Published by Institute of Physics Publishing for SISSA Received: March 8, 2005 Accepted: March 18, 2005 Published: April 18, 2005

Chiral D-brane models with frozen open string moduli

Ralph Blumenhagen,^a Mirjam Cvetič,^b Fernando Marchesano^c and Gary Shiu^c aMax-Planck-Institut für Physik Föhringer Ring 6, 80805 München, Germany bDepartment of Physics and Astronomy, University of Pennsylvania Philadelphia, PA 19104-6396, U.S.A. cDepartment of Physics, University of Wisconsin Madison WI 53706, U.S.A.,^∗and Perimeter Institute for Theoretical Physics Waterloo, Ontario N2L 2Y5, Canada E-mail: blumenha@physik.hu-berlin.de, cvetic@cvetic.hep.upenn.edu,

marchesa@physics.wisc.edu, shiu@physics.wisc.edu

Abstract: Most intersecting D-brane vacua in the literature contain additional massless adjoint fields in their low energy spectrum. The existence of these additional fields make it difficult to obtain negative beta functions and, eventually, asymptotic freedom. We address this important issue for N = 1 intersecting D-brane models, rephrasing the problems in terms of (open string) moduli stabilization. In particular, we consider a Z_2 × Z_2 orientifold construction where D6-branes wrap rigid 3-cycles and such extra adjoint fields do not arise. We derive the model building rules and consistency conditions for intersecting branes in this background, and provide N = 1 chiral vacua free of adjoint fields. More precisely, we construct a Pati-Salam-like model whose SU(4) gauge group is asymptotically free. We also comment on the application of these results for obtaining gaugino condensation in chiral D-brane models. Finally, we embed our constructions in the framework of flux compactification, and construct new classes of N = 1 and N = 0 chiral flux vacua.

Keywords: D-branes, Superstring Vacua, Compactification and String Models, Asymptotic Freedom.

∗ Permanent address.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep032005050.pdf /jhep032005050.pdf

Contents

1. Introduction 1

2. Open string moduli for intersecting branes 5 2.1 Open string moduli on Calabi-Yau’s 5 2.2 Toroidal orientifolds 7 2.3 Other constructions 9

3. Intersecting rigid branes on Z_2 × Z^′_2 10 3.1 The orbifold background 10 3.2 Rigid 3-cycles 11 3.3 Discrete positions and Wilson lines 13 3.4 The orientifold projection 16 3.5 Spectrum 17 3.6 Consistency and supersymmetry conditions 19

4. Examples 20 4.1 Model building strategy 20 4.2 A simple N = 1 D-brane model 23 4.3 A chiral N = 1 model via rigid intersecting branes 24 4.4 An N = 1 Pati-Salam-like example 28

5. Asymptotic freedom 31

6. N = 1 and N = 0 chiral flux compactifications 34 6.1 The model 35 6.2 Adding fluxes 36

7. Conclusions 39

A. K-theory constraints 40

1. Introduction

During the past few years, the long-standing problem of moduli stabilization in string theory has received much renewed attention. The resurgence of interest is due largely to the observation that compactifications with fluxes provide a systematic, calculable, and geometrical framework to stabilize closed string moduli [1]–[8]. Although not directly addressed in the original works cited above, it has recently been shown that these background

– 1 – fluxes also have the additional effect of stabilizing open string moduli [9, 10, 11]. From the effective field theory point of view, this stabilization of open string moduli can be understood as flux-induced soft terms in the gauge theories on the D-brane world-volumes. Thus, flux compactification has emerged as an attractive phenomenological scenario, since it provides a framework where moduli stabilization and supersymmetry (SUSY) breaking — two central problems in string phenomenology — can in principle be analyzed simultaneously in a controlled, stringy manner.

However, in order to explore quantitative features of this scenario, it is important to construct some concrete realistic models where explicit computations (and hopefully predictions) can be made. In particular, important issues, such as the pattern of soft SUSY breaking terms [12, 13, 14, 15, 11] and the signatures and stability of cosmic strings (see [16, 17, 18] for some reviews) formed at the end of brane inflation [19, 20], depend critically on how the Standard Model (SM) is embedded. In the past few years, the intersecting brane (and, in the T-dual picture, magnetized D-brane) world scenario [21]– [26] has proven to be a promising framework to construct semi-realistic, D = 4, N = 1 chiral string models [27]–[32].^1 More importantly, it has recently been realized [11, 37, 38] that by turning on background NSNS and RR fluxes in magnetized D-branes models, SUSY can be softly broken while satisfying the supergravity equation of motion (hence the usual problem of the classical instability in non-supersymmetric models due to non-vanishing NSNS tadpoles is absent). Elaborating on the framework developed in [39, 40], some three-generation MSSM-like flux vacua have been constructed in [37, 38], thus providing the first concrete examples with these desirable features in string theory. These models also demonstrated, as a proof of concept, that string models with realistic particle physics features can be embedded in the framework of flux compactification.^2

When constructing semi-realistic D-branes models, one often focuses on obtaining a realistic gauge and chiral sector in the low energy spectrum of the theory, i.e., a spectrum free of SM chiral exotics. While this basic feature can indeed be achieved, any of the models constructed so far contain also some additional non-chiral open string sector states. To be concrete, let us consider N = 1 chiral models based on intersecting D6-branes. In addition to the chiral spectrum localized at the D-brane intersections, these models typically possess non-chiral open-string states, usually associated with the D-brane positions and Wilson lines. If these open-string sector moduli are not completely frozen (which is the case of almost all the vacua built so far), one gets additional adjoint or (anti)symmetric matter in the effective four dimensional theory, typically charged under the SM gauge group. Geometrically, the appearance of such moduli is a consequence of the D-branes wrapping 3- cycles which are not completely rigid, and which then allow for (D- and F-) flat deformations in the effective (supersymmetric) theory.

Clearly, the Standard Model of particle physics as well as its supersymmetric extension, the Minimal Supersymmetric Standard Model (MSSM), do not contain these light scalars. In fact, one of the strongest motivations behind the MSSM is the apparent unification

1For reviews on this rich subject and a more complete list of references see [33]–[36]. 2Subsequently, flux vacua with semi-realistic features have been constructed in [41, 42].

– 2 – of gauge couplings at an energy scale M_{GUT} ≃ 10^{16} GeV, a result which heavily relies on the light particle content of the MSSM. Any extra light matter gives an additional positive contribution to the gauge coupling beta-function, and hence could easily spoil the celebrated properties of asymptotic freedom (for the strong interactions) and perturbative gauge coupling unification enjoyed by the MSSM.

Besides the Standard Model sector, these D-brane constructions typically come equipped with a “hidden sector” in the low energy theory, where the mechanism of gaugino condensation can be invoked in order to provide an extra source of supersymmetry breaking. However, this mechanism also requires the corresponding gauge theory to be asymptotically free, thus also making it undesirable to have additional non-chiral hidden sector matter. Gaugino condensation has also recently been employed in the KKLT scenario [43] to obtain de Sitter vacua from type-IIB string flux compactifications. Here a gaugino condensate on some D7-brane gauge theory provides a non-perturbative contribution to the D = 4 effective superpotential, breaking the no-scale property of the flux induced superpotential and freezing the Kähler moduli. Again, the existence of additional non-chiral matter in the hidden sector makes it difficult to realize this celebrated mechanism.

Of course, the common wisdom is that these additional non-chiral fields (both in the observable and hidden sectors) will generically pick up a mass once SUSY is broken. This is nothing but the usual statement that moduli are expected to be lifted upon SUSY breaking. In the context of flux compactification, however, the background fluxes provide an explicit way of computing both moduli lifting and SUSY breaking. Hence, instead of resorting to some unknown (often non-perturbative) SUSY breaking mechanism, we can calculate explicitly the flux-induced masses acquired by the moduli, at least for simple toroidal orbifold backgrounds and neglecting the back-reaction of the D7-branes. Towards this end, let us note that:

• Not all moduli are lifted by the fluxes. The Kähler moduli in the closed string sector, the D3 moduli and the D7 Wilson lines in the open string sector are in principle not stabilized by the background fluxes.

• Even for the geometric open string moduli that are lifted, like the adjoint fields associated with the position of D7-branes, the flux-induced masses will generically be of the same scale as the MSSM soft masses since they arise from the same source, i.e., the 3-form fluxes.

In most SUSY scenarios, the soft masses are of the order of the TeV scale.^3 Therefore, even if these additional geometric open string moduli could acquire a mass from the fluxes, it would typically be of the TeV scale and hence still pose a problem for gauge unification. In principle, one could generate a hierarchy of scales between the MSSM soft masses and the masses of these additional matter by means of strongly warped throats. This might indeed work for the hidden sector open string moduli. For instance, one could think of the

3An exception is split SUSY [44] where the soft masses are well above the TeV scale. However, a different hierarchy (between the soft masses and the gaugino masses) needs to be generated to preserve gauge unification.

– 3 – hidden sector branes and the Standard Model branes being located at positions in the extra dimensions where the warp factors are drastically different. However, it seems difficult for such a warp factor to generate a hierarchical difference between the MSSM soft masses and these additional open string moduli charged under the Standard Model. In fact, the above argument is quite general, and is not limited to the specific mechanism of moduli stabilization/SUSY breaking. The existence of open string moduli charged under the SM gauge group poses a new hierarchy problem: one needs to generate a hierarchical difference between the masses of fields on the same stacks of D-branes.

A way out of this conundrum is to get rid of these geometric open string moduli from the very beginning. In this paper, we explore this possibility by constructing chiral N = 1 D-brane models with the associated D-branes wrapped around rigid cycles. Since the cycles are rigid, there are simply no moduli associated with the positions of the D-branes or, more precisely, such would-be moduli have a string scale mass.

To illustrate this class of constructions, we will focus on type-II string theory compactified on toroidal orientifold backgrounds. These class of models have indeed been the predominant source of explicit compact examples^4 involving intersecting/magnetized Dbranes and, due to their simplicity, they allow to easily compute quantities of the low energy theory which do not have a topological description like, e.g., the masses of vectorlike pairs and other non-chiral states. More precisely, we will consider an orientifold of type-IIA string theory compactified on T^6/(Z_2 × Z^′_2). As we will see, this background naturally involves rigid 3-cycles that intersecting D6-branes can wrap, and allows to construct chiral models where almost every open string modulus is absent. Our purpose here is to derive the consistency conditions and develop the string model building techniques that allow to construct chiral N = 1 vacua in this framework, as well as provide some explicit semi-realistic examples that illustrate the ideas above. Moreover, we will briefly discuss some phenomenological aspects of such D-brane models.

This paper is organized as follows. In section 2 we describe the issue of open string moduli stabilization in N = 1 intersecting D-brane constructions. In particular, we briefly overview the N = 1 chiral models constructed so far, showing that they were made of D6- branes wrapping non-rigid 3-cycles. The reader not interested in this general discussion may start directly from section 3 where, motivated by these facts, we consider a toroidal orientifold which contains a large set of rigid 3-cycles. More precisely, we study type-IIA theory on the T^6/(Z_2 × Z_2) orientifold with discrete torsion. Notice that (a T-dual version of) this orientifold background has been previously studied in [55], as an example of the brane supersymmetry breaking orientifolds. One would naively think that no N = 1 Dbrane vacua can be constructed in this background. Following [38], we show that this is not the case and, in section 4, construct explicit N = 1 chiral models from intersecting rigid

4Besides orbifold constructions, semi-realistic models based on non-geometric conformal field theory, such as orientifolds of Gepner models [45, 46], have most recently been considered in [47]–[54]. These vacua are known to describe special points in the moduli space of certain Calabi-Yau manifolds, and the results in the literature indicate that supersymmetric semi-realistic chiral particle spectra can be obtained in many of these models [54]. Since the Kähler moduli at the Gepner points are of stringy size, it is difficult to analyze the effects of, e.g, non-trivial background fluxes.

– 4 –

D6-branes. In particular, we construct a Pati-Salam type model with four generations of chiral matter. These constructions illustrate the general framework where more realistic models can in principle be obtained. In section 5 we show how, by using D-branes wrapped on rigid cycles, asymptotically free gauge theories on the worldvolume of D-branes can be constructed. Finally, in section 6, we embed our constructions in the framework of flux compactification, and construct new classes of N = 1 and N = 0 chiral flux vacua. We end with some conclusions in section 7. Some details about K-theory constraints of these models are relegated to the appendix.

After this paper was completed and prepared for submission, we noticed [56] which, in a different spirit, also studies some chiral models on a similar Z_2 × Z_2 background.

2. Open string moduli for intersecting branes

In this section we describe the issue of open string moduli in intersecting D-brane constructions from a general viewpoint, in order to motivate our search for chiral D-brane models in specific backgrounds. As usual, such a problem is easier to understand in supersymmetric constructions, on which we henceforth focus. In order to illustrate the problem of open string moduli stabilization, we briefly describe the global N = 1 chiral models based on intersecting D6-branes constructed so far, which are living in toroidal orientifold backgrounds. We point out why in general one would expect to have adjoint matter fields in this class of constructions. We also describe our strategy for getting rid of the adjoint fields by means of D6-branes wrapped on rigid 3-cycles.

2.1 Open string moduli on Calabi-Yau’s

Let us consider type-IIA string theory compactified on a six-dimensional manifold M_6. An intersecting D6-brane model in this context is given by a collection of D6-branes filling up the four non-compact dimensions and wrapping some 3-cycles Π_a ⊂ M_6. If Π_a contains N_a coincident D6-branes, the gauge group that we obtain is U(N_a), so we will usually have a gauge theory of the form � a U(N_a). The chiral matter of this theory can be obtained from the homology classes [Π_a] ∈ H_3(M_6, Z) and their intersection numbers I_{ab} = [Π_a] · [Π_b]. Indeed, the latter encode the multiplicity and the chirality of the fermions transforming in the bifundamental representation (N_a, N_b).

Let us now restrict to supersymmetric backgrounds, i.e., those which admit a covariantly constant spinor. If we restrict to closed string backgrounds without field strength fluxes turned on, we recover the usual result that M_6 must be a Calabi-Yau three-fold. Such a manifold comes equipped with a holomorphic 3-form Ω_3, which indicates which are the supersymmetric 3-cycles of the theory. Indeed, N_a D6-branes wrapping Π_a will yield a supersymmetric U(N_a) gauge theory if Π_a is calibrated by the 3-form Re(e^{iϕ a} Ω_3). Such a 3-cycle is named Special lagrangian (SL) with phase ϕ_a, and it minimizes its volume in the homology class [Π_a] which, being a topologically invariant, encodes the RR charges of the D6-branes on Π_a.

In this particular setup it is easy to understand which are the open string moduli of the compactification. Indeed, McLean’s theorem [57] states that the moduli space of

– 5 – deformations of a compact SL Π_a is a smooth manifold of real dimension b_1(Π_a). String theory complexifies this moduli space by adding b_1(Π_a) Wilson lines, which are the D = 4 scalars obtained upon dimensional reduction of the D = 7 gauge field A_M living on the D6-brane.

At low energies, we thus obtain a D = 4 N = 1 U(N_a) gauge theory from the stack of N_a D6-branes wrapping Π_a, with b_1(Π_a) chiral multiplets transforming in the adjoint representation. This theory may also be equipped with a superpotential W between the adjoint fields, generated either already at tree-level or by holomorphic open string worldsheet instantons [58]–[62]. This superpotential, however, may only freeze the U(1)_a abelian factor which is the trace of the U(N_a) gauge group. Hence, it will not help when trying to get rid of adjoint fields of non-abelian groups.

The most direct way of constructing intersecting D-brane models without adjoint matter multiplets is to consider SL 3-cycles Π_a such that b_1(Π_a) = 0, ∀a. In practice, this will mean that Π_a will have either the topology of S^3 or of any quotient of S^3 by a freely acting discrete group. This fact has been used in the literature in order to construct intersecting D-brane models with few adjoints fields, and where some D6-branes wrap 3-cycles with the topology of S^3 or RP^3. However, these models are either local [63] (in the sense that the CY_3 geometry is non-compact) or, in the case of the quintic, D6-branes wrapping simple RP^3 do not give rise to chiral models [64]. One of the purposes of the present work is to show explicitly that global N = 1 chiral models based on rigid intersecting D6-branes can indeed be constructed.

In constructing an intersecting D6-brane model, one considers several stacks of D6- branes, wrapped on different 3-cycles Π_a. In order to achieve an N = 1 chiral model, we must require some intersection numbers I_{ab} between these 3-cycles to be non-vanishing, as well as all the calibration phases ϕ_a to be all equal. If that is the case, we will recover a net number of I_{ab} chiral multiplets in the bifundamental representation of U(N_a) × U(N_b), localized at the intersection points Π_a ∩ Π_b. Of course, the scalar components of these chiral multiplets are new open string moduli of the theory, which cannot be made massive without breaking N = 1 supersymmetry. We will come back to the issue of stabilizing those moduli in section 6, where we consider compactifications with background fluxes.

It turns out that requiring N = 1 supersymmetry, and hence all the SL phases ϕ_a to be equal is incompatible with RR and NSNS tadpole cancellation, at least in this simple class of constructions. This obstruction can be overcomed by including some negative tension objects, such as O6-planes, in our construction. Indeed, O6-planes can be introduced by dividing our theory by ΩR, where Ω is the usual world-sheet parity and R an antiholomorphic involution^5 which is a symmetry of M_6. The O6-planes will then wrap 3-cycles Π_{O6} which are the fixed point set of R, and are automatically Special lagrangian.

