Published by Institute of Physics Publishing for SISSA/ISAS Received: June 23, 2003 Accepted: July 19, 2003

Chiral SU(N) gauge theories and the Konishi anomaly

Riccardo Argurio, Gabriele Ferretti and Rainer Heise

Institute for Theoretical Physics - Göteborg University, and Chalmers University of Technology, 412 96 Göteborg, Sweden E-mail: ???, ferretti@fy.chalmers.se, ???

Abstract: We study chiral SU(N) supersymmetric gauge theories with matter in the antifundamental and antisymmetric representations. For SU(5) with two families, we show how to reproduce the non-perturbatively generated superpotential, and we discuss dynamical supersymmetry breaking purely in terms of the Konishi anomaly. We apply the same technique in general to SU(N) with one family. We also briefly comment on the chiral ring for these theories.

Keywords: Nonperturbative Effects, Anomalies in Field and String Theories, Supersymmetry Breaking, Supersymmetric Effective Theories.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep072003044 /jhep072003044 .pdf

Contents

1. Introduction 1

2. SU(5) chiral gauge theory with two families 2 2.1 Unbroken supersymmetry 4 2.2 Dynamical supersymmetry breaking 6

3. SU(N) chiral gauge theories with one family 6 3.1 Odd N 7 3.2 Even N 8

1. Introduction

In the context of N = 1 supersymmetric gauge theories, a very interesting possibility is to break supersymmetry by non-perturbative dynamics. However, dynamical supersymmetry breaking is only possible in a restricted class of theories, the so-called chiral theories, i.e. those with a matter content which does not allow to write a mass term for all matter fields. Chiral theories with gauge group SU(N) are the most well-known examples of theories where dynamical supersymmetry breaking can occur.

That dynamical supersymmetry breaking does occur in a number of chiral theories has been convincingly argued some time ago [1, 2]. The two lines of arguments put forward are the following. One can determine the non-perturbatively generated superpotential by symmetry arguments, and show that together with the tree-level superpotential it does not lead to an extremum [1]. Alternatively, one can use the Konishi anomaly relations [3] to prove that in a supersymmetric vacuum the gluino condensate S = −^1_{32π2} tr W^αW_α must vanish, and then show with a one-instanton calculation that S is actually non-zero in the vacuum [2], thus contradicting the assumption of a supersymmetric vacuum.

The object of the present paper is to discuss dynamical supersymmetry breaking by using the Konishi anomaly to determine the non-perturbative piece of the effective superpotential. If such a term is non-zero, one can then see whether the addition of a tree level superpotential leads to a supersymmetric vacuum or not. If, on the other hand, there is an insufficient number of gauge invariants, the Konishi relations typically lead to a vanishing gluino condensate S. One then has to resort to the arguments of [1, 2] for the case where no non-perturbative superpotential is expected, which point towards a strongly coupled non-supersymmetric vacuum.

Although the introduction and use of the generalized Konishi anomaly [4] has recently led to some new insight in the dynamics of N = 1 gauge theories, we only make use of the original Konishi anomaly. In one instance we can use a slight generalization, which

– 1 – leads however only to a classical relation (as in [5] for SQCD with baryonic deformations). We use a simplified version of the method outlined in [6], where it was applied to one particular chiral theory (which does not have dynamical supersymmetry breaking). For a related discussion see [7].

The generalization of the Konishi anomaly seems non-trivial for these theories which do not have a matter field in the adjoint like in [4] (or at least in a real representation with two indices, see [8]). Similarly, for the same reason (and because of the impossibility to write mass terms for the matter fields) it seems difficult to have a matrix model formulation of the chiral theories in the spirit of [9, 10].

In the following, we will consider first of all the SU(5) gauge theory with 2 families of chiral matter in the 10 and ¯5 representations, which is the most celebrated chiral theory where dynamical supersymmetry breaking occurs at arbitrarily small coupling. We then proceed to consider more generally the SU(N) theories with one antisymmetric and N − 4 antifundamental (i.e. one family), which can have a supersymmetric vacuum for N even while they break supersymmetry dynamically (but at strong coupling) for N odd. Finally we show that for N odd and one family the chiral ring is generated only by the glueball superfield and by the basic invariants.

