arXiv:hep-th/0411080 v2 30 Nov 2004

MAD-TH-04-6

Model Building and Phenomenology of Flux-Induced Supersymmetry Breaking on D3-branes

Fernando Marchesano^1, Gary Shiu^1, and Lian-Tao Wang^{1,2}

1Department of Physics, University of Wisconsin, Madison, WI 53706, USA 2Jefferson Laboratory of Physics, Harvard University, Cambridge, MA 02138, USA

Abstract

We study supersymmetry breaking effects induced on D3-branes at singularities by the presence of NSNS and RR 3-form fluxes. First, we discuss some local constructions of chiral models from D3-branes at singularities, as well as their global embedding in flux compactifications. The low energy spectrum of these constructions contains features of the supersymmetric Standard Model. In these models, both the soft SUSY parameters and the μ-term are generated by turning on the 3-form NSNS and RR fluxes. We then explore some model-independent phenomenological features as, e.g., the fine-tuning problem of electroweak symmetry breaking in flux compactifications. We also comment on other phenomenological features of this scenario.

Email addresses: marchesa@physics.wisc.edu, shiu@physics.wisc.edu, liantaow@schwinger.harvard.edu.

Contents

1 Introduction 2

2 Model Building 4 2.1 A local Z_4 model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.1.1 Orbifolding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.1.2 Orientifolding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.1.3 Massive U(1)’s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.1.4 Constructing the local model . . . . . . . . . . . . . . . . . . . . . . 13 2.2 A global Z_4 model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.2.1 Introducing the flux . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 2.2.2 Final spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3 Phenomenology 19 3.1 Soft Lagrangian for Flux-Induced Supersymmetry Breaking . . . . . . . . . . 19 3.2 Electroweak Symmetry Breaking . . . . . . . . . . . . . . . . . . . . . . . . . 22

4 Conclusions 28

5 Appendix I: T^6/Z_4 flux quantization conditions 30

6 Appendix II: Fluxes and NSNS tadpoles 32

1 Introduction

Despite the tremendous insight that string theory has provided us in understanding field theory phenomena, most of the progress so far is based to a large extent on the assumption of exact supersymmetry. Yet, to recover the observed low energy physics, supersymmetry must somehow be broken. An important open problem in string theory is therefore how to break supersymmetry while maintaining its beneficial features. The precise way in which supersymmetry is broken is also of great phenomenological importance because current and upcoming experiments at the Tevatron or the LHC will soon begin to probe the existence of superpartners and possibly the pattern of their soft masses. Over the past few years, it has become clear that the phenomenological possibilities of string theory increase immensely with the inclusion of branes and fluxes. For example, in the brane world scenario, supersymmetry can be broken either in the D-brane sector or in the bulk. In the latter case, the D-brane sector preserves N = 1 supersymmetry, whereas supersymmetry breaking effects in the closed string bulk will be transmuted to the observable open string Standard Model sector via gravitational interactions. From an effective field theory point of view, the effects of supersymmetry breaking in the bulk felt by the Standard Model can be described by a set of soft parameters in the resulting D = 4, N = 1 supergravity Lagrangian.

In this paper, we will focus on soft SUSY-breaking induced by type IIB 3-form NSNS and RR fluxes [1–4], which is an example of bulk supersymmetry breaking. An appealing feature of this scenario is that one can perform rather explicit string theoretical computations of the soft parameters [5–9]. More precisely, the 3-form fluxes couple to the Dirac-Born-Infeld (DBI) action describing the degrees of freedom on the D-branes and hence one can deduce the soft parameters from the relevant operators of the DBI action. In addition to inducing soft SUSY-breaking terms, flux compactifications have also shown to play an important role in stabilizing moduli [2, 4, 10], as well as for constructing metastable dS vacua [11] and inflationary models [12, 13, 15] from string theory.

As a first step towards studying the phenomenology of flux-induced SUSY breaking scenario, we need to construct chiral models in flux compactifications whose low energy spectrum contains semi-realistic features. Our framework to accomplish this task will be Type IIB orientifold compactifications involving D-branes. There are two known ways in which non-Abelian gauge groups and chiral fermions charged under them can arise in this context, either by considering D-branes localized at singularities [16] or magnetized D-branes [17–20]. The latter are related to intersecting D-branes constructions by T-duality [21].^1 In this work, we will restrict ourselves to D3-branes at singularities,^2 since the soft SUSYbreaking effects are much easier to work out. In fact, the soft SUSY-breaking terms on D3-branes at singularities in a general background with fluxes have recently been derived in [6, 7], following the approach in [5]. The reason for the simplicity of this setup is that the Standard Model is localized on a single stack of D3-branes, filling four non-compact dimensions and being pointlike in an internal manifold M_6. Hence, one can deduce the fluxinduced soft parameters by performing a local expansion of the supergravity background around the location of the D3-branes.^3 We will present some global constructions of chiral models as explicit realizations of this scenario.

Another appealing feature of flux-induced SUSY-breaking is that all the soft parameters and the μ-term are induced by different components of the 3-form flux. Hence, we have in principle all the necessary ingredients to explore issues in electroweak symmetry breaking (EWSB). However, it turns out that in the semi-realistic D3-brane models constructed in this context so far [6, 24, 25], the would-be μ-term is absent. This is because the necessary component of the fluxes which induce the μ-term is projected out by the symmetry of the background (more specifically, the orbifold symmetry). Thus, the purpose of this work is to construct and study some concrete examples of flux compactifications whose low energy spectrum contains features of the Standard Model, and which allow for fluxes that induce non-zero soft SUSY parameters and a non-vanishing μ-term. We also demand that the models are free of extra chiral exotics charged under the SM gauge group and other sources of supersymmetry breaking, so that the resulting phenomenological features are due entirely to the fluxes. Note that unlike in the magnetized D-brane setup, in which a three-generation MSSM model has been constructed [23], it is rather difficult to construct a three-generation MSSM flux vacua from only D3-branes at singularities and which also allows for a μ-term.

1Magnetized/Intersecting D-branes and D-branes an singularities are not string theory constructions which exclude each other. Indeed, as shown in [22] both can be combined to give new chiral models.

2For recent work on constructing MSSM flux vacua from magnetized D-branes, see [23]. 3For recent developments on SUSY breaking soft-terms in systems of D3/D7-branes see [8, 9]

In fact, the simplest model we found in this setup has only two chiral families. Nonetheless, as long as we explore issues which are insensitive to the number of families, we expect the results to be generic and applicable when more realistic models can be constructed in the future.

This paper is organized as follows. In Section 2, we construct some chiral models of flux compactifications from D3-branes at singularities. Our strategy is to first construct a local singularity where a semi-realistic model can be localized, and which admits fluxes leading to both the soft SUSY-breaking terms and the μ-term. We then embed such a local singularity into a fully-fledged compactification. In Section 3, we explore some phenomenological features of flux-induced supersymmetry breaking and discuss the fine-tuning problem of EWSB in this scenario. We conclude with some outlook in Section 4. Some details about fluxes and NSNS tadpoles, as well as the quantization conditions for the 3-form fluxes are relegated to the appendices.

2 Model Building

In this section, we construct some simple models where the general flux-induced soft SUSYbreaking scenario discussed in [6] (see also [7]) can be realized. In order to apply the formalism developed in [6], we consider Type IIB string theory configurations involving both D3-branes and RR and NSNS 3-form fluxes. The D3-branes fill-up four non-compact dimensions and sit at a particular point in a six-dimensional manifold M_6, whereas the 3-form fluxes are turned on transversally to the D3-brane worldvolume, i.e., the fluxes have support on 3-forms in M_6 (see Figure 1). In this scenario, the open string degrees of freedom associated to the D3-branes yield a supersymmetric gauge theory in their D = 4 worldvolume. The closed string background surrounding the D3-branes, on the other hand, does not preserve the same supersymmetry as the D3’s, and hence induces α^′ corrections in the open string sector. From the point of view of the D3’s worldvolume theory, these are seen as SUSY-breaking soft terms.

A general derivation of the SUSY-breaking soft terms for D3-branes in a generic background was given in [6], with special emphasis on the case where the source of SUSY breaking is given by the background 3-form fluxes. We will now search for specific models where such general results can be applied. In order to have chiral N = 1 D = 4 gauge theories from D3-branes we need to consider a compact manifold M_6 containing singular points, such as orbifold/orientifold singularities, and place the D3-branes on top of them. The low energy spectrum of such gauge theory can be encoded in a quiver diagram [16], and can lead to D = 4 chiral theories quite close to the Standard Model [26, 27].

The consistency of these kind of models usually requires the presence of D7-branes at this same singular point [26]. These new open string sectors will also introduce gauge theories, and possibly extra chiral matter. One could then, in principle, build up a semi-realistic model by using both D3 and D7-branes, as is usually the case in the literature. On the other hand, the computation of soft terms is microscopically better understood in the case of D3-branes. For this reason, we will focus on models where the gauge theory and chiral matter of interest is fully embedded in the D3 − D3 sector of the model, and D7-branes only play the role of a hidden sector in the low energy theory.

Figure 1: Flux-induced Supersymmetry Breaking scenario, for the particular case of D3-branes at singularities. The D3-branes sit at a singularity of the internal space M_6, in order to achieve a chiral gauge theory. The geometrical background preserves N = 1 supersymmetry but the 3-form flux G_3 surrounding the singularity breaks it, inducing soft terms in the gauge theory.

We then introduce non-trivial RR (F_3) and NSNS (H_3) background fluxes which will induce the soft terms in the D3-brane worldvolume theory. These fluxes should be welldefined in the local orbifold geometry which the D3-branes see. The appearance of SUSYbreaking operators of lower dimension is specified by the local behaviour of the flux near the D3-brane location [6]. We can then, in principle, consider a local orbifold/orientifold model and perform a local analysis of the flux-induced SUSY-breaking, much in the spirit of [5]. Indeed, the soft term structure can already be analyzed at this local level, without knowing the specific embedding of the singularity in M_6.

Eventually, however, we would like M_6 to be compact in order to recover D = 4 gravity at low energies. The fluxes should then be properly quantized in terms of the homology/cohomology of M_6. Moreover, the whole construction must satisfy the full set of consistency conditions known as RR tadpole cancellation conditions, many of them not visible from the (local) point of view of the D3’s gauge theory [28]. As we will see in the next section, these global constraints allow us to study other kind of questions otherwise invisible from the local point of view, such as the distribution of phenomenologically viable models in the space of well-quantized fluxes.

Global models of the type described above, based on toroidal orientifolds with non-trivial background fluxes, have already been built in [6, 24]. These constructions are based on D3- branes at C^3/Z_3 orbifold singularities,^4 which are the more appealing local models from the phenomenological point of view, since they naturally provide triplication of families [26]. It turns out, however, that these Z_3 orbifold geometries, and in particular the global T^6/Z_3 orientifold models constructed in [6, 24], forbid any constant component of the 3-form flux G_3 other than the ones proportional to the holomorphic 3-form and its complex conjugate. From the point of view of the general analysis in [6], this will imply that only SUSY-breaking soft terms of the ‘dilaton domination form’ will appear in the effective theory and, e.g., no μ-term would be generated.

In this section we build examples of chiral N = 1 gauge theories based on D3-branes at orbifold/orientifold singularities, which admit a more general pattern of flux-induced soft terms. We will focus on a C^3/Z_4 orbifold singularity, which is the simplest orbifold example allowing for a flux-induced μ-term. Following the general philosophy in [26], we first construct the local features of the D3-brane model, and then present an example of how this local physics con be embedded in a global construction.

2.1 A local Z_4 model

We now describe in some detail the construction of a local Z_4 D3-brane model in the background of SUSY breaking 3-form fluxes. The aim is to find a model which allows for a semi-realistic gauge group and chiral fermions with appropriate quantum numbers, both arising from strings ending just on D3-branes. This will allow for a more transparent analysis of the effect of flux SUSY breaking, which can already be addressed at the local level. We perform such analysis in Section 3. Although Z_4 does not allow for more than two generation models, the phenomenological analysis of Section 3 shows that the soft SUSY breaking terms follow an universal pattern, and so we find that, in order to test the phenomenological possibilities of flux-induced SUSY breaking, the number of generations is not a crucial factor of the model.

In the following we will use the results and conventions in [26], to which the reader is referred for more details and a general discussion on model building of D3-branes at singularities.

