Published by Institute of Physics Publishing for SISSA/ISAS Received: October 5, 2004 Accepted: November 15, 2004

Building MSSM flux vacua

Fernando Marchesano and Gary Shiu

Department of Physics, 1150 University Avenue, University of Wisconsin Madison, WI 53706, U.S.A.

E-mail: marchesa@physics.wisc.edu, shiu@physics.wisc.edu

Abstract: We construct N = 1 and N = 0 chiral four-dimensional vacua of flux compactification in type-IIB string theory. These vacua have the common features that they are free of tadpole instabilities (both NSNS and RR) even for models with N = 0 supersymmetry. In addition, the dilaton/complex structure moduli are stabilised and the supergravity background metric is warped. We present an example in which the low energy spectrum contains the MSSM spectrum with three generations of chiral matter. In the N = 0 models, the background fluxes which stabilise the moduli also induce soft supersymmetry breaking terms in the gauge and chiral sectors of the theory, while satisfying the equation of motion. We also discuss some phenomenological features of these three generation MSSM flux vacua. Our techniques apply to other closed string backgrounds as well and, in fact, also allow to find new N = 1 D-brane models which were believed not to exist. Finally, we discuss in detail the consistency conditions of these flux compactifications. Cancellation of K-theory charges puts additional constraints on the consistency of the models, which render some chiral D-brane models in the literature inconsistent.

Keywords: D-branes, Superstring Vacua, Supersymmetric Standard Model, Compactification and String Models.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep112004041 /jhep112004041 .pdf

Contents

1. Introduction 1

2. Magnetised D-branes and fluxes 3 2.1 A Z_2 × Z_2 orientifold 4 2.2 With fluxes 4 2.3 And magnetised D-branes 7 2.4 Yielding N = 1 and N = 0 chiral compactifications 11

3. A local MSSM-like model 12 3.1 From left-right to MSSM 14

4. Examples 17 4.1 Adding fluxes and extra D-branes 17 4.2 To achieve N = 1 and N = 0 chiral flux vacua 18 4.3 Where chiral exotics can be Higgsed away 21

5. Extension to other Z_2 × Z_2 orientifolds 23

6. Conclusions and outlook 26

A. Moduli space of N = 0 flux models 28

1. Introduction

Flux compactification [1]–[5] has proven to be a fruitful arena for addressing simultaneously several phenomenological issues surrounding string theory. Among the challenges in string phenomenology, moduli stabilization and supersymmetry breaking are perhaps the two most pressing ones. Standard string compactifications lead to vacua with many moduli which typically remain massless before supersymmetry is broken. An outstanding question is therefore how these moduli are lifted. Recently, there have been some attempts to stabilise moduli in string theory by considering type-IIB compactifications in the presence of non-trivial RR and NSNS 3-form fluxes [3, 5, 6]. Interestingly, depending on how the gauge and chiral sectors are embedded, these background fluxes can also induce computable soft supersymmetry breaking terms [7, 8, 9]. Furthermore, compactification with fluxes provides a natural setting for warped solutions to the hierarchy problem [10, 5], along the lines of the proposal of [11]. In addition, flux compactifications have also shown to play a crucial role in the constructions of metastable de Sitter vacua [12] and inflationary models [13, 14] from string theory.

It is intriguing that all these phenomenologically appealing features are realised in a single framework. While this is an interesting scenario, it is important to work out

– 1 – some explicit models in which the full gauge and matter content of the Standard Model is embedded in a fully-fledged flux compactification. With the explicit models at hand, we can then examine more quantitatively the implications of this scenario to particle phenomenology and cosmology. However, much of the discussions on flux vacua so far have focused on relatively simple models which are naturally non-chiral. The main goal of the current work is to fill in this gap and construct N = 1 (as well as N = 0 tadpole-free) supersymmetric global models of flux compactifications which admit chiral fermions. This is not as a simple task as it may seem. In fact, previous attempts seem to suggest that there is some incompatibility between chirality and tadpole cancellations (both NSNS and RR) in flux compactifications [15, 16]. However, as we shall see, not only can we obtain chiral models in flux compactifications that are free of NSNS and RR tadpoles, but some of them are remarkably close to the Minimal Supersymmetric Standard Model (MSSM) [17]. Moreover, in these models the non-trivial background fluxes also provide a novel way of breaking supersymmetry in a controlled manner.

This work also has some bearing on the idea of a string landscape [18, 19], often discussed in the context of flux vacua [19, 20]. An implicit assumption in these statistical analysis of the string landscape is that there exist flux vacua whose low energy spectrum contains realistic features of the Standard Model. Our results provide a proof of concept that such vacua could exist.

Recently, in [17], we constructed the first D = 4 Minkowski vacua of flux compactification in string theory which are (i) chiral, (ii) free of NSNS and RR tadpoles, and (iii) N = 1 or N = 0 supersymmetric. Moreover, we also presented in [17] the first global model of flux compactifications whose low energy spectrum contains the MSSM with three families of chiral matter. The purpose of this paper is to elaborate our results in [17], discuss the consistency conditions for such constructions, and describe some phenomenological features of these models.

A necessary condition for the consistency of these flux vacua is the cancellation of RR tadpoles, as obtained from the familiar procedure of factorising one-loop amplitudes. However, as pointed out in [21], this is not sufficient to ensure that the models are consistent because D-brane charges are classified by K-theory groups, rather than homology groups [22]. To be precise, in addition to the homological RR charges, D-branes can also carry K-theory charges that are invisible to homology. The inconsistency arising in models with uncanceled K-theory charges is in fact more severe than that of models with uncanceled NSNS tadpoles because there is no analogue of the Fishler-Susskind mechanism for the former. In this paper, we derive the K-theory constraints on these models. These Ktheory constraints have been widely unnoticed in the model building literature because for simple models they are automatically satisfied. Nonetheless, these additional constraints are stringent enough to render the recently constructed Pati-Salam-like vacua in [23, 24] inconsistent, as reflected in SU(2) anomalies in these models. We hasten to stress that our models presented in [17] satisfy these K-theory constraints and hence are genuinely consistent flux vacua.

As explained above, the main purpose of this paper is to address the construction of chiral semi-realistic flux compactifications, so let us comment on previous work in this direc-

– 2 – tion. The first steps towards building chiral flux vacua were given in [15, 16], where explicit type-IIB orientifold constructions involving magnetised D-branes were studied in detail. However, when considering actual examples, some obstructions to construct N = 1 models were found. Part of the task of the present paper is to explain how these difficulties can be overcomed. Nevertheless, in [16] the first example of an N = 0 chiral flux compactification free of RR and NSNS tadpoles was found. This model was based on type-IIB D3-branes at singularities and, although very interesting by itself, did not allow for the presence of fluxinduced soft terms in the gauge sector of the theory. A more systematic approach to the embedding of the Standard Model in the flux scenario was undertaken in [25], where special emphasis was made on the effects of warped throats and the Randall-Sundrum hierarchy that can be achieved by such embedding. These chiral constructions were again based on local models of D3-branes at singularities, following the bottom-up philosophy of [26]. Our approach is in some sense complementary to the one in [25], since it is based on an alternative way of obtaining chirality in type-IIB string theory. Namely, we focus on magnetised Dbrane models, much in the spirit of [15, 16]. As we show, this approach allows us to achieve fully-fledged D = 4, N = 1 chiral flux compactifications, of which we give explicit global examples. In addition, it allows for NSNS tadpole-free N = 0 chiral models, which show a more general pattern of flux-induced soft terms than that in realistic models obtained from D3-branes at singularities. Finally, there have been some attempts in building chiral compactifications with fluxes in the framework of (massive) type-IIA theory [27], leading to N = 1 compactifications with AdS_4 minima. However, at this stage these constructions are far from realistic, both from the particle physics and the cosmological point of view.^1 The paper is organised as follows. In section 2, we describe the general strategy used to construct string theory vacua containing a chiral D-brane sector in the presence of nontrivial RR and NSNS fluxes, and discuss the consistency conditions of such constructions. Our setup will be type-IIB string theory compactified on a Z_2×Z_2 orientifold, containing O3 and O7-planes and magnetised D-branes [15, 16]. There are two choices of Z_2×Z_2 orbifolds: with or without discrete torsion. We first focus on the case with discrete torsion, which in the absence of fluxes, is T-dual to the closed string background considered in [39, 40]. In section 3, we describe a local MSSM model in the magnetised D-brane setup which is T-dual to the local construction in [28]. We also discuss some phenomenological features of this construction. In section 4, we embed this local MSSM-like model in a global flux compactification, obtaining N = 1 and N = 0 chiral tadpole-free models. In section 5, we turn to the case without discrete torsion, and construct the first supersymmetric D-brane models of this closed string background, which were believed not to exist [29]. We also show that this background admits N = 1 flux vacua. We end with some final comments in section 6. We relegate the details on the computation of the moduli space of N = 0 flux vacua to appendix A.

2. Magnetised D-branes and fluxes

In this section we review the basic results needed for building our MSSM-like flux compactifications. In particular, we describe configurations of type-IIB magnetised D-branes

1We thank Bobby Acharya and Frederik Denef for discussion on this point.

– 3 – in toroidal Z_2 ×Z_2 orientifold backgrounds, with and without the presence of 3-form fluxes. The results that we present here have been derived in [15, 16], to where we refer the reader for more detailed discussions. In particular, both choices of a Z_2 × Z_2 orbifold action with or without discrete torsion were discussed in [15]. In the following we will focus on constructions which involve a T^6/(Z_2 × Z_2) orbifold background with discrete torsion.^2 This case has been thoroughly studied in [16], whose notations and conventions we will follow. Our techniques can, nevertheless, be easily modified to the case without discrete torsion, as we show in section 5.

2.1 A Z_2 × Z_2 orientifold Let us first consider type-IIB string theory in a closed string background given by a T^6/(Z_2 × Z_2) orbifold. Here T^6 = T^2 × T^2 × T^2 and the Z_2 × Z_2 generators act as

θ : (z_1, z_2, z_3) → (−z_1, −z_2, z_3) ω : (z_1, z_2, z_3) → (z_1, −z_2, −z_3) (2.1)

where z_i is the complex coordinate parametrising the i^{th} T^2.

Upon compactification, the massless content of the theory is given by a D = 4, N = 2 supergravity multiplet, the dilaton hypermultiplet, h_{11} hypermultiplets and h_{21} vector multiplets. The Hodge numbers (h_{11}, h_{21}) of such background can be read as follows. On the one hand, the action (2.1) projects out several components of the metric of a general T^6 geometry and, as a result, we are left with fewer Kähler and complex structure parameters. These are encoded in the contribution of the untwisted modes of the theory to the Hodge numbers, as (h_{11}, h_{21})_{unt} = (3, 3). On the other hand, each of the three elements θ, ω and θω has a fixed-point set given by 16 T^2’s, and the corresponding twisted sectors do also contribute to the Hodge numbers of the orbifold. For a particular choice of discrete torsion, this contribution is given by (h_{11}, h_{21})_{tw} = (0, 3 × 16). The contributions from both the untwisted and twisted sectors hence add up to (h_{11}, h_{21}) = (3, 51).

As shown in [5], in order to achieve N = 1 flux compactifications, it proves important to consider a type-IIB background involving orientifold planes. These can be easily included in the above orbifold geometry by performing an additional modding by ΩR, where Ω is the usual world-sheet parity and R : z_i → −z_i. This introduces 64 O3-planes, each one on a fixed point of R, and 4 O7_i-planes located at the Z_2 fixed points of the the i^{th} T^2, i = 1, 2, 3, and wrapping the other two-tori. This orientifold modding projects the above N = 2 spectrum to an N = 1 gravity multiplet, the dilaton chiral multiplet, and 6 untwisted + 48 twisted geometrical chiral multiplets.

