arXiv:1112.2032v2 [hep-th] 31 Jan 2012

KIAS-P11081 UT-11-42 IPMU11-0201

Constraints on GUT 7-brane Topology in F-theory

Hirotaka Hayashi^1, Teruhiko Kawano^2 and Taizan Watari^3

1 School of Physics, Korea Institute for Advanced Study, Seoul 130-722, Korea

2 Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

3 Institute for the Physics and Mathematics of the Universe, University of Tokyo, Chiba 277-8583, Japan

Abstract

We study the relation between phenomenological requirements and the topology of the surfaces that GUT 7-branes wrap in F-theory compactifications. In addition to the exotic matter free condition in the hypercharge flux scenario of SU(5)_{GUT} breaking, we analyze a new condition that comes from a discrete symmetry aligning the contributions to low-energy Yukawa matrices from a number of codimensionthree singularity points. We see that the exotic matter free condition excludes Hirzebruch surfaces (except F_0 ) as the GUT surface, correcting an existing proof in the literature. We further find that the discrete symmetry for the alignment of the Yukawa matrices excludes del Pezzo surfaces and a rational elliptic surface as the GUT surface. Therefore, some GUT 7-brane surfaces are good for some phenomenological requirements, but sometimes not for others, and this aspect should be kept in mind in geometry search in F-theory compactifications.

1 Introduction and Summary

In recent years, F-theory compactifications have been studied for the construction of the realistic models [1, 2, 3]. A four dimensional low energy effective field theory realized as a non-Abelian gauge theory on 7-branes wrapping on a surface can be a candidate for a supersymmetric Grand Unified Theory (GUT). Since some of important properties of low-energy effective theory in the visible sector are determined only by geometry of local neighbourhood along the GUT surface in Type IIB / F-theory compactifications [4], correspondence between geometry around the GUT complex surface and low-energy physics can be established to some extent without referring to global geometry. Some class of complex surfaces with certain topology may even be ruled out [5], when various phenomenological requirements are imposed. Reference [5] argued, for example, that the condition of no exotic matter fields in a hypercharge flux scenario of SU(5)_{GUT} breaking can exclude Hirzebruch surfaces for the GUT 7-brane. References [6, 7, 8] also made it clear that the low-energy Yukawa matrices receive independent contributions from enhanced singularity points whose numbers are determined by intersection numbers on the GUT complex surface. In this article, we further pursue this program, and report some constraints on the topology of GUT complex surfaces following from phenomenological conditions.

In section 2.1, we take a moment to have a brief look at the exotic matter free condition in the hypercharge flux scenario of SU(5)_{GUT} breaking. Requiring that chiral multiplets in the off-diagonal components of the 5 × 5 matrix of SU(5)_{GUT} be absent below the Kaluza–Klein scale, Ref. [5] already concluded that all the Hirzebruch surfaces F_n (except F_0 ) are ruled out in this scenario. In fact, there is an error in the calculation. We see that the proof can still be fixed by fully exploiting the exotic matter free condition.

In section 2.2, we move on to study consequences of a new topological condition motivated by phenomenology. Because the number of E_6 enhancement points is always even in SU(5) models in F-theory [7, 8], the low-energy up-type Yukawa matrix consists of contributions from two or more E_6 type points, and the approximately rank-1 structure of individual contributions [9, 10] is lost generically. One of the solutions to this problem is to impose a discrete symmetry Γ [7], so that the contributions from multiple enhanced singularity points are aligned and the approximate rank-1 structure is maintained even after all these contributions are summed up. This discrete symmetry solution sets constraints on the number of enhanced singularity points. We find that both del Pezzo surfaces and a rational elliptic surface are excluded by the constraints when Γ = Z_2 (which can be used as R-parity simultaneously). We also argue that a less general condition for the number of codimension-three singularity points can eliminate del Pezzo surfaces and a rational elliptic surface for all the discrete symmetry Γ.