2.1.1 Orbifolding

Let us consider a stack of N D3-branes sitting on top of a supersymmetric Z_4 orbifold singularity. Locally, we can represent such singularity by C^3/Z_4, where the generator of the Z_4 orbifold action θ acts geometrically on C^3 as

θ : (z_1, z_2, z_3) → (e^{−2πi/4}z_1, e^{−2πi/4}z_2, e^{2πi/2}z_3) = (−iz_1, −iz_2, −z_3) (1)

4More precisely, these models are based on either D3-branes or anti-D3-branes at orbifold singularities, surrounded by a 3-form flux which breaks supersymmetry. For a more complete discussion of the different possibilities within this scenario see [25].

and is encoded in the shift vector v =^1_4 (1, 1, −2).^5 On the other hand, the action on the D3’s Chan-Paton degrees of freedom is given by

γ_{θ,3} = diag (1_{n0} , i1_{n1} , −1_{n2} , −i1_{n3} ) (2)

with

∑_4

i=1 n_i = N. The massless spectrum of open strings starting and ending on D3-branes can be obtained by considering an N × N matrix λ_{33} and imposing, on the Neveu-Schwarz sector, the conditions

λ^{(0)}_{33} = γ_{θ,3}λ^{(0)}_{33} γ^{−1}_{θ,3} for λ^{(0)}_{33} ψ^μ_{− 12} |0⟩ (3)

λ^{(r)}_{33} = e^{2πivr} γ_{θ,3}λ^{(r)}_{33} γ^{−1}_{θ,3} for λ^{(r)}_{33} ψ^r_− 1_2 |0⟩ (4)

where μ labels the D3-brane world-volume dimensions, (3) representing D = 4 gauge bosons, and r = 1, 2, 3 labels each of the complex scalars coming from each complex plane in C^3. The conditions to be imposed in the Ramond sector are the same, the orbifold being supersymmetric, and we obtain a massless spectrum completely specified by the four integers {n_i}^4_{i=1} Vector Multiplets

∏_4 i=1 U(n_i)

Chiral Multiplets

∑_3 r=1 ∑_4 i=1(n_i, n̄_{i+4vr} ) (5) which the index i is to be understood mod 4. This spectrum can be encoded in the quiver diagram of Figure 2. This quiver construction can be generalized to arbitrary orbifold singularities, see e.g. [29].

Figure 2: Quiver diagram of the Z_4 orbifold. Here the nodes represent U(n) gauge groups and the arrows bifundamental (n, n̄^′) representations of left-handed chiral multiplets between them, pointing in the sense of the anti-fundamental.

The quiver diagram shows clearly how the orbifold singularity Z_4 provides a chiral spectrum. Moreover, the chiral multiplets (n_i, n̄_{i+1}) come in pairs, which implies two replicas

5We have introduced the shift vector v in order to simplify the discussion. In the language of [26], their components v_r correspond to a_r/N .

of the same kind of particle. Of course, from a phenomenological point of view the natural triplication of families is far more appealing, which can be obtained, e.g., by means of Z_3 orbifolds [26]. However, as explained above, these orbifolds impose too many constraints on the background fluxes.

In general we can also consider D7-branes filling two complex dimensions in C^3/Z_4 and fixed by the geometrical orbifold action. Let us, for instance, consider D7-branes not wrapping the 3^{rd} complex plane, denoted by D7_3-branes, with the Chan-Paton action of the orbifold specified by γ_{θ,73} = diag (1_{u0} , i1_{u1} , −1_{u2} , −i1_{u3} ) (6)

The quiver structure of Figure 2 equally applies to this case. However, since the ‘internal’ volume of the D7-branes is infinite, the gauge coupling constants of the corresponding gauge groups vanish and they become global symmetries of the theory.^6 The matter charged under such global sector and the D3’s gauge groups are open strings in the 37_3 and 7_33 sectors. The orbifold projection is now

λ_{373} = e^{−iπv3} γ_{θ,3}λ_{373} γ^{−1}_{θ,73} λ_{733} = e^{−iπv3} γ_{θ,73} λ_{733}γ^{−1}_{θ,3} (7)

yielding a chiral spectrum which, in the case of Z_4 is

Chiral Multiplets

∑_4 i=1[(n_i, ū_{i+1}) + (n̄_i, u_{i−1})] (8)

Finally, for consistency of the theory tadpoles must be cancelled. A local model is only sensitive to twisted tadpole conditions, which in the case of D3/D7-branes at orbifold singularities read [26] 3∏ r=1 2sin(πkv_r)Tr γ_θk_{,3} + 3∑ r=1 2sin(πkv_r)Tr γ_θk_{,7r} = 0 (9)

In the case at hand we have

k = 1 2Tr γ_θ1_{,3} + Tr γ_θ1_{,73} = 0 k = 2 [4Tr γ_θ2_{,3} + Tr γ_θ2_{,73} = 0]

(10)

where γ_θ2_{,3} = γ^2_{θ1 ,3}, etc. Notice that the case k = 0, corresponding to untwisted tadpoles, identically vanishes. This is because the RR and NSNS tadpoles are suppressed by the volume transverse to the D-brane where the closed string fields carrying the corresponding D-brane charge can propagate. In the case of untwisted charges the RR (or NSNS) fields propagate all over C^3/Z_4, which is infinite volume. Actually, the same is true for the twisted tadpole k = 2, since the rotation θ^2 leaves the third complex plane fixed, so the corresponding twisted closed strings are not stuck at the orbifold singularity and can propagate all over this complex plane. As a result, the k = 2 condition above need not be taken into account in order to build a local Z_4 orbifold model.

To summarize, from the point of view of the local physics at the singularity, and hence the gauge field theory physics, the only relevant consistency condition is the twisted tadpole

6Of course, in a compact model we recover such gauge symmetries.

for k = 1. Indeed, cancellation of chiral anomalies will be guaranteed by fulfilling such consistency condition [28]. Thus, at this level of the construction, we only need to bother about k = 1 twisted conditions. However, untwisted and k = 2 twisted conditions will be relevant when embedding such singularity in a compact model, as we will show below.

Given this general spectrum we can think of building a semi-realistic local model with two generations of quarks and leptons. To obtain Standard-like or Pati-Salam models, the more appealing choices are

n_0 = 3 n_1 = 2 n_2 = 1 n_3 = 1 n_0 = 3 n_1 = 2 n_2 = 2 n_3 = 1 n_0 = 4 n_1 = 2 n_2 = 1 n_3 = 0 n_0 = 4 n_1 = 2 n_2 = 2 n_3 = 0

(11)

all of these choices lead, however, to uncancelled k = 1 tadpoles that will require the presence of D7_3-branes and will, eventually, lead to unwanted extra chiral matter in the model. As pointed out in [30] this non-minimality of the spectrum is generic in orbifold models. We thus turn to consider orientifolded versions of the above.

2.1.2 Orientifolding

Let us now consider type IIB string theory modded out by ΩR, where R is a Z_2 symmetry of the compactification manifold M_6. Such class of theories are indeed a natural way to achieve non-trivial supersymmetric flux compactifications [2, 4]. Let us, moreover, consider that our previous Z_4 orbifold singularity is also fixed by the action of R. In our local model C^3/Z_4, we can take R : z_i → −z_i.^7 Since the D3-branes are at a fixed point of the new orientifold symmetry, we should project the open string degrees of freedom to those invariant both under Z_4 and ΩR, in order to get the final gauge theory. The conditions (3) and (4) now become

λ^{(0)} = γ_{θ,3}λ^{(0)}γ^{−1}_{θ,3} λ^{(0)} = −γ_{Ω,3}λ^{(0)T} γ^{−1}_{Ω,3} (12)

λ^{(r)} = e^{2πivr} γ_{θ,3}λ^{(r)}γ^{−1}_{θ,3} λ^{(r)} = −γ_{Ω,3}λ^{(r)T} γ^{−1}_{Ω,3} (13)

where γ_{Ω,3} is the action of ΩR on the Chan-Paton degrees of freedom. Again, λ^{(0)} corresponds to the gauge bosons and λ^{(r)} to each complex scalar. String interactions are well-defined if both conditions γ^T_Ω γ^{−1}_Ω = ±1,

γ^∗_{θk} = ±γ^∗_Ωγ_θk γ_Ω

(14)

are satisfied by the unitary matrices γ_Ω, γ_θk , which restricts the possible form of γ_Ω to a few cases [31]. In general, the orientifold symmetry will identify pairs of gauge groups and chiral matter multiplets which were present in the orbifold theory, while some other unitary gauge groups may be reduced to SO or USp gauge groups. Such action can be again encoded in a ‘folding’ of the orbifold diagram, as shown in Figure 3 for the particular case of interest in this paper.

7More precisely, we are considering the standard orientifold projection leading to O3-planes and preserving N = 1 supersymmetry, which is of the form ΩR, with R = R_1R_2R_3(−1)^{FL} . Here R_i acts as z_i → −z_i, and F_L is the left-handed world-sheet fermion number.

Figure 3: Folding of the Z_4 quiver diagram in Figure 2 to the corresponding orientifold with vector structure. The colored nodes represent pairs of U(n) gauge groups identified under the action of ΩR, while the white nodes are U(m) gauge groups projected to either SO(m) or USp(m).

The procedure of obtaining orientifold from orbifold quivers can be summarized in a set of rules (for a general discussion of these rules, see, e.g., [32]). In this paper, we will be interested in the orientifold projection first discussed in [31], and which in the closed string sector gives rise to left-right symmetric RR states from the Z_2 twisted sectors of the theory. In the particular case of Z_4 such projection imposes the constraint

γ_Ω = γ_θ2 γ_Ωγ^T_θ2 (15)

for both D3 and D7-branes. Together with (14) this implies γ^4_{θ,3} = γ^4_{θ,7} = 1, which is known as an orientifold with vector structure.^8 The two inequivalent choices of γ_Ω are given by

γ_{Ω,a} =

1_{n0} 1_{n1} 1_{n2} 1_{n3} γ^{Ω,b} = ϵ_{n0} 1_{n1} ϵ_{n2} 1_{n3}

(16)

where ϵ_n is a block-diagonal matrix with n blocks of the form ( 0 1 −1 0 ) . Moreover, in order for γ_Ω to have a well-defined action on the Chan-Paton matrices, we must impose n_1 = n_3, u_1 = u_3 in (2) and (6), respectively.

One choice of γ_Ω or the other will depend on the RR charges of the O-planes placed at the orientifold singularity. More specifically, an O3-plane with NSNS and RR untwisted charges opposite to those of a D3-brane, denoted as O3^{(−,−)}, will correspond to the choice γ_{Ω,3} = γ_{Ω,a}, while that with the same charges, O3^{(+,+)} , corresponds to γ_{Ω,3} = γ_{Ω,b}. Notice that the orientifold group element ΩRθ^2 fixes the two first complex planes of C^3, and hence

8At this stage, one may also consider Z_4 orientifolds without vector structure. However, these orientifolds possess exotic twisted tadpole conditions [33], which usually imply the presence of non-BPS D-branes in order to find a consistent vacuum [34]. This would mean an extra source of supersymmetry breaking, and thus does not seem very promising for our purposes.

also O7-planes will be present in our local model. Consistency conditions imply that the charges of the O7-plane are opposite to those of the companion O3-plane. We hence have the two possibilities (O3^{(−,−)}, O7^{(+,+)}), which implies γ_{Ω,3} = γ_{Ω,a} and γ_{Ω,73} = γ_{Ω,b}, and (O3^{(+,+)}, O7^{(−,−)}), which corresponds to the opposite choice. Finally, in the particular case of Z_4 such O-planes do not have any twisted charges, which implies that the tadpole conditions (10) remain unchanged.

Of course, the D3-brane gauge theory and chiral spectrum will strongly depend on the choice of γ_{Ω,3}, so let us discuss both possible choices (16) in turn. • O^{(−,−)} In this case the extra projection in (12) identifies the gauge groups U(n_1) and U(n_3) (recall that n_1 = n_3) and projects U(n_0) and U(n_2) into SO(n_0) and SO(n_2), respectively. The N = 1 chiral multiplets are summarized in table 1 and Figure 4.

Figure 4: Quiver diagram of the Z_4 orientifold with the choice γ_{Ω,a}.

Gauge group SO(n_0) × U(n_1) × SO(n_2) Chiral multiplets 2(n_0, n̄_1), 2(n_1, n_2), (n_0, n_2), A_1 + Ā_1

Table 1: Spectrum of the Z_4 orientifold with the choice γ_{Ω,a}. Here A_1 stands for the antisymmetric representation of U(n_1).

• O^{(+,+)}

This projection again identifies the unitary gauge groups U(n_1) and U(n_3), while U(n_0) and U(n_2) are now projected to USp groups. Notice that such group only makes sense if both n_0 and n_2 are even integers. We again summarize the N = 1 gauge group and chiral spectrum in table 2 and Figure 5.

These spectra apply to D7-branes as well, by just making the substitution n_i → u_i. More specifically, if we choose the projection (O3^{(−,−)}, O7^{(+,+)}_3 ) the D3-brane spectrum will be given by Figure 4 and D7-brane spectrum by Figure 5, and the other way round if

Figure 5: Quiver diagram of the Z_4 orientifold with the choice γ_{Ω,b}.