Besides O6-planes, this orientifold quotient introduces several changes in the above picture. First, any stack of N_a D6-branes wrapping a 3-cycle invariant under R (i.e., Π_a = RΠ_a) will not yield a U(N_a) gauge group, but rather an SO(N_a) or USp(N_a) gauge group. On the other hand, any stack a wrapped on a cycle Π_a not invariant under R will

5To shorten the notation, we understand that R also includes the usual (−1)^{FL} factor.

– 6 –

Γ Z_3 Z_4 Z_6 Z^′_6 Z_2 × Z_2 Z_2 × Z^′_2 Z_2 × Z_4 Z_3 × Z_3 Z_3 × Z_6

h^{unt}_{11} 9 5 5 3 3 3 3 3 3 h^{tw}_{11} 27 26 24 32 48 0 58 81 70

h^{unt}_{21} 0 1 0 1 3 3 1 0 0 h^{tw}_{21} 0 6 5 10 0 48 0 0 1

Table 1: Orbifold backgrounds of the form (T^2 × T^2 × T^2)/Γ yielding N = 1 orientifold vacua with D6-branes at angles. For a classification of general T^6/Z_N N = 1 orientifolds see [71].

yield a U(N_a) gauge group, but must be accompanied by its orientifold image a^′, wrapped on Π_a′ = RΠ_a. Second, D6-brane intersections will now contain chiral matter either in the bifundamental, symmetric or anti-symmetric representation of the gauge group [21]. Third, D6-branes which are non-BPS but stable and carry a torsion Z_2 RR charge may also appear.

The RR tadpole conditions of this compactification are satisfied by imposing � a N_a ([Π_a] + [Π_a′ ]) = 4 [Π_{O6}] (2.1)

as well as the vanishing of the Z_2 torsion charges. N = 1 supersymmetry imposes all the phases ϕ_a to be equal to the O6-plane phase ϕ_{O6}, and this also guarantees the cancellation of NSNS tadpoles.

2.2 Toroidal orientifolds

Global constructions on background toroidal orbifolds yielding N = 1 chiral vacua of the above class have indeed been achieved in the literature [28]–[32]. Quite remarkably, some models admit gauge groups and chiral spectra rather close to either the Standard Model or proposed extensions of it.^6 These constructions are based on orientifolds of toroidal orbifolds of the form (T^2 × T^2 × T^2)/Γ [68, 69] and, as we will now review, they all employ non-rigid 3-cycles.^7 We have summarized such orbifold backgrounds and their Hodge numbers in table 1.

In these orbifold backgrounds, the number of independent 3-cycles that D6-branes can wrap is given by b_3 (T^6/Γ) = 2 + 2h^{unt}_{21} + 2h^{tw}_{21} . Of these, 2 + 2h^{unt}_{21} 3-cycles can be thought as inherited from the homology of the covering space T^6. These are usually called bulk 3-cycles, and are of the form Π^B_a = � g∈Γ Θ_g · Π^{T6}_a , (2.2)

6In particular, the Z2 × Z 2 background of [27, 28] has been object of extensive model building research. See [65, 66, 67].

7To our knowledge, the only D-brane models in the literature where rigid cycles implicitly appear are the brane susy-breaking models in [55] and some shifted orientifold models in [70, 31].

– 7 – where Π^{T6}_a is a 3-cycle on the covering space and Θ_g is the geometrical action of the group element g. In addition, 2h^{tw}_{21} twisted 3-cycles will be present in the orbifolded geometry, this time arising from fixed loci of the orbifold action.

Building N = 1 chiral vacua from these orientifold backgrounds is a non-trivial task. Actually, not all the orientifolds constructed from table 1 admit N = 1 chiral vacua. For instance, both Z_3 and Z_3 × Z_3 have b_3 = 2, and hence only two SL 3-cycles independent in homology. One of these 3-cycles is calibrated by Re(e^{iπ/2} Ω_3), and the other by Re(Ω_3), and hence have different phases. Since in order to preserve N = 1 supersymmetry all the D6-branes have to be calibrated by the same phase as the O6-plane, we find that [Π_a] = [Π_a′ ] = [Π_{O6}], and no chiral spectrum arises.

The first orbifold employed in constructing N = 1 chiral vacua of intersecting D6- branes was Z_2 × Z_2 [27, 28], usually referred to as Z_2 × Z_2 without vector structure. As can be seen from table 1 this orbifold has eight independent 3-cycles, all of them inherited from the covering space T^6. When constructing a bulk 3-cycle as in (2.2), one finds that under the action of Z_2 × Z_2 a 3-cycle on T^6 is always mapped to a parallel 3-cycle identical in homology. Hence we obtain that [Π^B_a ] = 4[Π^{T6}_a ]. The moduli space of such bulk D-branes has been investigated, from a T-dual point of view, in [72]. From a similar analysis one concludes that one bulk D6-brane will contain an N = 4 U(1) Super Yang-Mills theory in its world-volume,^8 and that the three adjoint fields of such a theory parametrize the moduli space of the D6-brane, which is nothing but T^6/(Z_2 × Z_2). Notice that this open string moduli space is singular, and that the singularities correspond to the D6-brane going through Z_2 × Z_2 fixed points on each of the three T^2’s as, e.g., when crossing the origin of T^2 × T^2 × T^2. When this happens, the D6-brane gauge symmetry will be enhanced to U(2), whereas supersymmetry will be broken from N = 4 to N = 1 by means of a superpotential for the adjoint fields W =

�_3 i=1 Φ^i.

Now, when understanding the space of SL 3-cycles of an orbifold background, it is important to construct a self-dual/unimodular lattice of H_3(T^6/Γ, Z). It turns out that the bulk 3-cycles Π^B above do not expand such a basis, and that we must instead consider fractional 3-cycles of the form Π^f_a =^1_2 Π^B_a . Such a fractional D6-brane crossing Z_2 × Z_2 fixed points will yield an N = 1 U(1) gauge theory (in contrast to U(2) of a bulk D6-brane) with three chiral multiplets in the adjoint and the superpotential W =

�_3 i=1 Φ^i. Notice that, due to the presence of W the moduli space of Π^f_a is now of complex dimension one. Indeed, we can still move the D-brane away from the fixed points, but now in only one of the three T^2’s.

In general, in order to construct an N = 1 chiral model in Z_2 × Z_2, we will combine stacks of N_a fractional and bulk D6-branes, as well as D6-branes parallel to the O6-planes. The latter do not yield U(N) but rather USp(2N) gauge groups, as well as chiral multiplets in the anti-symmetric representation. In any case, the above facts generalize to configurations with gauge groups � a U(N_a) × � b USp(2N_b),^9 and as a general result we find

8Broken to N = 1 by gs and α^′ corrections. That is, by taking into account the coupling of the massless open string states to the closed string twisted fields as well as to the massive open string states arising from the D6-brane a and its orientifold images.

9For a detailed analysis of this case and its expected matching with field theory Higgsing see [73].

– 8 – that any N = 1 chiral compactification yields plenty of open string moduli corresponding to D6-branes translations, and in particular three massless adjoints for each U(N) factor.

Nevertheless, the T^6/(Z_2 × Z_2) orbifold is extremely simple in the sense that every 3-cycle is somehow inherited from T^6. In general, both bulk and twisted 3-cycles will contribute to H_3(T^6/Γ, Z), and the elements of the integral homology basis will be given by linear combinations of both of them. Notice that a 3-cycle wrapping bulk and twisted cycles at the same time will be stuck at the orbifold fixed points where the twisted 3- cycles arise, and hence the adjoint field corresponding to transverse translations of the D6-brane will not be present. Our purpose in this work is to show how such rigid 3- cycles without adjoints can arise from an orientifold background, and to construct explicit N = 1 chiral models by means of intersecting D6-branes wrapping rigid cycles. In order to accomplish our task, in the next section we will focus on the simplest orbifold background containing rigid 3-cycles, namely Z_2 × Z^′_2 of table 1, also known as Z_2 × Z_2 with discrete torsion.

One may naively think that these rigid cycles arise whenever one considers an orientifold with twisted 3-cycles, and that any fractional D6-brane wrapping a twisted cycle will indeed be rigid. That would mean that the N = 1 chiral models in [29, 32] are free of adjoint matter fields, which is not the case. On the contrary, it happens that for all Z_N orbifolds with N > 2 there exist a second source of adjoint scalars. Indeed, two different orbifold images of the same 3-cycle, Θ_gΠ_a and Θ_hΠ_a with g ≠ h, will in general intersect non-trivially, and each of these intersections yields a chiral multiplet in the adjoint [26]. Therefore, even though it might seem that orbifolds with twisted cycles help to reduce the number of adjoints, these may reappear through the back-door. This has been shown explicitly for fractional D6-branes in the T^6/Z_4 orbifold in [29].

2.3 Other constructions Another recently discussed class of intersecting D-brane models are Gepner model orientifolds [47]–[54]. Since Gepner models describe exact solutions of the non-linear sigma model on certain Calabi-Yau manifolds deep inside the Kähler moduli space, they provide some insights on 3-cycles on Calabi-Yau manifolds there. Even though one is loosing a direct geometric interpretation and F-terms are generally generated as one deforms the Kähler parameters, the general formulae for the boundary and crosscap states allow to read off the massless sector in each open string sector. The search carried out in [54] revealed that some of these branes also do not have additional adjoints and should thus be considered as wrapping rigid cycles.

There is also some recent work on the so-called shifted Z_2 × Z_2 orientifolds [74]–[77]. These constructions involve D-branes on top of the orientifold planes and with non-trivial magnetic fluxes on them. Looking carefully at the models discussed in [76], one realizes that they contain completely rigid branes (named N = 1 supersymmetric branes in the above reference). The geometric construction of these rigid cycles is somewhat analogous to what we will present in this paper. More precisely, due to the additional shifts in the Z_2 actions, there appear twisted 3-cycles in each Z_2 twisted sector. Then, by considering

– 9 – certain fractional D-branes running through fixed point of all Z_2 symmetries completely freezes the positions of the branes, yielding a rigid D-brane.

3. Intersecting rigid branes on Z_2 × Z^′_2

In this section we develop the necessary techniques to build N = 1 chiral vacua based on rigid intersecting D6-branes. Motivated by the discussion of the previous section, we will focus on the T^6/(Z_2 ×Z^′_2) orientifold background of table 1. Notice that this background is related by T-duality to one of the brane supersymmetry breaking constructions of [55], and hence one could naively think that no N = 1 vacua could be found. However, as shown explicitly in [38], such vacua do exist. In the next section we will generalize the simple N = 1 example presented in [38], in order to construct N = 1 chiral vacua involving rigid D6-branes.

3.1 The orbifold background

Let us consider type-IIA string theory compactified on the orbifold background T^6/(Z_2 × Z_2), where the Z_2 generators act as

Θ : � � � z_1 → −z_1 z_2 → −z_2 z_3 → z_3

Θ^′ :

� z_1 → z_1 z_2 → −z_2 z_3 → −z_3

(3.1)

on the three complex coordinates of T^6 = T^2 × T^2 × T^2. As explained in [78], this is not enough to specify the string background completely, as we have two inequivalent choices of discrete torsion relating the two Z_2 orbifold actions. One of these choices corresponds to the Hodge numbers (h_{11}, h_{21}) = (3, 51) and the other one to (h_{11}, h_{21}) = (51, 3). These backgrounds are related by mirror symmetry, and will be referred here as Z_2 × Z_2 orbifolds with and without discrete torsion, respectively.

In the present paper we will be mainly interested in the Z_2 × Z_2 orbifold with discrete torsion, denoted in the following as Z_2 ×Z^′_2. The reason is that the twisted homology of this orbifold contains collapsed 3-cycles, and these will allow us to construct rigid 3-cycles that D6-branes can wrap. More precisely, T^6/(Z_2 × Z^′_2) contains eight untwisted and non-rigid 3-cycles, all of them inherited from the covering space (T^2)^3. The rest of the homology group H_3 is made of 3 × 32 twisted 3-cycles, giving a total of b_3 = 104.

Indeed, the twisted homology of a Z_2 × Z_2 orbifold can be understood as follows. If we consider the six-torus quotiented by Θ, we recover a K3 × T^2 geometry, where K3 is in its orbifold limit T^4/Z_2. Such T^4/Z_2 orbifold contains 16 fixed points, which after blowing up give rise to the 16 additional 2-cycles with the topology of P^1 ≃ S^2. The twisted homology of K3 × T^2 is then given by tensoring these 16 twisted 2-cycles with the homology of T^2. We find h^{tw}_{11} = h^{tw}_{22} = 16 and h^{tw}_{21} = h^{tw}_{12} = 16. We now have to take into account the action of Θ^′ on this twisted homology space and, in particular, on the collapsed P^1’s of K3. This action is of the form Θ^′ : P^1 → η P^1, where η = ±1 represents the choice of discrete torsion. Hence, in the Z_2 × Z_2 orbifold without discrete torsion (η = +1) the invariant twisted cycles are h^{tw}_{11} = h^{tw}_{22} = 16, whereas in the orbifold with discrete torsion

– 10 –

Figure 1: Choices of complex structures on the T^2 factors and Z_2 fixed points.

(η = −1) these are h^{tw}_{21} = h^{tw}_{12} = 16. We thus see that in the latter case we recover 32 collapsed 3-cycles per twisted sector, up to a total of 96 twisted 3-cycles with the topology of S^2 × S^1.

Intuitively, we see that a D6-brane wrapping collapsed 3-cycles in each of the three twisted sectors is stuck at some particular position on the covering space T^2 × T^2 × T^2. In that way, we recover D6-branes wrapping rigid 3-cycles. We will perform a more detailed analysis of these rigid cycles in the following subsections, making use of the formalism developed in [64] to describe 3-cycles in toroidal orbifolds.

3.2 Rigid 3-cycles

In order to describe the rigid 3-cycles in T^6/(Z_2 × Z^′_2), let us first consider the covering space (T^2)_1 × (T^2)_2 × (T^2)_3, and introduce complex coordinates of the form z^I = x^I + iy^I on each of the (T^2)_I factors, I = 1, 2, 3. As shown in figure 1, on each T^2 there exist two different choices of the complex structure which are compatible with the anti-holomorphic involution R : z^I → z^I [24].^{10} Next, we introduce factorizable D6-branes at angles, which are specified by the wrapping numbers (n^I , m^I ) along the fundamental 1-cycles [a^I ] and [b^I ], respectively [a^{′I} ] and [b^I ], on each T^2. As usual, it is convenient to express the set of 1-cycles in terms of [a^I ] and [b^I ], by simply writing [a^{′I} ] = [a^I ] +^1_2 [b^I ]. A factorizable 3-cycle on (T^2)_1 × (T^2)_2 × (T^2)_3 is defined as the product of three 1-cycles

Π_a = 3� I=1 � n^I_a [a^I ] + ~m^I_a [b^I ] � (3.2)

with ~m^I_a = m^I_a + β^I n^I_a (see figure 1 for the definition of β^I ).

These 3-cycles of (T^2)^3 will be inherited by the orbifold quotient. However, in order to deal with 3-cycles on orbifold spaces we have to carefully distinguish between 3-cycles on the covering space and 3-cycles on the actual orbifold [64]. In the particular case at hand,

10At this level of the construction we could consider an arbitrary complex structure. When constructing N = 1 models, however, the anti-holomorphic involution R will play an essential role (see subsection 3.4). Hence, in the following we restrict our attention to complex structures that admit R as a symmetry.

– 11 – under the action of Z_2 × Z^′_2 a factorizable 3-cycle on T^6 has 3 images, all of them with the same wrapping numbers as the initial 3-cycle. Therefore, a 3-cycle in the bulk of the orbifold space can be identified with [Π^B_a ] = 4 [Π^{T6}_a ]. Computing the intersection number we get

[Π^B_a ] · [Π^B_b ] = 4 [Π^{T6}_a ] · [Π^{T6}_b ] = 4 3� I=1 (n^I_a ~m^I_b − ~m^I_a n^I_b ) = 4 3� I=1 (n^I_a m^I_b − m^I_a n^I_b ) , (3.3)

where we have identified the intersection points related by the Z_2 × Z^′_2 action.