2. SU(5) chiral gauge theory with two families

The matter content of this SU(5) gauge theory is given by 2 flavors of anti-fundamentals F̃^ĩ_a and 2 flavors of antisymmetric tensors T^{ab}_i [1, 2]. The matter content is of course such that the gauge anomaly cancels. The global symmetries of the theory are at the classical level SU(2)_{F̃} ×SU(2)_T ×U(1)_{F̃} ×U(1)_T ×U(1)_R. At the quantum level, the U(1)s are anomalous, but 2 anomaly-free combinations can always be found. We refrain from proceeding further on the analysis of the U(1) charges since the Konishi anomaly approach is precisely a systematic way to obtain the results of that analysis.

There are 6 independent gauge invariants one can build from the matter fields:

X^ĩ_i = F̃^ĩ_aϵ_{bcdef} T^{ab}_j T^{cd}_k T^{ef}_i ϵ^{jk} , (2.1) Y_i = ϵ_{ĩj̃}F̃^ĩ_aF̃^{j̃}_b T^{ab}_i , (2.2)

where ϵ_{bcdef} , ϵ_{ĩj̃} and ϵ^{jk} are the Levi-Civita invariant tensors of SU(5), SU(2)_{F̃} and SU(2)_T respectively.

The above 6 invariants parameterize the 6 dimensional moduli space of the theory. In a generic point on the moduli space the gauge group is totally broken, consistently with the counting that the 24 gauge bosons eat up 24 out of the 30 matter fields, leaving 6 massless singlets representing the classical flat directions which satisfy the D-flatness conditions (see [11] for a complete parameterization of the solution of these conditions).

Note that X^ĩ_i can be considered as a 2 × 2 matrix, and hence det X is a gauge and flavor symmetry invariant of mass dimension 8.

According to [1], a tree-level superpotential W_{tree} = νY_1 lifts all classical flat directions and, together with the non-perturbatively generated superpotential, leads to dynamical supersymmetry breaking at a scale controlled by the coupling ν.

– 2 –

Here we wish to consider a more general tree-level superpotential given by: W_{tree} = tr μX + ν^iY_i . (2.3) This is not a renormalizable superpotential, though the first term can be easily generated by integrating out some massive non chiral matter, as is present in supersymmetric grand unified models.

Let us first briefly consider a generalization of the Konishi anomaly which boils down to the classical equations of motion. For the anomalous one-loop piece of the relation to be trivially zero, one needs the variation of the field to be independent of the field itself. It is straightforward to convince oneself that the only non-trivial variation satisfying the above requirement is the following: δF̃^ĩ_a = ρ^{ĩij}ϵ_{abcde}T^{bc}_i T^{de}_j , δT^{ab}_i = 0 . (2.4) Acting on the invariants, the variation above gives: δX^ĩ_i = 0 , δY_i = −2ρ^{ĩjk}ϵ_{ij}ϵ_{ĩj̃}X^{j̃}_k . (2.5) We have used the fact that there is no gauge invariant built out of 5 T s, and that the only gauge invariant built out of 1 F̃ and 3 T s is in the 2 of SU(2)_T , and thus is X. Using now the tree-level superpotential, we see that in a supersymmetric vacuum we must have: ν^iX^{j̃}_k = 0 . (2.6) This means that as soon as the coupling to the Y_i invariants is turned on at tree-level, the only supersymmetric vacua can occur at zero value for the X^ĩ_i invariants. This is going to be crucial for the determination of dynamical supersymmetry breaking.

We now turn to determine the “canonical” Konishi anomaly relation, that is the anomaly associated to the currents generating the variations δF̃^ĩ_a = ξ^ĩ_{j̃}F̃^{j̃}_a and δT^{ab}_i = χ^j_i T^{ab}_j . Assuming the tree-level superpotential (2.3), the following relations hold in a supersymmetric vacuum:

(Xμ)^{j̃}_ĩ + δ^{j̃}_ĩ ν^iY_i = δ^{j̃}_ĩ S , (2.7) (μX)^i_j + δ^i_j tr μX + ν^iY_j = 3δ^i_j S . (2.8) The classical equations of motion are recovered by setting S to zero.

By taking traces and substituting back into the equations, it is straightforward to show that the above equations are equivalent to:

ν^iY_j = 0 , (μX)^i_j = δ^i_j S . (2.9) Considering first the classical vacua (i.e. S = 0), we notice that (2.9) together with (2.6) implies that as soon as we turn on the ν^iY_i coupling, all the flat directions are lifted since the equations imply that X^ĩ_i = 0 = Y_i. On the other hand, if ν^i = 0, not all flat directions are lifted, since the expectation values of Y_i remain unconstrained. For instance, take the following values for the matter fields, which satisfy the D-flatness conditions: T^{12}_1 = a , T^{12}_2 = b , F̃^{~1}_1 = F̃^{~2}_2 = √ |a|^2 + |b|^2 . (2.10) For the above values we have that Y_1, Y_2 ≠ 0 while X^ĩ_i = 0, and one can also check that the classical equations of motion are satisfied (for ν^i = 0 and μ ≠ 0).

