based on direct
product groups with a tree-level superpotential. These models have a large space of

at directions at tree level, but nonetheless break supersymmetry via the mechanism
of s-con�nement. These models have a number of attractive features: they contain
no dimensionful parameters, and large global symmetries are possible. By embedding
the standard model gauge group in the global symmetry of a particular model, we
have found that a realistic superpartner spectrum is possible provided that a soft
mass term generated by the strong dynamics is negative. An interesting direction to
explore is to consider a variation of this model in which the light composite fermions
are identi�ed with standard-model fermions [25].
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Appendix: More Supersymmetry Breaking by S-con�nement

In this Appendix, we analyze some additional models relatedto those in the main
text. The models have gauge and 
avor symmetry group

G = Sp(2N ) � SU(5) � [SU(2N � 1) � U(1) � U(1)R ]; (A.1)

where the global symmetries are written in brackets. The matter content is

Q � ( ; ) � (1; 1; 1);

L � ( ; 1) � ( ; � 5
2N � 1; � 3

2N � 1);

�U � (1; � ) � ( � ; � 2N � 6
2N � 1; 2N +2

2N � 1);

�D � (1; � ) � (1; � 6; � 12);

(A.2)

and there is a tree-level superpotential

W = �QL �U: (A.3)

For N = 3, this is one of the models discussed in the main body of the text.

The models have been constructed so that theSp(2N ) factor has s-con�ning dy-
namics. This can be used to analyze the model for �Sp � � 5, in a region of moduli
space where all vacuum expectation values are small compared to � Sp. In this regime,
the theory has a con�ned description in terms of composite chiral super�elds. The
e�ective symmetry group is

Ge� = SU(5) � [SU(2N � 1) � U(1) � U(1)R ]; (A.4)

with matter content (after integrating out massive �elds)

MQQ = QQ � � (1; 2; 2);

MLL = LL � 1 � ( ; � 10
2N � 1; � 6

2N � 1);

�D � � � (1; � 6; � 12);

(A.5)

with vanishing e�ective superpotential. (The �U equation of motion sets the dynam-
ically generated superpotential to zero.) The low-energy theory consists of some
singlets, together with a SU(5) gauge theory that is believed to break supersym-
metry through non-calculable strong dynamics [18]. However, we cannot conclude
from this that supersymmetry is broken. The point is that supersymmetry breaking
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will induce a non-calculable potential for the classical 
at directions MLL , and this
potential may make MLL run away from the origin to a regime where the con�ned
description is no longer valid. (In fact, we will show that for N � 3 the theory has
a runaway supersymmetric vacuum.) We must analyze the full moduli space of the
theory before we can conclude that supersymmetry is broken.The analysis di�ers for
various values ofN , and we proceed on a case-by-case basis.

A.2 N = 1: Minimal Decon�nement

This theory has no classical 
at directions when the superpotential is taken into
account. In fact this is the minimal \decon�ned" description of the model with gauge
group SU(5) and matter content � � [18].

It is interesting that this theory has a calculable limit. If we turn o� the SU(2)
gauge coupling, the theory has a classical moduli space thatcan be parameterized by
the SU(2) doublets MQ �D = Q �D and L, subject to the constraint

� �� (L)� M �
Q �D = 0: (A.6)

Far out along these 
at directions,SU(2) is completely broken,SU(5) is broken down
to SU(4), and all �elds charged underSU(4) are massive. Gaugino condensation
in the SU(4) Yang{Mills theory generates a dynamical superpotential for the 
at
directions

Wdyn '
1

16� 2
(� 5)13=4

0

@MLL

M 2
Q �D

1

A

1=8

: (A.7)

This superpotential forcesMQ �D to run away to in�nity.

If we now turn on an SU(2) gauge coupling, all 
at directions are lifted at the
classical level. The potential due toSU(2) gauge couplings is small near the origin
and grows for large �elds. Therefore, for small values of theSU(2) gauge coupling,
the minimum of the potential will be at large values ofhMQ �D i and hLi , and super-
symmetry is broken. This mechanism for supersymmetry breaking is the same as in
the \3{2 model" [4]. We will not analyze this model further.