In addition to these untwisted cycles we have 32 independent collapsed 3-cycles for each of the three twisted sectors, Θ, Θ^′ and ΘΘ^′. Let us first consider the Θ twisted sector. We denote the 16 fixed points on (T^2)_1 × (T^2)_2/Z_2 by [e^Θ_{ij} ], with i, j ∈ {1, 2, 3, 4} (see figure 1). After blowing up the Z_2 orbifold singularities, these become two-cycles with the topology of S^2. Given our choice of discrete torsion, these two-cycles are combined with a one-cycle of (T^2)_3, n^3[a^3] + ~m^3 [b^3], in order to form a 3-cycle in the Θ-twisted sector. Let us denote a basis of such twisted 3-cycles as

[α^Θ_{ij, n}] = 2 [e^Θ_{ij} ] ⊗ [a^3] , [α^Θ_{ij, m}] = 2 [e^Θ_{ij} ] ⊗ [b^3] , (3.4)

where the extra factor of two is due to the action of Θ^′ on the twisted 3-cycles in general position on the third T^2 factor. Analogously, we define the basic twisted 3-cycles in the Θ^′ and ΘΘ^′ twisted sectors as

[α^{Θ ′}_{ij, n}] = 2 [e^{Θ ′}_{ij} ] ⊗ [a^1] [α^{Θ ′}_{ij, m}] = 2 [e^{Θ ′}_{ij} ] ⊗ [b^1] [α^{ΘΘ ′}_{ij, n} ] = 2 [e^{ΘΘ ′}_{ij} ] ⊗ [a^2] [α^{ΘΘ ′}_{ij, m}] = 2 [e^{ΘΘ ′}_{ij} ] ⊗ [b^2] . (3.5)

The intersection number between a pair of such cycles is easy to compute knowing that the collapsed P^1’s of K3 have self-intersection number [e_{ij} ] · [e_{kl}] = −2δ_{ik}δ_{jl}, and that two P^1’s of different twisted sectors do not intersect. Given the 3-cycles [Π^g_{ij, a}] = n^{Ig}_a [α_{ij, n}] + ~m^{Ig}_a [α_{ij, m}] and [Π^h_{kl, b}] = n^{Ih}_b [α_{kl, n}] + ~m^{Ih}_b [α_{kl, m}], with g, h = Θ, Θ^′, ΘΘ^′, we find

[Π^g_{ij, a}] · [Π^h_{kl, b}] = 4 σ δ_{ik}δ_{jl}δ^{gh} (n^{Ig}_a ~m^{Ig}_b − ~m^{Ig}_a n^{Ig}_b ) = 4 σ δ_{ik}δ_{jl}δ^{gh} (n^{Ig}_a m^{Ig}_b − m^{Ig}_a n^{Ig}_b ) (3.6)

where we have again identified intersection points under the orbifold action. In this notation, for the twisted sectors g = Θ, Θ^′, ΘΘ^′ one has I_g = 3, 1, 2, respectively. Here σ is a sign that can be fixed by noticing that the conventions (3.2) and (3.3) for the intersection product imply that [a^I ] · [b^J ] = −δ_{IJ} , and hence σ = +1 in all three twisted sectors. Indeed, this will turn out to be the correct choice in the sense that it guarantees integer intersection numbers between fractional rigid D6-branes, as well as the one consistent with the conformal field theory computations performed in [55] which involve simple D-branes on top of the orientifold planes.

Equipped with the above description of the untwisted and twisted sector 3-cycles, it is now clear how to build rigid D6-branes in this framework. Namely, we will consider fractional D6-branes which are wrapping Special lagrangian 3-cycles and are charged under all three different twisted sectors of the orbifold. In order to construct such D-branes, let

– 12 –

Figure 2: Fractional brane running through 4 fixed points for each twisted sector. Fixed points are denoted by dots in the Θ, by squares in the Θ^′ and by crosses in the ΘΘ^′ twisted sector.

us start with a factorizable 3-cycle, described by three pairs of wrapping numbers (n^I_a, m^I_a). A fractional D6-brane should be invariant under the orbifold action, and hence it must run through four fixed points for each twisted sector, as illustrated in figure 2. Let us denote this set of four fixed points on the twisted sector g as S^a_g . Then the entire 3-cycle that such a fractional D-brane is wrapping is of the form

Π^F_a = 1 4 Π^B_a + 1 4 � � � i,j∈S^a_Θ

ϵ^Θ_{a,ij} Π^Θ_{ij, a} � � + 1 4 � � � j,k∈S^a_{Θ ′}

ϵ^{Θ ′}_{a,jk} Π^{Θ ′}_{jk, a} � � + 1 4 � � � i,k∈S^a_{ΘΘ ′}

ϵ^{ΘΘ ′}_{a,ik} Π^{ΘΘ ′}_{ik, a} � � (3.7) where the 1/4 factor indicates that one needs four such fractional branes in order to get a bulk brane. Here the signs ϵ^Θ_{a,ij}, ϵ^{Θ ′}_{a,jk}, ϵ^{ΘΘ ′}_{a,ik} = ±1 define the charge of the fractional brane a with respect to the massless fields living at the various fixed points. Geometrically, these numbers indicate the two possible orientations with which the brane can wrap around the blown up P^1. Both the sets of fixed points S_g and the signs ϵ^g are not arbitrary, but are constrained by several consistency conditions which we proceed to analyze in some detail.

3.3 Discrete positions and Wilson lines

A fractional D-brane of the form (3.7) is specified by several sets of topological data. Namely, the untwisted wrapping numbers (n^i, m^i), for i = 1, 2, 3, the sets of fixed point S_g and the signs ϵ^g, for g = Θ, Θ^′, ΘΘ^′. In the following we show that, given the wrapping numbers (n^i, m^i), there are exactly 8 × 8 = 64 inequivalent choices of fractional D6-branes that one can consider. Indeed, in a T-dual picture, this freedom exactly matches with the 64 different positions that a fractional D3-brane can be located, or the different Wilson lines that can be turned on for a fractional D9-brane. As we will see, in the present case the choice of S_g is related to the discrete positions that a fractional D-brane with wrapping numbers (n^i, m^i) can have, whereas the signs ϵ in (3.7) are related to the discrete Wilson lines that can be turned on them.

From figure 2 it is easy to see that the sets S_g are specified by the position of the fractional D6-brane, and that there are only a finite number of such choices. In general, given the bulk wrapping numbers (n^i, m^i) of a fractional D6-brane, one may wonder through which fixed points it can run. Let us first discuss this problem for a single square T^2 factor.

– 13 –

(n, m) Fixed points

(odd, odd) {1, 4} or {2, 3} (odd, even) {1, 3} or {2, 4} (even, odd) {1, 2} or {3, 4}

Table 2: Fixed points of a 1-cycle on a T^2/Z_2 in terms of its wrapping numbers.

More precisely, we consider a (fractional) 1-cycle with wrapping numbers (n, m) on T^2/Z_2. Such 1-cycle runs through a pair of fixed points, so in principle there are six possibilities given by {1, 2}, {1, 3}, {1, 4}, {3, 4}, {2, 4} or {2, 3}. However, it is clear that a 1-cycle (n, m) which intersects {1, 2} may go through {3, 4} by a simple transverse translation. On the other hand, it would never intersect, say, {1, 3}. It is in fact easy to characterize the sets of pairs of fixed points in terms of the wrapping numbers (n, m), the result being shown in table 2.

It is now straightforward to see how this result generalizes for fractional 3-cycles on T^6/(Z_2 × Z_2). We are now interested in knowing which are the fixed points (i, j) ∈ S^a_g given the bulk wrapping numbers Π^B_a = [(n^1_a, m^1_a)] ⊗ [(n^2_a, m^2_a)] ⊗ [(n^3_a, m^3_a)]. In general, S^a_g is a subset of 2 × 2 elements inside {1, 2, 3, 4} × {1, 2, 3, 4}. Let us, for instance, consider S^a_Θ , which can be computed by looking at (n^1_a, m^1_a), (n^2_a, m^2_a) and finding their fixed point set by means of table 2. The index i will take two different values, determined by (n^1_a, m^1_a) and one choice in table 2. For instance, if (n^1_a, m^1_a) = (odd, odd), i will run through either {1, 4} or {2, 3}, and this basically amounts to specify the position of the rigid cycle in the first T^2. Something similar will happen for j with respect to (n^2_a, m^2_a). In total, for any given bulk 3-cycle Π^B_a we always have 8 different choices for placing a fractional D6-brane Π^F_a and, correspondingly, 8 different choices for specifying S^a_Θ , S^a_Θ ′ and S^a_{ΘΘ} ′ .

Notice, however, that two fractional D6-branes Π^F_{a1} and Π^F_{a2} with the same bulk component Π^B_a and different choice of S^a_g do not correspond to the same homology class of 3-cycles, since their collapsed 3-cycles are different. In this sense, each of the 8 different rigid positions associated to Π^B_a in the discussion above cannot be thought as a discrete moduli space of a rigid D6-brane. On the contrary, each discrete position correspond to a different fractional D6-brane.

Let us now turn to the freedom associated to the signs ϵ^g_{ij} , which are related to the collapsed cycles that the D6-branes wrap. In principle it seems that we have 2^{16} different choices for these signs. However, there are some consistency constraints that need to be imposed on ϵ^g_{ij}. Indeed, as explained in [79], the ϵ’s are related to the discrete Wilson lines along the brane, so they have to satisfy � i,j∈S^a_g

ϵ^g_{a,ij} = 0 mod 4 (3.8)

and similarly for the other two twisted sectors.^{11} Moreover, there exist two more important

11The other choices of signs correspond to turning on not only constant Wilson lines but constant magnetic

– 14 – conditions on these signs factors. Indeed, the signs in different twisted sectors are not completely unrelated and need to fulfill the conditions

ϵ^Θ_{a,ij} ϵ^{Θ ′}_{a,jk} ϵ^{ΘΘ ′}_{a,ik} = 1 , ϵ^Θ_{a,ij} ϵ^{Θ ′}_{a,jk} = const. ∀j (3.9)

where no summation over i, j, k is performed. Such conditions are required for factorization of one loop amplitudes and are to be expected as only two of the three Z_2 actions, Θ, Θ^′, ΘΘ^′, are independent. The first condition guarantees, in particular, that one indeed needs four such fractional branes to build a pure bulk brane, whereas the second condition is necessary for the first one to be well defined.

In addition, there is some redundancy in the definition of Π^F_a in (3.7). Indeed, if we allow (n^I_a, m^I_a) ∈ Z^2, then we should identify two 3-cycles which are related under

(n^1_a, m^1_a) ⊗ (n^2_a, m^2_a) ⊗ (n^3_a, m^3_a) → (−n^1_a, −m^1_a) ⊗ (−n^2_a, −m^2_a) ⊗ (n^3_a, m^3_a) ϵ^{Θ ′}_{a,ij} → −ϵ^{Θ ′}_{a,ij} ϵ^{ΘΘ ′}_{a,ij} → −ϵ^{ΘΘ ′}_{a,ij} (3.10)

and the same for permutations of the three T^2’s. Notice that these identifications are compatible with the conditions (3.9).

Let us now take all this into account, in order to find the most general set of ϵ^g_{ij} phases. In general, the set of twisted charges of a fractional D6-brane on Π^F_a is of the form

S_Θ = {{i_1, i_2} × {j_1, j_2}} S_Θ ′ = {{j_1j_2} × {k_1k_2}} S_{ΘΘ} ′ = {{k_1k_2} × {i_1i_2}} (3.11)

where i_α , j_α , k_α , α = 1, 2 represent fixed point coordinates in the first, second and third T^2 factors, respectively.

Now, taking the redundancy (3.10) into account, one can fix one of the four signs ϵ^g_{ij} for each S_g. Let us, for instance, choose ϵ^Θ_{i1j1} = ϵ^{Θ ′}_{j1k1} = ϵ^{ΘΘ ′}_{k1i1} = +1. Then, by imposing (3.8) we see that the signs ϵ^g_{ij} on each set S_g have to be of the form {1, ι, ι^′, ιι^′}, with ι, ι^′ = ±1. By further imposing eqs. (3.9) we arrive to the general solution shown in table 3.

Notice that in total we obtain 2^3 = 8 inequivalent choices of signs. This was somehow to be expected, since these inequivalent choices should correspond to the choice of discrete Wilson lines, along the fractional D6-brane. Indeed, table 3 suggests a simple interpretations of the signs ι, ι^′, ι^{′′} in terms of discrete Wilson lines. Namely, a translation from the point i_1 to the point i_2 in the first T^2 is associated to a phase given by ι. The same interpretation can be driven for ι^′, ι^{′′} and the distances j_1j_2, k_1k_2, respectively.

Finally notice that, after fixing both S_g and ϵ^g_{a,ij} for a fractional D6-brane, there are four inequivalent choices of wrapping numbers (n^i_a, m^i_a) which correspond to the same bulk

fluxes on the brane, something we do not consider in this paper.

– 15 – i_1 i_2 j_1 j_2 k_1 k_2

i_1 +1 ι^′

i_2 ι ιι^′

j_1 +1 ι^{′′}

j_2 ι^′ ι^′ι^{′′}

k_1 +1 ι

k_2 ι^{′′} ιι^{′′}

Table 3: Inequivalent solutions of the constraints (3.8), (3.9). Here ι, ι^′, ι^{′′} = ±1. In total we recover 8 inequivalent choices for the signs ϵ^g_{ij} .

3-cycle Π^B_a but different fractional 3-cycle Π^F_a . These are given by

[(n^1_a, m^1_a)] ⊗ [(n^2_a, m^2_a)] ⊗ [(n^3_a, m^3_a)] [(−n^1_a, −m^1_a)] ⊗ [(−n^2_a, −m^2_a)] ⊗ [(n^3_a, m^3_a)] [(n^1_a, m^1_a)] ⊗ [(−n^2_a, −m^2_a)] ⊗ [(−n^3_a, −m^3_a)] [(−n^1_a, −m^1_a)] ⊗ [(n^2_a, m^2_a)] ⊗ [(−n^3_a, −m^3_a)] (3.12)

and are to be interpreted as the four different Z_2 ×Z_2 twisted charges that such a fractional D6-brane can have. Indeed, one needs these four fractional D6-branes in order to build the regular representation of Z_2 × Z_2 and, eventually, a bulk D6-brane.

3.4 The orientifold projection In general, in order to build N = 1 models based on D6-branes on CY_3 backgrounds we need to introduce O6-planes in our construction. As usual in type-IIA intersecting D6-brane models, in the Z_2 × Z^′_2 orbifold we achieve this by further modding out the theory by ΩR, where the anti-holomorphic involution R : z_I → z_I is simply complex conjugation. In our case this introduces four types of orientifold O6-planes, which are located at the fixed point loci of ΩR, ΩRΘ, ΩRΘ^′ and ΩRΘΘ^′. The corresponding orientifold planes can be either of type O6^{(−,−)} with negative RR charge and tension or of the more exotic type O6^{(+,+)} with positive RR charge and tension. For each of these four O6-planes, let us characterize the charges of these two kinds of crosscap states as η_{ΩR} , η_{ΩRΘ} , η_{ΩRΘ} ′ and η_{ΩRΘΘ} ′ , where η_{ΩRg} = +1 refers to O6^{(−,−)} -planes and η_{ΩRg} = −1 to O6^{(+,+)}-planes.

In the Z_2 × Z_2 model without discrete torsion all four orientifold planes can be of type O6^{(−,−)} . In contrast, as pointed out in [55], the perturbative orientifold with discrete torsion is forced to contain exotic O6^{(+,+)}-planes in order to satisfy the crosscap constraints. More concretely, the compatibility of the two relations

⟨ΩR|e^{−lH cl} |ΩR Θ^′⟩ = Tr_θ′ � ΩR e^{−2πtH} � ,

– 16 –

⟨ΩRΘ|e^{−lH cl} |ΩR ΘΘ^′⟩ = Tr_θ′ � ΩR Θe^{−2πtH} � , (3.13)

as well as the choice of discrete torsion η = ±1 in the closed string sector enforce the relation η_{ΩR} η_{ΩRΘ} η_{ΩRΘ} ′ η_{ΩRΘΘ} ′ = η (3.14)

among these various signs. Therefore, in the case with discrete torsion (η = −1), an odd number of O6^{(+,+)}-planes has to be present.

Working out the fixed point locus of the four orientifold projections ΩR, ΩRΘ, ΩRΘ^′, ΩRΘΘ^′ and expressing everything in terms of bulk 3-cycles in the orbifold, we get

Π_{O6} = 2 η_{ΩR} [a^1] · [a^2] · [a^3] − 2^{1−2β 1 −2β 2} η_{ΩRΘ} [b^1] · [b^2] · [a^3] −

−2^{1−2β 2 −2β 3} η_{ΩRΘ} ′ [a^1] · [b^2] · [b^3] − 2^{1−2β 1−2β 3} η_{ΩRΘΘ} ′ [b^1] · [a^2] · [b^3] (3.15)

which is valid for any choice of discrete torsion η and O6-plane charges.

Finally, we have to determine how ΩR acts on the various 3-cycles. For the untwisted cycles this is straightforward: ΩR : � [a^I ] → [a^I ] [b^I ] → −[b^I ]

. (3.16)

Therefore, the wrapping numbers are mapped as ΩR : (n^I_a, ~m^I_a) → (n^I_a, − ~m^I_a), respectively ΩR : (n^I_a, m^I_a) → (n^I_a, −2β^I n^I_a − m^I_a).

For the twisted sector 3-cycles, the canonical action corresponding to the models without vector structure would be ΩR : α^g_{ij, n} → −α^g_{R(i)R(j), n} and ΩR : α^g_{ij, m} → α^g_{R(i)R(j), m}. However, we have to take into account that ΩR acts in the g-twisted sector with an additional sign η_{ΩR} η_{ΩRg} so that the final action reads

ΩR : α^g_{ij, n} → −η_{ΩR} η_{ΩRg} α^g_{R(i)R(j), n} , α^g_{ij, m} → η_{ΩR} η_{ΩRg} α^g_{R(i)R(j), m} (3.17)

where for β^I = 0 the reflection R leaves all fixed points i ∈ {1, 2, 3, 4} invariant, whereas for β^I = 1/2 the action is given by

R : � � � 1 → 1 2 → 2 3 → 4 4 → 3

. (3.18)

Note that these rules, including the extra minus signs in (3.17) is consistent with the conditions (3.9). In fact, without them one would face an inconsistency.

