arXiv:0906.2127v1 [hep-ph] 11 Jun 2009

SU-ITP-09/25

Metastable Vacua in Deformed N=2 Supersymmetric Models

Edi Halyo ∗ Department of Physics Stanford University Stanford, CA 94305

ABSTRACT

We show that supersymmetric Abelian models that are obtained from deformations of those with N = 2 supersymmetry also contain metastable vacua for a wide range of parameters. The deformations we consider are combinations of masses for charged and singlet fields, a singlet F–term and an anomalous D–term. We find that, in all cases, the nonsupersymmetric vacua are parametrically far from the supersymmetric ones and therefore metastable. Using retrofitting, we show that these metastable vacua may lead to semi–realistic phenomenology.

∗ e–mail address: halyo@stanford.edu

1. Introduction

Realistic models of supersymmetry breaking have played a major role in the search for physics beyond the Standard Model for a long time. Until recently, supersymmetry breaking was mainly investigated by building models with a unique nonsupersymmetric vacuum[1]. Models that preserve supersymetry were not explored since supersymmetric vacua are the absolute minima of the scalar potential and it was assumed that the fields would always relax to these vacua. However, in principle, the existence of a supersymmetric vacuum does not necessarily exclude the possibility of a local minimum of the scalar potential which breaks supersymmetry. Indeed, recently it was realized that there is a large class of models that have nonsupersymmetric local minima in addition to a supersymmetric vacuum. If these local minima are stable in all field directions and very far from the supersymmetric ones in field space, then they are metastable and may lead to semi–realistic phenomenology.

After ref. [2], many models with nonsupersymmetric metastable vacua have been constructed[3-14]. These models mostly have non–Abelian gauge groups and therefore strong interactions that break supersymmetry dynamically. In this letter, we consider a simpler possibility; metastable nonsupersymmetric vacua in models with an Abelian gauge group and simple perturbative superpotentials. More concretely, we consider Abelian models with N = 1 supersymmetry which are obtained from those with N = 2 supersymmetry by all possible deformations. These deformations include mass terms for the chiral multiplets, tree level F terms, anomalous D–terms and an mass term for the singlet whih breaks supersymmetry from N = 2 to N = 1. We find that, in these models, metastable supersymmetry breaking vacua are quite generic.

The basic model we consider has N = 1 supersymmetry and an Abelian gauge group. The matter sector contains the hypermultiplet of the N = 2 supersymmetric theory which in the N = 1 notation consists of two oppositely charged chiral fields. In addition, there is a gauge singlet which is the scalar in the N = 2 gauge multiplet. These couple through a superpotential that includes a Yukawa term inherited from the N = 2 supersymmetric theory. Two of the deformations are mass terms for the charged chiral fields and the singlet. In addition, we can include two more deformations; a tree level F–term for the neutral scalar and/or an amomalous D–term. We show that these simple models with no strong dynamics have nonsupersymmetric vacua in addiion to sypersymmetric ones for a wide range of the parameters. Supersymmetry is broken at tree level by either F or D-terms. In both cases the supersymmetric and nonsupersymmetric vacua are parametrically far from each other; therefore the nonsupersymmetric vacua are metastable.

Since supersymmetry is broken at tree level and not dynamically, th supersymmetry breaking scale is not suppressed. However, this can be achieved by retrofitting; i.e. by coupling our model to a hidden non–Abelian gauge group by nonrenormalizable terms. In this case, we estimate the soft supersymmetry breaking masses in the metastable vacua and show that, using retrofitting, they may lead to semirealistic phenomenology.

In addition to their simplicity, another advantage of these models is the fact that they can be easily embedded in larger ones such as models with a U(N_c) gauge group and N_f pairs of fundamentals and one adjoint. Specializing to the Abelian subgroup of U(N_c) and setting VEVs of all the fundamentals except for one pair to zero, the non–Abelian model reduces to ours. Our results would be especially relevant at high energies where the physics is weakly coupled and one can neglect the non–Abelain dynamics.