This analysis proves that there is no supersymmetric vacuumin the parameter
region � 5 � � 2. However, as discussed in the main text, there can be no phase
transitions as a function of � 5=� 2, and so supersymmetry is broken also in the limit
� 2 � � 5, i.e. in the original SU(5) model.

The supersymmetricSU(5) model has also been related to a calculable model in
Ref. [26] by adding additional vector-like matter and tree-level superpotential terms,
and our conclusions are in agreement.
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A.3 N = 2: Supersymmetry Breaking via Supersymmetry Breaking

The classical 
at directions can be parameterized by the gauge-invariant operator

MLL = LL � ( � ; � 10
3 ; � 2): (A.8)

Now consider the e�ective theory far out along this 
at direction. Na•�vely, it
appears that the MLL 
at direction cannot be lifted, since the symmetries do not
allow a dynamical superpotential for this �eld. However, a careful analysis of the
e�ective theory in this region of moduli space shows that this argument is not correct
because supersymmetry is broken!

To understand this, note that in terms of the elementary �elds, we are considering
vacua with

hLi =

0

B
B
B
B
@

v
v

0
0

1

C
C
C
C
A

; (A.9)

and all other vacuum expectation values vanishing. This breaks Sp(4) ! SU(2), and
gives a tree-level mass�v to two components ofQ and �U. Working out the e�ective
SU(2) � SU(5) gauge theory, one �nds that it has precisely the matter content of
the theory considered in the previous subsection (with three additional singlets). As
shown above, this theory breaks supersymmetry dynamically, and this supersymme-
try breaking is communicated to the 
at �elds MLL by higher-dimension terms in the
e�ective K•ahler potential.

This model serves as a reminder that an analysis of the 
at directions using the
standard arguments based on holomorphy, symmetry, and classical limits is correct
only if the strong sector of the theory does not itself break supersymmetry. This
subtlety is not present in models with no tree-level superpotential, since in those
theories the e�ective theory at a generic point in moduli space is either trivial (the
gauge group is completely broken) or is a pure Yang{Mills theory; in either case,
the low-energy theory does not break supersymmetry. However, in models with a
tree-level superpotential, the classical equations of motion can force the theory to
a singular vacuum where the unbroken gauge group has chargedmatter �elds. As
illustrated here, such a low-energy theory can break supersymmetry and invalidate a
na•�ve application of Seiberg's arguments.
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A.4 N � 3: Supersymmetry Restoring \Phase Transition"

The theory has a classical 
at directions that can be parameterized by the gauge-
invariants

MLL = LL � ( ; � 2; � 6
2N � 1);

�BU = �U4 �D � ( ; � 20N � 30
2N � 1 ; � 16N +20

2N � 1 );

�BD = �U5 � (1; � 10N � 30
2N � 1 ; 10N +10

2N � 1 ):

(A.10)

We consider the classical vacuum

h�Ui = ( u15 0 ) ; hLi =

0

B
B
B
B
B
B
B
B
B
@

v112
. . .

vN � 312

04

0
0

1

C
C
C
C
C
C
C
C
C
A

: (A.11)

(The fact that hLi has rank 2(N � 3) is enforced by@W=@Q= 0.) This breaks SU(5)
completely and breaksSp(2N ) ! Sp(6) � U(1). All light matter �elds are uncharged
under Sp(6), and Sp(6) gaugino condensation gives rise to a dynamical superpotential

We� �

 �BD

M N � 3
LL

! 1=4

: (A.12)

For N � 4, this forcesMLL to run away, and there is a supersymmetric vacuum at
in�nity. It may be that there is a local supersymmetry-breaking minimum near the
origin, but we cannot determine this from the present analysis. Another possibility
is that the composite singlet in the s-con�ned description has a potential that slopes
away from the origin, and the true vacuum is outside the rangeof validity of the
s-con�ned description.

For N = 3, both the Sp(6) and SU(5) groups con�ne. The superpotential
Eq. (A.12) is the same as the one discussed in the main text forthe regime � 5 � � 6.
For � 6 � � 5, the analysis in the �rst part of this Appendix shows that there is
no supersymmetric vacuum for small values of theSU(5) singlet �elds MLL , so we
understand how supersymmetry is broken in this case as well.
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