3.5 Spectrum

The details of the orientifold action prove quite important in order to work out the massless spectrum of the low energy theory. In particular, they are essential in order to compute the chiral matter content which, while still described in terms of intersection numbers between 3-cycles, now includes chiral fermions transforming in the symmetric and antisymmetric representations of U(N) gauge groups. For simplicity, let us first consider D6- branes wrapping 3-cycles not invariant under R, so that the gauge group is of the form

– 17 –

Representation Multiplicity a 1 2 (Π^′_a · Π_a + Π_{O6} · Π_a) a 1 2 (Π^′_a · Π_a − Π_{O6} · Π_a)

(_a,_b) Π_a · Π_b

(_a,_b) Π^′_a · Π_b

Table 4: Chiral spectrum for intersecting D6-branes. � a U(N_a). In this case, we can apply a general rule for determining the massless lefthanded chiral spectrum in terms of 3-cycles intersection numbers, as presented in table 4.

Given (3.3) and (3.6), it is now easy to compute the intersection number between two rigid D6-branes of the form (3.7). For instance, the intersection number of Π^F_a with its ΩR image is given by � Π^F_a

�_′ · Π^F_a = η_{ΩR} � 2η_{ΩR} � I n^I_a ~m^I_a − η_{ΩRΘ}^Q 1 β 1 Q^2_{β 2}

2 n^3 ~m^3_a −

− η_{ΩRΘ} ′^Q 2 β 2 Q^3_{β 3}

2 n^1 ~m^1_a − η_{ΩRΘΘ} ′^Q 1 β 1 Q^3_{β 3}

2 n^2 ~m^2_a � (3.19)

where Q^I_{β I} denotes the number of fixed points on the I^{th} T^2 left invariant under the ΩR action. This number is equal to two, except for the case that β^I = 1/2 and n^I_a = odd, where it is equal to one. For the intersection with the orientifold plane one obtains

Π_{O6} · Π^F_a = 2 η_{ΩR} � I ~m^I_a − 2^{1−2β 1−2β 2} η_{ΩRΘ} n^1 n^2 ~m^3 −

−2^{1−2β 2−2β 3} η_{ΩRΘ} ′ ~m^1 n^2 n^3 − 2^{1−2β 1 −2β 3} η_{ΩRΘΘ} ′ n^1 ~m^2 n^3 (3.20)

and from both expressions one can obtain the chiral content involving symmetric and anti-symmetric representations of � a U(N_a).

Finally let us recall that, as stated above, those 3-cycles which are invariant under the orientifold action ΩR do not yield a unitary gauge group, but rather an orthogonal or symplectic group. More precisely, in the present case a stack of N_a fractional D6-branes such that ΩRΠ^F_a = Π^F_a yields a USp(2N_a) gauge group. In the Z_2 × Z^′_2 orientifold that we are discussing, the fractional D6-branes invariant under ΩR are those placed on top of an exotic O6^{(+,+)}-plane. For instance, if we choose η_{ΩR} = −1 and η_{ΩRΘ} = η_{ΩRΘ} ′ = η_{ΩRΘΘ} ′ = 1 as crosscap charges, then we have 4 × 64 different kinds of fractional D6-branes invariant under ΩR, namely those which have bulk wrapping numbers (1, 0)(1, 0)(1, 0) and arbitrary twisted charges ϵ^g_{a,ij}. On the other hand, a fractional D6-brane with bulk wrapping numbers (1, 0)(0, 1)(0, −1) will still yield a U(N_a) gauge group, since it is mapped to a fractional D-brane with same bulk wrapping numbers but different twisted charges. We will further illustrate the appearance of symplectic vs. unitary gauge groups with explicit examples in section 4.

– 18 –

One should keep in mind that in addition to the topologically determined chiral matter there can appear extra non-chiral matter. The determination of the non-chiral spectrum needs a more thorough, case by case analysis of the overlaps between all possible pairs of boundary states. For a concrete example, we will come back to this point in section 5.

3.6 Consistency and supersymmetry conditions Having defined all the ingredients to construct intersecting D6-brane models on the Z_2 ×Z^′_2 background, it only remains to recall that the consistency of the string construction imposes some constraints on the D6-brane configuration. In particular, we need to satisfy the cancellation of RR tadpoles. Part of RR tadpole cancellation can be easily expressed in terms of homology classes, namely � a N_a � [Π_a] + [Π^′_a] � = 4 Π_{O6} , (3.21)

where N_a denotes the number of branes wrapping the 3-cycle Π_a, as well as its ΩR image Π^′_a.

However, it is important to recall that D-brane charges are often not fully classified by homology but rather by K-theory [80]. Hence, as pointed out in [81], in order to construct a consistent model where RR tadpoles cancel we may also need to satisfy some extra constraints invisible to homology, which usually manifest themselves as anomalies on the world-volume of D-brane probes. It is easy to see that these extra K-theory constraints do appear in our Z_2 × Z^′_2 orientifold construction [38], in the sense that D6-branes may carry torsion RR charges which are Z_2-valued, and which also need to vanish. In the present work, we will not attempt to derive these extra K-theory constraints in full generality and from first principles, leaving this task for future work. In the appendix, however, we deduce them for a wide class of Z_2 × Z^′_2 models, by using the D-brane probe arguments of [81].

Finally, we are intersted in constructing N = 1 supersymmetric rigid D6-brane models. By the general discussion of section 2, we know that we must require all the D6-branes to be calibrated by the holomorphic 3-form Ω_3 and with the same phase

Vol (Π_a) = � Π_a Re � e^{iϕ O6} Ω_3 � , ∀a (3.22)

where ϕ_{O6} is the calibration phase of the O6-plane, in our case ϕ_{O6} = 0. In general CY_3 compactifications, condition (3.22) is equivalent to demanding that all the D6-branes are related by SU(3) ‘rotations’ with respect to the O6-plane. In the particular class of models at hand, which basically consist of D6-branes at three different angles θ^1, θ^2, θ^3 with the real axis of the three T^2, this amounts to imposing the well-known condition [82]

θ^1_a + θ^2_a + θ^3_a = 0 mod 2π , ∀a . (3.23)

It turns out, however, that eq. (3.22) is sometimes more useful in order to express the supersymmetry conditions in terms of closed string moduli. Indeed, notice that for ϕ_{O6} = 0 this condition is equivalent to � Π_a

Im (Ω_3) = 0 , � Π_a

Re (Ω_3) > 0 , (3.24)

– 19 – and that for factorizable D6-branes � Re(Ω_3) = Re( � Ω_3) and � Π_a

Ω_3 = 1 4 3� I=1 � n^I_aR^I_1 + i ~m^I_aR^I_2 � , (3.25)

where the 1/4 factor arises from considering a fractional brane, and R^I_1, R^I_2 are as defined in figure 1. Hence, eq. (3.22) can be rewritten as

~m^1_a ~m^2_a ~m^3_a − � I≠J≠K

n^I_a n^J_a ~m^K_a � U^I U^J

�_{−1} = 0 n^1_a n^2_a n^3_a − � I≠J≠K

n^I_a ~m^J_a ~m^K_a U^J U^K > 0 , (3.26)

where we have introduced the three complex structure moduli U^I = R^I_2/R^I_1 of the three T^2 factors.

4. Examples

Having described the set of rigid D6-branes which arise on the Z_2 × Z^′_2 orientifold, the associated low-energy spectrum and the conditions that they must satisfy, we are in position to build actual D-brane models which realize the scenario described in the introduction. The purpose of this section is to build such models explicitly, as well as discuss some of their properties. The aim is not to perform an exhaustive search for semi-realistic models in this context, which is beyond the scope of the present paper, but rather to give some simple examples that illustrate how chiral N = 1 models via rigid intersecting D6-branes can be constructed.

4.1 Model building strategy

So far, the discussion that we have made on rigid intersecting D-brane models on Z_2 ×Z^′_2 is totally general. In order to construct some explicit N = 1 chiral D-brane models, however, we will restrict to a subclass of the orientifold backgrounds discussed in the previous section, so that we can illustrate the model building possibilities of the present constructions in a simpler way.

Let us first consider a particular choice of orientifold plane content. As shown in section 3, the choice of discrete torsion on a Z_2 × Z_2 orientifold implies some constraints on the O-planes charges, which is encoded in the relation (3.14). In the particular case at hand (η = −1), it implies that there is an odd number of O6-planes with positive tension. For definiteness, let us choose the crosscap charges to be η_{ΩR} = −1 and η_{ΩRΘ} = η_{ΩRΘ} ′ = η_{ΩRΘΘ} ′ = 1. By a mirror symmetry transformation carrying intersecting to magnetized D-branes, this background translates into a Z_2 × Z_2 type-IIB orientifold without discrete torsion, and with O3^{(+,+)} and O7^{(−,−)}_i -planes. In section 6, this fact will help us making contact with the flux vacua constructed in [38].

In addition, we will further simplify the problem by restricting to orientifold backgrounds made only of untilted tori. That is, we will consider (T^2)^3/(Z_2 × Z^′_2) backgrounds

– 20 – where each of the T^2 factors has a rectangular complex structure, which is nothing but the choice β^I = 0, I = 1, 2, 3 in the language of figure 1.

Given these choices, and introducing fractional D6-branes of the form (3.7), the RR tadpole conditions deduced from (3.21) can be expressed as a set of untwisted tadpole conditions given by � a N_an^1_an^2_an^3_a = −16 , � a N_am^1_am^2_an^3_a = −16 , � a N_am^1_an^2_am^3_a = −16 , � a N_an^1_am^2_am^3_a = −16 (4.1)

plus the twisted ones, which take the form � a N_an^1_aϵ^{Θ ′}_{a,ij} = 0 , � a N_an^2_aϵ^{ΘΘ ′}_{a,jk} = 0 , � a N_an^3_aϵ^Θ_{a,ki} = 0 . (4.2)

Here we have ϵ^{Θ ′}_{a,ij} ≠ 0 if and only if ij ∈ S^a_Θ ′ , i.e., if the brane a does goes through the fixed point ij in the Θ^′ twisted sector, etc.

Actually, the conditions (3.21) are not enough to guarantee that a given model is consistent string theory construction. Indeed, in orientifold models cancellation of RR tadpoles goes beyond homology constraints of the form (3.21), and also implies the cancellation of K-theory torsion charges [81]. These extra constraints have proven to be non-trivial in intersecting/magnetized D-brane models [83, 38], rendering some of the known models in the literature inconsistent. This is also the case for the Z_2 × Z^′_2 background, where such extra K-theory conditions turn out to be quite constraining. For the sake of clarity, we have deferred the discussion of such constraints to the appendix. From the results in there, one concludes that any fractional D6-brane (3.7) which does not have bulk wrapping numbers of the form (odd, even) ⊗ (odd, even) ⊗ (odd, even) (4.3) does have a non-trivial Z_2 torsion charge. Hence, in order to avoid uncanceled RR torsion charges, we will only consider D6-brane models where fractional D6-branes come in multiples of two. That is, where the number of D6-branes on each stack a satisfies

N_a ∈ 2N , ∀a (4.4)

with the exception of D6-branes of the form (4.3). When faced to build semi-realistic models, this constraint naturally leads to consider vacua whose low energy spectrum contains a Pati-Salam gauge group and matter content. In the next subsections we will show explicit examples providing such spectra.

– 21 –

Figure 3: Two fractional branes with different bulk wrapping numbers and charged under the same set of fixed points.

Now, even after taking these specific choices of orientifold background/D-brane content, it shows quite involved to solve conditions (4.1), (4.2) and (4.4) at the same time. Compared to the model building difficulties of intersecting D6-branes on the Z_2 × Z_2 orientifold with the opposite discrete torsion, the main new ingredient here comes from the RR twisted tadpoles (4.2) that have now to be imposed. Roughly speaking, since the Z_2 ×Z^′_2 orbifold possesses plenty of collapsed 3-cycles that D6-branes can wrap, the variety of RR charges (and thus the RR tadpoles constraints) greatly increases as compared to the Z_2 × Z_2 constructions in [28, 27]. Hence, it will prove useful to take some extra working assumptions, which will greatly simplify the twisted tadpole conditions but nevertheless allow us to construct a rich variety of models.

The models that we will consider can be described as follows. Let us divide the total amount of D6-branes in a model in K different sets. Each set α = a, b, c, . . . will consist of J_α stacks of D6-branes, α = {α_1, . . . , α_{Jα} }. In turn, each stack α_β , β = 1, . . . , J_α , consist of N_{α β} coincident D6-branes, and gives rise to either a U(N_{α β} ) or a USp(2N_{α β} ) gauge group. Now, given a set α we will demand all the stacks α_β belonging to it to be charged under the same fixed points of the Z_2 × Z^′_2 orbifold. More precisely, we will demand all the stacks α_β ∈ α to have the same S^g_{α β} , ∀β.

For instance, let us a consider a bunch of D6-branes with bulk wrapping numbers of the form

(n^1_{α β} , m^1_{α β} ) ⊗ (n^2_{α β} , m^2_{α β} ) ⊗ (n^3_{α β} , m^3_{α β} ) = (odd, even) ⊗ (even, odd) ⊗ (even, odd)

for every choice of β = 1, . . . , J_α . Then, by the results of subsection 3.3 we know that if all these J_α stacks go through a particular fixed point of T^6/(Z_2 × Z_2) (say the origin) they will share exactly the same set of fixed points (see figure 3). Hence, each one will contribute to the same kind of twisted tadpoles, no matter which are the actual values of the n’s and the m’s describing each D-brane stack.

If in addition we consider the same choice of discrete Wilson line for each stack α_β of this set (say ι = ι^′ = ι^{′′} = 1 in table 3) the twisted tadpole conditions simplify to

J_α�

β=1 N_{α β} n^1_{α β} = 0 ,

– 22 –

J_α�

β=1 N_{α β} n^2_{α β} = 0 ,

J_α�

β=1 N_{α β} n^3_{α β} = 0 . (4.5)

and hence, by imposing (4.5) the set α constructed above will have no net contribution to the twisted tadpoles.

It is then clear that considering several sets α = a, b, c, d, . . . of the above form, the RR twisted tadpoles will be automatically canceled, and we only need to worry about the untwisted tadpoles (4.1), as well as about the supersymmetry conditions (3.26).

Given these facts, when building intersecting D-brane models in the next subsections, we will initially consider that every fractional D6-brane of a given model intersects the origin of T^6/(Z_2 × Z_2), and that it has trivial discrete Wilson lines. This need not always be the case, and it will mainly serve to simplify the discussion below. We will comment on the additional freedom that we have in these class of models once some specific examples have been constructed.

4.2 A simple N = 1 D-brane model

Recall that the Z_2 × Z^′_2 orientifold background being considered in the present paper was first discussed (in a T-dual version) in [55], where it was an example of the class of brane supersymmetry breaking orientifolds. Given this, one may think that no N = 1 D-brane vacua could ever be found for this background, in particular due to the presence of some Op^{(+,+)}-planes in the construction. However, such vacua do exist, as was shown in [38] by explicitly building simple N = 1 examples via bulk D-branes. As a warm up before building more realistic models, let us review and generalize the simplest of such examples. Unlike in the rest of the section we will allow here for tilted two-tori with β^I ≠ 0.

In the language of intersecting D6-branes, the apparent obstruction to build N = 1 vacua of [55] can be understood by the fact that RR and NSNS tadpoles can never be simultaneously satisfied if every D6-brane is (anti)parallel to an O6-plane. What was demonstrated in [38] is that solutions can be found when we allow for more general configurations, in particular those involving D6-branes at non-trivial angles with the O6-planes.

Indeed, let us consider a stack of N (bulk) D6-branes with wrapping numbers 3� I=1 (n^I , ~m^I ) = (−1, 1 − β^1) ⊗ (−1, 1 − β^2) ⊗ (−1, 1 − β^3) , (4.6)

which preserves N = 1 supersymmetry if

arctan � (1 − β^1) U^1 � + arctan � (1 − β^2) U^2 � + arctan � (1 − β^3) U^3 � = π . (4.7)

In this simple case, the twisted tadpole conditions are readily satisfied, since we are only dealing with bulk D-branes, and the untwisted ones can be solved for all values of β^I

– 23 – by choosing N = 4.^{12} The open string massless spectrum of this theory is given by a gauge group U(4), as well as 32β^1β^2β^3 chiral multiplets in the anti-symmetric representation. In addition, since we are wrapping our D6-branes on a bulk 3-cycle, there are also three chiral multiplets in the adjoint representation of U(4).

Alternatively, we could introduce rigid branes with the same wrapping numbers, where it turns out that one needs four stacks and their ΩR images to cancel all twisted sector tadpoles. In this case we get the gauge group U(4)^4 and 8β^1β^2β^3 chiral multiplets in the anti-symmetric representation of each U(4) factor. However, this time we do not get any adjoint scalars.

Expanding the 3-cycles into a basis {Σ_i : i = 1, . . . , b_3} as π_a = � i v_{a,i}Σ_i, it is well known that via Green-Schwarz couplings of the form � a,i � N_a(v_{a,i} − v^′_{a,i}) F_a ∧ B_i (4.8)

the initial U(1) gauge factors can receive a mass term, surviving only as (perturbative) global symmetries. The massless U(1)’s are given by the kernel of the matrix M_{a,i} = N_a(v_{a,i} − v^′_{a,i}). From these equations it is clear that for models with many 3-cycles it is much more unlikely for a U(1) gauge boson to stay massless.

In particular, in the above example one easily realizes that indeed all U(1) gauge factors are massive, so that the surviving gauge symmetry is SU(4), respectively SU(4)^4. Thus, strictly speaking, this type-IIA models are not chiral vacua. More precisely, they are only chiral with respect to some global U(1) symmetries. We now show, however, how N = 1 chiral vacua can be constructed in this same setup.