Since these models can are deformed N = 2 supersymmetric models, they can be easily realized on D–branes. This can be one either through intersecting branes[15] or on branes located on singularities[16]. In both cases, the construction and deformations of the N = 2 supersymmetric theory are well–known. In fact, using the D–brane picture, our model can be easily generalized in many directions resulting in a large class of models with metastable nonsupersymmetric vacua.

The letter is organized as follows. In Section 2 we describe the models with nonzero F or anomalous D–terms and find their supersymmetric and metastable vacua. In Section 3 we show that, using retrofitting, the metastable vacua of the models may lead to semirealistic phenomeology. Section 4 contains our conclusions and a discussion of our results.

2. Models with Metastable Supersymmetry Breaking Vacua

In this section, we describe some models of the type described above with nonsupersymmetric metastable vacua that preserve supersymmetry. We consider two types of models: those that break supersymmetry by nonzero F or D–terms in the metastable vacua. In both cases, supersymmetry breaking in the metastable vacua is at tree level. We find that even for these relatively simple models metastable vacua are quite generic, i.e. they exist for a wide range of the parameters.

2.1. Models wth F–term Supersymmetry Breaking: Consider a model with N = 1 supersymmetry and a U(1) gauge group. The matter sector consists of two charged fields q_1, q_2, (with charges ±1) and a neutral field Φ with the superpotential

W = λϕq_1q_2 + mq_1q_2 + MΦ^2 + F Φ (1)

We included mass terms for both Φ and q_1, q_2 to make the superpotential as general as possible. In fact, the only term that we neglected but is allowed by the local U(1) symmetry is a Φ^3 term which would not change our results qualitatively. As we mentioned in the introduction, this model can be obtained from a generic deformation of a model with N = 2 supersymmetry (which would include only the Yukawa term). The deformations are the two mass terms and the tree level F–term. Note that here we set the remaining deformation, i.e. the anomalous D–term to zero. The scalar potential is given by

V_F = |F_Φ|^2 + |F_{q1} |^2 + |F_{q2} |^2 (2)

where F_Φ = λq_1q_2 + 2MΦ + F (3)

F_{q1} = (λΦ + m)q_2 (4) and F_{q2} = (λΦ + m)q_1 (5)

In addition, there is the U(1) D–term to the scalar potential

V_D = g^2(|ϕ_1|^2 − |ϕ_2|^2)^2 (6)

The total scalar potenatial is the sum V = V_F + V_D. Since our aim is only to show the existence of metastable vacua in these models our analysis of the vacua will not be complete. In particular, we will take all the fields to be real as a simplifying assumption. In that case, the D–term vanishes when either q_1 = q_2 or q_1 = −q_2.

2.1.1. The case with q_1 = q_2: We take q_1 = q_2 in order to satisfy the D–term condition. Then we find a supersymmetric vacuum at

q_1 = q_2 = 0 Φ = − F 2M (7)

Under the above assumptions, there is a nonsupersymmetric minimum of the scalar potential at

q^2_1 = q^2 = ( M λ^2

)(λΦ + m) (8)

where

Φ = 1 2λ^2 [−(3λM + 2λm) ± √ (3λM + 2λm)^−4λ^2(m^2 + λF + mM)] (9)

Since we assumed that all fields are real, we need to make sure that the discriminant above is positive. In order to understand the above nonsupersymmetric vacuum better we consider the limit M >> m >> √ F . Then, a real VEV for Φ requires M > λF/m which can be easily satisfied. Eqs. (8) and (9) describe two pairs of vacua given by

Φ = − 3M λ q_1 = q_2 = ± √ 3 λ M (10)

and Φ = − m 3λ q_1 = q_2 = ± √ 2 3 √ m λ (11)

The vacua in eq. (10) do not lead to real q_1, q_2 and we will not consider them any further. On the other hand, the vacua in eq. (11) lead to real VEVs and break supersymmetry since all the F–terms given by eqs. (3)-(5) are nonzero there. We see that the nonzero F–term in the superpotential, is not essential for supersymmetry breaking in these vacua. From eqs. (7) and (9) it is clear that even for F = 0 there is a supersymmetric vacuum at the origin and a nonsupersymmetric one away from it.