To summarize, the SU(5)_{GUT} breaking by the hypercharge flux excludes Hirzebruch surfaces (except F_0 ), and the discrete symmetry solution for the alignment problem of the Yukawa matrices excludes del Pezzo surfaces and a rational elliptic surface. In other words, if one chooses Hirzebruch surfaces as the SU(5)_{GUT} GUT surface, one cannot use the hypercharge flux scenario for SU(5)_{GUT} breaking, and if one chooses del Pezzo surfaces or a rational elliptic surface as the SU(5)_{GUT} GUT surface, one cannot use a discrete symmetry solution for the alignment problem of the low-energy Yukawa matrices. Note that those results hold also when one embeds the GUT surface in a global Calabi– Yau fourfold. The global embedding of the SU(5)_{GUT} GUT surface has been recently discussed in [6, 11, 12], and the geometry search has been performed [13, 14]. Our results can constrain the possible choices for the GUT surface in the geometry search if one relies on either one of [or on both of] the two scenarios.

2 No go theorems for SU(5) GUT models

F-theory compactified on an elliptically fibered Calabi–Yau fourfold realizes a fourdimensional N = 1 supersymmetric theory as a low energy effective field theory. When the elliptic fiber degenerates and generates a singularity of a type G at a codimension one locus S in the base manifold B_3, a number of 7-branes wrap on the divisor S and realizes a non-Abelian gauge theory with the gauge group G [15, 16]. Since we are interested in constructing phenomenological models from F-theory compactifications, we focus on SU(5)_{GUT} for the gauge group G. We will argue that phenomenological requirements indeed restrict the possible candidates for the GUT divisor S.

2.1 Exotic matter free conditions in SU(5)_{GUT} breaking

The SU(5)_{GUT} gauge group should be broken to obtain the Standard Model gauge group SU(3) × SU(2) × U(1)_Y . As for the breaking scenario^1, we turn on a hypercharge flux L_Y ≡ (L_Y )^{−5/6} ∈ H^2(S, Z) [17, 18] where the charge against L_Y gives the hypercharge for matter fields. The flux L_Y should satisfy the BPS condition [19, 20, 21]

ω ∧ c_1(L_Y ) = 0, (2.1)

where ω is a Kähler form on the GUT divisor S. The hypercharge flux L_Y yields chiral multiplets in the off-diagonal blocks of the 5 × 5 matrix of SU(5)_{GUT}. They are

1Two other SU(5) breaking scenarios were also referred to in [5]. One is to use a Wilson line on a GUT divisor S that is not simply connected, and the other is four-dimensional GUT breaking scenario involving SU(5)_{GUT}-adj chiral multiplets in the effective theory.

in the representation of (3, 2)_{−5/6} and (¯3, 2)_{+5/6} under SU(3) × SU(2) × U(1)_Y . Since the presence of those matter fields under the GUT scale breaks the SU(5) gauge coupling unification, we require that there are no zero modes for the matter fields in the representation of (3, 2)_{−5/6} and (¯3, 2)_{+5/6}. Then, the exotic matter free conditions are [19, 20, 21] h^0(S, L^{±1}_Y ) = 0, h^1(S, L^{±1}_Y ) = 0, (2.2) ker d_2 = 0, coker d_2 = 0, (2.3) where ker d_2 and coker d_2 are understood as their dimension. Here, d_2 is a map d_2 : H^0(S, L_Y ⊗ O(K_S )) → H^2(S, L_Y ). (2.4) The case where the map d_2 is non-trivial has been discussed in [22] in the context of Type IIB string theory.

When the anti-canonical divisor −K_S is an effective divisor, h^0(S, O(D)) = 0 for a divisor D always implies h^0(S, O(D + K_S )) = h^2(S, O(−D)) = 0 [20]. Hence, the exotic free conditions (2.2)–(2.3) are equivalent to h^i(S, L^{±1}_Y ) = 0 for i = 0, · · · , 2, (2.5) if −K_S ≥ 0. This includes the cases of Hirzebruch surfaces, del Pezzo surfaces and rational elliptic surfaces. In such situations, it follows from (2.5) that χ(S, L_Y ) = 0, χ(S, L^{−1}_Y ) = 0. (2.6)

In fact, Ref. [5] has used the conditions (2.6) to set constraints on Hirzebruch surfaces F_n . In the following combinations, Ref [5] has obtained

0 = χ(F_n , L_Y ) − χ(F_n , L^{−1}_Y ) = c_1(F_n ) · c_1(L_Y ) = b(n + 2) + 2a − 2bn^2?, (2.7) 0 = 1 2 (χ(F_n , L_Y ) + χ(F_n , L^{−1}_Y )) = 1 + 1 2 c_1(L_Y )^2 = 1 + 1 2 (2ab − b^2n^2)? (2.8) Here, L_Y is chosen as L_Y = O(af + bσ), (2.9) where a and b are integers, and f and σ are generators of the effective curves in F_n which satisfy the intersection f · f = 0, f · σ = 1, σ · σ = −n. (2.10) Under the results of the calculation (2.7) and (2.8), only Hirzebruch surfaces F_n with n = 0, 1 are allowed. All the other Hirzebruch surfaces, n ≥ 2, were excluded for this reason.