– 3 –

2.1 Unbroken supersymmetry We now solve for (2.9), assuming that ν^i = 0:

X^ĩ_i = S(μ^{−1})^ĩ_i . (2.11)

and use the above result to compute the coupling dependent piece of the effective superpotential by using the effective relations, valid for expectation values in a supersymmetric vacuum: X^ĩ_i = ∂W_{eff} ∂μ^i_ĩ . (2.12)

By integrating the above equation, we find:

W_{eff} = C(S) + S log(Λ^2 det μ) , (2.13)

where C(S) is a piece of the superpotential which is independent of the couplings μ^i_ĩ, and Λ is the holomorphic scale at high energies.

We can now apply the linearity principle [12] and integrate in the effective fields X by subtracting the linear coupling tr μX, to obtain:

W_{eff} = C(S) − 2S ( 1 − log S Λ^3 ) − S log det X Λ^8

, (2.14)

where the procedure is obviously unaffected by the form of C(S).

To find C(S), we use the following argument. We have to match the above result to the expected low-energy superpotential of the theory where now W_{tree} = 0. The invariants are expected to take on generic expectation values, and break entirely the gauge group. We thus expect the following S-dependent Veneziano-Yankielowicz-type [13] superpotential:

W_{eff} = S ( 1 − log S Λ^3 ) − S log det X Λ^8

. (2.15)

At this point one may question the validity of introducing the gluino condensate S in (2.15) since there is no unbroken low energy gauge group. However, this is a situation similar to SU(N_c) SQCD with N_f = N_c − 1 flavors,^1 where a non-perturbative superpotential is still generated by the instantons in the broken gauge group, and correspondingly one can introduce a glueball superfield S and its related Veneziano-Yankielowicz superpotential as explained for instance in [14] (see also [4]).

By matching with the above, we find: C(S) = 3S ( 1 − log S Λ^3 ) . (2.16)

We can thus write the complete effective superpotential (2.13) as:

W_{eff} = 3S ( 1 − log S Λ^3 ) + S log det(Λ^2μ). (2.17)

We will see that the coefficient of 3 is the number of vacua of the theory with W_{tree} = tr μX.

1Indeed, the total matter index, which plays the role of N_f in our case, is n = 2 ·^1_2 + 2 ·^3_2 = 4 = 5 − 1.

– 4 –

Minimizing (2.15) with respect to S, we get that: S = Λ^{11} det X

, (2.18)

The non-perturbatively generated superpotential is thus: W_{np} = Λ^{11} det X

. (2.19)

This is nothing else than the superpotential determined by Affleck, Dine and Seiberg [1] using symmetry arguments. Recall that it is generated by a one-instanton contribution (indeed 3N − n = 11) as it should be in a theory with N − n = 1.

Now that we have derived W_{np} we can check the vacuum structure of:

W_{eff} = W_{tree} + W_{np} = tr μX +

Λ^{11} det X

. (2.20)

Extremizing the above with respect to X, we find:

W_{eff} |_{extr} = 3

Λ^{11} det X

, with ( det X Λ^8

)_3 = 1 Λ^2 det μ

. (2.21)

Note that the constraint on det X is cubic, resulting in 3 vacua. Of course since there is no coupling for the Y_is, all these vacua are additionally labeled by two flat directions.

Another way to determine that there must be 3 vacua for ν^i = 0 is the following. When W_{tree} = tr μX the generic situation is that Y_i have non trivial expectation values. Then classically we can take for instance a configuration like (2.10). These background matter fields break the gauge group from SU(5) to SU(3). Out of the 30 matter superfields, 16 are eaten by the gauge bosons which become massive, while two remain massless but are neutral, since they parameterize the flat directions. The remaining 12 matter fields fit into 2 fundamental and 2 anti-fundamental representations of SU(3). Thus the effective gauge theory is SU(3) SQCD with N_f = 2. Moreover W_{tree} gives a tree level mass to the quarks, so that the low-energy theory is pure SU(3) SYM, which has 3 supersymmetric vacua. This is also an additional justification for the Veneziano-Yankielowicz piece in (2.15).