2.2 With fluxes The above orientifold geometry can be generalised to a more involved type-IIB closed string background. Indeed, to the above compactification we could think of adding a discrete

2The nomenclature regarding orbifolds with/without discrete torsion in the literature is somewhat confusing. In our conventions, a T^6/(Z2 × Z2) orbifold background with discrete torsion possesses the Hodge numbers (h11, h21) = (3, 51), whereas the cohomology of the one without discrete torsion is given by (h11 , h21) = (51, 3).

– 4 – internal B-field [30] or NSNS and RR field strength fluxes. In this paper we will be mainly interested in the second possibility. Indeed, type-IIB compactifications on Calabi-Yau threefolds M_6 with non-trivial 3-from field strength backgrounds have been extensively studied in the literature [2, 3, 4, 5, 6, 31, 32, 33, 34, 15, 16, 35], providing interesting examples of moduli stabilization [3, 5, 6, 34] and soft supersymmetry breaking [7, 8, 9]. One of the main goals of this paper is to provide examples where both phenomena occur at the same time and in a controlled manner.

Given type-IIB string theory compactified on a Calabi-Yau threefold M_6, it is possible to introduce both RR and NSNS 3-form field strength backgrounds F_3 and H_3. The results in [5] provide, in a quite general setup, the conditions that the fluxes must satisfy in order to yield consistent D = 4 Minkowski compactifications. In particular, they must obey the Bianchi identities dF_3 = 0 dH_3 = 0 (2.2)

and must be properly quantised over any 3-cycle Σ ⊂ M_6, hence defining an integer cohomology class in H^3(M_6, Z). These conditions simplify considerably if one considers M_6 to be a toroidal orbifold T^6/Γ, and the 3-form fluxes to belong to the untwisted cohomology.^3 Indeed, in this case we can simply take F_3 and H_3 to be constant 3-forms, while the quantisation conditions amount to 1 (2π)^2α^′ ∫ Σ F_3 ∈ N_{min} · Z , 1 (2π)^2α^′ ∫ Σ H_3 ∈ N_{min} · Z (2.3)

where Σ is a 3-cycle on the covering space T^6, and N_{min} is an integer number which depends on the orbifold group Γ.^4 In the particular Z_2 × Z_2 orbifold with discrete torsion we are discussing N_{min} = 4. Considering an ΩR orientifold of this background implies that we have an additional Z_2 subgroup acting on T^6, and hence the previous number N_{min} is effectively^5 multiplied by 2. Hence, at the end of the day, we must impose that the fluxes F_3, H_3 are quantised in multiples of 8 over toroidal cycles.

In type-IIB supergravity language, these 3-form fluxes are more elegantly encoded in the complexified 3-form flux G_3 = F_3 − τH_3 (2.4)

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,

3One may in principle turn on fluxes on the orbifold twisted 3-cycles. See, e.g. the example in [15]. The supergravity approximation where most of the flux compactification physics is based on, however, is no longer reliable in this case.

4Roughly speaking, Nmin can be computed from dividing the volume of a 3-cycle on M6 by its corresponding fractional cycle on M6/Γ. See [15] for a more detailed discussion on this point.

5The whole truth is a little more subtle [31]. We may either have that the flux quanta along the cycle Σ are of the form (2n + 1)Nmin or 2nNmin, with n ∈ Z, depending on the fact that Σ passes over an odd or even number of O3^{(+,+)}. In the Z2 × Z2 orientifold at hand there are no such exotic O3-planes, and so we can take N^{ori}_{min} = 2N^{orbi}_{min} .

– 5 – hence carrying both D3-brane charge and tension. In D3-brane units, the RR charge is given by

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

(2.5)

which is a topological quantity that, if we impose conditions (2.3), is an integer number proportional to (N_{min})^2. The D3-brane tension is, on the other hand, given by

T_{flux} = − 1 (4π^2α^′)^2 ∫ M_6

G_3 ∧ ∗_6G_3 2 Im τ

≥ |N_{flux}| (2.6)

which is not topological but depends on the geometry of the compactification. More precisely, it depends on the dilaton and complex structure moduli of M_6 and, as a matter of fact, the quantity V_{eff} = T_{flux} − |N_{flux}| can be thought of an effective potential for those moduli [6]. The minimum of such potential is reached when the BPS-like bound in (2.6) is saturated, which amounts to imposing the ISD (∗_6G_3 = iG_3) or IASD (∗_6G_3 = −iG_3) conditions. Attaining such conditions drives the dilaton/complex structure moduli to a particular value, ‘lifting’ those compactification moduli [3, 5]. From (2.5) and (2.6) is easy to see that an ISD flux carries the charge and tension of |N_{flux}| D3-branes, whereas an IASD flux would carry those of |N_{flux}| anti-D3-branes. In the Z_2 × Z_2 orientifold we are discussing, however, introducing D3-branes/IASD fluxes would lead to models with broken supersymmetry and uncanceled NSNS tadpoles, which make it difficult to solve the supergravity equations of motion, create run-away potentials for some moduli and typically break D = 4 Poincaré invariance [36]. We will thus restrict to models containing ISD 3-form fluxes, much in the spirit of [5].

An interesting point of flux compactifications is that, although any ISD flux carries the tension and charge of a D3-brane, not any ISD flux will preserve the same amount of supersymmetry that a D3-brane would do. Indeed, in a generic CY_3 compactification, where the holonomy of M_6 is contained in SU(3) but not a proper subgroup of it, there is a unique covariantly constant spinor and hence a preferred complex structure. We can decompose the 3-form flux G_3 in terms of the Hodge cohomology according to such complex structure, finding that if G_3 is an ISD flux it must consist of (2,1) and (0,3)-forms. By the results of [37], one finds that only those ISD fluxes which consist of (2,1) components do preserve N = 1 supersymmetry.^6 Indeed, an ISD G_3 flux with a non-vanishing (0,3) component would break an N = 1 compactification down to N = 0, giving a mass to the gravitino of the form

m^2_{3/2} ∼ |∫ G_3 ∧ Ω |_2 Im τ Vol(M_6)^2

. (2.7)

The cosmological constant of the compactification, however, remains zero (to lowest order) due to the no-scale structure of the scalar potential V_{eff} [5].

6The precise result states that G3 must be a (2,1) primitive flux in order to preserve N = 1. The condition of primitivity is nevertheless automatically satisfied by any 3-form in a generic CY3 compactification. For generalisations of this result see [38].

– 6 –

It is important to notice that, due to the backreaction of the flux and other objects such as D-branes and O-planes, the M_6 compactification metric is not actually Calabi-Yau, but rather conformally equivalent to it. The difference comes from a non-trivial warp factor, which only depends on the internal components of M_6 and hence preserves D = 4 Poincaré invariance [3, 5]. In the above discussion we have neglected this warping, although the qualitative features we have described remain valid when we include its effects. On the other hand, such warped geometries have been considered as a natural way to generate hierarchies in string theory constructions, realising the Randall-Sundrum scenario [5], as well as a necessary ingredient in the recent proposal for constructing de Sitter string vacua [12].

2.3 And magnetised D-branes

As usual, a closed string background with orientifold planes generates a non-trivial contribution to the Klein bottle string amplitude, and hence crosscap tadpoles. These can be cancelled by introducing an open string sector in the theory. In the case at hand, this open string sector will consist of type-IIB D(3 + 2n)-branes, filling up D = 4 Minkowski space and wrapping 2n-cycles on the compact manifold. In the following we will describe the consistency conditions that such D-brane models must satisfy in order to yield N = 1 chiral compactifications, as well as the properties of the latter.

First, let us point out that, if we forget about fluxes, many N = 1 models of the above kind have already been built in the literature. Indeed, when no 3-form fluxes are turned on, this Z_2 × Z_2 orientifold background is related by T-duality to the N = 1 constructions in [39, 40]. More precisely, the T-dual of the type-I vacua in [39] would be achieved by adding 32 D3-branes and 32 D7_i-branes of each kind, whereas the analogue of the intersecting D-brane constructions in [40] corresponds to introducing D9, D7 and D3-branes with magnetic fluxes. This last construction is particularly interesting, since it allows for D = 4, N = 1 chiral compactifications, chirality arising from open strings [41, 42].

Let us describe in some detail these magnetised D-brane models. The topological information of a set a of D9-branes is encoded in seven integer numbers. The number of D9-branes N_a, and the six ‘magnetic numbers’ (n^i_a, m^i_a), i = 1, 2, 3. Here m^i_a is the number of times the D9’s are wrapped on the i^{th} T^2, and n^i_a the unit of magnetic flux on such two-torus.^7 More precisely, we are turning on a constant abelian world-volume magnetic field F = dA, satisfying m^i_a 2π ∫ T^2_i

F^i_a = n^i_a . (2.8)

This notation also allows us to describe D-branes of lower dimension [16], so that we have

(T^2)_1 (T^2)_2 (T^2)_3 D9 → N_a (n^1_a, m^1_a) (n^2_a, m^2_a) (n^3_a, m^3_a) D7_1 → N_a (1, 0) (n^2_a, m^2_a) (n^3_a, m^3_a) D5_1 → N_a (n^1_a, m^1_a) (1, 0) (1, 0) D3 → N_a (1, 0) (1, 0) (1, 0)

(2.9)

7For each fixed value of a and i, n^i_a, m^i_a are assumed to be coprime numbers.

– 7 – where D5_i stands for a D5-brane wrapping the i^{th} two-torus (T^2)_i and D7_i a D7-brane not wrapping (T^2)_i. This description also shows that the presence of a worldvolume magnetic flux on a D-brane induces D-brane charge of lower dimension [43]. For instance, a D9-brane with magnetic flux will usually have also charges of D7, D5 and D3-brane. This fact is quite relevant when satisfying RR tadpoles conditions [44, 45], and will prove essential for finding N = 1 flux compactifications in this setup. In general, this topological information is encoded in a charge class [Q_a], which describes the full set of RR charges of the D-brane sector a.

Now, since we are in an orientifold theory, the whole configuration must be invariant under the Z_2 × Z_2 × ΩR orientifold group. This means that the stack a of N_a D-branes is either invariant under such geometrical action or is accompanied by its orientifold images. In particular, the orientifold group has a natural action on the magnetic numbers (n^i_a, m^i_a), given by

Z_2 × Z_2 : (n^i_a, m^i_a) → (n^i_a, m^i_a)

ΩR : (n^i_a, m^i_a) → (n^i_a, −m^i_a) (2.10)

Notice that, even if the Z_2 × Z_2 orbifold group acts trivially on the topological magnetic numbers, this does not necessarily means that the stack a is invariant under it. This will depend on the moduli of the configuration, namely the positions and Wilson lines of each D-brane sector. The ΩR image of the D-brane stack a, which usually has different magnetic numbers, is denoted by a^′.