However, the correct results for the computation are

0 = χ(F_n , L_Y ) − χ(F_n , L^{−1}_Y ) = c_1(F_n ) · c_1(L_Y ) = 2a + 2b − bn, (2.11) 0 = 1 2 (χ(F_n , L_Y ) + χ(F_n , L^{−1}_Y )) = 1 + 1 2 c_1(L_Y )^2 = 1 + 1 2 (2ab − b^2n), (2.12)

from the intersection numbers (2.10). Then, the only constraints that we can derive from (2.11) and (2.12) are n = even, b = ±1 and a = b(n − 2)/2. Therefore, the conditions (2.11) and (2.12) are not enough to set a bound on the “n” of Hirzebruch surfaces F_n .

However, we can indeed exclude all the Hirzebruch surfaces except for F_0 by exploiting all of (2.5), not just (2.6). It will be straightforward to see that^2

h^0(S, L_Y ) > 0 (2.13)

for b = 1 and a = (n − 2)/2 for S = F_n with an even n ≥ 2. After using all of the exotic matter free condition (2.5),

F_0 with L_Y = f − σ, or − f + σ (2.14)

is the only solution in the S = F_n series in the hypercharge flux scenario of SU(5)_{GUT} breaking.

2.2 Discrete symmetry for the alignment of Yukawa matrices

As we have already explained in Introduction, the desirable flavor structures can also set constraints on the GUT divisor in a certain scenario. If one could achieve a configuration such that there are only one E_6 and one D_6 singularity points, the up-type and the down-type Yukawa couplings have an approximate rank one structure [9, 10]. In generic F-theory compactifications, however, one can show that the number of E_6 singularity points are always even and the approximate rank one structure is generically broken [7, 8]. Hence, one has to set some constraints which realize a situation where only one Yukawa point dominantly contributes to a Yukawa coupling in a low energy effective field theory.

One way to achieve the desired configuration is to impose a discrete symmetry globally [7]^3. If the discrete symmetry relates all the codimension-three singularity points of the

2 One will also arrive at the same conclusion by using the BPS condition (2.1) with a Kähler form strictly in the interior of the Kähler cone, instead of using the condition h^0(S, L^{±1}_Y ) = 0. If the Kähler form is on the boundary of the cone, at least one has to be careful in discussing the validity of the Katz–Vafa style effective field theory description on 7+1 dimensions [23, 19, 20].

3There are two other solutions to recover the approximate rank one Yukawa matrices. One is to factorize matter curves and make completely independent wavefunctions localize along the separated

same type, all the Yukawa matrices generated from the codimension-three singularities are aligned and have the same structures. Hence, one can recover the approximate rank one structure in that situation.

Introducing a discrete symmetry has another phenomenological motivation. Imposing Z_2 symmetry has been considered in [25, 7] for a solution for the prohibition of the renormalizable R-parity violating operators. In order to forbid the dimension-5 proton decay operators also, the Z_2 symmetry is not enough and one has to extend it to a larger discrete symmetry (e.g., [29]). Therefore, imposing a discrete symmetry may lead to realize the desirable flavor structure and also forbid the dangerous proton decay operators simultaneously.

Then, let us see how the discrete symmetry for the desirable flavor structure sets topological constraints on the GUT divisor S of SU(5) GUT models. Let the symmetry group be Γ. Imagine a case where all the elements of the symmetry group Γ acts on the global geometry non-trivially so that they act on the E_6 singularity points [and D_6 type points] faithfully and transitively. It then follows that

#E_6 = |Γ|, #D_6 = |Γ|. (2.15)

More generally, there could be a normal subgroup H_{E6} or H_{D6} of Γ which acts nontrivially on the neighborhood of the E_6 or D_6 singularity points but acts trivially on the points respectively. In that case, the requirement (2.15) is relaxed to

#E_6 = |Γ| |H_{E6} | , #D_6 = |Γ| |H_{D6} | . (2.16)