We also need to make sure that the supersymmetry breaking vacua are metastable which requires that all scalar masses squared are positive there. It is easy to show that this is guaranteed for m^4 − λ^2F^2 > 0 which can be satisfied in the limit we took above, i.e. M >> m >> √ F . (Here we neglect the constributions to m that arise at one–loop at the metastable vacua since these are propotional to λ^2F and much smaller than m by assumption.) Thus the pair of vacua given in eq. (11) are metastable. Similarly, it can be shown that the general vacua in eqs. (8) and (9) are metastable under another (more complicated) condition. We note that all VEVs in the nonsupersymmetric vacua are inversely proportional to λ, and therefore parametrically far from the supersymmetric vacuum. As a result, for small enough λ their lifetimes are parametrically long and they are metastable. Clearly, when λ → 0 the nonsupersymmetric vacua escape to infinity and disappear.

In the opposite limit for the parameters, i.e. when √ F >> M >> m we find the nonsupersymmetric vacua

Φ = √ − F λ q_1 = q_2 = ± ( − F M^2 λ^5 ) (12)

where we have to assume that F < 0 in order to have real VEVs. These vacua are metastable if λ^{−4} − λ^2 > 0 which is easily satisfied for λ < 1. These vacua too are parametrically far from the supersymmetric one, since the VEVs above are inversely proportional to different powers of λ. We see that in this case neither vacuum depends on m; we conclude that the metastable vacuum exists even for m = 0. Even when m = 0, i.e. the tree level masses for the charged fields vanish, such masses will be be generated at one–loop in the metastable vacua. These masses will be proportional to λ^2F so our assumption F >> m remains valid at the one–loop level and the metastable vacua remain.

Usually, in models with metastable supersymmetry breaking vacua, it is the supersymmetric vacuum that is parametrically far from the origin of field space where one finds the nonsupersymmetric vacuum. However, this is guaranteed only in models with generic superpotentials (which contain all the terms that are allowed by the global symmetries) and a small R violating term. Above we found just the opposite; the nonsupersymmetric vacua are far from the origin. This should not be surprising because the superpotential in eq. (1) is not generic for any assignment of R charges; there is no R charge for Φ for which both the mass and F–terms are invariant and the Yukawa term is a small R breaking correction.

2.1.2. The case with q_1 = −q_2: We can satisfy the D–term constraints also by taking q_1 = −q_2. The analysis is very similar to the case above and gives the supersymmetric vacua

Φ = − m λ q_1 = −q_2 = √ F λ + 2Mm λ^2

(13)

We see that these vacua are parametrically far from the origin of field space for small λ. The nonsupersymmetric metastable vacua are at (with q_1 = −q_2 = q)

q^2 = − M λ^2

(λΦ + m) (14)

where Φ is fixed by Φ = 1 2λ^2 [−(2λm − 3λM) ± √ (2λm − 3λM)^−4λ^2(m^2 − λF − mM)] (15)

which is different from eq. (9) by a few signs. As above, we can take two opposite limits of parameters to explore for these vacua. In the limit M >> m >> √ F , a real VEV for Φ requires M > 16m/9 which can be easily satisfied. However, it turns out that Φ is such that q cannot be real. Real VEVs are possible in the limit m >> M >> √ F ; Φ is real for m > 9M/8. Then we find the nonsupersymmetric vacua with real VEVs Φ = − 2m λ q = ± √ mM λ (16)

These vacua are stable for m^4 − λ^2F^2 > 0. We see that for q_= − q_2 both the supersymmetric and nonsupersymmetric vacua are given by VEVs that are inversely proportional to λ, so all vacua are parametrically far from the origin of field space. However, they are also parametrically far from each other and therefore eqs. (14) and (15) describe metastable nonsupersymmetric vacua.