Gauge group USp(n_0) × U(n_1) × USp(n_2) Chiral multiplets 2(n_0, n̄_1), 2(n_1, n_2), (n_0, n_2), S_1 + S̄_1

Table 2: Spectrum of the Z_4 orientifold with the choice γ_{Ω,b}. Here S_1 stands for the symmetric representation of U(n_1).

we choose (O3^{(−,−)}, O7^{(+,+)}_3 ). Finally, the orientifold projection identifies the 37_3 and 7_33 sectors, so in order to compute the D3 − D7_3 spectrum we only need to consider one of the contributions in (7). The final result is given in table 3.

Chiral multiplets (n_0, ū_1), (n_1, u_2), (n_2, u_1), (n̄_1, u_0)

Table 3: Spectrum of the Z_4 orientifold in the mixed 37_3 + 7_33 sector.

2.1.3 Massive U(1)’s

Before any attempt to build a model, it is important to know which of the above U(1)’s are actual gauge symmetries in the low energy theory. Indeed, given a configuration of D3-branes at singularities the general gauge group will contain U(n) ≃ SU(n) × U(1) factors and many of these U(1)’s can be seen to develop mixed U(1)-non Abelian gauge anomalies from the chiral spectrum of the theory. Such field theory anomalies are cancelled by a generalized Green-Schwarz mechanism mediated by closed string twisted modes [35]. As a result, these U(1) gauge bosons get a Stueckelberg mass, remaining in the effective field theory as global symmetries.

Let us first consider the orbifold spectrum (5). By computing the field theory U(1)_a − SU(n_b)^2 anomalies, a, b = 0, . . . , 3, is easy to see that the only non-anomalous U(1)’s are given by Q_1 =^{Q0}_{n0} +^{Q2}_{n2} Q_2 =^{Q1}_{n1} +^{Q3}_{n3}

(17) where Q_i corresponds to the generator of the i^{th} U(1). Notice that Q_{diag} = Q_1 + Q_2 is the diagonal U(1) which is always non-anomalous in this class of models [26].^9 On the other hand, when consider an orientifold model, there is essentially one U(1) factor, now inside U(n_1), which can be seen to be anomalous. The only way to get a nonanomalous Abelian gauge factor seems to be to consider SO(2) ≃ U(1) gauge groups from Figure 4.

2.1.4 Constructing the local model

Let us now focus on the model building possibilities of the Z_4 orientifolds described above. Since the Abelian factor of U(n_1) ≃ SU(n_1)×U(1) is anomalous (and hence does not survive as a gauge symmetry at low energies), it turns difficult to find a natural candidate for the hypercharge or U(1)_{B−L} characteristic of Left-Right symmetric models. We will then consider building Pati-Salam models, which do not include any Abelian gauge factor before gauge symmetry breaking. If we consider the choice of orientifold projection (O3^{(−,−)}, O7^{(+,+)}), the most realistic gauge groups that we can achieve in the D3-brane worldvolume theory are given by the choices

n_0 = 3 n_1 = 4 n_2 = 3 n_0 = 2 n_1 = 4 n_2 = 3 ⇒ u_0 − u_2 = 2 (18)

where in the second choice we have imposed the twisted tadpole condition (10) for the twist k = 1. Although these choices may lead to semi-realistic gauge groups by using the identifications SO(3) ≃ SU(2) and SO(2) ≃ U(1), notice that the would-be Higgs and quarks are triplets instead of doublets of SO(3).

A more appealing possibility is to consider the orientifold projection (O3^{(+,+)}, O7^{(−,−)}). Indeed, we can now make use of the identity USp(2) ≃ SU(2) and achieve a Pati-Salam gauge group by the choice n_0 = 2 n_1 = 4 n_2 = 2 (19)

as shown in Figure 6.

Figure 6: Pati-Salam Z_4 orientifold model with two-generations.

9This is generically the only non-anomalous U (1). In the particular case of Z_4 we have an extra one, Q_1 − Q_2, basically because θ^2 leaves one complex plane fixed.

Notice that the k = 1 twisted tadpole condition in (10) is satisfied, so that in principle we do not need the presence of D7-branes in our local model. Notice as well that the chiral spectrum of this N = 1 Pati-Salam model contains two replicas of chiral matter and only one Higgs multiplet.

2.2 A global Z_4 model

Let us now construct an example of a fully-fledged string compactification where the Z_4 orientifold model of Figure 6 can be embedded. In such construction we will also include the background fluxes that will induce the soft terms in the supersymmetric D3-brane effective field theory. Considering a particular global model does not only specify the gravity sector of the theory as well as possible open string hidden sectors but, as shown below, it also imposes some global constraints on the background fluxes. As shown in Section 3, these constraints may be relevant when considering certain phenomenological aspects such as Electroweak Symmetry Breaking in this context.

Figure 7: Representation of the fixed sets of the T^6/Z_4 orbifold. The three squares represent the three T^2 tori. Dots are fixed points in the torus and a grid in a square corresponds to a fixed torus.

The simplest compact model where C^3/Z_4 singularities arise is the toroidal orbifold T^6/Z_4, shown in Figure 7. We are interested in orientifolds of such singular space containing O3^{(+,+)}’s. This can be achieved by modding the theory by ΩR, where R contains the Z_2 geometrical action (z_1, z_2, z_3) → (−z_1, −z_2, −z_3) and satisfies the condition (15). Such class of models (or rather T-dual versions) have been considered in [36, 37], where anti-D-branes were introduced in order to cancel RR tadpoles.^{10} In particular, we will consider a T-dual version of the Type I Z_4 model in [37], obtained by T-dualizing in the two directions of the third T^2. Moreover, we will consider the possibility of adding a discrete B-field b = 0, 1/2 in the third T^2 before T-dualizing. After T-dualizing we obtain a model with either 64 O3^{(+,+)}’s (b = 0) or 48 O3^{(+,+)} and 16 O3^{(−,−)} (b = 1/2) [38,39]. The model will also contain

10We are not particularly interested in introducing anti-D-branes at an orientifold point, since their effective theory is already non-supersymmetric.

O7_3-planes, namely 4 · O7^{(−,−)}_3 for the choice b = 0 and 3 · O7^{(−,−)}_3 + 1 · O7^{(+,+)}_3 for b = 1/2. Both O3 and O7_3-planes contribute only to untwisted tadpoles with (NSNS,RR) charges

O3^′s → (+32 · (1 − b), +32 · (1 − b)) , O7^′_3s → (−32 · (1 − b), −32 · (1 − b)) (20)

in units of D3 and D7-brane charges, respectively.

Let us now embed the local model described in the previous section in this setup. More precisely, let us consider the D3-brane content (19) on top of the origin, which is fixed both under Z_4 and ΩR. As we showed previously, the twisted tadpole condition for k = 1 is automatically satisfied, without considering any extra D3-branes or D7-branes. In this compact model, however, we also have to satisfy the k = 2 twisted tadpole in (10). This can be easily done by adding a stack of D3’-branes with Chan-Paton factors

γ_{θ,3}′ = diag (1_{R+2}, i1_R, −1_{R+2}, −i1_R) (21)

with R ∈ N. This stack must be placed in an orbifold singularity of the form (0, 0, P ), where P = 0, 1/2, i/2, (1 + i)/2 is any of the Z_2 fixed points in the third T^2 (see fig.(7)). This is the case because the twisted RR field in the k = 2 sector propagates over the whole third T^2, and hence the corresponding RR tadpole is blind to positions on the third two-torus.

Let us choose P = (1+i)/2. That is, the extra stack of D3-branes is localized on the point (0, 0, (1+i)/2). Hence, they can be seen as a hidden sector with respect to the PS-like model at the origin, communicating to the latter only by means of gravitational effects. Similarly, we can introduce a hidden sector of D7_3-branes, wrapping the first and second two-tori and localized at P = (1 + i)/2 in the third T^2. We choose these D7’s to have Chan-Paton factors

γ_{θ,73} = diag (1_S , i1_S , −1_S , −i1_S ) (22)

where S ∈ N. Since these D-branes are in the regular representation of Z_4, they do not generate any further twisted RR tadpoles.

The spectrum of this hidden sector will depend on the choice of discrete B-field on the third T^2. In both cases (0, 0, (1 + i)/2) will be a Z_4 orientifold singularity, but the O-plane content will change for the choice of b above. If we choose b = 0, then the O-plane content at this point is of the form (O3^{(+,+)}, O7^{(−,−)}), whereas if we choose b = 1/2 it switches to (O3^{(−,−)}, O7^{(+,+)}). The gauge group in both cases is given by

b = 0 ⇒ { D3^′ − branes → SU(R) × USp(R + 2) × USp(R + 2) D7_3 − branes → SU(S) × SO(S) × SO(S) b = 1 2 ⇒ { D3^′ − branes → SU(R) × SO(R + 2) × SO(R + 2) D7_3 − branes → SU(S) × USp(S) × USp(S) Since we are varying the charge of some orientifold planes by introducing a discrete Bfield, cancellation of untwisted tadpoles does also depends on the choice of b. In particular, cancellation of RR D7-brane tadpoles reads

4 · S = 32 · (1 − b) (23)

so we must consider S = 8 for b = 0 and S = 4 for b = 1/2.

2.2.1 Introducing the flux

As the final stage of building the model, let us introduce the background 3-form flux, which will cancel the untwisted D3-brane RR-charges, stabilize the dilaton/complex structure moduli and induce soft terms in the D3-brane worldvolume. In general we will have both nontrivial RR and NSNS 3-form field-strength backgrounds, denoted as F_3 and H_3, respectively. These fluxes must obey the Bianchi identities dF_3 = dH_3 = 0, as well as be properly quantized with respect to any 3-cycle Σ ⊂ M_6 [2, 4] 1 2πα^′ ∫ Σ F_3 ∈ 2πZ, 1 2πα^′ ∫ Σ H_3 ∈ 2πZ (24)

Actually, in toroidal orientifold models there is an extra subtlety in flux quantization [40], which imposes the integer number in (24) to be even whenever Σ is passing through an even number of O3^{(+,+)}. This will be the case in the T^6/Z_4 orientifold model discussed above.

The two real 3-form fluxes are usually arranged into a complex 3-form flux as

G_3 = F_3 − τ_4H_3 (25)

where τ_4 = a + i/g_s is the usual type IIB axion-dilaton coupling. This field-strength flux is a source of the self-dual five-form, hence carries D3-brane RR and NSNS charge. The RR charge is given by the topological number

Q_{flux} = 1 (4π^2α^′)^2 ∫ M_6

H_3 ∧ F_3 = 1 (4π^2α^′)^2 i 2Im ϕ ∫ M_6

G_3 ∧ G_3 2Im τ_4

(26)

which is an integer number given the quantization conditions (24). The sign of this RR charge depends on the particular decomposition of G_3 in imaginary self-dual (ISD) and imaginary anti-self-dual (IASD) components. In the particular case of T^6/Z_4, there are four (untwisted) 3-forms surviving the orbifold projection. They are listed in table 4, with their decomposition in holomorphic indexes and their Hodge duality transformations.

3-forms ∗_6 (0, 3) (2, 1) dz̄_1 ∧ dz̄_2 ∧ dz̄_3 dz_1 ∧ dz_2 ∧ dz̄_3 ISD (3, 0) (1, 2) dz_1 ∧ dz_2 ∧ dz_3 dz̄_1 ∧ dz̄_2 ∧ dz_3

IASD

Table 4: Untwisted cohomology of T^6/Z_4. ISD stands for the 3-forms ω satisfying ∗_6ω = iω, and IASD for those satisfying ∗_6ω = −iω.

In the following we will consider our flux G_3 to be a linear combination of the IASD 3- forms in table 4, which implies that they will carry negative RR D3-brane charge. Moreover, this will guarantee that the scalar potential generated by G_3 will be at its minimum, freezing the complex structure moduli τ_i i = 1, 2, 3 of T^2 × T^2 × T^2 and the complex dilaton τ_4 to some specific values.^{11} More specifically, we will take the 3-form flux to be of the form

G_3 = A · dz_1 ∧ dz_2 ∧ dz_3 + B · dz̄_1 ∧ dz̄_2 ∧ dz_3 (27)

with A, B ∈ C. There are two equivalent approaches in the literature for finding flux vacua. One of them is considering some well quantized fluxes F_3 and H_3 and looking for points in the moduli space of complex structures + dilaton where the scalar potential vanishes [10]. The other is fixing G_3 to be of the ISD or IASD form and then demanding the flux to be well quantized, which is a condition that also depends on the complex structure moduli and the complex dilaton [24].

In the present paper we will follow the second approach, imposing the quantization conditions (24) in order to find solutions for a flux of the form (27). We leave the general derivation and final expression of the flux quantization conditions to Appendix I. Here we just present some simple examples that allow to complete the global T^6/Z_4 construction. Indeed, let us choose τ_1 = τ_2 = τ_3 = τ_4 = i and impose A, B to be real numbers. Conditions (24) reduce to A ± B 4π^2α^′

∈ N_{min}Z ⇒ {~ A + B̃ = 4n Ã − B̃ = 4n′ , n, n^′ ∈ Z (28) where N_{min} is the minimum amount of flux that has to be turned on, in order to satisfy the quantization conditions of fractional cycles on Z_4. In our case N_{min} = 4, where we are also taking into account the subtleties mentioned above regarding toroidal orientifolds (See Appendix I for more details). Finally, Ã = A/(4π^2α^′), B̃ = B/(4π^2α^′), are flux components conveniently normalized.