Let us now briefly comment on a slightly different route, inspired by [6]. We could add to the tree level superpotential a piece like W_{tree} = · · · + λ det X, so that the classical equations of motion would allow for a (frozen) expectation value for X, though only when ν^i = 0. The solution to the Konishi anomaly equations including the above higher order term would consist of two branches, one which classically reduces to the origin and the other to the (possibly large) expectation value. This way one forces the theory to be in a specific vacuum where the gauge group is broken and a low-energy superpotential like (2.15) is expected. Then by analytic continuation one recovers (2.17), with additional terms depending on λ. The vacuum structure of such a theory consists of 4 vacua, the 3 which exist for λ = 0 and the additional one with classical broken gauge symmetry, which is pushed to infinity in the vanishing λ limit.

– 5 –

2.2 Dynamical supersymmetry breaking

Let us now finally come to supersymmetry breaking. To recapitulate the situation for ν^i = 0, we have seen that it is quite similar to SQCD with N_f < N_c: For W_{tree} = 0, the non-perturbative superpotential is of runaway behavior (though in this case (2.19) is still flat in the Y^i directions), thus pushing all supersymmetric vacua to infinity. When W_{tree} = tr μX, we recover 3 supersymmetric vacua, all being parameterized by 2 additional flat directions.

Now turning on the coupling W_{tree} = ν^iY_i + · · · we see that it immediately leads to supersymmetry breaking: From the classical variation (2.6), we learn that X must vanish. But from the reasoning of the previous subsection, we had learned that W_{np} is precisely singular at the origin. Now, by virtue of the linearity principle W_{np} must be independent of the couplings in W_{tree}, and is thus exact also for ν^i ≠ 0. The outcome is that W_{eff} has no extremum, and thus there is no supersymmetric vacuum in the theory. However, since the ν^iY_i term lifts all flat directions, while W_{np} is singular at the origin, the potential must have a minimum at a finite value of the fields, which will be the non-supersymmetric vacuum of the theory [1].

Note in this respect that if W_{tree} = tr μX + ν^iY_i, and the ν^is are kept small, we expect three minima of the potential close to the original values of the 3 supersymmetric vacua (without flat directions of course), with the supersymmetry breaking presumably lifting the degeneracy among them. On the other hand, if a λ det X coupling is added, we expect the 4th vacuum to be lifted at a much higher energy than the others since the X ≠ 0 vacuum is already ruled out classically.

We have thus established dynamical supersymmetry breaking by deriving through the Konishi anomaly first the non perturbative superpotential and then checking that an additional coupling leads to a total effective superpotential with no supersymmetric vacua.

An alternative way to show supersymmetry breaking still exploiting the Konishi anomaly would have been to use (2.6) and (2.9) to show that Y_i = X^ĩ_i = S = 0 in a supersymmetric vacuum. Then one could have argued as in [1] that in such a vacuum the global U(1) symmetries are unbroken, and thus the effective fields must satisfy the ’t Hooft anomaly matching conditions, which is possible only at the price of an extremely odd effective field content. Or in the spirit of [2] one could have computed a one-instanton contribution to a correlator involving the above invariants, and upon finding a non-zero result the conclusion is that, for instance, S ≠ 0, which implies that supersymmetry is broken.

3. SU(N) chiral gauge theories with one family

In this section we will consider N = 1 supersymmetric gauge theories with gauge group SU(N) (N ≥ 5) with one matter field in the antisymmetric representation T^{ab} and N − 4 matter fields in the anti-fundamental representation F̃^i_a, i = 1, . . . , N − 4. The matter content is such that the gauge anomaly cancels.

For all N ≥ 6, we have the following type of invariants:

Y^{ij} = F̃^i_aF̃^j_b T^{ab} , (3.1)

– 6 – which are in the antisymmetric representation of the flavor group SU(N − 4). For N even, we have an additional invariant which is the pfaffian of the antisymmetric tensor: Z = ϵ_{a1...aN} T^{a1a2} . . . T^{aN−1 aN} = Pf T . (3.2) Note that no invariant at all can be written for the SU(5) theory with one family, which thus does not have any flat direction nor the possibility to have a tree-level superpotential.

The simplest tree-level superpotential is thus:

W_{tree} = ν_{ij}Y^{ij} + λZ . (3.3)

Note that the second term is present only for N even, and is non-renormalizable for N > 6.

We can now write the Konishi anomaly relations, for the expectation values in a supersymmetric vacuum:

2ν_{ik}Y^{kj} = δ^j_i S , (3.4) ν_{ij} Y^{ij} + N 2 λZ = (N − 2)S , (3.5)

the second term on the left hand side of (3.5) being present only if N is even.