4.3 A chiral N = 1 model via rigid intersecting branes

Let us now illustrate how a chiral N = 1 compactification can be obtained, following the general model building strategy described in subsection 4.1. As before, we choose −η_{ΩR} = η_{ΩRΘ} = η_{ΩRΘ} ′ = η_{ΩRΘΘ} ′ = 1 and β^I = 0 for all I. It can thus be seen that the D6-brane content of table 5 represents a type-IIA N = 1 chiral vacuum consisting of rigid intersecting D6-branes.

Let us describe the D6-brane model of table 5 in some detail. The model consist of 3 sets of D6-branes, indexed by α = a, b, c, and each of these sets consist of several stacks of fractional D6-branes a_1, a_2, etc. Notice that we are using a compact notation to describe fractional D6-branes of the form (3.7), by only specifying the bulk wrapping numbers (n^i_α , m^i_α ) of each fractional D-brane.^{13} This notation is well-defined because, as explained before, we have chosen each fractional D6-brane to intersect the origin of T^2 ×T^2 ×T^2 and to have trivial discrete Wilson lines. These conventions understood, it is easy to derive the

12Recall that a bulk D-brane on Z2 × Z^′_2 contributes to the untwisted tadpoles (4.1) as 4 fractional D-branes.

13With the understanding that each of the wrapping numbers in (3.12) represent a different fractional D-brane. See below.

– 24 –

N_α (n^1_α , m^1_α ) (n^2_α , m^2_α ) (n^3_α , m^3_α ) N_{a1} = 4 (1, 0) (0, −1) (0, 1) N_{a2} = 4 (−1, 0) (0, 1) (0, 1) N_{b1} = 2 (−1, 1) (−2, 1) (−2, 1) N_{b2} = 2 (1, −1) (2, −1) (−2, 1) N_{b3} = 2 (−1, 1) (2, −1) (2, −1) N_{b4} = 2 (1, −1) (−2, 1) (2, −1) N_{c1} = 4 (1, 0) (1, 0) (1, 0) N_{c2} = 4 (−1, 0) (−1, 0) (1, 0) N_{c3} = 4 (−1, 0) (1, 0) (−1, 0) N_{c4} = 4 (1, 0) (−1, 0) (−1, 0)

Table 5: Wrapping numbers of a rigid, N = 1, chiral model containing a Pati-Salam four-family spectrum.

signs ϵ^g_{a,ij} in (3.7). For instance, the fractional branes of the set a correspond to

Π^B_{a1} = (1, 0)(0, −1)(0, 1) → Π^F_{a1} = 1 4 Π^B_{a1} + 1 4 � � i,j∈(13)×(12)

α^Θ_{ij,m} � + 1 4 � � j,k∈(12)×(12)

α^{Θ ′}_{jk,n} � −

− 1 4 � � i,k∈(13)×(12)

α^{ΘΘ ′}_{ik,m} �

Π^B_{a2} = (−1, 0)(0, 1)(0, 1) → Π^F_{a2} = 1 4 Π^B_{a2} + 1 4 � � i,j∈(13)×(12)

α^Θ_{ij,m} � − 1 4 � � j,k∈(12)×(12)

α^{Θ ′}_{jk,n} � +

+ 1 4 � � i,k∈(13)×(12)

α^{ΘΘ ′}_{ik,m} � (4.9)

and similarly for the other fractional D-branes in table 5.

To the D6-brane content of table 5 we need to add the images under the orientifold action ΩR. In the case of the set a these correspond to

Π^B_{a1} = (1, 0)(0, −1)(0, 1)^{ΩR}−→ Π^B_a′_1 = (1, 0)(0, 1)(0, −1) , Π^B_{a2} = (−1, 0)(0, 1)(0, 1)^{ΩR}−→ Π^B_a′_2 = (−1, 0)(0, −1)(0, −1) . (4.10)

Notice that, in this particular case, all the fractional D6-branes a_i, a^′_i correspond to the same bulk homology 3-cycle, i.e, Π^B_a = Π^B_{a1} = Π^B_{a2} = Π^B_a′_1 = Π^B_a′_2 . They differ, however, in

– 25 – the twisted homology 3-cycles that they wrap, as can be appreciated from (4.9). Notice, as well, that when all the RR/homology charges of this set are added the total twisted charge vanishes, leaving only a net bulk D6-brane charge proportional to Π^B_a .

An analogous effect occurs for the other two sets b and c. Indeed, again the twisted RR charges cancel among the components of each set (plus their orientifold images), leaving a net bulk D-brane charge only. This clearly matches with the fact that the conditions (4.5) are satisfied for the sets a, b and c separately. On the other hand, adding up the untwisted RR charges of these three sets one can check that the conditions (4.1) are also satisfied, so that we are considering a consistent type-IIA D-brane model free of RR tadpoles. Finally, the N = 1 supersymmetry conditions are also satisfied if we choose

arctan � U^1 � + arctan � U^2/2 � + arctan � U^3/2 � = π . (4.11)

so that we recover an N = 1 supersymmetric type-IIA vacuum.

A closer look to the D6-brane configuration of table 5 reveals that, from the model building point of view, it can be understood in terms of three stacks of pure bulk D6-branes at angles, wrapping Π^B_a , Π^B_b and Π^B_c , and which cancel the untwisted RR tadpoles of the orientifold background. Such bulk D-branes have been chosen to go through the orbifold singularities, and hence split into the four fractional constituents of the regular representation of Z_2 × Z_2. In this sense, the model of table 5 is analogous to the constructions of D-branes at orbifold singularities of [84]–[88].

Let us now compute the spectrum of this model. Since the D6-branes a_i, i = 1, 2 differ from their orientifold images a^′_i in their twisted cycles, each of them yields a unitary gauge group U(N_{ai} ) at low energies. The same applies to each of the fractional D-branes of the set b. On the other hand, the fractional D6-branes c_i are fixed by the orientifold action and so, when performing the orientifold projection on the Chan-Paton degrees of freedom, we recover a USp(2N_{ci} ) gauge group. The resulting gauge group is naively

U(4)^2 × U(2)^4 × USp(8)^4 . (4.12)

However, taking the Green-Schwarz couplings (4.8) into account one finds that all of the U(1) gauge bosons acquire a mass, so that at the end of the day the gauge group is SU(4)^2 × SU(2)^4 × USp(8)^4.

The chiral spectrum can be obtained by means of computing the intersection numbers between each pair of D6-branes, and using table 4. The result is presented in table 6. One can check that, as expected from RR tadpole cancellation, the non-abelian gauge anomalies cancel.

To be accurate, in table 6 we should have included the spectrum arising from the ac sectors, which we now display in table 7. The reason that we have not included this part of the spectrum is that we can consider a simple deformation of our model which eliminates this massless sector of the theory. Indeed, instead of considering that the D-branes c_i go through the origin of T^2 × T^2 × T^2, we can place them at another fixed point location. For instance, we could think that the rigid D-branes c_i, i = 1, 2, 3, 4, intersect the fixed points 2 and 4 in in the first T^2, so that the intersection numbers with any D-brane of the set a

– 26 –

Sector Rep. of U(4)^2 × U(2)^4 × USp(8)^4 (a_1b_1) 4 × (4, 1; 2, 1, 1, 1; 1, 1, 1, 1) (a^′_1b_2) 4 × (4, 1; 1, 2, 1, 1; 1, 1, 1, 1) (a_2b_3) 4 × (1, 4; 1, 1, 2, 1; 1, 1, 1, 1) (a^′_2b_4) 4 × (1, 4; 1, 1, 1, 2; 1, 1, 1, 1) (b_1c) 1 × (1, 1; 2, 1, 1, 1; 8, 1, 1, 1) (b_2c) 1 × (1, 1; 1, 2, 1, 1; 1, 8, 1, 1) (b_3c) 1 × (1, 1; 1, 1, 2, 1; 1, 1, 8, 1) (b_4c) 1 × (1, 1; 1, 1, 1, 2; 1, 1, 1, 8) (b^′_1b_2) 2 × (1, 1; 2, 2, 1, 1; 1, 1, 1, 1) (b^′_3b_4) 2 × (1, 1; 1, 1, 2, 2; 1, 1, 1, 1) (b^′_1b_3) 6 × (1, 1; 2, 1, 2, 1; 1, 1, 1, 1) (b^′_1b_4) 6 × (1, 1; 2, 1, 1, 2; 1, 1, 1, 1) (b^′_2b_3) 6 × (1, 1; 1, 2, 2, 1; 1, 1, 1, 1) (b^′_2b_4) 6 × (1, 1; 1, 2, 1, 2; 1, 1, 1, 1) (b^′_1b_1) 18 × (1, 1; , 1, 1, 1; 1, 1, 1, 1) (b^′_2b_2) 18 × (1, 1; 1, , 1, 1; 1, 1, 1, 1) (b^′_3b_3) 18 × (1, 1; 1, 1, , 1; 1, 1, 1, 1) (b^′_4b_4) 18 × (1, 1; 1, 1, 1, ; 1, 1, 1, 1)

Table 6: Chiral spectrum of the D6-brane model of table 5.

Sector Rep. of U(4)^2 × U(2)^4 × USp(8)^4 (a_1c_2) (4, 1; 1, 1, 1, 1; 1, 8, 1, 1) (a_1c_3) (4, 1; 1, 1, 1, 1; 1, 1, 8, 1) (a_2c_1) (1, 4; 1, 1, 1, 1; 8, 1, 1, 1) (a_2c_4) (1, 4; 1, 1, 1, 1; 1, 1, 1, 8)

Table 7: Extra chiral spectrum of the model of table 5.

do now vanish. Alternatively, the same effect can be obtained by turning on a non-trivial discrete Wilson line on the first T^2, again for each of the D6-branes c_i. As a result, the massless spectrum of table 7 no longer arises after this discrete deformation.

In addition to this chiral spectrum there is, of course, light non-chiral matter in this model. By construction all the 3-cycles that the D6’s wrap are rigid, and so for these branes there are no scalars transforming in the adjoint representation. However, just as it happens in models of branes at Z_2 × Z_2 singularities, additional bifundamental non-chiral fields appear between two fractional D-branes. We will further comment on this point and explain its consequences in section 5.

– 27 –

4.4 An N = 1 Pati-Salam-like example

The purpose of the previous models was to exemplify how N = 1 chiral compactifications can be achieved by means of rigid intersecting D6-branes, in the particular framework of a Z_2 × Z^′_2 orientifold of type-IIA string theory. These vacua are, nevertheless, too simple, since each of the sets α = a, b, c . . . of rigid D6-branes can be understood as a bulk (non-rigid) D6-brane α placed on a fixed point set of the orbifold action, and split into fractional D6-branes α_1, α_2, α_3, α_4 in the regular representation of Z_2 × Z^′_2. As a result, this class of constructions suffer from a serious drawback when trying to build semirealistic D-brane models. First, as can be appreciated from (4.12) the low energy gauge group will have only factors of the form U(N)^2, U(N)^4 and USp(2N)^4, from which it seems difficult to build a semi-realistic spectrum. Second, although we have got rid of the adjoint fields by splitting the bulk D6-branes into its fractional constituents, there will still be extra, non-chiral degrees of freedom which smoothly connect this configuration with one consisting of non-rigid D6-branes (see section 5), and where the adjoint matter fields reappear.

Nevertheless, one of the lessons that we learn from building models of D-branes at singularities is that there exist a wide class of possibilities for building N = 1 chiral models, of which arranging fractional D-branes in regular representations is just the most obvious one [89]. This is also the case for fractional intersecting D-branes which, after some T-dualities, can be seen as a generalization of models of D-branes at orbifold singularities in either type-I or type-IIB orientifolds. Indeed, the model building strategy described at the beginning of this section applies to a much richer class of rigid D-brane models other than fractional D-branes in the regular representation. The purpose of the present subsection is to give an example of these more involved constructions which, as we presently show, also admit low energy theories much closer to realistic particle physics.

We present such example in table 8, which now consist of four sets of D6-branes, α = a, b, c, d. The semi-realistic gauge group and chiral content of the theory will arise from the set a, which consist of three stacks of fractional D6-branes, each with different bulk wrapping numbers. Hence, unlike in the previous examples, this set of fractional branes cannot be smoothly deformed to a bulk D-brane. On the other hand, the sets b, c and d can still be seen as a bulk D6-brane split into fractional components. It is easy to check that this configuration satisfies the RR twisted tadpole constrains (4.5), as well as the untwisted constraints (4.1) upon choosing N_f = 2. Finally, the supersymmetry conditions (3.23) amount, in this case, to

2U^2 = U^3 ,

arctan � 2U^1 3 � + arctan � U^2 2 � + arctan � U^3 4 � = π , (4.13)

which indeed have many solutions.

The gauge group derived from the D-brane set a is given by U(4)×U(2)×U(2) and, as we will now see, it can be seen as a sector yielding a Pati-Salam-like theory. On the other hand, the sets b, c and d yield, respectively, the gauge groups U(2)^2, U(4)^2 and USp(4N_f )^4.

– 28 –

N_α (n^1_α , m^1_α ) (n^2_α , m^2_α ) (n^3_α , m^3_α )

N_{a1} = 4 (1, 0) (0, 1) (0, −1) N_{a2} = 2 (1, 0) (2, 1) (4, −1) N_{a3} = 2 (−3, 2) (−2, 1) (−4, 1)

N_{b1} = 2 (1, 0) (0, 1) (0, −1) N_{b2} = 2 (−1, 0) (0, 1) (0, 1)

N_{c1} = 4 (0, 1) (1, 0) (0, −1) N_{c2} = 4 (0, 1) (−1, 0) (0, 1)

N_{d1} = 2N_f (1, 0) (1, 0) (1, 0) N_{d2} = 2N_f (1, 0) (−1, 0) (−1, 0) N_{d3} = 2N_f (−1, 0) (1, 0) (−1, 0) N_{d4} = 2N_f (−1, 0) (−1, 0) (1, 0)

Table 8: Wrapping numbers of a rigid, N = 1, chiral model containing a Pati-Salam four-family spectrum.

Notice that, by taking some flat directions, we can deform these latter fractional D-branes into bulk D-branes. The change of the gauge group upon this Higgsing is given by

{b_1, b_2}, {c_1, c_2}, {d_1, d_2, d_3, d_4} → b, c, d (4.14) U(2)^2 × U(4)^2 × USp(2N_f )^4 → U(1) × U(2) × USp(2N_f ) . (4.15)

Again, some of the U(1) factors of this group are not really gauge symmetries, but only global ones, since their would-be gauge boson receives a Stueckelberg mass by means of the Green-Schwarz coupling (4.8). Taking this into account we recover a Pati-Salam gauge group SU(4) × SU(2) × SU(2) from the set a, and an extra gauge group SU(2)^2 × SU(4)^2 × USp(2N_f )^4 from the other three sets when split into fractional D-branes. After the Higgsing (4.15), nevertheless, we still get a gauge group U(1) × U(2) × USp(2N_f ).

Let us now consider the chiral spectrum of this theory, which is presented in table 9. For completeness, we have kept all the massive U(1) factors from the gauge group, since they are still perturbative global symmetries of the theory and hence play an important role in the low energy dynamics.

The most interesting part of the spectrum arises form the set a of D-branes, which not only yields a SU(4) × SU(2) × SU(2) gauge group but also contains the chiral fermions transforming as 4(4, 1, 2)+4(4, 2, 1). This is nothing but a four-family Pati-Salam spectrum. Notice that these are the only chiral fermions charged under the non-abelian gauge group

– 29 –

Sector U(4) × U(2) × U(2) U(2)^2 × U(4)^2 × USp(4N_f )^4 (a_1a_2) 2(4, 2, 1) (1, 1; 1, 1; 1, 1, 1, 1) (a^′_1a_2) 2(4, 2, 1) (1, 1; 1, 1; 1, 1, 1, 1) (a_1a_3) 4(4, 1, 2) (1, 1; 1, 1; 1, 1, 1, 1) (a_2a_3) 6(1, 2, 2) (1, 1; 1, 1; 1, 1, 1, 1) (a^′_2a_3) 10(1, 2, 2) (1, 1; 1, 1; 1, 1, 1, 1) (a^′_2a_2) 4(1, , 1) (1, 1; 1, 1; 1, 1; 1, 1) (a^′_3a_3) 24(1, 1, ) + 96(1, 1, ) (1, 1; 1, 1; 1, 1, 1, 1)) (a_3b_1) 4(1, 1, 2) (2, 1; 1, 1; 1, 1, 1, 1) (a^′_3b_2) 12(1, 1, 2) (1, 2; 1, 1; 1, 1, 1, 1) (a^′_2c_1) (1, 2, 1) (1, 1; 4, 1; 1, 1, 1, 1) (a_2c_2) 3(1, 2, 1) (1, 1; 1, 4; 1, 1, 1, 1) (a_3c_1) 2(1, 1, 2) (1, 1; 4, 1; 1, 1, 1, 1) (a^′_3c_1) 3(1, 1, 2) (1, 1; 4, 1; 1, 1, 1, 1) (a_3c_2) (1, 1, 2) (1, 1; 1, 4; 1, 1, 1, 1) (a^′_3c_2) 6(1, 1, 2) (1, 1; 1, 4; 1, 1, 1, 1) (a_3d_1) 2(1, 1, 2) (1, 1; 1, 1; 4N_f , 1, 1, 1)

Table 9: Four generation Pati-Salam-like N = 1 spectrum derived from the D-brane content of table 8. Here we consider b, c and d being split into fractional D-branes, and none of them going through the origin.

SU(4), and that they are singlets under the extra gauge group U(2)^2 × U(4)^2 × USp(4N_f )^4. The Higgs sector of the theory also arises from the set a although, in this case, is far from minimal.