2.2.1 Del Pezzo surfaces

First, we apply the constraint (2.15) to del Pezzo surfaces, dP_n and P^1 × P^1(= F_0 ), assuming that H_{E6} = H_{D6} = ϕ. The numbers of the E_6 and D_6 singularity enhancement points on the GUT divisor S are [30, 21]

#E_6 = (5K_S + η) · (4K_S + η), #D_6 = (5K_S + η) · (3K_S + η), (2.17)

matter curves [6, 7, 8]. Then, one could realize a situation such that only single E_6 codimension-three singularity point contributes to the up-type Yukawa coupling. In this case, the matter wavefunctions need to be separated at the level of factorization of spectral surfaces, not at the level of matter curves [24, 25]. In models without an SO(10) or SU(6) GUT divisors, this factorization condition needs to be lifted to a constraint on the global 4-fold geometry [25, 26, 27, 28]. The other is to tune the complex structure moduli of the matter curve for 10 representation and make the wavefunctions of 10 matter fields localize along the matter curve [7]. Then, one codimension-three singularity point makes a dominant contribution to the Yukawa matrix in the four-dimensional effective theory, and recovers the approximate rank one structure of the Yukawa matrices in the Standard Model.

where η is a divisor in S which satisfies c_1(N_{S|B3} ) = 6K_S + η. Then, we have

0 = #D_6 − #E_6 = (5K_S + η) · (−K_S ), (2.18)

because of (2.15). Since |5K_S +η| is a class of the matter curve for the 10 representation, 5K_S + η is an effective divisor. In the case of del Pezzo surfaces, then, one can see that Eq. (2.18) contradicts the ampleness of −K_{dP} . This follows from Nakai’s ampleness criterion, which states that the necessary and sufficient conditions for an ample divisor D on a non-singular projective surface S are D · D > 0, C · D > 0 (2.19) for any curve C in S. Therefore, any del Pezzo surfaces do not satisfy the constraints (2.15), (2.18).

The constraint (2.15) is in fact stronger than the general constraint (2.16). However, in the case of Γ = Z_2, one can show that any del Pezzo surfaces cannot satisfy the general constraint (2.16). Note that the number of the D_6 singularity points is always larger than the number of the E_6 singularity points, since

#D_6 − #E_6 = (5K_{dP} + η) · (−K_{dP} ) > 0. (2.20)

Here, we use the fact that 5K_{dP} + η is an effective divisor and −K_{dP} is an ample divisor. Therefore, the constraint (2.16) is satisfied if and only if #D_6 = 2 and #E_6 = 1. However, the number of the E_6 singularity points is always even [7, 8]. Then, the only possibility of #D_6 = 2 and #E_6 = 1 cannot be realized. Namely, it is impossible to satisfy the constraint (2.16) when Γ = Z_2.

2.2.2 Rational elliptic surface

We next apply the constraint (2.15) to a rational elliptic surface. Since the anti-canonical divisor of a rational elliptic surface is not ample, one cannot use the discussion of del Pezzo surfaces for the constraints from the discrete symmetry solution in the case of a rational elliptic surface. The condition (2.18) in the case of a rational elliptic surface implies that the matter curve of the class 5K_S + η is parallel to the elliptic fiber (i). In the case of special complex structure moduli of a rational elliptic surface, the elliptic fiber can degenerate into smaller irreducible pieces at some special points on the base P^1. In such a case, the matter curve can be one of the components (ii). In these cases, the number of E_6 singularity points are

#E_6 = (5K_S + η) · (−2K_S ) + (5K_S + η) · (6K_S + η),

= degK_{c̄10} = 2g − 2,

= 0 for (i), (2.21)

or −2 for (ii), (2.22)

where c̄_{10} is a curve in the class |5K_S + η|. Hence, neither case realizes the configuration #E_6 > 0. The negative result for case (ii) means that the condition (2.15) will never be satisfied. In case (i), the condition (2.15) means that there is no E_6 type singularity point in the GUT complex surface S, and the up-type Yukawa couplings need to be generated through D-brane instantons [31, 32].

