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Calculable Nonperturbative Supersymmetry Breaking
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A weakly coupled four-dimensional model is presented which exhibits dimensional trans-

mutation and spontaneous breaking of gauge, chiral, and super symmetries by instanton ef-
fects.
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Recently there has been considerable progress in
understanding the dynamics of supersymmetric
gauge theories. ' '8 Many of these theories have
"flat directions, " i.e., directions in which the scalar
potential vanishes. Because of the nonrenormaliza-
tion theorems these flat directions persist to all or-
ders in perturbation theory. In our work on QCD
(with one fewer flavor than color, Nf = N 1)"'6—
we took advantage of the fact that the gauge group
is completely broken along some flat directions to
do reliable instanton calculations. These generated
a superpotential in the effective Lagrangian. Unfor-
tunately, the resultant scalar potential decreases to
zero at infinity ' '; the theory has no ground
state. If a small mass is added, the classical flat
directions are lifted and supersymmetric vacua ap-
pear at large field strength where the theory is
weakly coupled.

Recently'7 we have argued that if any continuous
global symmetry is spontaneously broken then ei-
ther there is a noncompact vacuum degeneracy or
no supersymmetric vacuum state. [Massive QCD
with X~= W —1 is not an exception to this because
no continuous global symmetries are spontaneously
broken. ] We gave an example of a model where
such symmetry breaking could be expected to pro-
duce a stable vacuum with broken supersymmetry
[SU(5) with one matter field in the 5' representa-
tion and one in the 10]. However, the vacuum oc-
curred at small field strength so the theory was
strongly coupled. In this paper we present a model
in which the vacuum appears at large field strength
so the theory is weakly coupled (like QCD) but in-
stanton effects spontaneously break chiral and
super symmetries.

Our model is an SU(5) gauge theory with two
5"s, F, (n = I, 2; i = 1, . . . , 5) and two 10's, Tg.
We include the most general superpotential allowed
by gauge invariance 8 =A.e~&F; F~~T', . The F's

transform as a doublet under a global SU(2) sym-
metry and there are two nonanomalous Abelian
symmetries Uz (1)&& Uz (1) (the latter is an R sym-
metry). The classical potential has no flat direc-
tions. To see this observe that the condition for
vanishing D term is that the Hermitian 5 x 5 matrix
D =2T T —F F be proportional to unity. ' By
a gauge transformation we can choose T& T~ to be
diagonal, with entries (a, ba, b, 0) with a, b ~ 0.
The conditions BW/BTt=0, BH'/BF =0 imply
that the two F 's are parallel and that T& T&F = 0. It
is then straightforward to show that the only solu-
tion is T =F =0.

It is useful to consider first the theory with no su-
perpotential (A. =O). This theory has flat direc-
tions, in which the gauge symmetry is completely
broken, for example Ft' = T' =a; F4 = T =b,
Tt34= T22'=(~a~ + ~b~z)' . There are also flat
directions with unbroken SU(3) or SU(2) gauge
symmetry (for instance, set b = 0 above). We may
use the techniques of Refs. 8, 12, and 16 to show
that a superpotential is generated dynamically which
lifts all fiat directions. This superpotential must be
invariant under the full symmetry of the theory:
SU(5) e SU(2), C SU(2), e U(1}„,C U(1),
The two SU(2)'s act on the F 's and T's, respec-
tively; the F and T superfields have A' charges 3
and —I, R' charges —4 and 1 (the gaugino has R
charge I). Amazingly, there is a unique invariant
as in QCD. 8 A multiple of e tsP'P'T& T&T, T2T2T2
is required to make an invariant. The F's form a
10' of SU(5) and Tt, Tz form the representation
10' = 45+ 175". The resultant product contains a
single SU(5) invariant

Q = Q~p&pppde+j&kIpgFp F, T)'Tl T1 Tz T2 T2

It can be seen to be an SU(2) T singlet by observing
that e &F F& T, Tt Tt T& Tz T2 contains no SU(5) in-
variants. One can also show that there is a unique
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SU(5) S SU(2)z invariant in (F F f'TI3T23 )",
namely A". To see this note that SU(2) J; invariance
requires (F'F )" to form the Young tableaux of
Fig. 1(a), and TI3" can only form the tableaux of
Fig. 1(b). There is a unique singlet in the product
as indicated in Fig. 1(c). Finally, R invariance dic-
tates a unique power of b, in the superpotential:

ff k A "/5, where A is the scale of the gauge
theory and k is a constant of order one (the power
of A is determined by dimensional analysis).