Although the sets b, c and d do not give any chiral spectrum by themselves, they do intersect non-trivially the set a and give extra chiral matter charged under SU(4)×SU(2)× SU(2). However, just as done previously, by appropriately placing the sets b, c and d at fixed points away from the origin, we can minimize the amount of extra chiral matter. This minimal chiral matter content corresponds to the spectrum shown in table 9. In particular, notice that there is no extra chiral matter charged under SU(4).

Finally, not only does this N = 1 model have an appealing chiral spectrum but, as we will see in the next section, is specially interesting for its massless non-chiral spectrum. As can be advanced from the general discussion above, the gauge groups SU(4)×SU(2)×SU(2) do not have any adjoint fields charged under them, as they arise from rigid D6-branes. It will turn out, in addition, that the extra non-chiral spectrum that could be charged under this gauge group is also quite minimal, yielding an asymptotically-free SU(4) gauge theory.

– 30 –

5. Asymptotic freedom

The main motivation for getting rid of adjoint multiplets was to obtain a low-energy asymptotically free gauge theory with negative one-loop beta-function. This both can improve the running of the gauge couplings towards the converging running in the MSSM,^{14} as well as allows for a gaugino condensate to form, via the non-perturbative superpotential

W_{eff} ∼

M_s β^g_1 32π^2 exp � 8π^2 g^2_{Y M} β^g_1 � . (5.1)

Here the gauge couplings depend on the complex (Kähler) structure moduli in type-IIA (IIB) string theory. This effective potential could, in principle, be used to freeze some of the closed string moduli of the theory,^{15} in addition to some extra sources of moduli stabilization like, e.g., fluxes.

When considering a chiral N = 1 model based on completely rigid D-branes, by construction no massless adjoint fields will appear in the spectrum. This will, in principle, improve the beta function behavior towards asymptotic freedom. However, one must be careful since beta functions are sensitive to the entire massless spectrum, including some extra light non-chiral states. In general, the latter cannot be computed via intersection numbers or other topological invariants, so it proves important to have a good control of the whole spectrum of the theory. Toroidal orientifolds provide us with a particularly treatable set of N = 1 D-brane vacua, since we can make use of BCFT techniques in order to compute the massless, non-chiral open string spectrum of the theory. Let us exemplify the lesson one learns from computing the entire light spectrum with a few chiral models from the previous section.

Splitting bulk branes: let us first consider a bulk D-brane, a, with gauge group U(N). This bulk brane has three adjoint chiral multiplets of U(N) and, in addition other charged matter which arises from, e.g., the intersection with other D-branes. Ignoring this additional matter, the contribution to the beta-function reads b^{U(N)}_1 = −(3N) + 3 × N = 0, so we find that the beta functions of bulk D-branes are either vanishing or positive.

Now, one may split the bulk brane into four rigid constituents {b_1, b_2, b_3, b_4} in the regular representation of Z_2 × Z_2 as, e.g., the D-brane set b in table 5. This leads to a gauge group U(N)^4 without massless adjoints. However, additional non-chiral matter can in principle appear between pairs of the four fractional D-branes, and this in fact turns out to be the case.

By standard arguments, computing the overlap of two such boundary states

Ã_{bi,bj} =

�_∞ 0 dl ⟨b_i|e^{−2πlH cl} |b_j⟩ +

�_∞ 0 dl ⟨b_j |e^{−2πlH cl} |b_i⟩ , i ≠ j (5.2)

the different signs for the twisted sector part imply that in the loop channel amplitude

A_{bi,bj} =

�_∞ 0 dt t Tr_{ij+ji}

�_{1+Θ+Θ ′+ΘΘ ′} 4 e^{−2πtH o} � (5.3)

14The issue of gauge unification in intersecting D-brane models has been considered in [90]. 15For the N = 1 intersecting D-brane models of [27, 28], such effects have been studied in [91].

– 31 – only one hypermultiplet appears at the massless level. The scalars in this hypermultiplet are associated with one pair of the oscillators ψ^I_{− 12} |0⟩, ψ^I_− 1_2 |0⟩, I ∈ {1, 2, 3}, where the ψ^I are the world-sheet superpartners of the bosonic fields Z^I . Note that for the overlap between two identical fractional branes, i.e. i = j in (5.2), the modes ψ^μ_{− 12} |0⟩, ψ^μ_− 1_2 |0⟩ of the non-compact oscillators survive the projection, leading to an N = 1 vector multiplet.

Therefore with respect to each U(N) factor, there exist 6N chiral supermultiplets in the fundamental representation, so that the one-loop beta-function is still b^{U(N)}_1 = −(3N) + 6N ×^1_2 = 0. It is easy to see that there is no actual improvement for the beta function when splitting a U(N) bulk D-brane into its fractional constituents. As a consequence, any rigid D-brane obtained in this way (as the ones in the model of table 5) could not possibly yield a gauge group which is asymptotically free.

Generic rigid branes: splitting bulk D-branes into Z_2 × Z_2 fractional constituents is the simplest way of obtaining a rigid D-brane model, but not the only or most general one. For instance, we can consider the D-brane a_1 in table 8, and which yields a U(4) gauge group. Let us check whether the SU(4) gauge symmetry derived from this rigid D-brane is asymptotically free or not.

The chiral spectrum of this model is listed in table 9. The sector charged non-trivially under SU(4) solely consists of four families of a Pati-Salam theory. Regarding the non-chiral matter, since the brane is rigid there are no additional states in the adjoint representation. Nevertheless, by means of analogous computations to the one performed above for splitted bulk D-branes, from the a_1a^′_1 sector we find one hypermultiplet in the antisymmetric representation of SU(4).

With this particle content the SU(4) gauge theory is asymptotically free, since the corresponding beta function reads

b^{SU(4)}

1 = −3 × 4 + 16 × 1 2 + 2 × 1 = −2 (5.4)

which is still negative. In the following we will show that there are no other light states charged under SU(4), and hence no further contributions to (5.4).

Indeed, the only additional massless states charged under SU(4) may arise from nonchiral matter, and more precisely from bifundamental vector-like pairs in the a_1α_j sector, where α_j is an arbitrary fractional D-brane. As mentioned earlier, for computing the nonchiral massless spectrum one has to keep in mind that the twisted sector parts of boundary states lead to the various Z_2 projections in loop channel. As a result, one can compute the spectrum between two fractional D-branes by considering the whole spectrum between these two in the unorbifolded theory and then performing the orbifold projection.

Let us illustrate this for the open string sector arising between the branes a_1 and a_2 from table 8. The bulk wrapping numbers of these D-branes are

a_1 = (1, 0)(0, 1)(0, −1) , a_2 = (1, 0)(2, 1)(4, −1) , (5.5)

so that they are lying on top of each other on the first T^2, and therefore the chiral intersection number in the untwisted sector vanishes (yielding an N = 2 open string sector). The positions of these D-branes are displayed in figure 4.

– 32 –

Figure 4: Intersection points of the rigid branes a_1 and a_2. The numbers on the second and third T^2 count the eight intersection points.

The complete intersection number including also the twisted sectors reads

I_{a1,a2} = � g I^g_{a1,a2} = 1 4 (0) + 1 4 (16) + 1 4 (0) + 1 4 (−8) = 2 , (5.6)

where g runs over all untwisted respectively twisted sectors g ∈ {1, Θ, Θ^′, ΘΘ^′}. The question is whether there exist additional non-chiral states in this sector. Due to the non-trivial intersections on the second and third T^2 factor, in the untwisted sector we get eight hypermultiplets (chiral + anti-chiral). The Θ^′ sector in (5.6) is also vanishing, which indicates that Θ^′ acts on complete hypermultiplets, i.e., without projecting out chiral components. Indeed Θ^′ acts on the eight hypermultiplets as

Θ^′ : (H_{11}, H_{21}, H_{13}, H_{23}, H_{12}, H_{22}, H_{14}, H_{24}) → (−H_{11}, −H_{21}, −H_{13}, −H_{23}, −H_{14}, −H_{24}, −H_{12}, −H_{22}) (5.7)

where the subscripts denote the eight intersection points of the two branes (see figure 4). The minus sign is due to the different signs of the second and fourth term in (5.6).

Next we have to determine the action of Θ on the eight hypermultiplets. From (5.6) one deduces that this operation alone would lead to eight chiral multiplets. This is in accordance with the fact that all fixed points are invariant under Θ and that Θ kills say the antichiral part of each hypermultiplet. Therefore, it acts like

Θ : (H_{11}, H_{21}, H_{13}, H_{23}, H_{12}, H_{22}, H_{14}, H_{24}) → (±H_{11}, ±H_{21}, ±H_{13}, ±H_{23}, ±H_{12}, ±H_{22}, ±H_{14}, ±H_{24}) (5.8)

where the signs ± indicates the action

hyper = (chiral, antichiral) → (chiral, −antichiral) (5.9)

on the two chiral components of the hypermultiplet. Combining both actions gives

ΘΘ^′ : (H_{11}, H_{21}, H_{13}, H_{23}, H_{12}, H_{22}, H_{14}, H_{24}) → (∓H_{11}, ∓H_{21}, ∓H_{13}, ∓H_{23}, ∓H_{14}, ∓H_{24}, ∓H_{12}, ∓H_{22}) (5.10)

which is consistent with the fourth term in (5.6). Therefore, the states which are invariant under both Θ and Θ^′ are precisely two chiral multiplets and there are no further non-chiral ones.

– 33 –

A similar analysis can be carried out for the sectors a^′_1a_2, a_1, a_3 and (a^′_1a_3), from where also no extra non-chiral matter is found. From the example above it is clear that, if the chiral intersection in the untwisted part is already non-zero (N = 1 open string sector) as in the a_1a_3 and a^′_1a_3 sectors, then there cannot be additional non-chiral states. The only thing happening is that some of the chiral fields are projected out by the Z_2 actions. Finally, the intersections with the branes of type b, c, d can be made massive by letting them run through different fixed points.

To summarize, we find an asymptotically free SU(4) gauge theory from the intersecting D-brane model in table 8. This example proves that, as expected, fractional D6-branes can indeed improve the running of the gauge couplings.

6. N = 1 and N = 0 chiral flux compactifications

Up to now, we have been concerned with the construction of type-IIA N = 1 chiral models which consist of rigid intersecting D6-branes. As discussed in the introduction, the motivation for these constructions is finding semi-realistic models without unwanted adjoint fields that spoil asymptotic freedom and, eventually, gauge coupling unification. As we pointed out, this concern can be embedded as part of the well-known problem of moduli stabilization in string theory and, in particular, as the need of stabilizing open string moduli. It thus proves important to combine the present constructions with additional sources of moduli stabilization, such as non-trivial fluxes or analogous backgrounds, in order to conceive a semi-realistic scenario where all the moduli could be lifted.

The purpose of the present section is to embed our rigid D-brane models in the framework of flux compactifications. Indeed, as noticed in [39, 40], the model building techniques of intersecting D6-branes can also be implemented in constructing chiral models with RR and NSNS 3-form fluxes. In order to do this, we first need to re-express our type-IIA intersecting D-brane models in terms of the equivalent picture of type-IIB magnetized Dbranes [92, 21, 93, 94, 95]. A prototypical example of this idea has recently been given in [37, 38], where the framework developed in [39, 40] was successfully used in order to build N = 1 chiral flux vacua, as well as N = 0 chiral vacua without RR and NSNS tadpoles.^{16} Notice, however, that these chiral vacua are related to the Z_2 × Z_2 intersecting D-brane models of [27, 28], and hence the D-branes in them are non-rigid or, at best, their moduli are frozen by the background fluxes. As explained in the introduction, it seems more appealing to get rid of such moduli from the very beginning, as rigid D-brane models do.

Hence our strategy will be to consider a type-IIB T^6/(Z_2 ×Z_2) orientifold background, T-dual to the type-IIA Z_2 ×Z^′_2 orientifold considered in the previous sections, and introduce RR and NSNS fluxes on top of it. Notice that this possibility has previously been considered in [39, 38] but, since only bulk D-branes were introduced in those constructions, no N = 1 chiral models could be achieved in this particular background. We will presently overcome such obstruction by introducing fractional D-branes.

16See [41, 42] for subsequent models of this kind.

– 34 –

N_α (n^1_α , m^1_α ) (n^2_α , m^2_α ) (n^3_α , m^3_α ) type of D-brane

N_{a1} = 4 (1, 0) (0, 1) (0, −1) frac. D7_1 w/o fluxes

N_{a2} = 2 (1, 0) (2, 1) (4, −1) frac. D7_1 w/ fluxes

N_{a3} = 2 (−3, 2) (−2, 1) (−4, 1) frac. D9 − D9 w/ fluxes

N_b = 2 × 2 (1, 0) (0, 1) (0, −1) bulk D7_1 w/o fluxes

N_c = 2 × 4 (0, 1) (1, 0) (0, −1) bulk D7_2 w/o fluxes

N_d = 4 × 2N_f (1, 0) (1, 0) (1, 0) bulk D3

Table 10: Magnetic numbers of a rigid, N = 1, type-IIB chiral vacuum, T-dual to the D-brane model of table 8. For simplicity we display the sets b, c and d as bulk D-branes. In the D-brane description, ‘w/ fluxes’ stands for D(2p + 1)-branes with internal magnetic fluxes F_{ab} turned on, etc..

6.1 The model

Following the general strategy described above, as a first step of constructing our chiral flux vacua we will T-dualize the model of table 8 to a type-IIB string compactification containing O3-planes. Notice that, by mirror symmetry, we are still dividing our theory by a Z_2 × Z_2 orbifold group, but now a Z_2 × Z_2 without discrete torsion. As a consequence, instead of 3 × 16 collapsed 3-cycles, our orbifold background possesses 48 twisted 2-cycles, which type-IIB D(2p + 1)-branes can wrap.

Our orientifold plane content will be related by T-duality to the one described in sections 3 and 4, as well as in [55], and will contain O3 and O7-planes. More precisely, we will choose to have 64 O3^{(+,+)} and 4 O7^{(−,−)}_i i = 1, 2, 3 in our compactification,^{17} placed on top of the fixed points and tori of the (Z_2 × Z_2)ΩR action. For this to be the case, the geometrical involution R must be now of the form R : z_I → −z_I .

In order to satisfy RR tadpole cancellation, we now need to introduce type-IIB D(2p + 1)-branes filling up the four non-compact dimensions of the theory. If we restrict to only BPS D-branes, those are given by D3, D7 and D9 − D9 pairs. The latter ones are in principle non-BPS, but can be made BPS by introducing suitable magnetic fluxes in their world-volume [39, 40]. In addition, as pointed out in [37, 38], such D9 − D9 pairs can carry D3-brane charge, thus cancelling the O3^{(+,+)}-planes RR charges in a supersymmetric fashion.

We present in table 10 an example of a chiral type-IIB flux vacua with rigid D-branes of the above kind. Actually, this model is nothing but a T-dual version of the one constructed in section 4, table 8. Instead of rigid D6-branes wrapping 3-cycles, we now deal with D3, D7 and D9-branes with magnetic fluxes. Instead of the previous wrapping numbers,

17Notice that, since our O3-planes carry positive tension, our construction is slightly different from the general scenario in [6].

– 35 – the topological data of the configuration are now given by magnetic quantum numbers, which specify which kind of D(2p + 1)-branes are we dealing with and which are the gauge instanton numbers in its woldvolume. We will not give here a definition of these magnetic numbers and of the conventions associated with them. These can, nevertheless, be easily inferred from the usual T-duality rules and the D-brane description of table 10. For a more detailed description of these kind of models we refer the reader to [39, 40].

Being a construction T-dual to the one in table 8, this D-brane model shares the same low energy spectrum and physical properties as the one previously constructed. In particular, twisted RR tadpoles are cancelled separately by each set a, b, c, d of fractional D-branes. In addition, all the untwisted RR tadpoles, with the exception of the D3-brane charge, are canceled by the above D-brane content. The D3-brane tadpole can be satisfied by suitably choosing N_f in table 10. However, when we introduce background fluxes in the next subsection they will also contribute to the D3-brane tadpole, so we will wait until then before fixing N_f .

Just as before, the model can be made N = 1 supersymmetric by tuning the moduli of the compactification. In the present type-IIB context, this implies a tuning of the Kähler moduli of the compactification. More precisely, the conditions (4.13) translate into

2A_2 = A_3 , (6.1)

arctan � 2A_1 3 � + arctan � A_2 2 � + arctan � A_3 4 � = π , (6.2)

where A_i is the area of the i^{th} T^2. In addition, one needs to keep each of the twisted sectors of the compactification as collapsed 2-cycles, at least those combinations under which the fractional D-branes of the model are non-trivially charged. Any deviation from these particular points in the Kähler moduli space will be seen, in the D-brane effective theory, as a non-vanishing FI-term [96, 97]. Hence, we expect SUSY to be restored after some particular set of charged open string moduli have received a VEV.

6.2 Adding fluxes

Let us now briefly discuss how we can introduce non-trivial background fluxes in the present context. Following [39, 40], we introduce both RR and NSNS 3-form field strength backgrounds F_3 and H_3 with non-trivial components on the internal dimensions of the compactification. Consistency of the compactification imposes that these 3-forms satisfy the Bianchi identities dF_3 = dH_3 = 0 which, in the present context, can be easily satisfied by requiring F_3, H_3 to be constant 3-forms in the untwisted cohomology of T^6/(Z_2 × Z_2). In addition, these 3-form fluxes must be properly quantized over any 3-cycle of the orientifolded geometry T^6/Γ. In the case of toroidal orientifolds, the quantization conditions amount to 1 (2π)^2α^′ � Σ F_3 ∈ N_{min}Z , 1 (2π)^2α^′ � Σ H_3 ∈ N_{min}Z (6.3)

where Σ is a 3-cycle on the covering space T^6, and N_{min} is an integer number depending on the orbifold group Γ. For Γ = Z_2 × Z_2 without discrete torsion, we find N_{min} = 4 [39].