The D3-brane charge^{12} of such G-flux will be given by

Q_{flux} = −4 ( Ã^2 + B̃^2 ) = −32 ( n^2 + n^{′2} ) . (29)

This negative D3-brane charge will help cancelling the untwisted D3-brane RR tadpole, which is the only RR tadpole left to be cancelled in our global construction. Indeed, the amount of positive D3-brane charge carried by the D3-branes and O3-planes in our model is given by 16 + 4R + 32(b − 1), and has to be cancelled by the contribution (29). This amounts to 8 ( n^2 + n^{′2} ) − R = 4 + 8 · (b − 1), (30)

which can be satisfied for an infinite numbers of possibilities, some of them being b = 0, n = ±1, n^′ = ±1, R = 4, or b = 1/2, n = ±1, n^′ = 0, R = 0, etc.

11Actually, the Z_4 geometrical action already fixes the first two T^2’s to be square tori, so we have τ_1 = τ_2 = i and τ_3, τ_4 as free parameters.

12In our conventions each D3-brane in the covering space has charge +1. Hence in eq.(26) M_6 refers to the covering space for the orientifold, i.e., T^6.

2.2.2 Final spectrum

Let us summarize our results by writing down the final spectrum of our Pati-Salam-like model in table 5. For definiteness, here we pick the particular choice of discrete B-field b = 1/2. The visible part of the spectrum will concerns the D3-branes at the origin of T^6/Z_4, just as in the local construction presented before. The extra D7-branes and D3-branes introduced in order to cancel twisted k = 2 and untwisted tadpoles will give rise to extra gauge groups and chiral fermions. However, since they are located in a different orientifold fixed point, they will not introduce any extra massless particle charged under the initial Pati-Salam, and thus can be seen as a hidden sector of the theory.

Visible sector Gauge group Chiral multiplets D3 − D3 SU(4) × SU(2) × SU(2) 2(4, 2, 1) + 2(¯4, 1, 2) (1, 2, 2) + (10, 1, 1) + ( ¯10, 1, 1)

Hidden sector Gauge group Chiral multiplets

D3^′ − D3^′ SU(R) × SO(R + 2)^2

2(R, R + 2, 1) + 2(R̄, 1, R + 2) (1, R + 2, R + 2) + A_R + Ā_R

D7_3 − D7_3 SU(4) × USp(4)^2 2(4, 4, 1) + 2(¯4, 1, 4) + (1, 4, 4) + 10 + ¯10

D3^′ − D7_3 D7_3 − D3^′

(R, 1, 1; 1, 4, 1) + (R̄, 1, 1; 1, 1, 4) (1, R + 2, 1; 4, 1, 1) + (1, 1, R + 2; ¯4, 1, 1)

Table 5: Open string spectrum near the origin of the global T^6/Z_4 model (visible sector), and on the fixed point at (0, 0, (1 + i)/2) (hidden sector) for the choice of discrete B-field b = 1/2.

Notice that the D-brane sector is totally supersymmetric, and so is the spectrum before taking into account the effect of the flux. Indeed, the flux is the only source of SUSYbreaking, in contrast with the models in [36, 37] which contained anti-D-branes in order to cancel RR tadpoles. As a result, there are no unbalanced forces between pairs of D-branes, which may induce effective potentials for the D-brane position moduli and extra sources of SUSY breaking in the visible sector.^{13} Furthermore, the scalar potential generated by the flux for the complex structure moduli fields is at its minimum, since we are turning on IASD components only. Indeed, the only instability of the system comes from the excess of Dbrane tension, more specifically 2 × (32 + 4R) units of D3-brane tension, which generates an NSNS tadpole typical of non-supersymmetric systems. Notice that this kind of tadpole is the one present in the recent proposals for obtaining de Sitter vacua from string theory [11, 41], before all moduli have been stabilized. As discussed in Appendix II, the precise effect of this tadpole strongly depends on the warp factors of the flux compactification.

13In [36, 37], there are anti-branes which are stuck at different fixed points. Therefore, the branes and anti-branes do not annihilate even though there is an attractive force between them. However, this attractive force will generate a potential for the Kähler moduli of the orbifold.

3 Phenomenology

In the present section we study some phenomenological features of the flux-induced SUSY breaking scenario. In particular, we focus on the T^6/Z_4 orientifold model constructed in Section 2. Our main concern is the effective theory in the visible sector of table 5, i.e., the D3-brane system located at the origin of the orientifold. Notice that, in the global non-supersymmetric model that we have built, the only explicit source of supersymmetry breaking is given by the IASD G_3 flux. Hence, in principle we should not bother about extra sources of SUSY breaking as, e.g., distant anti-D-branes.

In order to perform the phenomenological analysis, we first briefly review the results in [6, 7]. In particular, we will focus on the explicit expressions for scalar masses and soft terms derived in [6], and then specialize to the case at hand. The soft-term expressions, as well as the flux quantization conditions, allow us to address a series of phenomenological issues. Some of these issues depend on the local details around the D3-brane location, while some other on the global features of the configuration. As an example of the latter, we consider the distribution of models in the space of well-quantized fluxes that allow for a correct electroweak symmetry breaking pattern.

3.1 Soft Lagrangian for Flux-Induced Supersymmetry Breaking

For completeness and to set our notation, here we briefly review the results of [6,7] regarding the soft Lagrangian for the flux-induced supersymmetry breaking scenario. In particular, we follow the notation and expressions of [6]. We refer the readers to the original papers for the derivation of these results. In the standard notation of the soft supersymmetry Lagrangian (see, e.g., [42,43]), the dimensionful couplings on the worldvolume of a D3-brane, and which are induced by the supergravity background around it are given by

m^2_{ij̄} = 2K_i¯_j − χ_i¯_j + g_s(Im τ )_i¯_j B_{ij} = 2K_{ij} − χ_{ij} + g_s(Im τ )_{ij} A^{ijk} = −h^{ijk} g^{1/2}s √ 2 G_{123} C^{ijk} = +h^{ijl} g^{1/2}s 2 √ 2 (S_{lk} − (A¯_l¯_k )^∗)

M^a = g^{1/2}s √ 2 G_{123} μ_{ij} = − g^{1/2}s 2 √ 2 S_{ij} M^{ia}_g = g^{1/2}s 4 √ 2 ϵ_i¯_j¯_kA¯_j¯_k (31)

where the symmetric and antisymmetric tensors S_{ij} and A¯_i¯_j are constructed from the 3-form flux G_3 as: S_{ij} = 1 2 (ϵ_{ikl}G_j¯_k¯_l + ϵ_{jkl}G_i¯_k¯_l)

A¯_i¯_j = 1 2 (ϵ¯_i¯_k¯_lG_{kl}¯_j − ϵ¯_j¯_k¯_lG_{kl}¯_i)

and likewise for S¯_i¯_j and A_{ij} . The tensors K, χ, and τ come from the power expansion of the metric, dilaton and five-form flux, respectively, around the location of the D3-branes. As such, they are constrained by the equations of motion of these fields. Combining these constraints, one obtains the following sum-rule for the scalar masses [6]:

m^2_1 + m^2 + m^2_3 = g_s 2 [ |G_{123}|^2 + 1 4 ∑ ij ( |S_{ij} |^2 + |A¯_i¯_j |^2 )

− Re ( G_{123}G¯_1¯_2¯_3 + 1 4 S_{lk}S¯_l¯_k + 1 4 A_{lk}A¯_l¯_k) ] (32)

Since the matter fields are localized on the brane which preserves N = 1 supersymmetry, their interactions presented above should also be understandable in terms of N = 1, D = 4 supergravity. From this perspective, the fluxes could be viewed as sources of various auxiliary fields in the supergravity Lagrangian. In particular:

• The G_{123} component of the flux is proportional to the auxiliary component of the dilaton, F_S . This gives rise to gaugino masses and trilinear couplings through the operators ∫ dθ^2SW W , and ∫ dθ^2Sϕ_iϕ_j ϕ_k, respectively.

• On the other hand, the flux A¯_k¯_l is part of the D term of a vector super-multiplet. The coupling M^{ia}_g has its origin in the operator ∫ dθ^2f(S, ϕ)W W , where f is the gauge kinetic function. From this term we obtain M^{ia}_g ∝ ∂_if(S, ϕ)D. Comparing this with the expression of M^{ia}_g in terms of flux, we can identify D ∝ ϵ_i¯_j¯_kA¯_j¯_k. There is also a term in the scalar potential 1/2(Df(S, ϕ)D), where D ∝ ϕ^∗_i t_{ij} ϕ_j . Expanding the gauge kinetic function and using the identification we have just made, we obtain the term proportional to A^∗_{j̄k̄} in C^{ijk}.

• Turning on flux S_{ij} does not break N = 1 supersymmetry on the D3 brane. This is evident at the Lagrangian level. The effect of this flux is to generate a μ-term in the superpotential. The |F_i|^2 term derived from the superpotential is then responsible for the term proportional to S_{ij} in the coupling C^{ijk}. Hence, C^{ijk} contains both a supersymmetry preserving part and a supersymmetry breaking part (proportional to the flux component A^∗_{j̄k̄} ).

• Both M^{ia}_g and the supersymmetry breaking part of C^{ijk} are somewhat atypical supersymmetry breaking terms. On the one hand, the terms C^{ijk} are considered to be soft only if there is no chiral multiplet which is a singlet of the gauge group. This is a condition that the Minimal Supersymmetric Standard Model (MSSM) actually satisfies. However, those terms are usually not included as part of the soft supersymmetry breaking Lagrangian of the MSSM. On the other hand, gauge symmetry requires the existence of adjoint light matter fields for a non-vanishing M^{ia}_g . Therefore, including M^{ia}_g in the soft lagrangian generically requires one to go beyond the matter content of the MSSM and postulate the existence of some adjoint matter fields. In the case of flux-induced couplings, we see that the supersymmetry breaking part of C^{ijk} and M^{ia}_g are proportional to the same flux A¯_j¯_k . Therefore, the SUSY-breaking part of C^{ijk} would also vanish when we have only the MSSM matter content.

Let us now focus on the soft terms present on a D3-brane placed on top of a C^3/Z_4 singularity. The non-zero components of the G_3 flux allowed by the orbifold symmetries are G_{123} and G¯_1¯_{23}:

G_3 = G_{123} dz^1 ∧ dz^2 ∧ dz^3 + G¯_1¯_{23} dz̄^1 ∧ dz̄^2 ∧ dz^3 (33)

Therefore, A_{ij} = A¯_i¯_j = S¯_i¯_j = 0 and S_{ij} = 0, except S_{33} = 2G¯_1¯_{23}. As a result, the scalar masses are m^2_1 + m^2 + m^2_3 = g_s 2 [ |G_{123}|^2 + |G¯_1¯_{23}|^2 ] (34)

It is important to distinguish between scalar masses and soft masses. In eq.(34), there are two contributions to the scalar masses. One of them is proportional to |G¯_1¯_{23}|^2 ∝ |μ|^2, which is the supersymmetric mass term. The soft scalar masses contribution m_0, which breaks supersymmetry and does not arise from the superpotential, corresponds to the piece proportional to |G_{123}|^2.

The other soft terms are: A^{ijk} = −h^{ijk} g^{1/2}s √ 2 G_{123}

M^a = g^{1/2}s √ 2 G_{123}. (35)

Finally, we also have a non-vanishing μ-term: μ_{ij} = − g^{1/2}s √ 2 G¯_1¯_{23}δ_{i3}δ_{j3}. (36)

Notice that the spectrum presented in eqs.(34) and (35), assuming universal soft masses, is identical to the spectrum of dilaton dominated SUSY breaking scenario with vanishing cosmological constant [44]. The soft parameters in this scenario obey the simple relations A^{ijk} = −h^{ijk}M^a and |M^a| = √ 3m_0. This is not a surprise at all since the supersymmetry breaking G_{123} flux can be understood as the source of the dilaton F -term F_S . In this sense, the soft term pattern of our string construction, as well as its associated low energy physics, can be handled by means of a D = 4 Effective Lagrangian approach. Notice, however, that there is a remarkable fact of the flux-induced SUSY breaking scenario. Namely, we have an explicit source of supersymmetry breaking (in this case F_S ) which is determined by the background flux instead of being a phenomenological input. In the following we will exploit this fact, with the aim of learning some lessons from the flux-induced SUSY-breaking scenario. As we will see, although we perform our analysis on the particular T^6/Z_4 model constructed in the previous section, the final conclusions are rather model-independent.