Finally, it is useful to describe the orientifold plane content of the theory in terms of magnetic numbers. Indeed, we can express the set of O3-planes and D7_i-planes in terms of their RR charges, properly normalised in D-brane units. From this we recover that the total orientifold charge is given by −32 times the charge class

[Q_O] = [(1, 0) (1, 0) (1, 0)] + [(1, 0) (0, 1) (0, −1)] + +[(0, 1) (1, 0) (0, −1)] + [(0, 1) (0, −1) (1, 0)] . (2.11)

The topological magnetic numbers also allows us to compute the chiral spectrum of the theory in a simple way. Let us momentarily forget about the orientifolded geometry. A stack of N_a D-branes on T^6 would give rise, after dimensional reduction to D = 4, a U(N_a) gauge group from the aa sector, i.e., from open strings with both ends on the same stack a. A pair of stacks a and b would then yield the gauge group U(N_a) × U(N_b), as well as I_{ab} chiral fermions charged in the bifundamental representation (N_a, N̄_b), where

I_{ab} = [Q_a] · [Q_b] = 3∏ i=1 ( n^i_am^i_b − m^i_an^i_b ) (2.12)

is the intersection product of charge classes.^8 An explicit field theory derivation of this fact has been given in [46].

8Recall that in general I_{ab} ∈ Z, and that positive and negative intersection products correspond to fermions of opposite chirality.

– 8 –

Sector Representation aa U(N_a/2) vector multiplet 3 Adj. chiral multiplets ab + ba I_{ab} (_a,_b) chiral multiplets ab^′ + b^′a I_{ab}′ (_a,_b) chiral multiplets aa^′ + a^′a^1_2 (I_{aa}′ − 4I_{a,O}) chiral multiplets 1 2 (I_{aa}′ + 4I_{a,O}) chiral multiplets

Table 1: Massless spectrum for N = 1 magnetised D-branes in the T^6/(Z_2 × Z_2) ΩR orientifold. I_{a,O} stands for the intersection product between [Q_a] and the orientifold plane charge class [Q_O].

Sector Representation aa USp(N_a) vector multiplet 3 chiral multiplets ab + ba I_{ab} (_a,_b) chiral multiplets

Table 2: Massless spectrum for D-branes invariant under the orientifold action (i.e., ΩR[Q_a] = [Q_a]). Notice that now ab and b^′a sectors are identified.

This general picture also works in the orientifold case, which nevertheless adds some new features. Just as in [40], we will mainly build our models from D-branes which are fixed by some element of the Z_2 × Z_2 orbifold group.^9 If the magnetic numbers are not fixed by the ΩR action, we will still have a unitary gauge group. The orbifold action will nevertheless project the initial U(N_a) Chan-Paton gauge group down to U(N_a/2). In addition to this N = 1 vector multiplet, the massless aa sector will consist of three chiral multiplets transforming in the adjoint representation, which can be understood as the open string moduli (positions and/or Wilson lines) of the stack a of D-branes. This and the chiral spectrum arising from other sectors are summarised in table 1.

When [Q_a] is invariant under the ΩR action, which is the case for D3 and D7_i-branes without magnetic fluxes, the gauge group will no longer be unitary but symplectic. In particular, if we take a stack of 2N_a D-branes with ΩR[Q_a] = [Q_a] we will recover a USp(N_a) gauge group. As in the case of unitary gauge groups, this implies that N_a has to be an even number. Besides, whenever N_a is a multiple of 4, we can Higgs this gauge group as USp(4n) → U(1)^n [39, 40]. The corresponding spectrum is presented in table 2.

Given this gauge group and chiral spectrum, one may consider building semi-realistic chiral models close to the Standard Model or any extension of it. There are, however, a set of consistency conditions which any string compactification must satisfy, known as tadpole cancellation conditions. First, cancellation of RR tadpoles implies that the homological RR charges of the D-branes and the O-planes cancel, that is ∑ α N_α ([Q_α] + [Q_α′ ]) = 32[Q_O] (2.13)

9This fact is indeed necessary in order to get an odd number of generations.

– 9 – which can be reexpressed as ∑ α N_αn^1_αn^2_αn^3_α = 16 , ∑ α N_αm^1_αm^2_αn^3_α = −16 , ∑ α N_αm^1_αn^2_αm^3_α = −16 , ∑ α N_αn^1_αm^2_αm^3_α = −16 . (2.14)

where we are not summing over orientifold images. These conditions are directly related to cancellation of D = 4 chiral anomalies arising in triangular diagrams, such as SU(N)^3 and U(1) anomalies.

There is, however, a subtle issue regarding RR tadpole cancellation, which was pointed out in [16] but is usually ignored in the model-building literature. In presence of orientifold planes, D-branes may carry discrete charges which are invisible from the point of view of one-loop divergences and the supergravity Bianchi identities, but which are classified by Z_2 K-theory groups [22]. Now, in order to build a consistent string theory model any RR D-brane charge in our compact space must vanish, including these exotic K-theory charges. Cancellation of discrete K-theory charges will in general impose extra consistency constraints, in addition to the familiar RR tadpole conditions based on homological charges and which in our case are given by (2.14). Notice that these new K-theory constraints do not have any effect on, e.g., D = 4 SU(N)^3 chiral anomalies, which already vanish by imposing (2.14). Following [21], however, we can see their effect by introducing suitable probes on the theory. Indeed, let us consider D3 and D7_i-branes without magnetic fluxes, giving rise to USp(2) ≃ SU(2) gauge groups. Although free of cubic anomalies, an SU(2) group suffers from a global gauge anomaly if there is an odd number of D = 4 fermions charged in the fundamental representation [47]. In the present context, requiring the absence of such global anomalies amounts to imposing the constraints^{10} ∑ α N_αm^1_αm^2_αm^3_α ∈ 4Z , ∑ α N_αn^1_αn^2_αm^3_α ∈ 4Z , ∑ α N_αn^1_αm^2_αn^3_α ∈ 4Z , ∑ α N_αm^1_αn^2_αn^3_α ∈ 4Z . (2.15)

Notice that these are indeed Z_2 charge constraints, since N_α are already even integers. In K-theory language, we are imposing the global cancellation of Z_2 RR charges, carried by fractional D5_i − D5_i and D9 − D9 pairs.

10These constraints are only valid for Z2 × Z2 orientifolds without discrete B-field. In the presence of a non-vanishing B-field they usually weaken. See [48], appendix B, for a detailed study of these K-theory constraints, with and without B-field, in the case of toroidal orientifolds.

– 10 –

Second, we would like to construct models free of NSNS tadpoles, that is, such that the tensions of the objects in the configuration do also cancel. In a magnetised D-brane configuration with vanishing RR tadpoles, this can be achieved by requiring that every set of D-branes preserves the same N = 1 supersymmetry unbroken by the orientifold. This usually implies a condition on the Kähler parameters, which in the present context reads^{11} ∑ i tan^{−1} ( m^i_aA_i n^i_a ) = 0 , (2.16)

where A_i is the area of (T^2)_i in α^′ units. A small deviation from this condition can be understood as a non-vanishing FI-term in the D = 4 effective theory [40, 49].

2.4 Yielding N = 1 and N = 0 chiral compactifications

In the presence of RR and NSNS fluxes, magnetised D-brane configurations may yield new and interesting phenomena. First, as usual from flux compactification, the scalar potential fixes most of the dilaton/complex structure moduli. Second, since the flux carries charge and tension of D3-brane, the RR and NSNS tadpole conditions get modified. In the Z_2×Z_2 orientifold discussed above, the most general form of an (untwisted) ISD flux is given by^{12}

G_3 = G¯_{123} dz_1dz_2dz_3 + G_1¯_{23} dz_1dz_2dz_3 + G_{12}¯_3 dz_1dz_2dz_3 + G¯_1¯_2¯_3 dz_1dz_2dz_3 . (2.17)

The D3-brane RR charge carried by this flux is given by (2.5) which can be written as

N_{flux} = 4g_s Im τ_1 Im τ_2 Im τ_3 ( |G¯_{123}|^2 + |G_1¯_{23}|^2 + |G_{12}¯_3|^2 + |G¯_1¯_2¯_3|^2 ) (2.18)

where τ_i is the complex structure modulus of (T^2)_i, usually fixed by the ISD condition. This modifies the RR tadpole conditions (2.14), whose first line now reads ∑ α N_αn^1_αn^2_αn^3_α + 1 2 N_{flux} = 16 , (2.19)

while the rest of the tadpole conditions in (2.14) and (2.15) remain unchanged.

Thirdly, ISD fluxes may lead to N = 0 models with softly broken supersymmetry and free of NSNS tadpoles. Indeed, it has been recently realised [8, 9] that a non-vanishing (0, 3) component of G_3 not only does give mass to the gravitino, but also induces soft terms in the worldvolume of D7-branes implying, e.g., a non-vanishing mass for the gauginos and the scalar fields in the adjoint. The same effect occurs in D3-D7 and D7-D7 chiral sectors, where the scalar components of the chiral multiplets would also get a mass. These effects imply that ISD fluxes not only stabilise closed string moduli, but can also give masses to open string moduli, in agreement with the results in [50, 51]. In addition, we learn that, in the presence of a non-vanishing G¯_1¯_2¯_3 flux component, the N = 1 spectrum of table 1 is softly broken to an N = 0 chiral spectrum. Moreover, the soft term structure derived from flux compactification turns out to be particularly simple, which has suggested interesting solutions to several problems associated with soft SUSY breaking patterns [52].

11This formula is actually only valid for the case n^i_a ≥ 0. See below for some other important cases. 12For the sake of clarity, we are dropping the (4π^2α^′)^{−1} normalisation factor in the definition of the flux.

– 11 –

Finally, let us also mention that many other subtle issues, mainly associated with Dbranes in the presence of a NSNS flux H_3 do also appear in this class of compactifications. For instance, the presence of 3-form fluxes modifies the usual anomaly cancellation pattern [53], and brane-bulk mixed anomalies could in principle appear [54]. In addition, the presence of a non-vanishing H_3 modifies the K-theory group of the theory [22]. This may lead, e.g., to instanton processes violating homological D-brane charge [55]. These issues were analysed in [16] with the outcome that, at least in this particular class of constructions, they do not affect either the chiral spectrum of tables 1 and 2 or the consistency conditions (2.14) and (2.15), except for (2.19).

3. A local MSSM-like model

In the last few years, it has been shown that string theory constructions based on intersecting D-branes could lead to new chiral D = 4 compactifications with semi-realistic spectra and many phenomenologically appealing features [56, 45, 57, 58, 59]. In particular, in [60, 28] a local intersecting D6-brane model, with the gauge group and N = 1 chiral spectrum of the MSSM, was presented. The construction was based on a simple T^6 orientifold background, which, due to its limitations, forbids any N = 1 chiral construction [56].^{13} One of the purposes of this paper is to embed this local MSSM-like construction in a fully-fledged N = 1 string compactification, which moreover shares the nice and simple properties of the toroidal construction.^{14} As we will see, the Z_2 × Z_2 magnetised D-brane setup allows for such an embedding and, moreover, does also admit the presence of ISD fluxes.

Let us first review the features of this local construction. In absence of 3-form fluxes, the D-brane content of the MSSM-like model in [28] can be translated to magnetised Dbrane model by simple T-duality, and then embedded into a Z_2 × Z_2 geometry. The result is shown in table 3. The D-brane content of this model consist of four stacks of D7- branes. More precisely, we consider two stacks of D7_2 and D7_3-branes without magnetic fluxes, giving rise to an SU(2) × SU(2) gauge group via the spectrum of table 2 and the

N_α (n^1_α, m^1_α) (n^2_α, m^2_α) (n^3_α, m^3_α) N_a = 6 (1, 0) (g, 1) (g, −1) N_b = 2 (0, 1) (1, 0) (0, −1) N_c = 2 (0, 1) (0, −1) (1, 0) N_d = 2 (1, 0) (g, 1) (g, −1)

Table 3: D-brane magnetic numbers giving rise to an SU(3) × SU(2) × SU(2) × U(1) extension of the MSSM with g generations of chiral multiplets.