– 36 –

This non-trivial background is usually encoded in the language of type-IIB supergravity, in terms of the complexified 3-form flux

G_3 = F_3 − τH_3 (6.4)

where τ = a + i/g_s is the usual axion-dilaton coupling. By looking at the supergravity action it is easy to see that these fluxes both gravitate and couple to the C_4 RR potential, hence carrying both D3-brane charge and tension. In D3-brane units, the RR charge is given by the topological quantity

N_{flux} = 1 (4π^2α^′)^2 � M_6

H_3 ∧ F_3 = i (4π^2α^′)^2 � M_6

G_3 ∧ G_3 2 Im τ

(6.5)

where M_6 is the six-dimensional manifold on which we compactify our theory. If we take M_6 = T^6 and impose the quantization conditions (6.3), then we obtain that N_{flux} is an integer number proportional to (N_{min})^2. In addition, absence of NSNS tadpoles implies that N_{min} ≥ 0. These facts are quite relevant for model building purposes. Indeed, the D3-brane RR tadpole condition gets modified when we consider non-trivial fluxes, and hence the first constraint in (4.1) becomes � a N_an^1_an^2_an^3_a + 1 2 N_{flux} = −16 , (6.6)

with the rest of the tadpole conditions remaining the same.

In addition, a G_3 flux will carry some non-trivial D3-brane tension T_{flux} . Such tension is not a topological quantity, but rather depends on the complex structure moduli and complex dilaton. From the D = 4 effective theory viewpoint, the excess of tension T_{flux} can be seen as a scalar potential V_{sc} for the above moduli, which can be derived from a Gukov-Vafa-Witten superpotential [1]. In the present context, the minimum of V_{sc} is reached whenever G_3 attains the ISD condition, that is, when it satisfies ∗_6G_3 = iG_3. Again, since the ISD condition is only satisfied for a particular set of values of the complex structure moduli and complex dilaton, most of these moduli get lifted by introducing the 3-form flux [2, 6].

In practice, whenever we construct a D-brane configuration preserving N = 1 supersymmetry by adding an ISD G_3 flux with vanishing RR tadpoles, the string vacuum is free of NSNS tadpoles and has vanishing D = 4 cosmological constant.^{18} This does not mean, however, that our compactification is N = 1 supersymmetric. Indeed, in order to preserve N = 1 supersymmetry G_3 not only needs to be ISD, but also must consist of only primitive (2,1)-forms [98]. If, on the contrary, G_3 contains a non-trivial (0,3) component, then supersymmetry will be broken by means of a non-vanishing F-term for the overall Kähler modulus. In this case, the D = 4 gravitino will acquire a mass proportional to the flux density [6], and soft terms will be induced on the D-brane sector of the theory [15, 11].

18At least at the supergravity level.

– 37 –

Given this general scenario, let us now consider the particular D-brane model of table 10. Given the quantization conditions and that G_3 is ISD, we can write N_{flux} = n · 16, n ∈ N. The D3-brane RR tadpole condition (6.6) then reads

N_f + n = 2 , (6.7)

which has several solutions. For instance, choosing N_f = 2, n = 0 corresponds to a model without 3-form fluxes, which is T-dual to the type-IIA D6-brane model of table 8. Alternatively, N_f = n = 1 corresponds to a vacuum where some D3-branes are present and a non-trivial G_3 flux is turned on. Finally, N_f = 0, n = 2 corresponds to a solution where all D3-branes have been replaced by the G_3 flux.

Let us focus on this last possibility. Notice that one possible flux satisfying the ISD condition is given by G_3 = 2i (dz_1dz_2dz_3 + dz_1dz_2dz_3) . (6.8) Such 3-form flux constrains the complex structure moduli τ_i, i = 1, 2, 3, of the i^{th} T^2 factor and the complex dilaton τ to satisfy τ_1τ_2 = τ_3τ = −1, fixing half of these complex moduli. Moreover, its non-vanishing components are exclusively (2,1)-forms, so that this flux preserves the N = 1 supersymmetry of the orientifold background. Hence, we have succeeded in constructing an N = 1 chiral string theory vacuum with two different sources of moduli stabilization. On the one hand, most positions/Wilson lines of the D-brane sector are projected out by the orientifold action, receiving a string scale mass. On the other hand, half of the complex structure/dilaton moduli get lifted by means of the flux-induced scalar potential, receiving a mass of the order

M_{flux} ≃ α^′ � Vol(M_6) ≃ M^2_s M_{pl}

. (6.9)

Finally, we also expect the G_3 flux to induce a mass of the same order to the fields which correspond to the position moduli of the D7-branes b and c [15, 11].

Another possibility is introducing the flux

G_3 = dz_1dz_2dz_3 + dz_1dz_2dz_3 + dz_1dz_2dz_3 + dz_1dz_2dz_3 . (6.10)

which, having a non-vanishing (0,3) component, breaks supersymmetry down to N = 0. Following the computations of [38], it is easy to see that the scalar potential generated by (6.10) vanishes if and only if the complex moduli τ_i and τ are constrained to be pure imaginary and to satisfy Im τ_1 Im τ_2 Im τ_3 = Im τ. This background flux not only stabilizes complex structure and D7-brane position moduli, but it also gives a mass to the gravitino and, moreover, to the scalar components of the N = 1 chiral multiplets in table 9. Thus, in principle, this framework allows to lift open string moduli associated to both non-chiral and chiral matter in the low energy theory. Of course, the absence of the latter is linked to the pattern of SUSY-breaking soft-terms which appear in the low energy effective theory, and it would be interesting to study the phenomenological consequences of such soft terms in the present model.^{19}

19This kind of analysis have been performed in [99, 100, 101, 102], for the particular case of the MSSM-like local model constructed in [103].

– 38 –

In principle, one could also think that this N = 0 flux lifts most Kähler moduli in the compactification in an indirect way. Indeed, similarly to [104, 102] one could argue that the open string chiral fields participate in a D-term potential where the twisted and untwisted Kähler moduli are also involved. Since the scalar components of such chiral multiplets acquire a mass by effect of the N = 0 flux, then the degeneracy of the D-term potential gets lifted, and the FI-terms of the theory are dynamically fixed to vanish. Now, since the FI-terms depend on the Kähler moduli of the compactification, and in particular on the deviation of conditions such as (6.2), the absence of FI-terms would translate into new constraints for the Kähler moduli, which are hence also lifted. One must bear in mind, however, that this kind of reasoning relies on partial effective field theory results, in which F and D-term potentials arise from apparent different sources. A more complete analysis would require the lift of this type-IIB compactifications to F-theory, along the lines of [105], where both potentials arise from the same 4-form background flux.

Finally, let us point out that, whenever N_f ≠ 2 the spectrum of table 9 presents chiral anomalies. In particular, mixed anomalies where the U(1) of U(2)_{a3} is involved. As explained in [106], such anomalies are cured by the a 3-form flux satisfying (6.7), for a Wess- Zumino term contributing to that anomaly is generated by G_3. Such kind of flux-induced Wess-Zumino terms were considered in [107] in order to solve the strong CP problem. It would be interesting to address further phenomenological consequences of this fact in the present context.

7. Conclusions

In this paper we have discussed the phenomenologically important issue of freezing openstring moduli in the framework of intersecting D-brane models, with particular emphasis on N = 1 chiral constructions. Although by now there exist many intersecting D-brane models whose chiral spectrum is remarkably close to the Standard Model, there are generically additional non-chiral states in their low energy spectrum which pose phenomenological challenges for these models.

Such unwanted non-chiral states can be seen as geometric open string moduli associated with the cycles that the D-branes wrap around. For instance, if we consider a stack of D6-branes whose world-volume contains a U(N) gauge symmetry, these moduli are massless chiral superfields in the adjoint representation, and correspond geometrically to the positions and Wilson lines of such D-branes. To get rid of these open string moduli, one must develop a framework to construct intersecting D-brane models where the associated D-branes are wrapped around rigid cycles. As illustrative examples of such D-brane models with rigid 3-cycles, we have constructed some supersymmetric intersecting D6-brane vacua on the Z_2 ×Z_2 orbifold with discrete torsion. We presented several explicit chiral supersymmetric D-brane models with frozen open string moduli. The simplest class of such models involves bulk branes splitted into fractional branes, and generically lead to multiple gauge factors such as U(N)^2 or U(N)^4. A more interesting class of chiral vacua contains fractional D-branes that are not arranged on the regular representation of Z_2 × Z_2. However, models with such D-branes are more difficult to construct because of a large number of RR tadpole

– 39 – constraints that need to be satisfied. We presented a strategy to systematically find such models. We also provided two N = 1 chiral examples, one of which contains the realistic features of the Pati-Salam model. Moreover, we have discussed some phenomenological features of these construction, such as asymptotic freedom and gaugino condensation. Finally, we described how the T-dual type-IIB version of the models constructed here can be embedded in the framework of flux compactification, where the 3-form background flux provides a source to stabilize closed string moduli complementary to the effects of rigid cycles in freezing open string moduli.

Although the models presented are not fully realistic, they provide some simple examples to illustrate how the general formalism developed here can be applied. For instance, we have limited our search to models with untilted tori and, as a result, only 4 generation models have been found. This should not be viewed as an obstruction to obtain realistic models in this context. On the contrary, just as in the Z_2 × Z_2 construction of [27, 28], once tilted tori are allowed, more realistic spectra can presumably be obtained. In this same spirit, it would also be interesting to perform a systematic search for realistic models based on rigid fractional branes, where the SM sector of such models can be embedded into Pati-Salam type models (as in the examples presented here) or GUT models with SU(5) gauge symmetries. Complementary to searching for more realistic vacua, one could also perform a statistical analysis of the set of solutions to the tadpole cancellation conditions, in the same spirit as in [108]. We hope to report on the results of these studies in the future.

Acknowledgments

We would like to thank Angel Uranga for collaboration at an early stage of this work and for useful discussions. RB, MC, and GS are grateful to the DAMTP at Cambridge for hospitality. RB also thanks PPARC for financial support during part of this project. The work of MC was supported in part by the DOE grant DOE-EY-76-02-3071, NSF grant INT02-03585, and Fay R. and Eugene L. Langberg endowed Chair. FM and GS were supported in part by NSF CAREER Award No. PHY-0348093, DOE grant DE-FG-02- 95ER40896, and a Research Innovation Award from Research Corporation. FM and GS also thank the Perimeter Institute for Theoretical Physics for hospitality while part of this work was done.

A. K-theory constraints

As pointed out in [81], cancellation of RR tadpoles in orientifold compactifications usually imposes stronger constraints than the absence of divergences in one-loop open string diagrams. From imposing the absence of these RR divergences, one usually recovers a set consistency constraints which can be encoded in the homology of the compact manifold, and which reduce, in the supergravity limit, to the consistency of the Bianchi identities/equations of motion of the D = 10 RR fields. In general, these supergravity constraints can be recasted as the cancellation of a total homological RR charge that D-branes and

– 40 –

O-planes carry, just as in (2.1). It turns out, however, that in orientifold compactifications D-branes may also carry torsion charges which are invisible to homology. These torsion charges are usually Z_2-valued and, although more difficult to characterize than the familiar homological charges, we also need to impose their cancellation in order to build a consistent string compactification.

In this appendix we derive these extra consistency constraints imposed by K-theory on the Z_2 × Z^′_2 orientifold considered in the main text. More precisely, we restrict to the case where the crosscap charges of the orientifold are chosen to be η_{ΩR} = −1 and η_{ΩRΘ} = η_{ΩRΘ} ′ = η_{ΩRΘΘ} ′ = 1, which is the case considered in section 4. By the same token, we restrict to a complex structures given by square T^2 factors, i.e., such that β^I = 0, ∀I.

As explained in [81], uncanceled non-homological K-theory charges usually do not show up as chiral anomalies in the low energy field theory, just as more familiar RR uncanceled charges would do. On the other hand, one can see their effect by introducing suitable D-brane probes in the theory, and looking at the chiral anomalies that may develop on the world-volume of such probes. A D-brane model free of uncanceled K-theory charges would not develop a chiral anomaly on any possible D-brane probe that we may introduce. In particular, one can think of introducing D-brane probes such that they yield a USp(2) ≃ SU(2) gauge group in their world-volume theory. Although free of cubic anomalies, an SU(2) gauge group suffers from a global gauge anomaly if there is an odd number of D = 4 chiral fermions transforming in the fundamental representation [109].

We then need to require the absence of SU(2) global anomalies for any D6-brane probe that we may introduce in the Z_2 × Z^′_2 background specified above. As discussed in the main text, there are exactly 4 × 64 fractional D-branes which may develop such a gauge group, namely those with bulk wrapping numbers (1, 0)(1, 0)(1, 0) and arbitrary ϵ^g’s. Thus, we would expect 256 different ways of generating SU(2) global anomalies and hence up to 256 extra consistency conditions. In fact, requiring the absence of such global anomalies translates into conditions of the form � a 1 4 N_a � m^1_am^2_am^3_a + Q^a_1m^1_a + Q^a_2m^2_a + Q^a_3m^3_a � ∈ 2Z � a 1 4 N_a � m^1_am^2_am^3_a + Q^a_1m^1_a − Q^a_2m^2_a − Q^a_3m^3_a � ∈ 2Z � a 1 4 N_a � m^1_am^2_am^3_a − Q^a_1m^1_a + Q^a_2m^2_a − Q^a_3m^3_a � ∈ 2Z � a 1 4 N_a � m^1_am^2_am^3_a − Q^a_1m^1_a − Q^a_2m^2_a + Q^a_3m^3_a � ∈ 2Z (A.1)

where the m_a’s stand for the bulk wrapping numbers of the D-brane stack a. On the other hand, Q^a_i are integer numbers that depend on the specific 3-cycle Π_a that the D-brane is wrapping. More precisely,

Q^a_i = � � � � � 1 if m^j_am^k_a ≡ 1 mod 2 2 and 0 if m^j_am^k_a ≡ 0 mod 2 and m^j_a + m^k_a ≡ 1 mod 2 4 and 0 if m^j_am^k_a ≡ 0 mod 2 and m^j_a + m^k_a = 0 mod 2 .

(A.2)

– 41 –

Where, in the case that m^j_am^k_a ∈ 2Z, the choice of Q^a_i ’s depends on the particular K-theory charge that we are considering and, in general, we need to consider all possible combinations to scan all K-theory charges.

From this, we see that the ‘K-theoretical’ RR tadpole cancellation can be quite constraining in these models. In particular, any D-brane which gives a non-trivial (odd) contribution to the sums (A.1), for some choice of the Q’s, will posses a non-homological K-theory charge. One can check that any fractional D6-brane will have non-trivial K-theory charges unless their wrapping numbers are of the form

(odd, even) ⊗ (odd, even) ⊗ (odd, even) , (A.3)

On the other hand, in order to avoid non-vanishing Z_2 charges we can consider stacks with an even number of D6-branes. That is, N_a ∈ 2N.

Finally, if we consider bulk D6-branes in our model then the integers Q^a_i above must be taken to be 0. A model with only bulk D-branes will have as extra K-theory constraints � a N_am^1_am^2_am^3_a ∈ 8Z (A.4)

where, as before, N_a is counting fractional D-branes, so it will always come in multiples of four in the case of bulk D-branes. From (A.4) we then recover the conditions deduced in [38].

References

[1] S. Gukov, C. Vafa and E. Witten, CFT’s from Calabi-Yau four-folds, Nucl. Phys. B 584 (2000) 69 [hep-th/9906070].

[2] K. Dasgupta, G. Rajesh and S. Sethi, M-theory, orientifolds and G-flux, JHEP 08 (1999) 023 [hep-th/9908088].

[3] T.R. Taylor and C. Vafa, RR flux on Calabi-Yau and partial supersymmetry breaking, Phys.

Lett. B 474 (2000) 130 [hep-th/9912152].

[4] B.R. Greene, K. Schalm and G. Shiu, Warped compactifications in M and F theory, Nucl.

Phys. B 584 (2000) 480 [hep-th/0004103].

[5] G. Curio, A. Klemm, D. Lüst and S. Theisen, On the vacuum structure of type-II string compactifications on Calabi-Yau spaces with H-fluxes, Nucl. Phys. B 609 (2001) 3 [hep-th/0012213].

[6] S.B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluxes in string compactifications, Phys. Rev. D 66 (2002) 106006 [hep-th/0105097].

[7] K. Becker and M. Becker, Supersymmetry breaking, M-theory and fluxes, JHEP 07 (2001) 038 [hep-th/0107044].

[8] S. Kachru, M.B. Schulz and S. Trivedi, Moduli stabilization from fluxes in a simple IIB orientifold, JHEP 10 (2003) 007 [hep-th/0201028].

[9] L. Görlich, S. Kachru, P.K. Tripathy and S.P. Trivedi, Gaugino condensation and nonperturbative superpotentials in flux compactifications, hep-th/0407130.

– 42 –

[10] J.F.G. Cascales and A.M. Uranga, Branes on generalized calibrated submanifolds, JHEP 11 (2004) 083 [hep-th/0407132].