3.2 Electroweak Symmetry Breaking

An important feature of the model constructed in Section 2 is that the background flux G_3 provides a source for both the soft parameters and the μ-term. As discussed below, these essential quantities in electroweak symmetry breaking (EWSB) generically need to be finetuned, at least at the level of one percent, in order to achieve a phenomenologically viable electroweak symmetry breaking. It is thus interesting to see if the fact that these parameters have the same microscopic origin (i.e., the flux) can give us some insight into this fine-tuning problem involved in EWSB.

Our approach is different in spirit from the conventional studies of EWSB in a SUSYbreaking scenario. Typically, a particular SUSY-breaking scenario only provides a mechanism of generating soft SUSY-breaking terms. The μ-term is then treated as a free parameter, which is then fixed by requiring a correct electroweak symmetry breaking at low energies. Now, when such SUSY-breaking scenario is described by an actual microscopic theory, one may wonder if there are some constraints on the otherwise ‘free parameters’, such as the μ-term. In the particular case of flux-induced SUSY breaking this turns out to be the case.^{14} For instance, as explained in Section 2 the components of the flux G_3 must be properly quantized in terms of the internal geometry of M_6. This implies that, although μ and M^a are given by different components of the flux, in an actual model they are related and constrained by the flux quantization conditions.

In the model at hand, a 3-form flux G_3 has to satisfy eight different quantization conditions, which are presented in Appendix I. Notice that, in general, G_3 is complex-valued, and hence it will give rise to complex soft term in our model. In an scenario where the superpartner masses are of the order of TeV scale, however, low energy measurements on CP violating observables such as the electric dipole moment [46] generically constrain the supersymmetry breaking parameters to be real. In order to satisfy this phenomenological constraint, we will consider well-quantized fluxes G_3 which have only real components. This may seem to be a rather strong assumption in the space of fluxes. However, in our analysis we will be mainly interested in how the conditions required for electroweak symmetry breaking are realized in this scenario. As will become obvious later, the mechanism we discuss will only depend on the fact that the fluxes are quantized, and not on them being real. Hence, it would also work in a more general scenario.^{15}

With the above assumptions, the quantization conditions then reduce to eq.(53) in Appendix I, which in turn imply

|G_{123}| = ( 1 + 1 g_s m n ) M_{sof t}, |G¯_1¯_{23}| = ( 1 − 1 g_s m n ) M_{sof t}, (37) for some integers n and m. Here we have made use of the fact that Im τ_4 = 1/g_s, and we have factored out the scale M_{sof t} = 8nπ^2α^′/ √ V ol(T^6/Z_4). Notice that the values that the fluxes can take are discretized, since g_s is also fixed by the flux.

14Similar relations between the μ-term and the soft parameters also appear in the context of Scherk- Schwarz supersymmetry breaking in 5D orbifold models [45]. We thank Kiwoon Choi for pointing these references to us.

15As, e.g., the one recently suggested in [47].

Electroweak symmetry breaking will be induced, as usual, by the radiative corrections to the soft Higgs masses. There are two low energy outputs of the electroweak symmetry breaking. They are v^2 = v^2_u +v^2_d, or equivalently m^2_Z , and tan β = v_u/v_d. The only value that is currently measured is m^2_Z . The value of tan β ∼ (m^2_{Hu} + m^2_{Hd} + 2|μ|^2)/μB is determined by μB which in our model depends on K_{ij} , τ_{ij} and χ_{ij} , and so it is not constrained by the local equations of motion derived in ref [6]. Therefore, we will take tan β as a free parameter at this stage.^{16}

Roughly speaking, the condition for a correct electroweak symmetry breaking is that it reproduces the measured Z-boson mass. As we commented above, since we have a prediction for μ, the condition becomes non-trivial. We will devote the rest of this section studying how this condition can be satisfied. Including the effect of RGE running, the requirement can be written as [48]:

m^2_Z ≃ C_μ|μ|^2 + C_{1/2}m^2_{1/2} + C_0m^2_0 + C_AA^2_t + C_{Aλ}A_tm_{1/2}. (38)

where m_{1/2} and A_t are the universal gaugino mass and trilinear coupling respectively. The numerical coefficients C_i’s arise from integrating the renormalization equations for the soft parameters and μ and minimizing the Higgs potential. As a result, they depend on several other parameters, such as top Yukawa coupling (or m_{top}), tan β, and ΛUV which is the scale at which supersymmetry is broken. In our setup, Λstring ∼ ΛUV ∼ 10^{11} GeV [6]. For the sake of concreteness, let us pick the MSSM values which are deduced from this ΛUV and tan β = 5. The coefficients then read [48]: C_μ ≃ −1.7, C_{1/2} ≃ 2.6, , C_0 ≃ 0.3, C_A ≃ 0.2, C_{Aλ} ≃ −0.6. (39) The general statement about the required fine-tuning for electroweak symmetry breaking is obvious here. Indeed, we could characterize the size of the soft parameters by some scale M_{sof t}. On the one hand, non-observation of superpartners at LEP-II puts various lower bounds on M_{sof t} already. Moreover, in the MSSM, a heavier Higgs mass which satisfies the LEP lower bound [49] would almost necessarily require at least some of the soft parameters to be several times larger than M_Z [50]. On the other hand, the level of cancellation which is required to achieve electroweak symmetry breaking increases quadratically with M_{sof t}, which generically requires a 1% cancellation. More precisely we could use, as a measure of the level of fine-tuning, the variation of the Z-boson mass resulting from a change in the soft masses and the μ-term: δm^2_Z m^2_Z = m^2_i m^2_Z C_i ( δm^2_i m^2_i ) . (40)

By requiring δm^2_Z/m^2_Z ≤ 1, we obtain δm^2_i /m^2_i ∼ m^2_Z /(C_im^2_i ) ∼ 1% if m_i ∼ TeV. This shows the 1% tuning of the electroweak symmetry breaking in the MSSM, as well as the quadratic grow of this fine-tuning.

16In a global model such as the one presented here, generically there will be constraints on μB from the equations of motion. Although tan β is an important parameter for various aspects of supersymmetry phenomenology [43], its precise value does not affect the tuning involved in electroweak symmetry breaking significantly. Therefore, for our purpose it is good enough to assume that tan β is a free parameter. It would be interesting to study the constraints on tan β from the equations of motion in some explicit global models.

Taking these facts seriously, there is a somewhat significant tension between electroweak symmetry breaking and the experimental Higgs mass bound within the framework of the MSSM. However, it is important to keep in mind the assumptions underlying such an argument. First, the above reasoning is based on the tuning of the soft parameters of an effective theory – the soft SUSY Lagrangian. Given a microscopic theory of supersymmetry breaking, the soft terms are determined by fundamental quantities of this underlying theory. A priori, this effective fine-tuning could look different when expressed in terms of these fundamental parameters. In this case, the quantity δm^2_i /m^2_i may not accurately characterize the likelihood of finding a correct EWSB solution. Second, we are supposing that the μ-term, which is an important part of the Higgs mass, is a free parameter that can be tuned.

For instance, the above assumptions may not apply when the soft parameters and the μ-term are quantized. In fact, one of the main results of this section is to show that at least in the class of string models with flux induced supersymmetry breaking that we studied, the breaking of electroweak symmetry does not necessarily suffer from a quadratic fine-tuning. In some cases, the degree of fine-tuning may even decrease with a higher scale of M_{sof t}.

Let us be more explicit. Using Eqs. (34), (35) and (36), we have for this model

m^2_Z = (−1.7λ^2 + 3.5)M^2_{sof t} (41)

where λ is the ratio of two components of the IASD flux

G¯_1¯_{23} G_{123} ≡ λ = 1 − g_sn/m 1 + g_sn/m , (42)

Increasing soft masses ∝ M^2_{sof t} ≫ m^2_Z would require us to adjust (−1.7λ^2 + 3.5) ∼ 0 in order to achieve electroweak symmetry breaking. Therefore, n/m < 0. It also means that for M_{sof t} large, λ is almost fixed. Since we have the freedom of adjusting λ at will by adjusting the ratio n/m, we expect to find models satisfying the requirement of Eq. (41) for various values of M_{sof t}.

We would like to assess further the level of difficulty in obtaining string vacua leading to phenomenologically viable EWSB as we vary M_{sof t}. To be precise, we measure the degree of fine-tuning by the number of string vacua in which Eq (41) is satisfied.^{17} In particular, we are interested in the distribution of solutions as a function of M_{sof t}. These results can then be compared with the standard expectation of a quadratic fine-tuning, i.e., the number of solutions going as M^{−2}_{sof t}.

Let us count the number of vacua with flux quanta n and m which satisfy approximately^{18} Eq. (41). It is clear from the definition that λ depends on (n, m). The functional dependence of M_{sof t} on the flux quanta is slightly more subtle. First, note that the value of M_{sof t} depends on the 3-form flux density, which in turn depends on the flux quantum n and the volume of the corresponding 3-cycle. For our model at hand, M_{sof t} = 8nπ^2α^′/ √ V ol(T^6/Z_4) ≡ nΛ_S . (43)

17This stringy naturalness point of view on the fine-tuning problem is similar in spirit to [51–53] on the scale of supersymmetry breaking in the string theory landscape. For some other applications of the stringy naturalness principle, see [54–58].

18To qualify as an approximate solution, the difference between the experimental value of the Z-boson mass and the value calculated from Eq. (41), denoted as δm_Z , should be sufficiently smaller than m_Z .

In addition to the explicit n dependence, Λ_S will be in general a function of n. The precise functional form of Λ_S depends on the mechanism which stabilizes the Kähler moduli. For instance, in the KKLT [11] scenario, the runaway behavior of the overall Kähler modulus due to uncanceled NSNS tadpoles is counteracted by non-perturbative effects, thus stabilizing the moduli at a finite value. Increasing the value of n would increase the NSNS tadpoles and so we expect the stabilized value of Vol(T^6/Z_4) to increase with n. In this case, Λ should be a decreasing function of n. More generally, let us parametrize the unknown mechanism that stabilizes the Kähler moduli by writing

Λ_S ≡ n^{1/α−1}m_X . (44)

In other words, M_{sof t} = nΛ_S = n^{1/α}m_X (45) where m_X is a n-independent mass scale. The tuning involved in EWSB is now δm^2_Z m^2_Z = ∂ ∂n log [ (−1.7λ^2 + 3.5) n^{2/α} m^2_X ] · δn ∝ ( n^{2/α} m^2_X m^2_Z + 2 α ) δn n , (46)

Therefore, the degree of fine-tuning depends on the value of α (hence the precise mechanism which stabilizes Kähler moduli) and is not necessarily quadratic in M_{sof t}. More precisely, the leading behaviour of this fine-tuning on M_{sof t} will be given by M^{2−α}_{sof t} . For illustrative purpose, let us consider the following cases:

• α = 1: In this case, the volume modulus is stabilized at a value independent of the flux quanta n. Although the number of flux vacua leading to a viable EWSB decreases with M_{sof t} as depicted in Figure 8, the tuning involved is linear rather than quadratic in M_{sof t}. • α = 2: In this case, the number of flux vacua satisfying the EWSB condition of Eq. (41) stays approximately constant, as shown in Fig. 9. Again, this is different from the quadratic fine-tuning one would expect based on effective field theory arguments.

• α > 2: In this case, the number of solutions actually increases with increasing M_{sof t}.

This means that it is easier to find vacua leading to a correct EWSB with a higher scale of M_{sof t}, which is exactly opposite to the conclusion one would have made based on the conventional intuition of fine-tuning. Fig. 10 shows the likelihood of correct EWSB for α = 3.

Notice that the quadratic behaviour on M_{sof t} is only recovered when α → 0. Quite amusingly, this corresponds to the case where Vol(T^6/Z_4) → ∞, that is, where there is no stabilization mechanism for the Kähler moduli that prevents the theory to be driven to the decompactification limit.

It is also interesting to relate our results to the recent proposals of statistically favored high scale supersymmetry breaking [52,53]. Suppose we have a set of supersymmetry breaking order parameters X_i, i = 1, . . . , n_X , after putting in the constraints of electroweak symmetry breaking, the volume of parameter space is [53] dμ ∝ M_{sof t}d(M_{sof t}) ∫ d^{nX} X_iδ(M^2_{sof t} − ∑ X^2_i )

Λ^2_{EW} M^2_{sof t} → Λ^2_{EW} M^{nX −3}_{sof t} d(M_{sof t}) (47)

Figure 8: Number of solutions as a function of M_{sof t} if Λ_S is independent of n. The black (upper) line corresponds to Λ_S = 10 GeV. The red (lower) line corresponds to Λ_S = 50 GeV.

where the δ-function impose the condition of all supersymmetry breaking scale. The number of states satisfy these constraints will be n_{sol} ∼ dμ × ρ, where ρ is the density of states. For example, if ρ =constant, there are more solutions at higher scales if n_X ≥ 3. One simple realization of this scenario involves two complex F fields as the supersymmetry breaking order parameter.