13As pointed out in [28], the intersecting D-brane structure of this local model in principle allows for an N = 1 embedding on a more general background, such as a CY3. This was indeed shown in [61], where N = 1 vacua based on Gepner model orientifolds and these intersection numbers were found.

14There have been previous attempts in this direction. Unhappily, these models do not satisfy RR tadpole conditions (2.15), and so cannot be thought of as consistent string theory constructions.

– 12 –

Sector Matter fields SU(3) × SU(2)_L × SU(2)_R Q_a Q_d Q_{B−L} (ab) Q_L 3(3, 2, 1) 1 0 1/3 (ac) Q_R 3(¯3, 1, 2) -1 0 -1/3 (db) L_L 3(1, 2, 1) 0 1 -1 (dc) L_R 3(1, 1, 2) 0 -1 1

Table 4: Left-Right MSSM spectrum and U(1) charges obtained from table 3, for the particular choice g = 3. The B-L generator is defined as Q_{B−L} =^1_3 Q_a − Q_d.

identification USp(2) ≃ SU(2). In addition, we have two stacks of D7_1-branes with nontrivial magnetic fluxes, yielding a U(3) × U(1) gauge group. The chiral spectrum of this model can be easily computed from the intersection products of the D7-branes, given by I_{ab} = I_{db} = g and I_{ac} = I_{dc} = −g. We thus recover a Left-Right extension of the MSSM gauge group, and with g generations of chiral multiplets. This spectrum is displayed in table 4, together with their identification with matter fields, for the particular value g = 3.

Let us point out several interesting features of this construction:

• It is easy to check that this spectrum is free of cubic chiral anomalies, whereas it develops an anomalous U(1) given by U(1)_a + U(1)_b. Such anomaly is cancelled by means of a generalised Green-Schwarz mechanism [45], which in turn gives a Stueckelberg mass to the U(1) gauge boson. We are thus left with a gauge symmetry group given by just SU(3) × SU(2)_L × SU(2)_R × U(1)_{B−L}, and where the Baryon and Lepton numbers remain as perturbative global symmetries of the effective theory.

• Notice, as well, that the stacks a and d posses the same magnetic numbers [Q_a] = [Q_d]. This allows to put them on top of each other, where the enhancement SU(3) × U(1)_{B−L} → SU(4) occurs. At some particular points of the open string moduli space we then recover a full Pati-Salam spectrum. In fact, from particle physics perspective, this D-brane local model can be thought of as a Pati-Salam broken to a Left-Right symmetric MSSM by means of SU(4) adjoint Higgsing [28]. The v.e.v.’s of the three adjoint fields are given, in the stringy geometrical language, by the relative position of the stacks a and d on (T^2)_1, and the relative Wilson lines on (T^2)_2, (T^2)_3.

• Another characteristic feature of this local model is the Higgs sector, which arises between strings stretched between stacks b and c. Notice that the intersection product I_{bc} vanishes, which does not mean that there are no charged particles in the bc sector, but only that the net chirality is zero. Indeed, this is a well-known feature of the MSSM Higgs sector, and in particular of its Left-Right extension. It is easy to adapt the computations in [39] to this T-dual picture, and check that bc strings provide one N = 1 chiral multiplet in the (2, 2) representation of SU(2)_L × SU(2)_R. We hence recover the Higgs sector of (the LR extension of) the MSSM, which moreover comes equipped with a μ-term. Indeed, the open string tree-level superpotential studied in [39] give us the SU(2)_L × SU(2)_R invariant coupling W = ( ⟨ζ^1_{cc}⟩ − ⟨ζ^1_{bb}⟩ ) · det H (3.1)

– 13 – where ζ^1_{bb}, ζ^1_{cc} are the complex singlets arising from (T^2)_1 and from sectors bb and cc, respectively, and H is the 2 × 2 matrix of the Higgs fields.^{15}

• Finally, the Yukawa couplings between the chiral fields of this model are extremely simple and can be elegantly expressed in terms of theta functions. This was explicitly computed in [28] and more recently in [46], where techniques for computing Yukawa couplings in magnetised D-brane models were developed. Indeed, following these references one can diagonalise analytically the chiral matter mass matrix, obtaining one massive and two massless generations of quarks and leptons.

Of course, in order to provide a consistent N = 1 string construction, we need to satisfy both RR and NSNS tadpole cancellation conditions. It is easy to see that the N = 1 conditions (2.16) are satisfied by imposing

A_2 = A_3 (3.2)

upon which we recover an N = 1 spectrum in the chiral sector of the theory. On the other hand, while conditions (2.15) are satisfied by table 3, this is not the case for RR conditions (2.14), for any value of g. This implies that we need to add extra RR and NSNS sources, such as more D-branes and 3-form fluxes, in order to construct a fully-fledged tadpole-free string compactification. We will perform such completion in the next section, where an explicit example will be constructed. Meanwhile, we can think of the D-brane content of table 3 as a MSSM-like block, and study its local properties.

3.1 From left-right to MSSM

One obvious question to ask if this N = 1 Left-Right symmetric model can actually be broken to a MSSM spectrum. Unlike its toroidal version [28], in the Z_2 × Z_2 construction SU(2)_R cannot be broken down to U(1) by adjoint Higgsing. There is however another possibility, more difficult to visualise geometrically but equally valid from the field theory viewpoint. This basically amounts to applying the general ideas in [62] to this particular example, identifying the non-adjoint, rank reduction, Higgsing with the process of D-brane recombination.

Let us see how this works in some detail. Recall that in the sector dc we have three chiral multiplets with the quantum numbers (1, 1, 2)_{−1} , which are the perfect candidates for breaking SU(2)_R × U(1)_{B−L} → U(1)_Y . This intuition can be checked in the D-brane picture. Indeed, giving a v.e.v. to the massless scalars in these multiplets amounts to taking a flat direction in the superpotential, which corresponds to the recombination process c + d → j 2[Q_c] + 2[Q_d] → 2[Q_j] = 2[Q_c + Q_d] . (3.3)

Notice that, after this recombination, [Q_j] cannot be simply written in terms of the magnetic numbers {(n^i, m^i)}^3_{i=1}, i.e., is no longer a ‘factorisable’ D-brane but a BPS bound

15In [39] this system is given by a D5iD5j sector, and ζ^1_{bb}, ζ^1_{cc} have the interpretation of D5-brane positions.

– 14 –

Sector Matter fields SU(3) × SU(2)_L Q_a Q_j Q_Y (ab) Q_L 3(3, 2) 1 0 1/6 (aj) U_R 3(¯3, 1) -1 1 -2/3 (aj’) D_R 3(¯3, 1) -1 -1 1/3 (jb) L 3(1, 2) 0 1 -1/2 (jj’) E_R 3(1, 1) 0 -2 1

Table 5: Chiral MSSM spectrum and U(1) charges obtained from the intersection products (3.4), for the particular choice g = 3. The hypercharge generator is defined as Q_Y =^1_6 Q_a −^1_2 Q_j .

state of two of them [63]. Notice as well that [Q_j ] ≠ ΩR[Q_j], so that we recover a U(1)_j gauge group after this recombination.

Although hard to visualise, we can still compute the intersection product between the stack j and the other D-branes in the local model. We obtain I_{ab} = g I_{aj} = −g I_{aj}′ = −g I_{bj} = −g I_{jj}′ = −2g (3.4)

and I_{j,O} = 0. By the general rules of the previous section, this translates into the particle content of table 5, where we have chosen the particular value g = 3.

Notice that after the recombination (3.3) we are left with just the MSSM gauge group SU(3) × SU(2)_L × U(1)_Y . Indeed, as in the LR parent model, there is one extra U(1) symmetry which becomes massive after taking into account the D-brane couplings to the closed string sector, and we are left with just one abelian factor, to be identified with the hypercharge. The massive U(1) symmetry, which is nothing but the Baryon number, remains as a perturbative global symmetry of the effective lagrangian.

The particle content of table 5 is also minimal in its chiral spectrum. Indeed, notice that right-handed neutrinos are not present in table 5, and this nicely matches with the fact that by the recombination (3.3) we have broken the U(1) lepton number, which was associated with the D-brane stack d, even as a global symmetry of the theory. Indeed, computations analogous to those in [62] show that, in field theory language, the recombination (3.3) can be identified with giving a v.e.v. to the scalar fields in L_R.^{16}

One may wonder where does the Higgs sector arise in this MSSM D-brane model. Keeping track of the Higgs fields before and after the SU(2)_R × U(1)_{B−L} breaking, one concludes that the H_u and H_d chiral multiplets must arise from the bj sector. This may seem puzzling at first sight, since the intersection product I_{jb} = g only seems to have room

16Of course, even if we give a v.e.v. to LR we may still have massless right-handed neutrinos NR in our theory. These may show up as chiral multiplets in the adjoint of U(1)j . That is, we would associate NR as modulinos of the brane j. However, since these chiral fields do not arise from intersection products any longer, they are not protected by gauge invariance and once supersymmetry is broken by, e.g., fluxes they would generically get a mass.

– 15 –

Figure 1: Schematic picture of D-brane recombination (T-dual magnetised D-branes). After giving a v.e.v. to L_R, stacks c and d have recombined into a third one j. If the recombination is soft enough, the number of chiral fermions at the intersections will not vary. However, H_u and H_d will get a mass term from worldsheet instantons.

for g generations of left-handed leptons. There is, however, no contradiction with our results, since the topological number I_{jb} only give us information about the net chirality of the sector jb. As we already mentioned, the Higgs sector as a whole is non-chiral, and in this particular model H_u and H_d arise as a massive vector-like pair in the jb sector. The mass of this vector like pair, which is nothing but the MSSM μ-term, would depend on the original LR μ-term as well as the recombination v.e.v. ⟨L_R⟩.^{17}

These facts are probably easier to visualise in the T-dual picture of intersecting D6- branes. In this picture the stacks b and j are given by two Special lagrangian 3-cycles, Π_b and Π_j , of T^6/(Z_2 × Z_2). Although Π_b can be described by a simple product of cycles this is not the case for Π_j , which is a non-factorisable 3-cycle. This implies that the intersection number I_{jb} = [Π_j ] · [Π_b] is not necessarily equal to the number of intersections #(Π_j ∩ Π_b). Indeed, is easy to see that upon a ‘soft recombination’ (3.3) (i.e., with small ⟨L_R⟩), the actual number of intersections will not change, i.e., #(Π_j ∩Π_b) = #(Π_c ∩Π_b)+#(Π_d ∩Π_b) = 2 + g, while the intersection number is only I_{jb} = g.^{18} All this means that, between Π_j and Π_b, there are g ‘topological’ intersections, giving rise to the chiral multiplets L^i, and then two chiral multiplets of opposite chirality and same quantum numbers as L^i, also localised at two extra intersections, which give us the Higgs fields H_u and H_d. This vector like pair gets a mass term by worldsheet instantons connecting both intersections [62]. This has been schematically illustrated in figure 1.

In this same spirit, is easy to see that the electroweak symmetry breaking of the MSSM down to SU(3) × U(1)_{e.m.} can also be understood as a D-brane recombination, this time of

17Fluxes provide extra sources of μ-term [9], so it would be nice to see how fluxes changes this picture. 18In order to simplify our discussion, we are not being totally precise with the terminology. Instead of ‘number of intersections’ #(Πj ∩ Π_b), we should instead talk about the well-defined mathematical notion of Floer Homology groups HF^i(Πj , Π_b). We will not dwelve on these technical aspects in this paper.