The general constraint (2.16) cannot be satisfied in the case of Γ = Z_2 for a rational elliptic surface, either. Given the fact that #E_6 is even, while #E_6 = #D_6 cannot be realized, as we have seen above, the only possibility under Γ = Z_2 is #E_6 = 2 and #D_6 = 1. This implies that

#D_6 − #E_6 = (5K_S + η) · (−K_S ) = −1. (2.23)

Since 5K_S + η is an effective divisor, the curve class can be written as af + ∑ i b_iC_i where a and b_i are positive integer. f is the elliptic fiber class and C_i’s are curves which satisfy C^2_i = −1, C_i · f = 1. Those are the generators of the cone for the effective curves. Due to the intersection number, (af + ∑ i b_iC_i) · (−K_S ) = ∑ i b_i > 0, it is impossible to satisfy (2.23).

Acknowledgments: We would like to thank Kenji Hashimoto for discussions. T.K. and T.W. thanks the organizers of a program “Branes, Strings and Black holes” in YITP, Kyoto University, where a part of the work was done. This work was supported in part by a Grant-in-Aid # 23540286 (T.K.), by a Grant-in-Aid for Scientific Research on Innovative Areas 2303 and by WPI Initiative from MEXT, Japan (T.W.).

References

[1] F. Denef, “Les Houches Lectures on Constructing String Vacua,” arXiv:0803.1194 [hep-th].

[2] J. J. Heckman, “Particle Physics Implications of F-theory,” Ann. Rev. Nucl. Part.

Sci. 60 (2010) 237 [arXiv:1001.0577 [hep-th]].

[3] T. Weigand, “Lectures on F-theory compactifications and model building,” Class.

Quant. Grav. 27 (2010) 214004 [arXiv:1009.3497 [hep-th]].

[4] G. Aldazabal, L. E. Ibanez, F. Quevedo and A. M. Uranga, “D-branes at singularities: A Bottom up approach to the string embedding of the standard model,” JHEP 0008, 002 (2000) [hep-th/0005067].

[5] C. Beasley, J. J. Heckman, C. Vafa, “GUTs and Exceptional Branes in F-theory - II: Experimental Predictions,” JHEP 0901, 059 (2009). [arXiv:0806.0102 [hep-th]].

[6] J. Marsano, N. Saulina and S. Schafer-Nameki, “F-theory Compactifications for Supersymmetric GUTs,” JHEP 0908, 030 (2009) [arXiv:0904.3932 [hep-th]].

[7] H. Hayashi, T. Kawano, Y. Tsuchiya, T. Watari, “Flavor Structure in F-theory Compactifications,” JHEP 1008 (2010) 036. [arXiv:0910.2762 [hep-th]].

[8] C. Cordova, “Decoupling Gravity in F-Theory,” [arXiv:0910.2955 [hep-th]]. [9] H. Hayashi, T. Kawano, R. Tatar and T. Watari, “Codimension-3 Singularities and Yukawa Couplings in F-theory,” Nucl. Phys. B 823, 47 (2009) [arXiv:0901.4941 [hep-th]].

[10] J. J. Heckman and C. Vafa, “Flavor Hierarchy From F-theory,” Nucl. Phys. B 837, 137 (2010) [arXiv:0811.2417 [hep-th]].

[11] J. Marsano, N. Saulina and S. Schafer-Nameki, “Monodromies, Fluxes, and Compact Three-Generation F-theory GUTs,” JHEP 0908 (2009) 046 [arXiv:0906.4672 [hepth]], J. Marsano, N. Saulina and S. Schafer-Nameki, “Compact F-theory GUTs with U(1) (PQ),” JHEP 1004 (2010) 095 [arXiv:0912.0272 [hep-th]].

[12] R. Blumenhagen, T. W. Grimm, B. Jurke and T. Weigand, “Global F-theory GUTs,” Nucl. Phys. B 829 (2010) 325 [arXiv:0908.1784 [hep-th]], T. W. Grimm, S. Krause and T. Weigand, “F-Theory GUT Vacua on Compact Calabi-Yau Fourfolds,” JHEP 1007 (2010) 037 [arXiv:0912.3524 [hep-th]].

[13] J. Knapp, M. Kreuzer, C. Mayrhofer and N. -O. Walliser, “Toric Construction of Global F-Theory GUTs,” JHEP 1103 (2011) 138 [arXiv:1101.4908 [hep-th]], [14] J. Knapp and M. Kreuzer, “Toric Methods in F-theory Model Building,” Adv. High Energy Phys. 2011 (2011) 513436 [arXiv:1103.3358 [hep-th]], [15] C. Vafa, “Evidence for F theory,” Nucl. Phys. B 469 (1996) 403 [hep-th/9602022]. [16] D. R. Morrison and C. Vafa, “Compactifications of F theory on Calabi-Yau threefolds. 1,” Nucl. Phys. B 473 (1996) 74 [hep-th/9602114], D. R. Morrison and

C. Vafa, “Compactifications of F theory on Calabi-Yau threefolds. 2.,” Nucl. Phys. B 476 (1996) 437 [hep-th/9603161].

[17] Ref. [5], and R. Donagi and M. Wijnholt, “Breaking GUT Groups in F-Theory,” arXiv:0808.2223 [hep-th].