3.1 Odd N

We immediately see that if N is odd, the only solution is Y^{ij} = S = 0 (in the SU(5) case, the only solution is S = 0 since also the first term of W_{tree} cannot be written).

In this case, we do not dispose of the additional X-type invariants as in the situation with two families, so that we cannot argue as in the previous section. However the situation is also clearly different: for instance in the SU(5) case, no invariant can be written and hence no W_{np} either can be written. We have thus to resort to the arguments of [1, 2] and say that the conditions Y^{ij} = S = 0 are not consistent either with a credible low-energy spectrum, or with one-instanton calculations.

At this point we comment on the chiral ring of these theories. It turns out that its structure is very simple (somewhat like in SQCD), as it is generated only by the two invariants: S = − 1 32π^2 trW^αW_α , and Y^{ij} = F̃^i_aF̃^j_b T^{ab} , (3.6)

(the second invariant being of course zero for SU(5).)

To see this, consider the chiral ring relations: W^a_{αc}W^c_{βb} = −W^a_{βc}W^c_{αb} , W^b_{αa}F̃^i_b = 0 , W^a_{αc}T^{cb} = W^b_{αc}T^{ca} . (3.7)

We can construct singlets using the primitive invariants δ^a_b , ϵ^{a1...aN} and ϵ_{a1...aN} . (3.8)

– 7 –

Let us first look at all the tensor structures that can be constructed with δ^a_b only, up to the relations (3.7). They are, in addition to the fundamental fields and the two invariants (3.6): F^{ai} ≡ F̃^i_b T^{ab} , S^a_b ≡ ϵ^{αβ} W^a_{αc}W^c_{βb} , T^{ab}_α ≡ W^a_{αc}T^{cb} = T^{ba}_α , Σ^{ab} ≡ ϵ^{αβ} W^a_{αc}W^c_{βd}T^{db} = −Σ^{ba} . (3.9)

It is easy to convince oneself employing (3.7) that no more independent structures can be constructed by simple contraction of the indices and also that the tensors (3.9) have the indicated symmetry properties. Gauge singlets must then be constructed by contracting the above with the ϵ-tensors. Since ϵ_{a1...aN} ϵ^{b1...bN} is a product of δ’s, one can use either all ϵ in the fundamental or all ϵ in the antifundamental. Using ϵ^{a1...aN} will not work because of the “lack of indices” (recall that i = 1 . . . N − 4) so the only possibility is to use ϵ_{a1...aN} which restricts the possible tensors that can be used to the two singlets in (3.6) and F^{ai}, T^{ab} (one of the fundamental fields), T^{ab}_α and Σ^{ab}.

Now recall that T^{ab} has one zero eigenvalue, so that by an SU(N) transformation we can take T^{aN} = 0. We then use the chiral ring relations to show that also

F^{Ni} = T^{aN}_α = Σ^{aN} = 0 . (3.10)

Thus no further invariants can be constructed with the ϵ-tensor which always carries a a = N index and we are left with (3.6) as the only possibility. This shows that no nontrivial generalized Konishi anomaly relations can be constructed for these theories.

It would be interesting to study the chiral rings for N even and for theories with more families. Though the above argument is not applicable, we believe that their structure is the same, i.e. the only generators are the glueball superfield and the basic invariants.

3.2 Even N

On the other hand, when N is even and λ ≠ 0, the Konishi relations (3.4), (3.5) can be solved to give: Y^{ij} = 1 2 S(ν^{−1})^{ij} , Z = S λ . (3.11)

This case can be solved as in the previous section (see also [6] for SU(6)), finding the expected non-perturbative superpotential. In this case however, we have already all the invariants in W_{tree}, and we can check that there is no additional relation like (2.6). Hence, there is no contradiction and all the supersymmetric vacua found in this way are not lifted, supersymmetry being unbroken.