– 16 – the form b + j → e. It is easy to check that, after this second D-brane recombination, we are left with a gauge group SU(3)×U(1)_{e.m.} and that the intersection products between the stacks a and e vanish. We thus recover no net chiral fermion charged under the EW-broken MSSM gauge group, which means that all MSSM fermions may have finally obtained a mass after both D-brane recombinations.

Notice that this MSSM-block is extremely simple in many aspects, and particularly minimal regarding both gauge groups and chiral matter. However, it still does not provide us with just the particle content of the MSSM. Indeed, we have plenty of non-chiral matter, like the three massless SU(3) adjoints fields. These and other non-chiral fields are related to D-brane positions and Wilson lines, i.e., open string moduli of the model. We then find that the particle content beyond the MSSM that we find in this local construction is actually nothing but the old moduli problem of supersymmetric string vacua.

As we explained in the previous section, we expect RR and NSNS fluxes to fix most of these moduli, even in the case of open strings. We thus turn to the task of embedding this local MSSM-like model in a global flux compactification.

4. Examples

In this section we finally construct some N = 1 and N = 0 tadpole-free^{19} chiral flux vacua. Given the material presented in previous sections our strategy should be clear by now. We consider type-IIB string theory, compactified on T^6/(Z_2 × Z_2) with discrete torsion, and try to build a D-brane model including RR and NSNS 3-form fluxes and the D-brane MSSM block of table 3. In order to be a consistent string theory construction, we should satisfy the RR tadpole conditions (2.14), (2.15) and (2.19). If, in addition, we want to have a tadpole-free model then we should also satisfy conditions (2.16).

As we will presently see, the presence of non-trivial fluxes in these tadpole-free constructions implies that we must consider magnetised D9-branes as well. We will first discuss the model building possibilities that magnetised D9-branes add, and then give some examples which show how the N = 1 and N = 0 flux vacua mentioned above can be achieved.

4.1 Adding fluxes and extra D-branes

The authors of [15, 16] found a clear obstruction in building N = 1 flux models. The D3-brane charge and tension that a non-trivial 3-form flux would carry already overshoots the O3-plane negative charges.^{20} Indeed, the quantisation conditions (2.3) with N_{min} = 8 imply that N_{flux} = n · 64, n ∈ N. The D3-brane RR tadpole condition (2.19) then reads ∑ α N_αn^1_αn^2_αn^3_α + n · 32 = 16 , (4.1)

19In the following, by tadpole-free we mean string models free of both RR and NSNS tadpoles, which is not a common feature of N = 0 compactifications. More precisely, in the D = 10 supergravity approximation we are satisfying both Bianchi identities and Einstein’s equations with a D = 4 Poincaré invariant vacuum.

20This is actually only valid for the Z2 × Z2 orientifold with discrete torsion. An analogue obstruction can be found in the case without discrete torsion. See [15] and next section.

– 17 – and one finds that, for n ≠ 0, ∑ α N_αn^1_αn^2_αn^3_α < 0. This in particular means that, if one foresees a simple model where we only have D3 and D7-branes with magnetic fluxes, we should eventually add anti-D3-branes in order to give a negative contribution to the r.h.s. of (4.1) and satisfy RR tadpole conditions. These anti-D3-branes would not only break supersymmetry but also generate a large NSNS tadpole, and hence the Einstein’s equations with a D = 4 Poincaré invariant metric would never be satisfied.

In any case, it seems clear that in order to satisfy RR tadpoles with a non-trivial flux we must add objects carrying anti-D3-brane charge. While it may seem difficult to do this without breaking supersymmetry, it actually turns out to be possible. Indeed, is easy to see that magnetised D9-branes may carry either anti-D3-brane or anti-D7_i-brane charge, while still preserving the N = 1 supersymmetry of the orientifold background. The T-dual version of this striking fact was already pointed out in [40], where some explicit models with this property were constructed.

For instance, a D9-brane α with magnetic numbers

(−n^1_α, m^1_α) ⊗ (−n^2_α, m^2_α) ⊗ (−n^3_α, m^3_α) (4.2)

and with n^i_α, m^i_α > 0, carries anti-D3-brane charge and D7_i-brane charge, i = 1, 2, 3. The same applies to its image under ΩR. For some particular choice of the Kähler parameters A_i both preserve the same supersymmetry as the orientifold background. For this particular case the N = 1 condition reads ∑ i tan^{−1} ( m^i_aA_i n^i_a ) = π . (4.3)

On the other hand, an anti-D9-brane β with numbers

(n^1_β, m^1_β ) ⊗ (n^2_β, m^2_β ) ⊗ (n^3_β, −m^3_β) (4.4)

will carry D3, D7_1 and D7_2-brane charge, while anti-D7_3-brane charge. The supersymmetry conditions for this D-brane are given by (2.16).

Since one of our main concerns in the present paper is to build N = 1 flux vacua, we will be mainly dealing with magnetised D9-branes of the kind (4.2), which allows us to satisfy the RR constraint (4.1) without breaking supersymmetry.

4.2 To achieve N = 1 and N = 0 chiral flux vacua Let us now illustrate the above ideas with an explicit example. In table 6 we present a magnetised D-brane model which satisfies the necessary requirements to accommodate both the MSSM local model of the previous section and non-trivial 3-form fluxes, while still satisfying RR and NSNS tadpole conditions. Indeed, it is easy to check that these magnetic numbers satisfy the conditions (2.14) and (2.15), by simply imposing g^2 + N_f = 14. Notice that this give us an upper bound for the number of generations, namely g ≤ 3.

The spectrum of this model includes the local Left-Right MSSM of the previous section, as well as new gauge and chiral sectors coming from the extra two stacks of magnetised D9-branes and the 8N_f D3-branes. More precisely, the gauge group of this model is

SU(3) × SU(2) × SU(2) × U(1)_{B−L} × [ U(1)^′ × USp(8N_f ) ] , (4.5)

– 18 –

N_α (n^1_α, m^1_α) (n^2_α, m^2_α) (n^3_α, m^3_α) N_a = 6 (1, 0) (g, 1) (g, −1) N_b = 2 (0, 1) (1, 0) (0, −1) N_c = 2 (0, 1) (0, −1) (1, 0) N_d = 2 (1, 0) (g, 1) (g, −1) N_{h1} = 2 (−2, 1) (−3, 1) (−4, 1) N_{h2} = 2 (−2, 1) (−4, 1) (−3, 1) 8N_f (1, 0) (1, 0) (1, 0)

Table 6: D-brane magnetic numbers giving rise to an N = 1 embedding of the MSSM block of table 3. This D-brane model may also admit N = 1 or N = 0 fluxes, depending on the values of g and N_f .

where U(1)^′ = [U(1)_a +U(1)_d]−2g [U(1)_{h1} −U(1)_{h2} ] is the only abelian factor that, besides U(1)_{B−L}, survives the generalised Green-Schwarz mechanism. The USp(8N_f ) gauge group will only remain as such when all the D3-branes are placed on top of an orientifold singularity. Eventually, by moving them away it can be Higgsed down to U(1)^{2Nf} . Of course, the new D-brane sectors will also imply new chiral matter, some of it charged under the Left-Right MSSM gauge group. We will explain below how to deal with these chiral exotics.

Let us first focus on completing our N = 1 embedding. For this we need to cancel NSNS tadpoles as well, which amounts to require

A_2 = A_3

tan^{−1} ( A_1 2 ) + tan^{−1} ( A_2 3 ) + tan^{−1} ( A_3 4 ) = π (4.6)

simultaneously. These two conditions come from (2.16) and (4.3), respectively, and fix the Kähler parameters A_i in terms of the overall volume A_1A_2A_3. This ‘fixing’ of moduli should not be thought of as a dynamical stabilisation process,^{21} as happens, e.g., with complex structure moduli in presence of fluxes, but simply a condition imposed by hand.

When considering fluxes, the first RR tadpole condition in (2.14) gets modified to (2.19). Since flux quantisation conditions imply that N_{flux} = n · 64, n ∈ N, this translates into g^2 + N_f + 4n = 14 . (4.7)

which has several solutions. Among them we find:

• n = 0, g = 3, N_f = 5

• n = 1, g = 3, N_f = 1

• n = 2, g = 2, N_f = 2

• n = 3, g = 1, N_f = 1.

21There is some confusion about this fact in the literature. For a proper discussion of this point see [40].

– 19 –

Even if now we include a non-trivial G_3 flux, both RR and NSNS tadpoles will be still satisfied if we demand (4.6) and G_3 to be ISD, i.e., of the form (2.17). That is, in some sense we can trade D3-branes by a BPS-like ISD flux G_3 without affecting tadpole conditions. However, the amount of supersymmetry may well vary, since a (0, 3) component of G_3 will softly break N = 1 to N = 0.

Let us discuss the above solutions in some detail. The first of them corresponds to a 3 generation model where any 3-form flux has been turned off. This example is, indeed, the first N = 1 embedding of the MSSM local model constructed in [28]. The last of these solutions is also very interesting. The quantum of flux N_{flux} = 3 · 64 = 192 can be achieved by considering the 3-form flux

G_3 = 8 √ 3 e^{− πi6} (dz_1dz_2dz_3 + dz_1dz_2dz_3 + dz_1dz_2dz_3) (4.8)

which is well quantised at the particular value τ_1 = τ_2 = τ_3 = τ = e^{2πi/3} for the untwisted complex structure moduli and the dilaton. These are indeed the values where those fields get fixed after the scalar potential generated by G_3 is minimised [6, 16]. Notice that the flux (4.8) is a combination of (2, 1) 3-forms, and hence the closed string background as a whole preserves N = 1 supersymmetry [37]. We thus find that, unlike what previous attempts may have suggested [15, 16], it is actually possible to find chiral N = 1 string theory vacua involving 3-form fluxes and magnetised D-branes. The above is indeed the first example of N = 1 chiral type-IIB flux compactification, and the first explicit example of a D = 4 Minkowski vacuum in string theory where chirality, N = 1 supersymmetry and moduli stabilization by means of fluxes happen at the same time.

Actually, the D-brane content of table 6 not only allows us to find all these interesting examples, but also provides us with a very nice example of a more realistic model where flux-induced supersymmetry breaking occurs. Indeed, the second solution to (4.7) involves a MSSM-like spectrum with 3 generations and N_{flux} = 64. The latter can be achieved by

G_3 = 2(dz_1dz_2dz_3 + dz_1dz_2dz_3 + dz_1dz_2dz_3 + dz_1dz_2dz_3) . (4.9)

A particular value of the moduli where such flux is well quantised is given by τ_1 = τ_2 = τ_3 = τ = i. Notice that this give us g_s = 1 and the string perturbation theory may seem no longer reliable. It turns out, however, that there are also solutions with arbitrarily small g_s. Indeed, as shown in appendix A, the scalar potential derived from the flux (4.9) has several flat directions. In particular, it vanishes when one imposes the complex structure moduli and the dilaton to be pure imaginary

τ_i = it_i , t_i ∈ R τ = i g_s , (4.10)

and to satisfy the constraint g_st_1t_2t_3 = 1 . (4.11)

So, in principle, by varying the parameters t_i one can consider the string coupling to be very close to zero. Of course, α^′ corrections may modify this picture [64], and lift the flat

– 20 – directions left by (4.10), (4.11), dynamically fixing g_s. The evaluation of such effects is beyond the scope of the present paper.