[18] R. Tatar and T. Watari, “GUT Relations from String Theory Compactifications,” Nucl. Phys. B 810 (2009) 316 [arXiv:0806.0634 [hep-th]].

[19] R. Donagi and M. Wijnholt, “Model Building with F-Theory,” arXiv:0802.2969 [hepth].

[20] C. Beasley, J. J. Heckman, C. Vafa, “GUTs and Exceptional Branes in F-theory - I,” JHEP 0901 (2009) 058. [arXiv:0802.3391 [hep-th]].

[21] H. Hayashi, R. Tatar, Y. Toda, T. Watari, M. Yamazaki, “New Aspects of Heterotic– F Theory Duality,” Nucl. Phys. B806 (2009) 224-299. [arXiv:0805.1057 [hep-th]].

[22] S. H. Katz and E. Sharpe, “D-branes, open string vertex operators, and Ext groups,” Adv. Theor. Math. Phys. 6 (2003) 979 [hep-th/0208104].

[23] S. H. Katz and C. Vafa, “Matter from geometry,” Nucl. Phys. B 497 (1997) 146 [hep-th/9606086].

[24] R. Tatar and T. Watari, “Proton decay, Yukawa couplings and underlying gauge symmetry in string theory,” Nucl. Phys. B 747 (2006) 212 [hep-th/0602238].

[25] R. Tatar, Y. Tsuchiya, T. Watari, “Right-handed Neutrinos in F-theory Compactifications,” Nucl. Phys. B823 (2009) 1-46. [arXiv:0905.2289 [hep-th]].

[26] H. Hayashi, T. Kawano, Y. Tsuchiya, T. Watari, “More on Dimension-4 Proton Decay Problem in F-theory – Spectral Surface, Discriminant Locus and Monodromy,” Nucl. Phys. B840 (2010) 304-348. [arXiv:1004.3870 [hep-th]].

[27] T. W. Grimm and T. Weigand, “On Abelian Gauge Symmetries and Proton Decay in Global F-theory GUTs,” Phys. Rev. D 82 (2010) 086009 [arXiv:1006.0226 [hep-th]].

[28] J. Marsano, N. Saulina and S. Schafer-Nameki, “A Note on G-Fluxes for F-theory Model Building,” JHEP 1011 (2010) 088 [arXiv:1006.0483 [hep-th]].

[29] L. E. Ibanez and G. G. Ross, “Discrete gauge symmetry anomalies,” Phys. Lett.

B 260 (1991) 291, L. E. Ibanez and G. G. Ross, “Discrete gauge symmetries and the origin of baryon and lepton number conservation in supersymmetric versions of the standard model,” Nucl. Phys. B 368 (1992) 3, K. Kurosawa, N. Maru and T. Yanagida, “Nonanomalous R symmetry in supersymmetric unified theories of quarks and leptons,” Phys. Lett. B 512 (2001) 203 [arXiv:hep-ph/0105136 [hepph]], H. K. Dreiner, C. Luhn and M. Thormeier, “What is the discrete gauge symmetry of the MSSM?,” Phys. Rev. D 73 (2006) 075007 [hep-ph/0512163].

[30] B. Andreas and G. Curio, “On discrete twist and four flux in N=1 heterotic / F theory compactifications,” Adv. Theor. Math. Phys. 3 (1999) 1325 [hep-th/9908193].

[31] R. Blumenhagen, M. Cvetic, D. Lust, R. Richter, 2 and T. Weigand, “Nonperturbative Yukawa Couplings from String Instantons,” Phys. Rev. Lett. 100 (2008) 061602 [arXiv:0707.1871 [hep-th]].

[32] R. Blumenhagen, V. Braun, T. W. Grimm and T. Weigand, “GUTs in Type IIB Orientifold Compactifications,” Nucl. Phys. B 815 (2009) 1 [arXiv:0811.2936 [hepth]].