[11] P.G. Camara, L.E. Ibáñez and A.M. Uranga, Flux-induced SUSY-breaking soft terms on D7-D3 brane systems, Nucl. Phys. B 708 (2005) 268 [hep-th/0408036].

[12] M. Grana, MSSM parameters from supergravity backgrounds, Phys. Rev. D 67 (2003) 066006 [hep-th/0209200].

[13] P.G. Camara, L.E. Ibáñez and A.M. Uranga, Flux-induced SUSY-breaking soft terms, Nucl.

Phys. B 689 (2004) 195 [hep-th/0311241].

[14] M. Grana, T.W. Grimm, H. Jockers and J. Louis, Soft supersymmetry breaking in Calabi-Yau orientifolds with D-branes and fluxes, Nucl. Phys. B 690 (2004) 21 [hep-th/0312232].

[15] D. Lüst, S. Reffert and S. Stieberger, Flux-induced soft supersymmetry breaking in chiral type-IIB orientifolds with D3/D7-branes, Nucl. Phys. B 706 (2005) 3 [hep-th/0406092].

[16] G. Shiu, Tachyon dynamics and brane cosmology, hep-th/0210313. [17] T.W.B. Kibble, Cosmic strings reborn?, astro-ph/0410073. [18] J. Polchinski, Introduction to cosmic F- and D-strings, hep-th/0412244. [19] G.R. Dvali and S.H.H. Tye, Brane inflation, Phys. Lett. B 450 (1999) 72 [hep-ph/9812483]. [20] S. Kachru et al., Towards inflation in string theory, JCAP 10 (2003) 013 [hep-th/0308055]. [21] R. Blumenhagen, L. Görlich, B. Körs and D. Lüst, Noncommutative compactifications of type-I strings on tori with magnetic background flux, JHEP 10 (2000) 006 [hep-th/0007024].

[22] G. Aldazabal, S. Franco, L.E. Ibáñez, R. Rabadán and A.M. Uranga, Intersecting brane worlds, JHEP 02 (2001) 047 [hep-ph/0011132].

[23] G. Aldazabal, S. Franco, L.E. Ibáñez, R. Rabadán and A.M. Uranga, D = 4 chiral string compactifications from intersecting branes, J. Math. Phys. 42 (2001) 3103 [hep-th/0011073].

[24] R. Blumenhagen, B. Körs and D. Lüst, Type-I strings with F- and B-flux, JHEP 02 (2001) 030 [hep-th/0012156].

[25] L.E. Ibáñez, F. Marchesano and R. Rabadán, Getting just the standard model at intersecting branes, JHEP 11 (2001) 002 [hep-th/0105155].

[26] R. Blumenhagen, B. Körs, D. Lüst and T. Ott, The standard model from stable intersecting brane world orbifolds, Nucl. Phys. B 616 (2001) 3 [hep-th/0107138].

[27] M. Cvetič, G. Shiu and A.M. Uranga, Three-family supersymmetric standard like models from intersecting brane worlds, Phys. Rev. Lett. 87 (2001) 201801 [hep-th/0107143].

[28] M. Cvetič, G. Shiu and A.M. Uranga, Chiral four-dimensional N = 1 supersymmetric type-IIA orientifolds from intersecting D6-branes, Nucl. Phys. B 615 (2001) 3 [hep-th/0107166].

[29] R. Blumenhagen, L. Görlich and T. Ott, Supersymmetric intersecting branes on the type-IIA T^6/Z_4 orientifold, JHEP 01 (2003) 021 [hep-th/0211059].

[30] G. Honecker, Chiral supersymmetric models on an orientifold of Z_4 × Z_2 with intersecting d6-branes, Nucl. Phys. B 666 (2003) 175 [hep-th/0303015].

– 43 –

[31] M. Larosa and G. Pradisi, Magnetized four-dimensional Z(2) × Z(2) orientifolds, Nucl. Phys.

B 667 (2003) 261 [hep-th/0305224].

[32] G. Honecker and T. Ott, Getting just the supersymmetric standard model at intersecting branes on the Z_6-orientifold, Phys. Rev. D 70 (2004) 126010 [hep-th/0404055].

[33] A.M. Uranga, Chiral four-dimensional string compactifications with intersecting D-branes, Class. Quant. Grav. 20 (2003) S373–S394 [hep-th/0301032].

[34] D. Lüst, Intersecting brane worlds: a path to the standard model?, Class. Quant. Grav. 21 (2004) S1399–1424 [hep-th/0401156].

[35] R. Blumenhagen, Recent progress in intersecting D-brane models, hep-th/0412025. [36] R. Blumenhagen, M. Cvetič, P. Langacker and G. Shiu, Toward realistic intersecting D-brane models, hep-th/0502005.

[37] F. Marchesano and G. Shiu, MSSM vacua from flux compactifications, Phys. Rev. D 71 (2005) 011701 [hep-th/0408059].

[38] F. Marchesano and G. Shiu, Building MSSM flux vacua, JHEP 11 (2004) 041 [hep-th/0409132].

[39] R. Blumenhagen, D. Lüst and T.R. Taylor, Moduli stabilization in chiral type-IIB orientifold models with fluxes, Nucl. Phys. B 663 (2003) 319 [hep-th/0303016].

[40] J.F.G. Cascales and A.M. Uranga, Chiral 4d N = 1 string vacua with D-branes and NS-NS and RR fluxes, JHEP 05 (2003) 011 [hep-th/0303024].

[41] M. Cvetič and T. Liu, Supersymmetric standard models, flux compactification and moduli stabilization, Phys. Lett. B 610 (2005) 122 [hep-th/0409032].

[42] M. Cvetič, T. Li and T. Liu, Standard-like models as type-IIB flux vacua, hep-th/0501041. [43] S. Kachru, R. Kallosh, A. Linde and S.P. Trivedi, de Sitter vacua in string theory, Phys. Rev.

D 68 (2003) 046005 [hep-th/0301240].

[44] N. Arkani-Hamed and S. Dimopoulos, Supersymmetric unification without low energy supersymmetry and signatures for fine-tuning at the LHC, hep-th/0405159.

[45] C. Angelantonj, M. Bianchi, G. Pradisi, A. Sagnotti and Y.S. Stanev, Comments on gepner models and type-I vacua in string theory, Phys. Lett. B 387 (1996) 743 [hep-th/9607229].

[46] R. Blumenhagen and A. Wisskirchen, Spectra of 4D, N = 1 type-I string vacua on non-toroidal CY threefolds, Phys. Lett. B 438 (1998) 52 [hep-th/9806131].

[47] G. Aldazabal, E.C. Andres, M. Leston and C. Núñez, Type-IIB orientifolds on gepner points, JHEP 09 (2003) 067 [hep-th/0307183].

[48] R. Blumenhagen, Supersymmetric orientifolds of Gepner models, JHEP 11 (2003) 055 [hep-th/0310244].

[49] I. Brunner, K. Hori, K. Hosomichi and J. Walcher, Orientifolds of Gepner models,

hep-th/0401137.

[50] R. Blumenhagen and T. Weigand, Chiral supersymmetric Gepner model orientifolds, JHEP 02 (2004) 041 [hep-th/0401148].

[51] T.P.T. Dijkstra, L.R. Huiszoon and A.N. Schellekens, Chiral supersymmetric standard model spectra from orientifolds of Gepner models, Phys. Lett. B 609 (2005) 408 [hep-th/0403196].

– 44 –

[52] G. Aldazabal, E.C. Andres and J.E. Juknevich, Particle models from orientifolds at Gepner-orbifold points, JHEP 05 (2004) 054 [hep-th/0403262].

[53] R. Blumenhagen and T. Weigand, A note on partition functions of Gepner model orientifolds, Phys. Lett. B 591 (2004) 161 [hep-th/0403299].

[54] T.P.T. Dijkstra, L.R. Huiszoon and A.N. Schellekens, Supersymmetric standard model spectra from rCFT orientifolds, Nucl. Phys. B 710 (2005) 3 [hep-th/0411129].

[55] C. Angelantonj, I. Antoniadis, G. D’Appollonio, E. Dudas and A. Sagnotti, Type-I vacua with brane supersymmetry breaking, Nucl. Phys. B 572 (2000) 36 [hep-th/9911081].

[56] E. Dudas and C. Timirgaziu, Internal magnetic fields and supersymmetry in orientifolds,

hep-th/0502085.

[57] R.C. McLean, Deformations of calibrated submanifolds, Comm. Anal. Geom. 6 (1998) 705–747, no. 4.

[58] S. Kachru, S. Katz, A.E. Lawrence and J. McGreevy, Open string instantons and superpotentials, Phys. Rev. D 62 (2000) 026001 [hep-th/9912151].

[59] S. Kachru, S. Katz, A.E. Lawrence and J. McGreevy, Mirror symmetry for open strings, Phys. Rev. D 62 (2000) 126005 [hep-th/0006047].

[60] M. Aganagic and C. Vafa, Mirror symmetry, D-branes and counting holomorphic discs,

hep-th/0012041.

[61] M. Aganagic, A. Klemm and C. Vafa, Disk instantons, mirror symmetry and the duality web, Z. Naturforsch. A57 (2002) 1–28 [hep-th/0105045].

[62] B. Acharya, M. Aganagic, K. Hori and C. Vafa, Orientifolds, mirror symmetry and superpotentials, hep-th/0202208.

[63] A.M. Uranga, Local models for intersecting brane worlds, JHEP 12 (2002) 058 [hep-th/0208014].

[64] R. Blumenhagen, V. Braun, B. Körs and D. Lüst, Orientifolds of K3 and Calabi-Yau manifolds with intersecting D-branes, JHEP 07 (2002) 026 [hep-th/0206038].

[65] M. Cvetič, I. Papadimitriou and G. Shiu, Supersymmetric three family SU(5) grand unified models from type-IIA orientifolds with intersecting D6-branes, Nucl. Phys. B 659 (2003) 193 [hep-th/0212177].

[66] M. Cvetič and I. Papadimitriou, More supersymmetric standard-like models from intersecting D6-branes on type-IIA orientifolds, Phys. Rev. D 67 (2003) 126006 [hep-th/0303197].

[67] M. Cvetič, T. Li and T. Liu, Supersymmetric Pati-Salam models from intersecting D6-branes:

a road to the standard model, Nucl. Phys. B 698 (2004) 163 [hep-th/0403061].

[68] R. Blumenhagen, L. Görlich and B. Körs, Supersymmetric 4D orientifolds of type-IIA with D6-branes at angles, JHEP 01 (2000) 040 [hep-th/9912204].

[69] S. Förste, G. Honecker and R. Schreyer, Supersymmetric Z_N × Z_M orientifolds in 4D with D-branes at angles, Nucl. Phys. B 593 (2001) 127 [hep-th/0008250].

[70] I. Antoniadis, G. D’Appollonio, E. Dudas and A. Sagnotti, Open descendants of Z_2 × Z_2 freely-acting orbifolds, Nucl. Phys. B 565 (2000) 123 [hep-th/9907184].

– 45 –

[71] R. Blumenhagen, J.P. Conlon and K. Suruliz, Type-IIA orientifolds on general supersymmetric Z_N orbifolds, JHEP 07 (2004) 022 [hep-th/0404254].

[72] M.R. Douglas, D-branes and discrete torsion, hep-th/9807235.

[73] M. Cvetič, P. Langacker, T.-j. Li and T. Liu, D6-brane splitting on type-IIA orientifolds, Nucl. Phys. B 709 (2005) 241 [hep-th/0407178].

[74] I. Antoniadis, G. D’Appollonio, E. Dudas and A. Sagnotti, Open descendants of Z_2 × Z_2 freely-acting orbifolds, Nucl. Phys. B 565 (2000) 123 [hep-th/9907184].

[75] G. Pradisi, Magnetized (shift-)orientifolds, hep-th/0210088.

[76] M. Larosa and G. Pradisi, Magnetized four-dimensional Z_2 × Z_2 orientifolds, Nucl. Phys. B 667 (2003) 261 [hep-th/0305224].

[77] G. Pradisi, Magnetic fluxes, NS-NS B field and shifts in four-dimensional orientifolds,

hep-th/0310154.

[78] C. Vafa, Modular invariance and discrete torsion on orbifolds, Nucl. Phys. B 273 (1986) 592. [79] A. Sen, Stable non-BPS bound states of BPS D-branes, JHEP 08 (1998) 010 [hep-th/9805019].

[80] E. Witten, D-branes and K-theory, JHEP 12 (1998) 019 [hep-th/9810188]. [81] A.M. Uranga, D-brane probes, RR tadpole cancellation and K-theory charge, Nucl. Phys. B 598 (2001) 225 [hep-th/0011048].

[82] M. Berkooz, M.R. Douglas and R.G. Leigh, Branes intersecting at angles, Nucl. Phys. B 480 (1996) 265 [hep-th/9606139].

[83] F.G. Marchesano Buznego, Intersecting D-brane models, hep-th/0307252. [84] M. Berkooz and R.G. Leigh, A D = 4 N = 1 orbifold of type-I strings, Nucl. Phys. B 483 (1997) 187 [hep-th/9605049].

[85] C. Angelantonj, M. Bianchi, G. Pradisi, A. Sagnotti and Y.S. Stanev, Chiral asymmetry in four-dimensional open-string vacua, Phys. Lett. B 385 (1996) 96 [hep-th/9606169].

[86] Z. Kakushadze and G. Shiu, A chiral N = 1 type-I vacuum in four dimensions and its heterotic dual, Phys. Rev. D 56 (1997) 3686 [hep-th/9705163].

[87] Z. Kakushadze and G. Shiu, 4d chiral N = 1 type-I vacua with and without D5-branes, Nucl.

Phys. B 520 (1998) 75 [hep-th/9706051].

[88] G. Aldazabal, A. Font, L.E. Ibáñez and G. Violero, D = 4, N = 1, type-IIB orientifolds, Nucl. Phys. B 536 (1998) 29 [hep-th/9804026].

[89] G. Aldazabal, L.E. Ibáñez, F. Quevedo and A.M. Uranga, D-branes at singularities: a bottom-up approach to the string embedding of the standard model, JHEP 08 (2000) 002 [hep-th/0005067].

[90] R. Blumenhagen, D. Lüst and S. Stieberger, Gauge unification in supersymmetric intersecting brane worlds, JHEP 07 (2003) 036 [hep-th/0305146].

[91] M. Cvetič, P. Langacker and J. Wang, Dynamical supersymmetry breaking in standard-like models with intersecting D6-branes, Phys. Rev. D 68 (2003) 046002 [hep-th/0303208].

[92] C. Bachas, A way to break supersymmetry, hep-th/9503030.

– 46 –

[93] C. Angelantonj, I. Antoniadis, E. Dudas and A. Sagnotti, Type-I strings on magnetised orbifolds and brane transmutation, Phys. Lett. B 489 (2000) 223 [hep-th/0007090].

[94] R. Rabadán, Branes at angles, torons, stability and supersymmetry, Nucl. Phys. B 620 (2002) 152 [hep-th/0107036].

[95] D. Cremades, L.E. Ibáñez and F. Marchesano, Computing Yukawa couplings from magnetized extra dimensions, JHEP 05 (2004) 079 [hep-th/0404229].

[96] S. Kachru and J. McGreevy, Supersymmetric three-cycles and (super)symmetry breaking, Phys. Rev. D 61 (2000) 026001 [hep-th/9908135].

[97] D. Cremades, L.E. Ibáñez and F. Marchesano, SUSY quivers, intersecting branes and the modest hierarchy problem, JHEP 07 (2002) 009 [hep-th/0201205].

[98] M. Grana and J. Polchinski, Supersymmetric three-form flux perturbations on AdS_5, Phys.

Rev. D 63 (2001) 026001 [hep-th/0009211].

[99] L.E. Ibáñez, The fluxed MSSM, Phys. Rev. D 71 (2005) 055005 [hep-ph/0408064]. [100] D. Lüst, S. Reffert and S. Stieberger, MSSM with soft SUSY breaking terms from D7-branes with fluxes, hep-th/0410074.

[101] G.L. Kane, P. Kumar, J.D. Lykken and T.T. Wang, Some phenomenology of intersecting D-brane models, hep-ph/0411125.

[102] A. Font and L.E. Ibáñez, SUSY-breaking soft terms in a MSSM magnetized D7-brane model,

hep-th/0412150.

[103] D. Cremades, L.E. Ibáñez and F. Marchesano, Yukawa couplings in intersecting D-brane models, JHEP 07 (2003) 038 [hep-th/0302105].

[104] J.F.G. Cascales, M.P. Garcia del Moral, F. Quevedo and A.M. Uranga, Realistic D-brane models on warped throats: fluxes, hierarchies and moduli stabilization, JHEP 02 (2004) 031 [hep-th/0312051].

[105] D. Lüst, P. Mayr, S. Reffert and S. Stieberger, F-theory flux, destabilization of orientifolds and soft terms on D7-branes, hep-th/0501139.

[106] A.M. Uranga, D-brane, fluxes and chirality, JHEP 04 (2002) 016 [hep-th/0201221]. [107] G. Aldazabal, L.E. Ibáñez and A.M. Uranga, Gauging away the strong CP problem, JHEP 03 (2004) 065 [hep-ph/0205250].

[108] R. Blumenhagen, F. Gmeiner, G. Honecker, D. Lüst and T. Weigand, The statistics of supersymmetric D-brane models, hep-th/0411173.

[109] E. Witten, An SU(2) anomaly, Phys. Lett. B 117 (1982) 324.

– 47 –