4.3 Where chiral exotics can be Higgsed away

As mentioned before, the addition of the D-brane sectors h_1, h_2 and f, which are necessary to embed the MSSM local model into a global N = 1 compactification, add new gauge groups as well as chiral matter to the low energy spectrum described in the previous section. In general, some of this additional chiral matter will be charged under the MSSM gauge group, and hence will introduce chiral exotics in our spectrum. Nevertheless, as usual in N = 1 theories, we can get rid of most of these exotics by taking appropriate scalar flat directions. In the present context, such flat directions can be engineered from the D-brane perspective by the process of D-brane recombination. Recall that such process was already used in the previous section, in order to break the Left-Right Supersymmetric Standard Model down to the MSSM, and then to break electroweak symmetry.

Let us demonstrate these general ideas with an explicit example. In order to simplify our discussion, we will consider the N = 1 three generation model without fluxes, that is, the solution n = 0, g = 3, N_f = 5 above. We will also consider that stacks a and d are on top of each other and hence we have a Pati-Salam gauge group. This will hardly affect the discussion, but will render our expressions more compact. Finally, we will assume that all the D3-branes are at the origin, and hence our gauge group includes a USp(40) factor.

The total chiral spectrum of this model is displayed in table 7, including the charges of the chiral matter under the only U(1) factor which is massless. This U(1) is given by the combination U(1)^′ =^1_3 U(1)_a − 2 [U(1)_{h1} − U(1)_{h2} ], and almost all the chiral matter

Sector Matter SU(4) × SU(2) × SU(2) × [USp(40)] Q_a Q_{h1} Q_{h2} Q^′ (ab) F_L 3(4, 2, 1) 1 0 0 1/3 (ac) F_R 3(¯4, 1, 2) −1 0 0 −1/3 (bc) H (1, 2, 2) 0 0 0 0 (ah^′_1) 6(¯4, 1, 1) −1 −1 0 5/3 (ah_2) 6(4, 1, 1) 1 0 −1 −5/3 (bh_1) 8(1, 2, 1) 0 -1 0 2 (bh_2) 6(1, 2, 1) 0 0 -1 −2 (ch_1) 6(1, 1, 2) 0 -1 0 2 (ch_2) 8(1, 1, 2) 0 0 -1 −2 (h_1h^′_1) 23(1, 1, 1) 0 -2 0 4 (h_2h^′_2) 23(1, 1, 1) 0 0 -2 -4 (h_1h^′_2) 196(1, 1, 1) 0 1 1 0 (fh_1) (1, 1, 1) × [40] 0 -1 0 2 (fh_2) (1, 1, 1) × [40] 0 0 -1 -2

Table 7: Chiral spectrum of the three generation Pati-Salam N = 1 chiral model of table 6. The abelian generator of the unique massless U(1) is given by Q^′ =^1_3 Q_a − 2(Q_{h1} − Q_{h2} ).

– 21 –

Sector Matter SU(4) × SU(2) × SU(2) × [USp(40)] Q_a Q_h Q^′ (ab) F_L 3(4, 2, 1) 1 0 1/3 (ac) F_R 3(¯4, 1, 2) −1 0 −1/3 (bc) H (1, 2, 2) 0 0 0 (bh) 2(1, 2, 1) 0 -1 2 (ch) 2(1, 1, 2) 0 +1 −2

Table 8: N = 1 spectrum derived from the D-brane content of table 6 after D-brane recombination. There is no chiral matter arising from ah, ah^′, hh^′ or charged under USp(40). The generator of U(1)^′ is now given by Q^′ =^1_3 Q_a − 2Q_h.

is charged under it. The two exceptions are the Higgs multiplet and the 196 singlets in the h_1h^′_2 sector of the theory. The latter are of particular interest, since they parametrise a subspace of flat directions in the N = 1 effective theory. Indeed, we can give a nonvanishing v.e.v. to a particular combination of the scalar fields in the 196 chiral multiplets without breaking supersymmetry. In terms of D-brane physics, this is nothing but the D9-brane recombination h_1 + h^′_2 → h . (4.12)

More precisely, it amounts to deforming the gauge bundle on the D9-branes, from a direct sum of the abelian bundles h_1 and h^′_2 to a non-abelian bundle given by h. As usual, the magnetic charges of the new bundle will be given by [Q_h] = [Q_{h1} ] + ΩR[Q_{h2} ].

Notice that giving a v.e.v. to these singlets only breaks the U(1)_{h1} + U(1)_{h2} gauge factor, which was already massive at low energies. Thus, this Higgsing does not affect the low energy gauge group, and in particular the Pati-Salam sector. It does, however, have an important effect on the chiral spectrum of the theory. Indeed, we can compute the chiral spectrum after (4.12) with the charge vector [Q_h] and the topological formulae of table 1, finding that the final theory has the extremely simple chiral content of table 8. As expected from field theory arguments, we still have some chiral exotics given by two doublets of SU(2)_L and two of SU(2)_R. Although in principle they are unwanted particles, they will become massive after electroweak symmetry breaking, so a very high mass eigenvalue could in principle make them unobservable at low energies. The phenomenological viability of this spectrum will then crucially depend on the precise Yukawa couplings of this model. We leave these and other phenomenological issues for future work.

As an important point, notice that the Pati-Salam sector of the theory (i.e., the upper part of the table 6) is not involved in the D-brane recombination process, and hence remains as a simple sector of three sets of D7_1, D7_2 and D7_3-branes. In particular, this means that the phenomenological analysis performed for the MSSM local model of the previous section does also apply to the present global embedding. Finally, notice that all the arguments involving D-brane recombination/Higgsing have been performed in the absence of 3-form fluxes. Since these fluxes generically lift some of the flat directions of an N = 1 theory, it would be interesting to see how they affect this picture. We hope to report on these issues in the future.

– 22 –

5. Extension to other Z_2 × Z_2 orientifolds

So far, in our quest of building chiral flux vacua, we have only considered a particular orientifold background, namely a Z_2 × Z_2 orientifold with discrete torsion. Our techniques, however, do also apply to other closed string backgrounds, and the purpose of this section is to illustrate this fact. For simplicity, we will consider another Z_2 × Z_2 orientifold of T^6, but this time without discrete torsion. As was analysed in [15], this alternative choice of discrete torsion changes some of the orientifold charges and the flux quantisation conditions, so the model building rules differ from the Z_2 × Z_2 considered previously. Nevertheless, we again manage to find N = 1 flux vacua in this background.

Actually, in the absence of fluxes, this background is T-dual to the Z_2×Z_2 type-I models discussed in [29]. In this reference several models, based on Z_2 ×Z_2 and other backgrounds, were constructed. The purpose of these examples was to illustrate the phenomenon of ‘brane supersymmetry breaking’ [65]. Roughly speaking, these are constructions where the closed string sector of the theory is N = 1 supersymmetric but, due to the RR tadpole consistency conditions, there is no naive N = 1 consistent open string sector one can build. For instance, in the particular case of the Z_2 × Z_2 orientifold without discrete torsion one cannot build a supersymmetric model by considering D-branes without magnetic fluxes, as one can do in the case with discrete torsion [39]. However, as we presently show, there exist N = 1 solutions which involve magnetised D-branes and, moreover, they also admit non-trivial fluxes.

Let us first review the model building rules for magnetised D-branes and 3-form fluxes in a T^6/(Z_2 × Z_2) orientifold without discrete torsion, following [15]. Most part of the discussion parallels the rules of the Z_2 × Z_2 orientifold with discrete torsion, so let us just point out the differences. First, in this alternative background there is at least one class of orientifold planes with positive charge and tension. For simplicity, we will choose the 64 O3-planes to be exotic O3^{(+,+)}’s with positive charge and tension, while the O7_i-planes, i = 1, 2, 3 will have the usual negative charges. This will change the magnetic numbers of the orientifold plane content of the theory, which instead of (2.11) will read

[Q_O] = −[(1, 0) (1, 0) (1, 0)] + [(1, 0) (0, 1) (0, −1)] + +[(0, 1) (1, 0) (0, −1)] + [(0, 1) (0, −1) (1, 0)] . (5.1)

Second, following the strategy in [15] we will consider ‘bulk’ branes, which come in four copies, and not the fractional branes which have been considered so far. This implies that from a stack of N_a D-branes not fixed by the orientifold action we get a U(N_a/4) gauge group, and that several factors of 4 appear in the chiral spectrum. This massless spectrum has been summarised in table 9.

On the other hand, a stack of N D-branes on top of an O-plane will no longer give us a USp(N) gauge group. Instead, N_a D3-branes on top of a O3^{(+,+)} will give us a USp(N_a/2)^4 gauge group, whereas N_a bulk D7_i-branes without magnetic fluxes will yield a U(N_a/2) × U(N_a/2) gauge group. We present such spectra in tables 10 and 11.

Third, since the collapsed cycles of the Z_2 × Z_2 orbifold do not contain any additional 3-cycles, the integral homology basis of such orbifold, and hence the quantisation conditions

– 23 –

Sector Representation aa U(N_a/4) vector multiplet 3 Adj. chiral multiplets ab + ba 4I_{ab} (_a,_b) chiral multiplets ab^′ + b^′a 4I_{ab}′ (_a,_b) chiral multiplets aa^′ + a^′a 2(I_{aa}′ − 2I_{a,O}) chiral multiplets 2(I_{aa}′ + 2I_{a,O}) chiral multiplets

Table 9: Massless spectrum for N = 1 magnetised D-branes in the T^6/(Z_2 × Z_2) ΩR orientifold without discrete torsion. I_{a,O} is now computed from the orientifold plane charge class (5.1).

Sector Representation aa USp(N_a/2)^4 vector multiplets ( , , 1 , 1) chiral multiplets ab + ba I_{ab} (_a, 1 , 1 , 1 ;_b) chiral multiplets

Table 10: Massless spectrum for D3-branes invariant under the orientifold action. The underline stands for all possible permutations of the representations.

Sector Representation aa U(N_a/2) × U(N_a/2) vector multiplets ( , ) + ( , ) + ( , ) + ( , ) ( , 1 ) + ( , 1 ) + ( 1 , ) + ( 1 , ) chiral multiplets ab + ba I_{ab} [ (_a , 1 ;_b) + (_a , 1 ;_b) ] chiral multiplets

Table 11: Massless spectrum for D7_i-branes, i = 1, 2, 3, invariant under the orientifold action.

for the 3-form fluxes, change with respect to the case with discrete torsion [15]. As a result, in (2.3) we must consider N_{min} = 4 and hence we can write N_{flux} = n · 16, n ∈ N for ISD fluxes. All this changes the RR tadpole conditions, which in the the present context read ∑ α N_αn^1_αn^2_αn^3_α + 1 2 N_{flux} = −16 , (5.2)

as well as the three lower conditions in (2.14). In addition, we may consider extra Ktheory constraints, which may be read, e.g., from the global USp(2) anomalies of this chiral spectrum. In the present context these are ∑ α N_αm^1_αm^2_αm^3_α ∈ 8Z . (5.3)

There may be, however, additional K-theory constraints which, since we are considering only bulk D-branes, are invisible to the low energy spectrum presented above. Finally, the supersymmetry conditions are identical to the case with discrete torsion.

– 24 –

N_α (n^1_α, m^1_α) (n^2_α, m^2_α) (n^3_α, m^3_α) N_h = 8 (−2, 1) (−2, 1) (−2, 1) 8N_f (1, 0) (1, 0) (1, 0)

Table 12: D-brane magnetic numbers giving rise to N = 1 flux vacua.