In our case, we also have two auxiliary F fields. However, there are no large splittings between scalar and gaugino masses in this scenario due to the universal nature of the dilaton coupling. Therefore, unlike the scenario proposed in ref. [59], compatibility with gauge unification will favor a relatively low supersymmetry breaking scale ∼ TeV. In this case, there are strong constraints on the CP violations from, e.g., EDM observables [46] . Generically, the phases of the supersymmetry breaking parameters are constrained to be real. Therefore, effectively, n_X = 2 in this scenario. On the other hand, as commented earlier in this section, the distribution of states is not necessarily uniform but can be more densely populated at relatively higher scales. Therefore, the number of solutions would not necessarily decrease, and may even increase, with the scale of M_{sof t}.

Figure 9: Number of solutions as a function of M_{sof t} for α = 2, assuming m_X = m_Z .

It should be emphasized that this is by no means a scan of the string theory landscape (since we are only exploring a tiny subspace of string vacua) nor do we attach any statistical interpretation to our results (which require assumptions about the precise way in which all moduli are stabilized, and the measure on the landscape). Nevertheless, we provide an explicit example to illustrate that the issue of fine-tuning in electroweak symmetry breaking may be viewed differently when the distribution of consistent string vacua are taken into account. In particular, larger soft masses, at least those which is directly relevant to electroweak symmetry, are not necessarily disfavored [52, 53, 59]. Moreover, as shown in our analysis, this effect is only relying on the fact that fluxes are quantized (hence n and m take on integer values) and is not sensitive to the explicit form of λ as a function of these parameters. Therefore, we expect this suppressed fine-tuning effect to be generic in a large class of models with flux-induced electroweak symmetry breaking.^{19}

19At the same time, we have not taken into account effects such as the next-leading order corrections, threshold corrections, high energy input scale of RGE running, etc., on the Higgs potential. Changing tan β will also change the specific numbers used in the condition of electroweak symmetry breaking. We do not expect, however, the suppressed fine-tuning effect to depend on the particular details of the Higgs potential.

Figure 10: Number of solutions as a function of M_{sof t} for α = 3, assuming m_X = m_Z .

4 Conclusions

In this paper, we have studied supersymmetry breaking effects induced on D3-branes at singularities by the presence of NSNS and RR 3-form fluxes. We have constructed some global models of flux compactifications as examples to illustrate the issues of model building and phenomenology involved in this scenario. Although the models presented are not fully realistic, since they do not contain enough number of chiral families to account for the SM flavor structure, our analysis serves as a template for future phenomenological studies of this scenario. In any case, since the soft parameters induced by the fluxes on D3-branes at singularities are universal and independent of the number of families, we expect our conclusions on phenomenological features which are insensitive to them, such as the finetuning involved in EWSB, to persist in more realistic models.

In fact, the key feature of this SUSY breaking scenario that allows for a different behaviour from the usual EWSB fine-tuning is the fact that the soft parameters are quantized. In our setup things are particularly simple, since both μ and soft terms come from the same source, namely the fluxes. In general, there could be other sources for them. However, we expect our arguments to apply as long as these parameters take on quantized values.

Other than the fine-tuning issue of electroweak symmetry breaking, we have not discussed in depth other phenomenological features of this SUSY breaking scenario. The reason is that many phenomenological issues surrounding supersymmetry breaking, such as flavor and CP observables, involve the family structure of the Standard Model which is not realized in the models at hand. Clearly, it would be interesting to carry out a detailed study of CP observables for flux vacua with realistic flavor structure. However, without a detailed knowledge of the flavor structure, we could only anticipate that this type of models would produce signatures similar to a subclass of mSUGRA scenarios [60]. Notice that the spectrum of this class of models is identical to the dilaton dominated supersymmetry breaking scenario. One of the generic features of this class of models is the soft masses and trilinear couplings are universal.^{20} As a result, we expect the Bino to be the lightest superpartner. In addition, a naive estimate of the string scale in this class of models gives M_s ∼ 10^{11} GeV, and so string scale stable states (such as D-matter [62]) could also be candidates for Wimpzillas dark matter [63]. Finally, there is no large splitting between gaugino and sfermion masses, which is very different from the split supersymmetry scenario recently proposed in [59].

While this paper was written, ref. [9] appeared where a Z_4 orbifold model involving D3 and D7-branes was constructed, and the flux-induced soft terms induced in such construction were computed. Although there are some similarities with the Z_4 model presented here, the constructions are not identical. It would be interesting to find a global embedding of [9] and compare the resulting phenomenology with the global models discussed here.

Finally, in the magnetized D-brane setup, the Standard Model does not have to be localized completely at a singularity and so more realistic models can be constructed [23]. Some of the aforementioned challenges in constructing realistic flux vacua that appeared in models including only D3-branes at singularities are a priori absent, and this seems a promising direction for constructing realistic models with fluxes. It would be interesting to apply the recent results of flux induced SUSY breaking terms for the D3/D7-system computed in [8, 9] to the three-generation MSSM flux vacua in [23].

Acknowledgments: We would like to thank Nima Arkani-Hamed, Vijay Balasubramanian, Alex Buchel, Pablo G. Cámara, Kiwoon Choi, Tony Gherghetta, Luis Ibáñez, Gordy Kane, Hans-Peter Nilles, and specially Lisa Everett and Angel Uranga for useful comments and discussions. This work was supported in part by a DOE grant No. DE-FG-02-95ER40896. FM and GS were also supported by NSF CAREER Award No. PHY-0348093, and a Research Innovation Award from Research Corporation. LW was partially supported by the Wisconsin Alumni Research Foundation. We would also like to thank the Aspen Center for Physics for hospitality.

20On the same footing, gaugino masses are also universal because the entire Standard Model is embedded on a single stack of D-branes. This is in general not the case in the magnetized D-brane setup as, e.g., the models in [23]. For some explicit computations which illustrate this fact see [61].

5 Appendix I: T^6/Z_4 flux quantization conditions

In this appendix we collect the flux quantization conditions for the particular case of the toroidal orientifold T^6/Z_4. In a general geometry, these quantization conditions are given by (24). In the particular case that M_6 is an orbifold, one needs to integrate the 3-form fluxes F_3 and H_3 over an integral basis of 3-cycles. Now, an integral basis of 3-cycles for T^{2n}/Z_N or T^{2n}/Z_N × Z_M involves ‘fractional’ cycles, i.e., those which are closed in the orbifold but not in the covering space T^{2n}. If we are not introducing any 3-form flux in the collapsed cycles of T^{2n}/Z_N , however, the flux quantization conditions can be recasted in terms of the homology of T^{2n}. More precisely, we have 1 2πα^′ ∫ Σ F_3 ∈ 2πN_{min}Z, 1 2πα^′ ∫ Σ H_3 ∈ 2πN_{min}Z (48)

where Σ is now a 3-cycle of T^{2n}, and N_{min} is an integer which depends on the particular orbifold. In a Z_4 orbifold this number can be seen to be N^{Z4}_{min} = 2.^{21} Considering an orientifold of the previous construction implies that we have an extra Z_2 action acting on T^6, and hence the previous number N_{min} may be multiplied by 2. This turns out to be the case in the T^6/Z_4 model discussed in the main text,^{22} so that at the end of the day we have to impose conditions (48) with Σ being any 3-cycle of T^6 and N_{min} = 4.

These conditions can be written in a more specific way by using [24]

F_3 = −

Im (τ̄_4G_3) Im τ_4

, H_3 = −

Im G_3 Im τ_4

, (49)

and ∫

[a_i] dz_j = δ_{ij} , ∫ [b_i]

dz_j = τ_iδ_{ij} , (50)

where i, j = 1, 2, 3 and [a_i], [b_i] is the basis of 1-cycles on the i^{th} T^2. By using the explicit expression G_3 = A · dz_1 ∧ dz_2 ∧ dz_3 + B · dz̄_1 ∧ dz̄_2 ∧ dz_3 (51)

for the 3-form flux, conditions (48) are finally translated into

Im (Ã+B̃)

Im τ_4 ∈ 4Z

Im [(Ã+B̃)τ̄_4] Im τ_4 ∈ 4Z

Im [(Ã+B̃)τ_3] Im τ_4 ∈ 4Z

Im [(Ã+B̃)τ_3τ̄_4] Im τ_4 ∈ 4Z

Re (Ã−B̃)

Im τ_4 ∈ 4Z

Re [(Ã−B̃)τ̄_4] Im τ_4 ∈ 4Z

Re [(Ã−B̃)τ_3] Im τ_4 ∈ 4Z

Re [(Ã−B̃)τ_3τ̄_4] Im τ_4 ∈ 4Z

(52)

21Roughly speaking, N_{min} can be computed from dividing the volume of a 3-cycle on T^{2n} by its corresponding fractional cycle on T^{2n}/Z_N . The integral homology of T^6/Z_4 can be found in, e.g., [64].

22The precise statement goes as follows [40]. We may either have that the flux quanta along the cycle Σ are of the form (2n + 1)N^{orbi}_{min} or 2nN^{orbi}_{min} (n ∈ Z) depending on the fact that Σ passes over an odd or even number of O3^{(+,+)}, respectively. In the Z_4 orbifold example considered in the main text we are in the second situation, so we can effectively take N^{ori}_{min} = 2N^{orbi}_{min} . See also the comments in [65] regarding this problem.

where we have conveniently normalized the flux components as Ã = A/(4π^2α^′), B̃ = B/(4π^2α^′). Notice that the complex structure of the first two-tori of T^6/Z_4 do not enter into these conditions, since the orbifold geometry fixes them to be τ_1 = τ_2 = i.

These previous equations are simplified by choosing some subspace of flux quanta. For instance, as discussed in the main text, a phenomenologically interesting subspace is given by taking Ã, B̃ to be real numbers. The quantization conditions (28) then read Ã + B̃ = 4 n_1

(Ã + B̃)^{t3}_{t4} = 4 n_2 (Ã − B̃)^1_{t4} = 4 n_3 (Ã − B̃)^{r3}_{t4} = 4 n_4 (Ã − B̃)^{r4}_{t4} = 4 n_5 (Ã − B̃)^{(r3r4+t3t4 )}_{t4} = 4 n_6 (Ã + B̃)^{(t3r4−r3t4 )}_{t4} = 4 n_7

(53)

where τ_3 = r_3 + it_3, τ_4 = r_4 + it_4, and n_i ∈ Z. These equations in turn imply Ã = 2(n_1 + n_3t_4) B̃ = 2(n_1 − n_3t_4)

(54)

t_3 t_4 = n_2 n_1 ∈ Q r_3 = n_4 n_3 ∈ Q r_4 = n_5 n_3 ∈ Q t_3t_4 = n_6 n_4 − n_4n_5 n^2_3

∈ Q (55) and n_7n_3 = n_2n_5 − n_1n_4 (56) From eq.(54) and by using t_4 = 1/g_s we obtain λ ≡ B̃ Ã =

1 − g_sn_1/n_3 1 + g_sn_1/n_3

(57)

which is eq.(42) in the main text. On the other hand, eq.(55) show that the closed string moduli τ_3, τ_4 are stabilized and can only take discrete values which depend on the lattice of flux quanta {n_i}^7_{i=1}. Finally, eq.(56) shows that this lattice is six dimensional, matching the number of free parameters in our problem.

6 Appendix II: Fluxes and NSNS tadpoles

Given a string theory compactification, there is a series of local and global constraints that must be fulfilled in order to yield a consistent theory. In particular, the absence of divergences in the open string sector imposes cancellation of Ramond-Ramond and Neveu-Schwarz tadpoles. On the one hand, the presence of RR tadpoles is related to gauge anomalies either in the low energy effective theory or in the worldvolume of suitable D-brane probes [28]. On the other hand, NSNS tadpoles signal an instability of the vacuum configuration and usually involve effective potentials for some moduli. Whereas RR tadpole cancellation conditions must always be imposed [66], NSNS tadpoles may remain uncancelled, the divergences associated with them being cured by a Fischler-Susskind mechanism [67]. Some supergravity solutions in the presence of these global tadpoles have been analyzed in the literature [68–70] and, in general, they involve a redefinition of the background where Poincaré invariance is spontaneously broken.^{23} In the limit where the supergravity approximation is valid, RR and NSNS tadpole conditions can be recasted as imposing the Bianchi identities/equations of motion for the supergravity fields. This fact was used in [4] in order to show the existence of warped compactifications arising as the low energy supergravity limit of certain type IIB orientifolds.