2.2. Models wth D–term Supersymmetry Breaking: We now describe the case in which supersymmetry is broken by a nonzero D–term in the metastable vacuum. For D–term breaking we consider the same model above with the superpotential

W = λΦq_1q_2 + mq_1q_2 + MΦ^2 (17)

i.e. with F = 0 in eq. (1). The F–terms and V_F are given by eqs. (3)-(6) as before. On the other hand, we now assume that there is an anomalous D–term ξ so that

V_D = g^2(|q_1|^2 − |q_2|^2 + ξ)^2 (18)

The total scalar potential is again V = V_F + V_D.

In this case, the metastable nonsupersymmetric vacuum is located at the origin of the field space, i.e. at Φ = q_1 = q_2 = 0. There, supersymmetry is broken since D = ξ ≠ 0. This vacuum is stable if all the scalar masses squared are positive there which is guaranteed if m^2_{q2} = m^2 − 2g^2ξ > 0 (since the masses squared for the other scalars are always positive).

The supersymmetric vacua which are found by minimizing the scalar potential are at Φ = − m λ q_1 = − 2Mm λ^2q_2

(19)

where q^2 = ξ 2 ± 1 2λ^2 √ λ^4ξ^2 + 16M^2m^2 (20)

Since we assumed that all VEVs are real, we only consider the solution with the plus sign above which results in two supersymmetric vacua. We see that all the VEVs in eqs. (19) and (20) are inversely proportional to λ. Therefore, these supersymmetric vacua are parametrically far from the origin and the nonsupersymmetric vacuum at the origin is metastable.

The location of the supersymmetric vacuum far from the origin can be explained in terms of R symmetry as usual. We can assign the R charges R[q_1] = R[q_2] = R[Φ] = 1 under which the mass terms in the superpotential in eq. (17) are invariant whereas the Yukawa coupling breaks R symmetry. If λ << 1 and the Yukawa coupling is a small perturbation that breaks R symmetry and restores supersymmetry far from the origin (since the supersymmetric vacuum comes from infinity). This is different from what we found in section 2.1.1 since in the presence of a nonzero F–term, there is no assigment of R charges under which the superpotential (for λ = 0) is invariant.

In the case of D–term supersymmetry breaking, it is crucial that the two masses m and M and the anomalous D–term ξ are nonzero. If m = 0, the origin is not stable and therefore not a vacuum. If M = 0, then Φ is classically a flat direction. It gets a potential at the one–loop level which does not have a minimum at the origin. If ξ = 0 the origin is a minimum but also supersymmetric. This should be contrasted with the F–term breaking cases above in which we could take F = 0 or m = 0 and still have a metastable vacuum.

We find that the above models have nonsupersymmetric metastable vacua whether they contain an F or an anomalous D–term. If supersymmetry is broken by F–terms then these vacua are parametrically far from the origin of field space whereas for D–term supersymmetry breaking they are at the origin. In both cases, these vacua are parametrically far from the supersymmetric vacua and therefore metastable.

As we mentioned above, these models may have other supersymmetric and nonsupersymmetric vacua since our analysis was not complete due to our assumption that all VEVs are real. Our aim in this letter is simply to show the possibility of metastable nonsupersymmetric vacua in these models and our results should be taken as an existence proof.

3. Retrofitting and Phenomenology

Since the models we considered above break supersymmetry at tree level they cannot describe dynamical supersymmetry breaking at an exponentially small energy scale. This can be accomplished by retrofitting i.e. by adding nonrenormalizable terms to the superpotential which describe the embedding of the model in a larger one at high energies. For example, the masses m, M and the F–term, F , can be obtained from the nonrenormalizable terms ∫ d^2θT r(W_α)^2 ( c_1 q_1q_2 M^2_P

+ c_2 Φ M_P + c_3

Φ^2 M^2_P ) (21)

where c_i ≃ 1 are model dependent coefficients and W_α describes the gauge superfield of a new non–Abelian gauge group which condenses at a high energy scale Λ. Gaugino condensation of this group gives < T r(W_α)^2 >∼ Λ^3 and as a result we find the masses m ∼ c_1Λ^3/M_P 2, M ∼ c_3Λ^3/M^2_P and the F–term F ∼ c_2Λ^3/M_P .