Sector SU(2) × USp(4N_f )^4 (hh) 3(3; 1, 1, 1, 1) (hh’) 76(3; 1, 1, 1, 1) + 180(1; 1, 1, 1, 1), (hf) (2, 4N_f , 1, 1, 1)

Table 13: N = 1 spectrum derived from the D-brane content of table 12.

From condition (5.2) it is easy to see that satisfying RR tadpoles implies that some D-branes must carry anti-D3-brane charge.^{22} This is true even in the absence of fluxes, and clearly comes from the fact that we have an O3^{(+,+)}-plane with positive charge and tension. As a result, in a D-brane model with only (anti)D3-branes and D7-branes, supersymmetry breaking is enforced by RR tadpole conditions.

Notice that the same kind of situation was found in the previous section, when we wanted to include 3-form fluxes in the Z_2 × Z_2 orientifold with discrete torsion. The same kind of strategy for finding N = 1 models applies here. Namely, we can consider D9-branes of the form (4.2) which carry anti-D3-brane charge and still preserve N = 1 supersymmetry. Indeed, a simple D-brane model showing this fact is given by the magnetic numbers

16(−1, 1) ⊗ (−1, 1) ⊗ (−1, 1) (5.4)

and it is easy to see that it defines an N = 1 vacuum of the theory, provided the choice of Kähler parameters such that ∑ i tan^{−1}(A_i) = π. This simple D-brane content yields an SU(4) gauge group with three adjoint multiplets and 32 chiral multiplets in the 6 representation. This is probably the simplest N = 1 vacuum of the present Z_2 × Z_2 orientifold, but it is not very appealing from the phenomenological point of view, and moreover it does not admit the presence of fluxes.

An N = 1 model allowing fluxes is given by the D-brane content shown in table 12. The RR tadpole conditions are automatically satisfied except for (5.2), which is given by

N_f + n = 6 . (5.5)

and hence admits several N = 1 flux vacua.

The gauge group of this model is given by SU(2) × USp(4N_f )^4, the U(1) factor from the initial U(2) being actually massive. The N = 1 spectrum is presented in table 13. This model is clearly not realistic and, strictly speaking, is not even chiral. This probably comes from the fact that we are only considering bulk D-branes in our construction. A more promising approach seems to consider fractional D-branes, which moreover have the potential to yield chiral representations in multiplicities different than four. In any case,

22Recall that we are considering ISD fluxes, and hence N_{flux} ≥ 0.

– 25 – these examples show how our model building techniques allow to construct N = 1 flux vacua in other closed string backgrounds. Hopefully, this will open up new avenues in string theory model building.

6. Conclusions and outlook

In this paper we have developed model building techniques for constructing N = 1, D = 4 chiral vacua of flux compactifications in type-IIB string theory. More precisely, we have focused on the magnetised D-brane setup of [15, 16] and we have constructed N = 1 flux models for both choices of T^6/(Z_2 × Z_2) orientifolds: with or without discrete torsion. We have discussed the consistency conditions that such models must satisfy and, in particular, derived some additional K-theory constraints on them. These general ideas have been illustrated with the explicit construction of N = 1 and N = 0 global models, which admit both chirality and Poincaré invariance. Unlike many other examples in the literature, the N = 0 models are free of NSNS tadpoles (to first order) and its associated instabilities.

The first example of these type of models was recently presented in [17], involving not only fluxes, but also a low energy spectrum that contains the MSSM with three generations of chiral matter. Part of the purpose of this paper is to elaborate on the construction on such model, as well as to describe its phenomenological features. The construction is mainly inspired by the intersecting D-brane world scenario and, as such, shares many of the interesting features of intersecting D-brane models. In particular, we show how the processes of symmetry breaking from a Left-Right model to the MSSM, as well as electroweak symmetry breaking, can be nicely realised in this context in terms of D-brane recombination.

In addition, these explicit models provide a good starting point for studying the phenomenological consequences of D = 4 chiral flux compactifications. For instance, the general pattern of SUSY-breaking soft terms deduced from [8, 9] can be applied to these compact examples. A preliminary analysis naively suggest a typical scale of order α^′/ √ V ol(T^6) for these terms, which favours an intermediate string scale M_s = 10^{11}GeV . However, a non-trivial, inhomogeneous warp factor may change this situation. It would be interesting to see if this is indeed the case. The pattern of soft terms may also depend on the precise way in which the remaining moduli are stabilised.^{23} We also note that there are two sources of the μ term in these models: the one described in section 3 and the contribution from the fluxes [9]. It is worth exploring if this fact may have interesting implications for electroweak symmetry breaking.

Furthermore, these models contain the basic ingredients of the recent proposal for constructing de Sitter vacua from string theory [12], so it would be very nice to find examples of this scenario which could simultaneously lead to de Sitter geometries and phenomenologically interesting vacua. Let us point out, however, that since our constructions are based on toroidal orbifolds, it is not obvious how, e.g., warped throats can be realised in our models. These difficulties could be easily overcomed in Calabi-Yau compactifications including magnetised D-branes and fluxes which, in any case, is a natural generalisation of our constructions.

23We thank Kiwoon Choi and Hans-Peter Nilles for emphasising to us this point.

– 26 –

Actually our construction is, a priori, an example of the general class of flux compactifications studied in [5]. Notice, however, that the key ingredient that allows us to construct N = 1 chiral flux vacua is the presence of pairs of D9 − D9-branes in our models, which in principle was not considered in [5]. This D9 − D9 system would usually form a non-BPS SUSY breaking brane but, due to the presence of magnetic fields in their worldvolume, do preserve the same supersymmetries as the orientifold background. In addition, such object carries charges of D7-brane and anti-D3-brane. It would be interesting to understand the properties of such D9 − D9 system in a general flux compactification. Moreover, these objects carry a discrete Z_2 K-theory charge, as we have derived by using the brane probe arguments in [21]. Notice that this is a field theory argument, so it would be interesting to derive these results directly from first principles.

The inclusion of magnetised D9 − D9-branes also allows us to construct a new class of N = 1 D-brane models, which were actually believed not to exist. These are some compactifications with the property of ‘brane supersymmetry breaking’. More precisely, in some orientifold examples one finds supersymmetric closed string vacua where the RR tadpole conditions do not allow any naive N = 1 D-brane content. By considering magnetised D9 − D9-branes, we show that such N = 1 vacua do actually exist, at least in a particular T^6/(Z_2 × Z_2) background T-dual to some models in [29]. It would be interesting to see if similar techniques can be applied to obtain new N = 1 D-brane models in other backgrounds of this kind.

On a more theoretical side, it would be interesting to investigate the F-theory lift of these N = 1 and N = 0 compact models, both being chiral examples of the warped metric solutions found in [5]. Since our constructions are particularly simple, one can use them to explore the non-Kähler geometries involved in their heterotic [3] and type-IIA [66] duals.

Finally, there has also been much discussions recently about the possibility of a string landscape, especially in the framework of flux compactification. Our results provide a concrete proof of concept that vacua with features of the MSSM can exist in this context. However, we note that a lot of the flux vacua (which are included in analysing the statistics) do not have the realistic properties of the Standard Model. Therefore, the conclusion one would draw from such statistical analysis may be different when one convolves the statistics with the criteria of a realistic particle physics spectrum.

To sum up, we have constructed some examples of string vacua that gather several essential ingredients for building a fully realistic string theory model, by combining recent insights in flux compactifications and chiral D-brane constructions. The D-brane sector introduces a non-abelian gauge group and chiral matter charged under it, allowing for MSSM-like spectra. The 3-form flux background generates a potential for the dilaton and complex structure moduli of the compactification, freezing them to some particular value. Furthermore, the 3-form flux can also induce soft supersymmetry terms for the gauge and chiral sectors of the theory. We find it quite remarkable that all these interesting features can be realised in the same string theory construction. Hopefully, these recent developments have brought us one step closer to understanding the phenomenology consequences of string theory.

– 27 –

Acknowledgments

We wish to thank Bobby Acharya, Kiwoon Choi, Frederik Denef, Hans-Peter Nilles, Fernando Quevedo and specially Luis Ibáñez and Angel Uranga for useful comments and discussions. This work was supported in part by NSF CAREER Award No. PHY-0348093, and a Research Innovation Award from Research Corporation. We also thank Aspen Center for Physics for hospitality while this work was written.

A. Moduli space of N = 0 flux models

In this appendix we derive the minima of the scalar potential V_{eff} induced by the 3-form flux (4.9). As we will see, this potential does not fix the complex structure moduli and complex dilaton completely, but has some flat directions which allow to choose an arbitrarily small string coupling constant. We will basically follow the approach used in [6], which we will generalise to the case of SUSY-breaking fluxes.

The G_3 flux (4.9) can be expressed in terms of their real components F_3 and H_3 as

H_3 = −8 dy_1 ∧ dy_2 ∧ dy_3 , F_3 = 8 dx_1 ∧ dx_2 ∧ dx_3 , (A.1)

which clearly satisfy^{24} N_{flux} = 64 and G_3 = F_3 − τ_4H_3 for τ_j = i, j = 1, 2, 3, 4. Here, in order to simplify the notation we are identifying the complex dilaton (τ in the main text) with the complex modulus τ_4. These 3-form fluxes create a scalar potential which can be derived form the superpotential W = ∫ (F_3 − τ_4H_3) ∧ Ω = 8(τ_1τ_2τ_3 − τ_4) (A.2)

In fact, as shown in [5], the scalar potential vanishes if D_j W = 0, where j runs over the complex structure moduli and the complex dilaton, and D_j is the supergravity covariant derivative. In the case of supersymmetric fluxes, where W = 0 at the minima of V_{eff} , these conditions reduce to solving ∂_j W = 0 (A.3)

where in the non-supersymmetric case W ≠ 0 they are equivalent to ∂_j [ e^K |W |^2 ] = 0 (A.4)

where K is the part of the scalar potential that depends on the fields j. In our case these fields are τ_1, τ_2, τ_3, τ_4 and K = −ln 8 4∏ j=1 Im τ_j

. (A.5)

24In the conventions ∫ dx1 ∧ dx2 ∧ dx3 ∧ dy1 ∧ dy2 ∧ dy3 = 1.

– 28 –

Now, is easy to see that conditions (A.3) have no solution for the superpotential (A.2). On the other hand (A.4), when applied to (A.2) and (A.5), are equivalent to

τ̄_1τ_2τ_3 = τ_4 τ_1τ̄_2τ_3 = τ_4 τ_1τ_2τ̄_3 = τ_4 τ̄_1τ̄_2τ̄_3 = τ_4 (A.6)

which in turn imply τ_iτ_j ∈ R. It is easy to see that, if we impose τ_j to be pure imaginary, we get conditions (4.11).

References

[1] C.M. Hull, Superstring compactifications with torsion and space-time supersymmetry, in Superunification and extra dimensions, R. D’Auria and P. Fre eds., World Scientific, Singapore 1986. A. Strominger, Superstrings with torsion, Nucl. Phys. B 274 (1986) 253.

[2] J. Polchinski and A. Strominger, New vacua for type-II string theory, Phys. Lett. B 388 (1996) 736 [hep-th/9510227];

K. Becker and M. Becker, M-theory on eight-manifolds, Nucl. Phys. B 477 (1996) 155 [hep-th/9605053];

J. Michelson, Compactifications of type-IIB strings to four dimensions with non-trivial classical potential, Nucl. Phys. B 495 (1997) 127 [hep-th/9610151]; S. Gukov, C. Vafa and E. Witten, CFT’s from Calabi-Yau four-folds, Nucl. Phys. B 584 (2000) 69 [hep-th/9906070], erratum ibid. B608 (2001) 477.