It turns out that global NSNS tadpoles are indeed present in most of the semi-realistic chiral flux compactification constructed previously [6,24,25,65]. In addition, they are a necessary ingredient in any model involving flux-induced SUSY breaking on D3-branes. Finally, they would also be present in the recent proposals for obtaining de Sitter vacua from string theory [11, 41]. Of course, these tadpoles are no longer present as such once all the moduli of the compactification have been stabilized

In order to have an estimate of the ‘amount’ of NSNS tadpoles in a given type IIB string compactification, let us then consider type IIB supergravity with action S_{IIB} = 1 2κ^2_{10} ∫ d^{10}x √ −g { R − ∂_M τ ∂^Mτ̄ 2(Im τ )^2 − G_3 · G_3 12Im τ − F̃ 2_5 4 · 5! } + 1 8iκ^2_{10} ∫ C_4 ∧ G_3 ∧ G_3 Im τ + ∑ i { − ∫ S_{pi} d^{p+1}ξ T_{pi} √ −g + μ_{pi} ∫ S_{pi} C_{p+1} } (58)

where τ = a+i/g_s is the usual type IIB axion-dilaton coupling, G_3 = F_3 −τ H_3 stands for the complexified RR + NSNS 3-form flux, F̃_5 is the self-dual five-form field strength and C_{p+1} are the RR (p + 1)-form potentials. On the second line we have included the contribution given by localized sources, such as Dp-branes with charge and tension μ_{pi} and T_{pi} , respectively, and wrapping a (p + 1)-submanifold S_{pi} of the D = 10 target space.

Now, again in the limit where the supergravity approximation is valid, the amount of NSNS tadpole can be estimated by performing a dimensional reduction of the action (58). That is, we aim to compute the excess of tension coming from a compactification of D = 10 type IIB supergravity + localized sources. This computation has been performed in [72] for the particular case of BPS-like warped compactifications of [4]. Let us now consider the

23See also [71] for recent progress in understanding NSNS tadpoles.

more general situation where no specific BPS-like supergravity solution is imposed.^{24} We will again consider a metric and five-form ansatze similar to the ones used in [4].

Namely, ds^2_{10} = e^{2A(y)}g^{(4)}_{μν} dx^μdx^ν + e^{−2A(y)}g̃_{mn}dy^mdy^n (59) which is of the usual warped form, with the warp factor A depending on the internal coordinates y^m of the compact six-manifold M_6, whereas being independent of the four-dimensional coordinates x^μ. Similarly, F̃_5 = (1 + ∗)[dα ∧ dVol^{(4)}] (60)

where α is an arbitrary function of the internal coordinates y^m, and dVol^{(4)} is the volume form of the four-dimensional unwarped metric g^{(4)}_{μν} . We also consider Dp-branes filling the D = 4 non-compact dimensions, that is, S_{pi} = M_4 × Σ_i, where Σ_i is a (p − 3)-cycle of M_6. Finally, the field-strength 3-form fluxes G_3 and G_3 will be given by closed 3-forms on M_6, and the complex dilaton will only depend on internal coordinates τ = τ (y).

The contribution coming from the Einstein-Hilbert and five-form terms is given by 1 2κ^2_{10} ∫ d^{10}x √ −g { R − F̃^2_5 4 · 5 }

−→ 1 2κ^2_4 ∫ d^4x √ −g { R^{(4)} − 1 2 V^{−1}_w ∫ d^6y √ g̃e^{−10A} [ (∂e^{4A})^2 + (∂α)^2 ] } (61)

where we are contracting indices with the warped metric. Here, as in [72], we have defined the warped volume V_w and four-dimensional Newton constant as 1 2κ^2_4 = V_w 2κ^2_{10} , V_w ≡ ∫ d^6y √ g̃e^{−4A} (62)

In order to simplify our discussion let us consider a compactification where only sources of D3-brane and tension are present. By considering (61) as well as the terms for the G_3 flux and the localized sources, we can rewrite the type IIB action (58) as^{25}

S^{eff}_{IIB} = 1 2κ^2_4 ∫ d^4x √ −g { R^{(4)} − V_{eff} } (63)

V_{eff} = V^{−1}_w ∫ d^6y √ g̃ [ 1 2 e^{−8A} [ (∂e^{4A})^2 + (∂α)^2 ] + e^{−2A} G_3 · G_3 12Im τ

(64)

+2κ^2_{10}T_3e^{−2A} ∑ i t_iδ(y_i) ]

= V^{−1}_w ∫ d^6y √ g̃ [ 1 2 e^{−10A} [ ∂(e^{4A} ± α) ]_2 + e^{−2A} |iG_3 ± ∗_6G_3|^2 24Im τ

(65)

+2κ^2_{10}T_3e^{−2A} ∑ i [ t_iδ(y_i) ± ( ρ^{loc}_3 ) i ] ]

24See [73] for related issues in flux compactification.

25If we were considering more general compactifications, i.e., involving D7-branes, there would be extra contributions to the action, as the one coming from the dilaton variation on the internal dimensions.

where y_i are the positions of the D3-branes/O3-planes in M_6, and t_i are the units of tension of each object, normalized such that a D3-brane has t = 1 in the covering space.^{26} It easy to see that V_{eff} identically vanishes if we impose the conditions

T_3t_i = ϵ T_3 ( ρ^{loc}_3 ) i (67) ∗_6G_3 = ϵ iG_3 (68) e^{4A} = ϵ α (69)

for a definite choice of sign ϵ = ±. Eqs. (67-69) with the choice ϵ = + are (part of) the supergravity BPS-like solution found in [4]. The choice ϵ = − corresponds to nothing but a BPS-like solution with the opposite choice of supersymmetry inside the N = 2 parent theory.

As explained in [4], conditions (67) comes from the saturation of a BPS-like bound on the localized sources. Eq.(67) with ϵ = + is satisfied by objects with same charge and tension, such as D3-branes and usual O3-planes, whereas objects with opposite charge and tension, such as anti-D3-branes, satisfy it for ϵ = −. Similarly, (68) can be seen as a BPS-like condition for the 3-form flux. More precisely, the ISD condition (∗_6G_3 = iG_3) corresponds to G_3 carrying the charge and tension of |Q_{flux}| D3-branes, while a IASD flux (∗_6G_3 = −iG_3) carries the RR and NSNS charges of |Q_{flux}| anti-D3-branes. Notice that given a well-quantized 3-form flux G_3, it may attain either the ISD or the IASD condition, but never both.

In general, if we consider flux compactifications with BPS-like localized objects and fluxes, satisfying (67) and (68), but with different choice of ϵ for any of them, we will get a compactification with non-vanishing, positive V_{eff} , which indicates the presence of a NSNS tadpole. In the following we will take the value of V_{eff} as a measure of this excess of tension.

Let us consider the particular case where only sources of D3-brane and tension are present. The expression for V_{eff} simplifies to:

V_{eff} = V^{−1}_w ∫ d^6y √ g̃ [ 1 2 e^{−8A} [ ( ~∇e^{4A})^2 + ( ~∇α)^2 ] + e^{4A}

G_3 · G_3 12Im τ

+ 2κ^2_{10}T_3e^{4A} ∑ i t_iδ̃(y_i) ] (70)

= V^{−1}_w ∫ d^6y √ g̃ [ 1 2 e^{−8A} [ ~∇(e^{4A} ± α) ]_2 + e^{4A}

|iG_3 ± ∗_6G_3|^2 24Im τ

+ 2κ^2_{10}T_3e^{4A} ∑ i (t_i ± q_i)δ̃(y_i) ]

where y_i are the positions of the D3-branes and O3-planes in M_6, and t_i, q_i are the units of tension and charge of these objects, normalized such that a D3-brane has t = q = 1 in the covering space of the orientifold. Here the delta function δ̃ is defined in terms of the unwarped metric g̃_{mn}, and the same for the scalar products, so that we are extracting all the warp factor dependence.

26In order to relate (64) and (65) we have made use of the result e^{−10A}∂_me^{4A}∂^mα ∼ −ie^{−2A} G_3 · ∗_6G_3 12Im τ

− 2κ^2_{10}e^{−2A}T_3 ∑ i ( ρ^{loc}_3 ) i (66)

deduced from the Bianchi identity of F_5. Here ∼ stands for equality up to integration on M_6.

In order to illustrate the use of this formula, let us first consider a system of a D3 and anti-D3-brane, located at y_{D3} and y_{D3}. Eq.(70) reads

V_{eff} = V^{−1}_w ∫ d^6y √ g̃ 1 2 e^{−8A} [ ( ~∇e^{4A})^2 + ( ~∇α)^2 ] + T_3 ( e^{4A(yD3)} + e^{4A(yD3)} ) (71)

= V^{−1}_w ∫ d^6y √ g̃ 1 2 e^{−8A} [ ~∇(e^{4A} − α) ]_2

+ 2T_3e^{4A(yD3)} (72)

= V^{−1}_w ∫ d^6y √ g̃ 1 2 e^{−8A} [ ~∇(e^{4A} + α)

]_2

+ 2T_3e^{4A(yD3)}. (73)

Notice that the first contribution in these expressions is always non-vanishing, since the relation (69) between the 5-form and the warp factors only holds in the BPS-like compactifications of [4]. On the other hand, its contribution is suppressed by the (warped) volume of the compact manifold. The second contribution is also suppressed by the warp factor e^{4A}, which is usually minimized in the location of objects of positive tension.

In the case of an anti-D3-brane in a ISD 3-form flux background G_3 carrying the charge of a single D3-brane, we have instead.

V_{eff} = V^{−1}_w ∫ d^6y √ g̃ 1 2 e^{−8A} [ ( ~∇e^{4A})^2 + ( ~∇α)^2 ] + T_3 ( N^w_{flux} + e^{4A(yD3)} ) (74)

= V^{−1}_w ∫ d^6y √ g̃ 1 2 e^{−8A} [ ~∇(e^{4A} − α) ]_2

+ 2T_3e^{4A(yD3)} (75)

= V^{−1}_w ∫ d^6y √ g̃ 1 2 e^{−8A} [ ~∇(e^{4A} + α)

]_2

+ 2T_3N^w_{flux}. (76)

where N^w_{flux} = − 1 (4π^2α^′)^2 ∫ M_6 e^{4A} G_3 ∧ ∗_6G_3

2Im τ

(77)

A similar expression applies to a set of D3-branes in presence of a IASD G_3 flux. We hence see that D3-branes + IASD fluxes and anti-D3-branes + ISD fluxes, may be on equal footing from the point of view of NSNS tadpoles, thus Einstein’s equations of motion. At least once the backreaction of the localized objects has been taken into account. In both cases, the contribution to the excess of tension strongly depends on the warp factor of the compactification.

References

[1] J. Polchinski and A. Strominger, “New Vacua for Type II String Theory,” Phys. Lett.

B 388, 736 (1996), hep-th/9510227.

K. Becker and M. Becker, “M-Theory on Eight-Manifolds,” Nucl. Phys. B 477, 155 (1996) hep-th/9605053.

J. Michelson, “Compactifications of type IIB strings to four dimensions with non-trivial classical potential,” Nucl. Phys. B 495, 127 (1997), hep-th/9610151. S. Gukov, C. Vafa and E. Witten, “CFT’s from Calabi-Yau four-folds,” Nucl. Phys. B 584, 69 (2000), Erratum-ibid. B 608, 477 (2001), hep-th/9906070.

[2] K. Dasgupta, G. Rajesh and S. Sethi, “M theory, orientifolds and G-flux,” JHEP 9908, 023 (1999), hep-th/9908088.

[3] T. R. Taylor and C. Vafa, “RR flux on Calabi-Yau and partial supersymmetry breaking,” Phys. Lett. B 474, 130 (2000), hep-th/9912152.

B. R. Greene, K. Schalm and G. Shiu, “Warped compactifications in M and F theory,” Nucl. Phys. B 584, 480 (2000), 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, 3 (2001), hep-th/0012213.

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

[5] M. Graña, “MSSM parameters from supergravity backgrounds,” Phys. Rev. D 67, 066006 (2003), hep-th/0209200.

[6] P. G. Cámara, L. E. Ibáñez and A. M. Uranga, “Flux-induced SUSY-breaking soft terms,” hep-th/0311241.

[7] M. Graña, T. W. Grimm, H. Jockers and J. Louis, “Soft supersymmetry breaking in Calabi-Yau orientifolds with D-branes and fluxes,” hep-th/0312232.

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

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

[10] S. Kachru, M. B. Schulz and S. Trivedi, “Moduli stabilization from fluxes in a simple IIB orientifold,” JHEP 0310, 007 (2003), hep-th/0201028.

[11] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, “De Sitter vacua in string theory,” Phys. Rev. D 68, 046005 (2003), hep-th/0301240.

[12] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, “Towards inflation in string theory,” JCAP 0310, 013 (2003), hep-th/0308055.

[13] J. P. Hsu, R. Kallosh and S. Prokushkin, “On brane inflation with volume stabilization,” JCAP 0312, 009 (2003) hep-th/0311077.