We see that F >> m ∼ M. This is a result of the fact that we used only one non–Abelian group in eq. (21) for all the nonrenormalizable terms. However, if we want to have M >> m >> √ F as we assumed above for simplicity, we have to introduce three non–Abelain gauge groups, one for each term with different scales Λ_{1,2,3}. The case with F = 0 can be obtained by assuming that Φ is odd under a discrete symmetry which prevents the second term in eq. (21).

If there is F–term supersymmetry breaking (in a metastable vacuum) squark, slepton and gaugino masses can arise from nonrenormalizable Kahler potential terms like ∫ d^4θQ̄_iQ_i ( 1 + c_4 ΦΦ̄ M^2_P

+ c_5 q_iq̄_i M^2_P + . . . ) (22)

where Q_i denotes the sfermions and c_4, c_5 are constants. The sfermion masses squared are then given by

m^2_s ∼ c_4

F^2_Φ M^2_P

+ c_5 F^2_{qi} M^2_P

(23)

. Gaugino masses, on the other hand, arise from ∫ d^2T r(W_aW_a)( 1 g^2

+ c_6 Φ M_P + . . .) (24)

where W_a denotes the MSSM gauge superfields. The gaugino masses are m_λ ∼ c_6F_Φ/M_P .

Combining retrofitting in eq. (21) with the sfermion and gaugino mass terms above we can obtain semirealistic phenomenology. We will not investigate the phenomenology of each of the models considered above. Rather we will use only a couple of them in order to show that they can lead to semirealistic phenomenology for a reasonable choice of parameters. Consider first the model of F–term supersymmetry breaking with q_1 = q_2 in the metastable vacuum given by eqs. (8) and (9). In order to use the same assumption M >> m >> √ F as above we assume that each nonrenormalizable term in eq. (21) arises from a different gauge group with a different gaugino condensation scale Λ_{1,2,3}. Using eqs. (3)- (5) we get the nonzero F–terms F_q ∼ √ m^3M F_Φ ∼ m^2 (25)

where we neglected all coefficients such as c_i and factors of λ. We see that F_q >> F_Φ. The sfermion and gaugino masses are

m_s ∼ (m^3M)^{1/2} M_P ∼ (Λ^9_1Λ^3)^{1/2}

M^5_P m_λ ∼ m^2 M_P ∼ Λ^6_1 M^4_P

(26)

The requirement for the smaller mass m_λ ∼ T eV can be satisfied by taking Λ_1 ∼ 10^{15−16} GeV . Assuming Λ_3 ∼ 10^{17} GeV we get m_s ∼ 10 T eV .

The opposite limit √ F >> M >> m can be obtained from only one gauge group with scale Λ. In this case we find

m_s ∼ F^{3/4}M^{1/2} M_P ∼ Λ^{15/4} M^{11/4}_P m_λ ∼ F^{1/2}M M_P ∼ Λ^{9/2} M^{7/2}_P

(27)

We see that m_λ/m_2 ∼ (Λ/M_P )^{3/4}. TeV scale gaugino masses are obtained for Λ ∼ 10^{15} GeV . Then, we get m_s ∼ 10 T eV .

For both cases we examined above we find that it is easy to get TeV scale gaugino masses. However, this demand coupled with the our other assumptions requires somewhat large sfermion masses of O(10 T eV ). It should be noted that in these estimates for the masses we neglected all pure numbers such as the coefficients c_i and powers of λ which can change these estimates by more than an order of magnitude. Moreover, we cannot claim that large sfermion masses are signatures of the types of models we examined above since we did not analyzed the vacuum structure of the models completely. It would be interesting to build such models in greater detail and explore their phenomenology.