We can show that W, qq is generated precisely as
in QCD'2'6: We perform a constrained instanton
calculation in a vacuum in which the gauge sym-
metry is completely broken and the effective cou-
pling is small. Two necessary requirements for a
nonzero effect are met: (1) The Atiyah-Singer in-
dex theorem applied to the R symmetry respected
by the scalar expectation values (under which all
matter-field fermions have opposite charge to that
of the gluinos) requires only two zero modes. (2)
If the scalars are of order v, the one-instanton con-
tribution to W' behaves as u exp[ —8m /g (v) ]

A I I/u8

The coefficient, k, can be related directly to that
in QCD'2'6 by the following observation. Since
there is a single undetermined constant it is enough
to study any convenient point in field space. We
choose the flat direction given above in the limita)) b)) A. At energies much below a but
much above b, the SU(5) gauge symmetry is bro-
ken to SU(2). The spectrum at these energies con-
sists (apart from gauge multiplets) of two SU(2)
doublets, 0, 0, and five weakly coupled singlets.
The effective theory at this scale is identical (apart
from the presence of the singlets and various higher
dimension operators scaled by I/a) to supersym-
metric QCD with two colors and one flavor. b = 0
is the symmetric QCD vacuum, and varying b cor-
responds to traversing the flat direction in QCD.
As shown in Refs. 12 and 16, SU(2) instantons
generate an effective superpotential in this theory,
W ff AQcn/ ( 00 ), where AQcn is the QCD scale.

This is related to the SU(5) scale by the one-loop P
function: W,«- A "/(a600), which gives the
leading behavior of A"/b, for b (( a. Note that
Weff blows up along "ridges" of incompletely bro-
ken gauge symmetry. This reflects the fact that the
theory is strongly coupled near these ridges and our
approximations break down. We argued in Refs. 12
and 16 that QCD does not have a zero-energy state
at zero field strength, so that the potential energy
density —AQcn. (This also follows from the argu-
ments in Ref. 15.) This implies that at large field
strength, along a ridge, the potential-energy density

(b)

( 3n+/)/2

+ ~ ~ 0 + of

(c)

( n odd ) (n even)

X

n 0 n
C

X

FIG. 1. (a) The unique SU(5) representation in the
SU(2)-invariant product of 2n F's. (b) All representa-
tions in the symmetric product of 3n T's. (c) The
unique singlet in the product (e 13F Fp)"(T~)3"(T2)3".

is set by the effective QCD scale E —A ~ /a
Finally, we argue as in Ref. 17 that this theory

does not have a supersymmetric minimum near the
origin in field space. If none of the chiral sym-
metries are broken, six 't Hooft anomaly equa-
tions2' must be satisfied. There is also a Witten
anomaly~2 condition; there must be an odd number
of SU(2)F multiplets with IF= 2n+ 1/2 (n integer).
If supersymmetry is unbroken the massless com-
posite fermions must belong to chiral multiplets (of
spin zero or one-half). It follows that fermions of
integer IT have odd 8' charge. Since the 8'3 anom-
aly is —1226 there must be an even number
(greater than zero) of integer SU(2) T isospin mul-
tiplets. There are no solutions with fewer than
eight chiral multiplets; the simplest case not ruled
out has eight chiral superfields in four SU(2) T
S SU(2)F multiplets. While it is possible that the
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theory has such a complex low-energy structure, it
seems more likely that some of the chiral sym-
metries (in particular the R' invariance) are broken.
By the arguments in Ref. 17 if any continuous sym-
metries are spontaneously broken then either there
is no zero-energy state or else a noncompact set of
them. The latter is not possible since the potential
energy is nonzero at large field strength, so we con-
clude that this theory, like QCD, has no ground
state.