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

C. P. Burgess, J. M. Cline, H. Stoica and F. Quevedo, “Inflation in realistic D-brane models,” hep-th/0403119.

M. Berg, M. Haack and B. Kors, “Loop corrections to volume moduli and inflation in string theory,’ hep-th/0404087.

J. J. Blanco-Pillado et al., “Racetrack inflation,” hep-th/0406230.

[14] G. Shiu and S. H. H. Tye, “Some aspects of brane inflation,” Phys. Lett. B 516, 421 (2001), hep-th/0106274.

[15] For attempts to construct brane inflationary models without a flat potential by considering velocity-dependent effects [14], see, e.g., E. Silverstein and D. Tong, “Scalar speed limits and cosmology: Acceleration from Dcceleration,” hep-th/0310221.

M. Alishahiha, E. Silverstein and D. Tong, “DBI in the sky,” hep-th/0404084. X.G. Chen, “Multi-throat brane inflation,”, hep-th/0408084.

[16] M. R. Douglas and G. W. Moore, “D-branes, Quivers, and ALE Instantons,” hepth/9603167.

C. V. Johnson and R. C. Myers, “Aspects of type IIB theory on ALE spaces,” Phys. Rev. D 55, 6382 (1997) hep-th/9610140.

M. R. Douglas, B. R. Greene and D. R. Morrison, “Orbifold resolution by D-branes,” Nucl. Phys. B 506, 84 (1997), hep-th/9704151.

[17] C. Bachas, “A Way to break supersymmetry,” hep-th/9503030.

[18] R. Blumenhagen, L. Görlich, B. Körs and D. Lüst, “Noncommutative compactifications of type I strings on tori with magnetic background flux,” JHEP 0010, 006 (2000), hepth/0007024.

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

[20] D. Cremades, L. E. Ibáñez and F. Marchesano, “Computing Yukawa couplings from magnetized extra dimensions,” JHEP 0405, 079 (2004), hep-th/0404229.

[21] M. Berkooz, M. R. Douglas and R. G. Leigh, “Branes intersecting at angles,” Nucl.

Phys. B 480, 265 (1996), hep-th/9606139.

[22] G. Aldazábal, S. Franco, L. E. Ibáñez, R. Rabadán and A. M. Uranga, “D = 4 chiral string compactifications from intersecting branes,” J. Math. Phys. 42, 3103 (2001), hepth/0011073.

[23] F. Marchesano and G. Shiu, “MSSM vacua from flux compactifications,” hepth/0408059. “Building MSSM flux vacua,” hep-th/0409132.

[24] J. F. G. Cascales and A. M. Uranga, “Chiral 4d N = 1 string vacua with D-branes and NSNS and RR fluxes,” JHEP 0305, 011 (2003), hep-th/0303024. “Chiral 4d string vacua with D-branes and moduli stabilization,” hep-th/0311250.

[25] J. F. G. Cascales, M. P. García del Moral, F. Quevedo and A. M. Uranga, “Realistic D-brane models on warped throats: Fluxes, hierarchies and moduli stabilization,” JHEP 0402, 031 (2004), hep-th/0312051.

[26] G. Aldazábal, L. E. Ibáñez, F. Quevedo and A. M. Uranga, “D-branes at singularities:

A bottom-up approach to the string embedding of the standard model,” JHEP 0008, 002 (2000), hep-th/0005067.

[27] D. Berenstein, V. Jejjala and R. G. Leigh, “The standard model on a D-brane,” Phys.

Rev. Lett. 88, 071602 (2002), hep-ph/0105042.

L. F. Alday and G. Aldazábal, “In quest of ’just’ the standard model on D-branes at a singularity,” JHEP 0205, 022 (2002), hep-th/0203129.

[28] G. Aldazábal, D. Badagnani, L. E. Ibáñez and A. M. Uranga, “Tadpole versus anomaly cancellation in D = 4, 6 compact IIB orientifolds,” JHEP 9906, 031 (1999) hepth/9904071.

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

[29] A. M. Uranga, “From quiver diagrams to particle physics,” hep-th/0007173.

[30] L. E. Ibáñez, F. Marchesano and R. Rabadán, “Getting just the standard model at intersecting branes,” JHEP 0111, 002 (2001), hep-th/0105155.

[31] J. Polchinski, “Tensors from K3 orientifolds,” Phys. Rev. D 55, 6423 (1997), hepth/9606165.

[32] R. Rabadán “Orientifolds,” PhD. Thesis, Universidad Autónoma de Madrid.

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

[34] R. Rabadán and A. M. Uranga, “Type IIB orientifolds without untwisted tadpoles, and non-BPS D-branes,” JHEP 0101, 029 (2001), hep-th/0009135.

[35] L. E. Ibáñez, R. Rabadán and A. M. Uranga, “Anomalous U(1)’s in type I and type IIB D = 4, N = 1 string vacua,” Nucl. Phys. B 542, 112 (1999), hep-th/9808139.

[36] G. Aldazábal and A. M. Uranga, “Tachyon-free non-supersymmetric type IIB orientifolds via brane-antibrane systems,” JHEP 9910, 024 (1999), hep-th/9908072.

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

[38] E. Witten, “Toroidal compactification without vector structure,” JHEP 9802, 006 (1998), hep-th/9712028.

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

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

Z. Kakushadze, G. Shiu and S. H. H. Tye, “Type IIB orientifolds with NS-NS antisymmetric tensor backgrounds,” Phys. Rev. D 58, 086001 (1998), hep-th/9803141.

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

[41] A. Saltman and E. Silverstein, “The scaling of the no-scale potential and de Sitter model building,” hep-th/0402135.

[42] A. Brignole, L. E. Ibáñez and C. Muñoz, “Soft supersymmetry-breaking terms from supergravity and superstring models,” hep-ph/9707209.

[43] For a recent review of soft SUSY-breaking terms, see D. J. H. Chung, L. L. Everett, G. L. Kane, S. F. King, J. Lykken and L. T. Wang, “The soft supersymmetry-breaking Lagrangian: Theory and applications,” hep-ph/0312378.

[44] V. S. Kaplunovsky and J. Louis, “Model independent analysis of soft terms in effective supergravity and in string theory,” Phys. Lett. B 306, 269 (1993), hep-th/9303040. A. Brignole, L. E. Ibáñez and C. Muñoz, “Towards a theory of soft terms for the supersymmetric Standard Model,” Nucl. Phys. B 422, 125 (1994) [Erratum-ibid. B 436, 747 (1995)], hep-ph/9308271.

[45] H. Abe, K. Choi, K. S. Jeong and K. i. Okumura, “Scherk-Schwarz supersymmetry breaking for quasi-localized matter fields and supersymmetry flavor violation,” hepph/0407005.

K. w. Choi, N. y. Haba, K. S. Jeong, K. i. Okumura, Y. Shimizu and M. Yamaguchi, “Electroweak symmetry breaking in supersymmetric gauge - Higgs unification models,” JHEP 0402, 037 (2004), hep-ph/0312178.

[46] K. Abdullah, C. Carlberg, E. D. Commins, H. Gould and S. B. Ross, “A New Experimental Limit On The Electron Electric Dipole Moment,” Phys. Rev. Lett. 65, 2347 (1990).

E. D. Commins, S. B. Ross, D. DeMille and B. C. Regan, “Improved experimental limit on the electric dipole moment of the electron,” Phys. Rev. A 50, 2960 (1994). M. V. Romalis, W. C. Griffith and E. N. Fortson, “A new limit on the permanent electric dipole moment of Hg-199,” Phys. Rev. Lett. 86, 2505 (2001), hep-ex/0012001.

[47] L. E. Ibáñez, “The fluxed MSSM,” hep-ph/0408064.

[48] G. L. Kane and S. F. King, “Naturalness implications of LEP results,” Phys. Lett. B 451, 113 (1999), hep-ph/9810374.

M. Bastero-Gil, G. L. Kane and S. F. King, “Fine-tuning constraints on supergravity models,” Phys. Lett. B 474, 103 (2000), hep-ph/9910506.

G. L. Kane, J. Lykken, B. D. Nelson and L. T. Wang, “Re-examination of electroweak symmetry breaking in supersymmetry and implications for light superpartners,” Phys. Lett. B 551, 146 (2003), hep-ph/0207168.

[49] [LEP Higgs Working Group Collaboration], “Searches for the neutral Higgs bosons of the MSSM: Preliminary combined results using LEP data collected at energies up to 209-GeV,” hep-ex/0107030.

[50] For a recent review, see M. Carena and H. E. Haber, “Higgs boson theory and phenomenology. ((V)), Prog. Part. Nucl. Phys. 50, 63 (2003), hep-ph/0208209.

[51] R. Bousso and J. Polchinski, “Quantization of four-form fluxes and dynamical neutralization of the cosmological constant,” JHEP 0006, 006 (2000), hep-th/0004134.

[52] L. Susskind, “Supersymmetry breaking in the anthropic landscape,” hep-th/0405189.

[53] M. R. Douglas, “Statistical analysis of the supersymmetry breaking scale,” hepth/0405279.

[54] M. Dine, E. Gorbatov and S. Thomas, “Low energy supersymmetry from the landscape,” hep-th/0407043.

[55] E. Silverstein, “Counter-intuition and scalar masses,” hep-th/0407202.

[56] J. P. Conlon and F. Quevedo, “On the explicit construction and statistics of Calabi-Yau flux vacua,” hep-th/0409215.

[57] J. Kumar and J. D. Wells, “Landscape cartography: A coarse survey of gauge group rank and stabilization of the proton,” arXiv:hep-th/0409218.

[58] O. DeWolfe, A. Giryavets, S. Kachru and W. Taylor, “Enumerating Flux Vacua with Enhanced Symmetries,” hep-th/0411061.

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

[60] For recent studies, see for example, H. Baer, C. Balazs, A. Belyaev, T. Krupovnickas and X. Tata, “Updated reach of the CERN LHC and constraints from relic density, b → sγ and a_μ in the mSUGRA model,” JHEP 0306, 054 (2003), hep-ph/0304303.

[61] D. Lüst, S. Reffert and S. Stieberger, “MSSM with soft SUSY breaking terms from D7-branes with fluxes,” hep-th/0410074.

[62] G. Shiu and L. T. Wang, “D-matter,” hep-ph/0311228.

[63] S. Chang, C. Coriano and A. E. Faraggi, “New dark matter candidates motivated from superstring derived unification,” Phys. Lett. B 397, 76 (1997), hep-ph/9603272. D. J. H. Chung, E. W. Kolb and A. Riotto, “Superheavy dark matter,” Phys. Rev. D 59, 023501 (1999), hep-ph/9802238.

D. J. H. Chung, E. W. Kolb and A. Riotto, “Nonthermal supermassive dark matter,” Phys. Rev. Lett. 81, 4048 (1998), hep-ph/9805473.

D. J. H. Chung, E. W. Kolb and A. Riotto, “Production of massive particles during reheating,” Phys. Rev. D 60, 063504 (1999), hep-ph/9809453. E. W. Kolb, D. J. H. Chung and A. Riotto, “WIMPzillas!,” hep-ph/9810361. D. J. H. Chung, P. Crotty, E. W. Kolb and A. Riotto, “On the gravitational production of superheavy dark matter,” Phys. Rev. D 64, 043503 (2001), hep-ph/0104100.

[64] R. Blumenhagen, L. Görlich and T. Ott, “Supersymmetric intersecting branes on the type IIA T**6/Z(4) orientifold,” JHEP 0301, 021 (2003), hep-th/0211059.

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

[66] J. Polchinski and Y. Cai, “Consistency Of Open Superstring Theories,” Nucl. Phys. B 296, 91 (1988).

[67] W. Fischler and L. Susskind, “Dilaton Tadpoles, String Condensates And Scale Invariance 1 & 2,” Phys. Lett. B 171, 383 (1986). Phys. Lett. B 173, 262 (1986).

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

[69] R. Blumenhagen and A. Font, “Dilaton tadpoles, warped geometries and large extra dimensions for non-supersymmetric strings,” Nucl. Phys. B 599, 241 (2001), hepth/0011269.

[70] R. Rabadán and F. Zamora, “Dilaton tadpoles and D-brane interactions in compact spaces,” JHEP 0212, 052 (2002), hep-th/0207178.

[71] E. Dudas, G. Pradisi, M. Nicolosi and A. Sagnotti, “On tadpoles and vacuum redefinitions in string theory,” hep-th/0410101.

[72] O. DeWolfe and S. B. Giddings, “Scales and hierarchies in warped compactifications and brane worlds,” Phys. Rev. D 67, 066008 (2003), hep-th/0208123.

[73] S. P. de Alwis, “On potentials from fluxes,” Phys. Rev. D 68, 126001 (2003), hepth/0307084.

R. Brustein and S. P. de Alwis, “Moduli potentials in string compactifications with fluxes: Mapping the discretuum,” Phys. Rev. D 69, 126006 (2004), hep-th/0402088. S. P. de Alwis, “Brane worlds in 5D and warped compactifications in IIB,” Phys. Lett. B 603, 230 (2004), hep-th/0407126.