4. Conclusions and Discussion

In this letter, we constructed simple models with metastable nonsupersymmetric vacua in which supersymmetry is broken by nonzero F or D–terms at tree level. These results seem quite robust since they hold for a wide range of parameters. The models may have other (supersymmetric or metastable) vacua in addition to the ones we found since our analysis was not complete due to our assumption that all VEVs are real. We also showed that these models can lead to semi– realistic phenomenology by estimating the soft supersymmetry breaking masses in the metastable vacua. This is possible after retrofitting the models which leads to exponentially small masses and F–terms. Perhaps, most importantly, these models can easily be embedded into larger ones with non–Abelian gauge groups and charged and neutral matter. They would especially play an important role at high energies where the physics is weakly interacting.

Our analysis was done in the context of global supersymmetry. It wold be interesting to find out whether our results remain valid in supergravity with the scalar potential

V = e^{K/M 2P} [|∂_iW + ∂_iK W M^2_P

|^2 − 3 |W |^2 M^2_P

] + g^2|D|^2 (28)

The question is whether the nonsupersymmetric metastable vacua which necessarily shift nevertheless remain stable in supergravity. Even though supergravity corrections are Planck suppressed, due to the −3W^2/M^2_P term in eq. (28), the metastable vacua may be destabilized if the VEVs are large enough. In fact, in general, it is not even clear whether the globally supersymmetric vacua remain (with small shifts) stable in supergravity. It would be interesting to repeat our analysis in supergravity and check if our results remain valid.

As already mentioned in the introduction, the models above can be obtained by deforming N = 2 supersymmetric models (with only the Yukawa coupling in the superpotential). These deformations consist of the mass terms for the charged and singlet fields, the singlet F and anomalous D–terms. Deformed calN = 2 supersymmetric models are easy to construct in string theory, for example in intersecting brane models[15] or in models obtained from branes wrapped on singularities[16]. Our results imply that such brane models will also have metastable nonsupersymmetric vacua in which supersymmetry is broken at tree level. (For some string or brane constructions that lead to metastable vacua see [20-32].) However, retrofitting which is crucial for semi–realistic phenomenology cannot be easily realized in these string constructions. The only possibility for obtaining exponentially small parameters seems to be through geometric transitions[17] in models with branes wrapped on singularities[16].

Any model with a supersymmetric vacuum that is parametrically far from a nonsupersymmetric one can in principle be used for inflation. A very flat scalar potential which is necessary for slow–roll inflation can be obtained by making sure that the vacua are very far from each other. In general, there is a small parameter in the model (in our models this is the Yukawa coupling λ) which can be tuned to a small enough value to provide slow–roll inflation. For F–term supersymmetry breaking, this inflationary scenario is possible in supersymmetry but not in supergravity due to the well–known large inflaton mass problem. The alternative is D–term inflation[18] which requires a model very similar to the one in section 2.2. In fact, for small (or vanishing) masses the model in section 2.2 is the same as the original D–term inflation models. Similarly, brane constructions of the above models may be good candidates for models of inflation if they can be compactified. This rules out models based on intersecting branes but not those with branes at singularities[19].

Acknowledgements I would like to thank the Stanford Institute for Theoretical Physics for hospitality.

REFERENCES

1. Y. Shadmi and Y. Shirman, Rev. Mod. Phys. 72 (2000) 25, [arXiv:hepth/9907225]; J. Terning, [arXiv:hep-th/0306119; K. Intriligator and N. Seiberg, [arXiv:hep-th/0702069].

2. K. Intriligator, N. Seiberg and D. Shih, JHEP 0604 (2006) 021, [arXiv:hepth/0602239].

3. S. Ray Phys. Lett B642 (2006) 13, [arXiv:hep-th/0607172]. 4. R. Kitano, hep-ph/0606129; Phys. Lett. B641 (2006) 203, [arXiv:hepph/0607090].