The connection between breaking of R symmetry
and supersymmetry is strengthened by an anomaly
recently discovered by Konishi. ' He showed that

2

(0, )ttQ)/242= — $+

Here 0 is a supersymmetry charge, (tel, g) form a

gauge-variant chiral multiplet. 8 is the superpo-
tential and the X the gluino. (Reference 13 only
discussed this anomaly in QCD, but it obviously
generalizes to any supersymmetric gauge theory. It
is consistent both qualitatively and quantitatively
with all our nonperturbative results on QCD. '6)
The first term above is canonical, the second
anomalous. If supersymmetry is spontaneously
broken then the same methods used to prove the
Goldstone theorem in supersymmetry imply that

+
2

)XO

where (u l is the supersymmetric partner of the
Goldstone boson (goldstino) and f, is the
supersymmetry-breaking scale;

where J~ is the supersymmetry current. Thus in
any theory in which H'is independent of some non-
singlet chiral superfield, (0lA. X l0) is an order
parameter for supersymmetry breaking [as is
(Ol (t) II /t)$)@ l0) for all other scalar fields P in the
theory]. Thus in the model of this paper and the
one generation model of Ref. 17 if (Ol&&l0) is
nonzero, supersymmetry is broken. But (Olh. h. lO)
is also a natural order parameter for breaking of R
symmetry and this condensation is suggested by
"most attractive channel" arguments. It may be
possible to argue directly that (Ol)t. h. l0) is nonzero
by a generalization of the methods used in Refs. 11
and 15

We now turn to the theory with a superpotential.
If A. « 1 the effective superpotential is the sum of
the tree level part P TFF and the nonperturbative

part kA "/A. Near the origin the potential energy is
only slightly perturbed but at infinity the flat direc-
tions must be lifted since the classical potential has
this property, and the nonperturbative effects be-
come negligible. Thus a minimum must appear (at
large field strength as A. 0). Since chiral sym-
metries are spontaneously broken by scalar expecta-
tion values, this vacuum state must break super-
symmetry. This can easily be seen by examining
the explicit form of W, rr.'t) W, rr/8T2 = —(k/6 )
x 6b, /9T2. This quantity is nonzero at finite field
strength since T2 t) 8;ff/t) T2 = —3k/b, A 0.

We have not explicitly minimized the potential
but most features of the theory can be deduced in-
directly. By a simple scaling argument the scalar
expectation values are ($) —A/A. t ". This sets the
scale of gauge symmetry breaking and the mass
scale of the heavy gauge multiplets, g (@). The
vacuum energy density is —($) 4A. 2. There are six
light Weyl fermions and twelve light (real) scalars,
with masses —A. ($) or else zero. The global sym-
metries are broken to at most a U(1). This can be
seen by noting that 6 = & pJt J2, where J~
=e,~d, Ff Tt Tf T2f, and J2 is obtained by inter-
changing T~ and T2. These objects are color
singlets, SU(2) z doublets and have charges
A = +1. (Here we have assigned charges —', ,

——', ,
and ——', to F, Tt, T2. This normalization forces
all color singlets to have integer charge. ) Since 5 is
nonzero at the minimum at least (Jt', J2 ) or (Jt,
J2 ) are nonzero. If only two of these quantities are
nonzero the global symmetry is broken to 0—= I,
+3/2. If more than two are nonzero the sym-

metry is completely broken. Thus there are either
four or five Goldstone bosons. If 0 is unbroken
there is an 't Hooft anomaly condition, tr 03= + l.
Thus there must be a massless fermion of charge
+1 (the charges of Jq, J2, respectively) as well as

the massless goldstino.
In conclusion, by choosing A. « 1 we have ob-

tained a supersymmetry-breaking vacuum at large
field strength where the theory is weakly coupled
and thus its properties are calculable.
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