[3] K. Dasgupta, G. Rajesh and S. Sethi, M-theory, orientifolds and G-flux, J. High Energy Phys. 08 (1999) 023 [hep-th/9908088].

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

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

B.R. Greene, K. Schalm and G. Shiu, Warped compactifications in M and F theory, Nucl. Phys. B 584 (2000) 480 [hep-th/0004103];

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].

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

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

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

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];

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].

[8] D. Lüst, S. Reffert and S. Stieberger, Flux-induced soft supersymmetry breaking in chiral type-IIB orientifolds with D3/D7-branes, hep-th/0406092.

– 29 –

[9] P.G. Camara, L.E. Ibáñez and A.M. Uranga, Flux-induced SUSY-breaking soft terms on D7-D3 brane systems, hep-th/0408036.

[10] H. Verlinde, Holography and compactification, Nucl. Phys. B 580 (2000) 264 [hep-th/9906182].

[11] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys.

Rev. Lett. 83 (1999) 3370 [hep-ph/9905221]; An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064].

[12] 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].

[13] S. Kachru et al., Towards inflation in string theory, JCAP 10 (2003) 013 [hep-th/0308055].

[14] J.P. Hsu, R. Kallosh and S. Prokushkin, On brane inflation with volume stabilization, JCAP 12 (2003) 009 [hep-th/0311077];

H. Firouzjahi and S.H.H. Tye, Closer towards inflation in string theory, Phys. Lett. B 584 (2004) 147 [hep-th/0312020];

C.P. Burgess, J.M. Cline, H. Stoica and F. Quevedo, Inflation in realistic D-brane models, J. High Energy Phys. 09 (2004) 033 [hep-th/0403119];

J.J. Blanco-Pillado et al., Racetrack inflation, J. High Energy Phys. 11 (2004) 063 [hep-th/0406230].

[15] 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].

[16] J.F.G. Cascales and A.M. Uranga, Chiral 4D N = 1 string vacua with D-branes and NS-NS and RR fluxes, J. High Energy Phys. 05 (2003) 011 [hep-th/0303024]; Chiral 4d string vacua with D-branes and moduli stabilization, hep-th/0311250.

[17] F. Marchesano and G. Shiu, MSSM vacua from flux compactifications, hep-th/0408059.

[18] L. Susskind, The anthropic landscape of string theory, hep-th/0302219.

[19] M.R. Douglas, The statistics of string/M theory vacua, J. High Energy Phys. 05 (2003) 046 [hep-th/0303194];

S. Ashok and M.R. Douglas, Counting flux vacua, J. High Energy Phys. 01 (2004) 060 [hep-th/0307049];

F. Denef and M.R. Douglas, Distributions of flux vacua, J. High Energy Phys. 05 (2004) 072 [hep-th/0404116].

[20] A. Giryavets, S. Kachru and P.K. Tripathy, On the taxonomy of flux vacua, J. High Energy Phys. 08 (2004) 002 [hep-th/0404243].

[21] A.M. Uranga, D-brane probes, RR tadpole cancellation and K-theory charge, Nucl. Phys. B 598 (2001) 225 [hep-th/0011048].

[22] E. Witten, D-branes and K-theory, J. High Energy Phys. 12 (1998) 019 [hep-th/9810188].

[23] M. Cvetič, P. Langacker, T.-j. Li and T. Liu, D6-brane splitting on type-IIA orientifolds,

hep-th/0407178.

[24] M. Cvetič and T. Liu, Supersymmetric standard models, flux compactification and moduli stabilization, hep-th/0409032.

– 30 –

[25] 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, J. High Energy Phys. 02 (2004) 031 [hep-th/0312051].

[26] 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, J. High Energy Phys. 08 (2000) 002 [hep-th/0005067].

[27] B.S. Acharya, F. Denef, C. Hofman and N. Lambert, Freund-Rubin revisited,

hep-th/0308046;

K. Behrndt and M. Cvetič, General N = 1 supersymmetric flux vacua of (massive) type-IIA string theory, hep-th/0403049;

K. Behrndt and M. Cvetič, General N = 1 supersymmetric fluxes in massive type-IIA string theory, hep-th/0407263.

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

[29] 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].

[30] M. Bianchi, G. Pradisi and A. Sagnotti, Toroidal compactification and symmetry breaking in open string theories, Nucl. Phys. B 376 (1992) 365;

M. Bianchi, A note on toroidal compactifications of the type-I superstring and other superstring vacuum configurations with 16 supercharges, Nucl. Phys. B 528 (1998) 73 [hep-th/9711201];

E. Witten, Toroidal compactification without vector structure, J. High Energy Phys. 02 (1998) 006 [hep-th/9712028];

Z. Kakushadze, G. Shiu and S.H.H. Tye, Type-IIB orientifolds with NS-NS antisymmetric tensor backgrounds, Phys. Rev. D 58 (1998) 086001 [hep-th/9803141]; C. Angelantonj, Comments on open-string orbifolds with a non-vanishing B_{ab}, Nucl. Phys. B 566 (2000) 126 [hep-th/9908064];

C. Angelantonj and R. Blumenhagen, Discrete deformations in type-I vacua, Phys. Lett. B 473 (2000) 86 [hep-th/9911190].

[31] A.R. Frey and J. Polchinski, N = 3 warped compactifications, Phys. Rev. D 65 (2002) 126009 [hep-th/0201029].

[32] G. Dall’Agata, Type-IIB supergravity compactified on a Calabi-Yau manifold with H-fluxes, J.

High Energy Phys. 11 (2001) 005 [hep-th/0107264];

J. Louis and A. Micu, Type-II theories compactified on Calabi-Yau threefolds in the presence of background fluxes, Nucl. Phys. B 635 (2002) 395 [hep-th/0202168]; O. DeWolfe and S.B. Giddings, Scales and hierarchies in warped compactifications and brane worlds, Phys. Rev. D 67 (2003) 066008 [hep-th/0208123].

[33] R. D’Auria, S. Ferrara and S. Vaula, N = 4 gauged supergravity and a IIB orientifold with fluxes, New J. Phys. 4 (2002) 71 [hep-th/0206241];

S. Ferrara and M. Porrati, N = 1 no-scale supergravity from iib orientifolds, Phys. Lett. B 545 (2002) 411 [hep-th/0207135].

[34] P.K. Tripathy and S.P. Trivedi, Compactification with flux on K3 and tori, J. High Energy Phys. 03 (2003) 028 [hep-th/0301139].

– 31 –

[35] M. Berg, M. Haack and B. Körs, An orientifold with fluxes and branes via T-duality, Nucl.

Phys. B 669 (2003) 3 [hep-th/0305183];

A. Giryavets, S. Kachru, P.K. Tripathy and S.P. Trivedi, Flux compactifications on Calabi-Yau threefolds, J. High Energy Phys. 04 (2004) 003 [hep-th/0312104]; T.W. Grimm and J. Louis, The effective action of N = 1 Calabi-Yau orientifolds, Nucl. Phys. B 699 (2004) 387 [hep-th/0403067];

A. Giryavets, S. Kachru and P.K. Tripathy, On the taxonomy of flux vacua, J. High Energy Phys. 08 (2004) 002 [hep-th/0404243];

V. Balasubramanian and P. Berglund, Stringy corrections to kaehler potentials, SUSY breaking and the cosmological constant problem, J. High Energy Phys. 11 (2004) 085 [hep-th/0408054].

[36] E. Dudas and J. Mourad, Brane solutions in strings with broken supersymmetry and dilaton tadpoles, Phys. Lett. B 486 (2000) 172 [hep-th/0004165];

R. Blumenhagen and A. Font, Dilaton tadpoles, warped geometries and large extra dimensions for non-supersymmetric strings, Nucl. Phys. B 599 (2001) 241 [hep-th/0011269]; R. Rabadán and F. Zamora, Dilaton tadpoles and D-brane interactions in compact spaces, J. High Energy Phys. 12 (2002) 052 [hep-th/0207178].

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

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

[38] A.R. Frey and M. Grana, Type-IIB solutions with interpolating supersymmetries, Phys. Rev.

D 68 (2003) 106002 [hep-th/0307142];

G. Dall’Agata, On supersymmetric solutions of type-IIB supergravity with general fluxes, Nucl. Phys. B 695 (2004) 243 [hep-th/0403220];

A.R. Frey, Notes on SU(3) structures in type-IIB supergravity, J. High Energy Phys. 06 (2004) 027 [hep-th/0404107].

[39] 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].

[40] 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]; 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].

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

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

[43] M. Li, Boundary states of D-branes and DY-strings, Nucl. Phys. B 460 (1996) 351 [hep-th/9510161];

M.R. Douglas, Branes within branes, hep-th/9512077.

[44] 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].

[45] 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].

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

– 32 –

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

[48] F.G. Marchesano Buznego, Intersecting D-brane models, hep-th/0307252.

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

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

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

[52] L.E. Ibáñez, The fluxed MSSM, hep-ph/0408064.

[53] A.M. Uranga, D-brane, fluxes and chirality, J. High Energy Phys. 04 (2002) 016 [hep-th/0201221].

[54] G. Aldazabal, L.E. Ibáñez and A.M. Uranga, Gauging away the strong CP problem, J. High Energy Phys. 03 (2004) 065 [hep-ph/0205250].

[55] J.M. Maldacena, G.W. Moore and N. Seiberg, Geometrical interpretation of D-branes in gauged WZW models, J. High Energy Phys. 07 (2001) 046 [hep-th/0105038].

[56] R. Blumenhagen, L. Görlich, B. Körs and D. Lüst, Noncommutative compactifications of type-I strings on tori with magnetic background flux, J. High Energy Phys. 10 (2000) 006 [hep-th/0007024].

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

[58] R. Blumenhagen, B. Körs and D. Lüst, Type-I strings with F- and B-flux, J. High Energy Phys. 02 (2001) 030 [hep-th/0012156].

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

[60] D. Cremades, L.E. Ibáñez and F. Marchesano, More about the standard model at intersecting branes, hep-ph/0212048.

[61] T.P.T. Dijkstra, L.R. Huiszoon and A.N. Schellekens, Chiral supersymmetric standard model spectra from orientifolds of Gepner models, hep-th/0403196.

[62] D. Cremades, L.E. Ibáñez and F. Marchesano, Intersecting brane models of particle physics and the Higgs mechanism, J. High Energy Phys. 07 (2002) 022 [hep-th/0203160].

[63] M. Mihailescu, I.Y. Park and T.A. Tran, D-branes as solitons of an N = 1, D = 10 non-commutative gauge theory, Phys. Rev. D 64 (2001) 046006 [hep-th/0011079]; E. Witten, BPS bound states of D0-D6 and D0-D8 systems in a B-field, J. High Energy Phys. 04 (2002) 012 [hep-th/0012054].

[64] K. Becker, M. Becker, M. Haack and J. Louis, Supersymmetry breaking and alpha’-corrections to flux induced potentials, J. High Energy Phys. 06 (2002) 060 [hep-th/0204254].

[65] I. Antoniadis, E. Dudas and A. Sagnotti, Brane supersymmetry breaking, Phys. Lett. B 464 (1999) 38 [hep-th/9908023].

[66] S. Kachru, M.B. Schulz, P.K. Tripathy and S.P. Trivedi, New supersymmetric string compactifications, J. High Energy Phys. 03 (2003) 061 [hep-th/0211182].

– 33 –