5. M. Dine and J. Mason, Phys. Rev. D77 (2008) 016005, [arXiv:hepph/0608063].

6. M. Dine, J. L. Feng and E. Silverstein, Phys. Rev. D74 (2006) 095012, [arXiv:hep-th/0608159].

7. R. Kitano, H. Ooguri and Y. Ookouchi, Phys. Rev. D75 (2007) 045022, [arXiv:hep-ph/0612139].

8. H. Murayama and Y. Nomura, Phys. Rev. Lett. 98 (2007) 151803, [arXiv:hep-ph/0612186].

9. O. Aharony and N. Seiberg, JHEP 0702 (2007) 054, [arXiv:hep-ph/0612308]. 10. C. Csaki, Y. Shirman and J. Terning, JHEP 0702 (2007) 099, [arXiv:hepph/0612241].

11. K. Intriligator, N. Seiberg and D. Shih, JHEP 0707 (200) 017, [arXiv:hepth/0703281].

12. A. Giveon and D. Kutasov, Nucl. Phys. B796 (2008) 25, arXiv:0710.0894[hepth].

13. A. Giveon, A. Katz, Z. Komargodski and D. Shih, JHEP 0810 (2008) arXiv:0808.2901[hep-th].

14. Z. Komargodski and D. Shih, JHEP 0904 (2009) 093, [arXiv:hepth/0902.0030].

15. A. Giveon and D. Kutasov, Rev. Mod. Phys. 71 (1999) 983, [arXiv:hepth/9802067].

16. F. Cachazo, K. Intriligator and C. Vafa, Nucl. Phys. B603 (2001), [arXiv:hep-th/0103067].

17. C. Vafa, hep-th/0008142; F. Cachazo, K. Intriligator and C. Vafa, Nucl.

Phys. B603 (2001) 3, [arXiv:hep-th/0103067].

18. E. Halyo, Phys. Lett. B387 (1996) 43, [arXiv:hep-ph/9606423]; P. Binetruy and G. Dvali, Phys. Lett. B388 (1996) 241, [arXiv:hep-ph/9606342].

19. E. Halyo, JHEP 0407 (2004) 080, [arXiv:hep-th/0312042]; [arXiv:hepth/0402155]; [arXiv:hep-th/0405269].

20. I. Bena, E. Gorbatov, S. Hellerman, N. Seiberg and D. Shih, JHEP0611 (2006) 088, [arXiv:hep-th/0608157].

21. S. Franco, I. Garcia-Etxebarria and A.M. Uranga, JHEP 0701 (2007) 085, [arXiv:hep-th/0607218].

22. A. Giveon and D. Kutasov, Nucl. Phys. B778 (2007) 129, [arXiv:hepth/0703135]; JHEP 0802 (2008) 038, arXiv:0710.1833[hep-th].

23. R. Argurio, M. Bertolini, S. Franco and S. Kachru, JHEP 0706 (2007) 017, [arXiv:hep-th/0703236].

24. M. Bertolini, S. Franco and S. Kachru, JHEP 0701 (2007) 017, [arXiv:hepth/0610212].

25. H. Ooguri and Y. Ookouchi, Phys. Lett. B641 (2006) 323, [arXiv:hepth/0607183].

26. M. Aganagic, C. Beem, J. Seo and C. Vafa, [arXiv:hep-th/0610249]. 27. M. Aganagic, C. Beem ad S. Kachru, Nucl. Phys. B796 (2008) 1, arXiv:0709.4277[hep-th].

28. O. Aharony, S. Kachru and E. Silverstein, Phys. Rev. D76 (2007) 126009, arXiv:0708.0493[hep-th].

29. S. Franco and A. M. Uranga, JHEP 0606 (2006) 031, [arXiv:hepth/0604136].

30. C. Ahn, Class. Quant. Grav. 24 (2007) 1359, [arXiv:hep-th/0608160]; Class.

Quant. Grav. 24 (2007) 3603, [arXiv:hep-th/0702038].

31. R. Tatar and B. Wettenhall, Phys. Rev. D76 (2007) 126011, arXiv:0707.2712[hepth].

32. M. Buican, D. Malyshev and H. Verlinde, JHEP 0806(2008) 108, arXiv:0710.5519[hep-th].