Let us quickly review how to derive W_{np} and the number of vacua in this case. From (3.11), we find straightforwardly, for N = 2k:

W_{eff} = C(S) + S log(Λ^{k−3}λ) + 1 2 S log det ν = C(S) + S log(Λ^{k−3}λ Pf ν) . (3.12)

– 8 –

We now proceed to integrate in the effective fields Y^{ij} and Z, by subtracting W_{tree} (3.3) and solving (3.11) for the invariants. The result is:

W_{eff} = C^′(S) − (k − 1)S ( 1 − log S Λ^3 ) − S log Z Pf Y Λ^{4k−6}

, (3.13)

where we absorbed in C^′(S) a trivial term linear in S. But here we know what the coefficient of the S log S piece should be: when W_{tree} = 0, the invariants take arbitrary values and the gauge group is maximally broken. By analyzing the D-flatness conditions, one finds that the effective theory is always a pure Sp(4) SYM with massless neutral fields parameterizing the flat directions. Hence the overall coefficient of the Veneziano-Yankielowicz term in (3.13) must be 3. In turn this implies that the exact effective superpotential is given by:

W_{eff} = (k + 2)S ( 1 − log S Λ^3 ) + S log(Λ^{k−3}λ Pf ν) , (3.14)

and that there should be k + 2 supersymmetric vacua.

This is confirmed if we integrate out S in (3.13), after having substituted for C^′(S), to find that:

W_{np} = 3 ( Λ^{2N+3} Z Pf Y )^1_3 . (3.15)

Extremizing then W_{eff} = W_{tree} + W_{np} with respect to Y^{ij} and Z one again finds k + 2 solutions. Of course, if we take λ = 0, we have a runaway behavior and no stable vacuum.

Acknowledgments

We would like to thank Vanicson L. Campos for discussions. This work is partly supported by EU contract HPRN-CT-2000-00122.

References

[1] I. Affleck, M. Dine and N. Seiberg, Dynamical supersymmetry breaking in chiral theories, Phys. Lett. B 137 (1984) 187; Calculable nonperturbative supersymmetry breaking, Phys. Rev. Lett. 52 (1984) 1677; Dynamical supersymmetry breaking in four-dimensions and its phenomenological implications, Nucl. Phys. B 256 (1985) 557.

[2] Y. Meurice and G. Veneziano, SUSY vacua versus chiral fermions, Phys. Lett. B 141 (1984) 69; D. Amati, K. Konishi, Y. Meurice, G.C. Rossi and G. Veneziano, Nonperturbative aspects in supersymmetric gauge theories, Phys. Rept. 162 (1988) 169.

[3] K. Konishi, Anomalous supersymmetry transformation of some composite operators in SQCD, Phys. Lett. B 135 (1984) 439;

K.-i. Konishi and K.-i. Shizuya, Functional integral approach to chiral anomalies in supersymmetric gauge theories, Nuovo Cim. A90 (1985) 111.

[4] F. Cachazo, M.R. Douglas, N. Seiberg and E. Witten, Chiral rings and anomalies in supersymmetric gauge theory, J. High Energy Phys. 12 (2002) 071 [hep-th/0211170].

– 9 –

[5] S. Corley, Notes on anomalies, baryons and Seiberg duality, hep-th/0305096.

[6] A. Brandhuber, H. Ita, H. Nieder, Y. Oz and C. Romelsberger, Chiral rings, superpotentials and the vacuum structure of N = 1 supersymmetric gauge theories, hep-th/0303001.

[7] Y. Nakayama, Effective gauge degrees of freedom and the (non)existence of the glueball superpotential, hep-th/0306007.

[8] P. Kraus, A.V. Ryzhov and M. Shigemori, Loop equations, matrix models and N = 1 supersymmetric gauge theories, J. High Energy Phys. 05 (2003) 059 [hep-th/0304138].

[9] R. Dijkgraaf and C. Vafa, A perturbative window into non-perturbative physics,

hep-th/0208048.

[10] R. Dijkgraaf, M.T. Grisaru, C.S. Lam, C. Vafa and D. Zanon, Perturbative computation of glueball superpotentials, hep-th/0211017.

[11] T.A. ter Veldhuis, Unexpected symmetries in classical moduli spaces, Phys. Rev. D 60 (1999) 015001 [hep-th/9811132].

[12] K.A. Intriligator, R.G. Leigh and N. Seiberg, Exact superpotentials in four-dimensions, Phys.

Rev. D 50 (1994) 1092 [hep-th/9403198];

K.A. Intriligator, ’integrating in’ and exact superpotentials in 4-d, Phys. Lett. B 336 (1994) 409 [hep-th/9407106].

[13] G. Veneziano and S. Yankielowicz, An effective lagrangian for the pure N = 1 supersymmetric Yang-Mills theory, Phys. Lett. B 113 (1982) 231.

[14] M. Aganagic, K. Intriligator, C. Vafa and N.P. Warner, The glueball superpotential,

hep-th/0304271.

– 10 –