arXiv:hep-th/0309070 v2 15 Sep 2003

FTUAM-03-30 IFT-UAM/CSIC-03-16 September 15, 2003

N=1 Locally Supersymmetric Standard Models from Intersecting branes

Christos Kokorelis

Dep/to de Física Teórica C-XI and Instituto de Física Teórica C-XVI , Universidad Autónoma de Madrid, Cantoblanco, 28049, Madrid, Spain

ABSTRACT We construct four dimensional intersecting D6-brane models that have locally the spectrum of the N=1 Supersymmetric Standard Model. All open visible string sectors share the same N=1 supersymmetry. As expected in these supersymmetric classes of models, where the D6-branes wrap a toroidal orientifold of type IIA, the hierarchy may be stabilized if the string scale is low, e.g. below 30 TeV. We analyze the breaking of supersymmetry in the vicinity of the supersymmetric point by turning on complex structure deformations as Fayet-Iliopoulos terms. Positive masses for all squarks and sleptons, to avoid charge/colour breaking minima, may be reached when also two loop contributions may be included. In the ultimate version of the present models N=1 supersymmetry may be broken by gauge mediation. The constructions with four, five and six stacks of D6-branes at M_s are build directly. Next by the use of brane recombination we are able to show that there is a continuous, RR homology flow, between six, five and four stack models. Moreover, we examine the gauge coupling constants of the Standard Model SU(3)_C , SU(2)_L, U(1)_Y at the string scale in the presence of a non-zero antisymmetric NS B-field.

1 Introduction

It is widely accepted that string theory provides the only consistent theoretical framework for perturbative quantum gravity. In this respect, in the absence of a dynamical principle for selecting a particular string vacuum which may be describing our world, one has to demonstrate beyond doubt that vacua with only the Standard Model (SM) at low energy exist. In this case, string theory may definitely provide us with acceptable evidence for describing the real world. Steps forward in this direction has been taken recently in the context of Intersecting Brane Worlds [1]- [29] (IBW’s). We note that string theory based intersecting brane worlds is the explicit string realization of the idea about the field theory breaking of space-time supersymmetry via the introduction of magnetic fields [2]. See also [3, 30, 31].

In general one expects that string vacua may be such that either they have broken supersymmetry from the start, at the string scale, or they will preserve some amount of supersymmetry^1. In the latter case one might try to build explicit N=1 supersymmetric models using intersecting D6-branes, but one has to solve first serious problems like the existence of extra exotic chiral matter remaining massless to low energies - which cannot become massive from existing stringy couplings - absence of doublet-triplet splitting for supersymmetric GUT constructions, etc. [ See [7, 19, 20, 21] for studies in the context of N=1 SUSY intersecting D6 brane model building] , before discussing realistic N=1 SUSY model building .

In the former case it has been explicitly demonstrated, using intersecting D6-brane language, that non-supersymmetric intersecting D6-brane vacua with only the SM at low energy exist [4, 5, 6] [For some other attempts to construct, using D-branes the (non-susy) SM, but not based on a particular string construction, see [32].]. It has also been shown that non-supersymmetric GUT vacua, either of Pati-Salam type [8] or SU(5)/flipped SU(5) GUTS [11] with only the SM at low energy exist. In these works, it has been evident that by working, in great detail, with four dimensional compactifications of type IIA toroidal orientifolds [1] (or their orbifolds [10] in the case of SU(5)/flipped SU(5) GUTS [11]) - and D6-branes intersecting at angles - one can localize eventually the SM at low energy in all these constructions [see for example [28],[29] for some reviews]. We note that even though models with D6-branes intersecting at angles are related by T-duality to models with magnetic deformations [3, 31], it is much easier to work in the angle picture as one may handle easier the parameters

1The cosmological constant problem remains in both options.

of the theory. We note that the SM at low energy has been shown to exist in another toroidal-like constructions, using D5-branes in [13], [14].

A number of important phenomenological issues have been also examined in the context of model building in IBW’s, including proton decay [9, 11] and the implementation of doublet-triplet splitting mechanism [11].

There is an essential difference between the four D6-brane stack models of [4] and its five, six D6-brane stack model extensions of [5, 6] respectively. The models of [4], which have overall N=0 supersymmetry don’t have open string sectors which preserve some amount of supersymmetry (SUSY). On the contrary, the models of [5, 6] have necessarily some open string sectors which preserve N=1 supersymmetry. This is necessary in order to make massless the pveviously massive superpartners of ν_R, sν_R. By giving a vev to sν_R one may be able to break the extra U(1)’s, beyond hypercharge, that survive massless the Green-Schwarz anomaly cancellation mechanism. Thus at low energy only the SM survives. Similar considerations apply to the non-supersymmetric Pati-Salam GUTS of [8], where the presence of some open string sectors preserving N=1 supersymmetry with the orientifold plane is necessary in order to create a Majorana mass coupling term for ν_R and get rid of the massless beyond hypercharge U(1)’s that survive massless the Green-Schwarz mechanism^2. In those cases, we were able to localize the presense of the SM spectra together with extra matter at the string scale, the latter finally becoming massive by appropriate stringy couplings, leaving only the SM at low energy.

Alternatively, one may try to build non-supersymmetric models where each open string sector preserves some amount of SUSY, and where each brane shares some SUSY with the other branes but not necessarily the same one. Such constructions have been considered in [15, 16] and as the models are not really N=1 supersymmetric they were called quasi-supersymmetric (Q-SUSY). The most important feature of these phenomenological models is the absense of one loop corrections to the scalar masses (CSM’s); necessarily CSM’s appear at two loop order. As a result the lower part of the gauge hierarchy problem^3 is stabilized in these models for a string scale of less than 30 TeV.

2The existence of particular sectors is needed to guarantee the existence of superpartners for the right handed neutrinos, sν_R. Thus the presense of the see-saw mechanism limits the degeneracy of the parameters of the RR solutions placing conditions on them. These conditions solve the conditions for some U(1)’s, beyond hypercharge, to survive massless the Green-Schwarz anomaly cancellation. The latter U(1)’s becoming eventually massive with the help of sν_R’s.

3Absense of large quadratic corrections to the scalar masses; the higher part of the gauge hierarchy problem we identify as the explanation of the ratio M_W /M_{P lanck}.

The ‘symmetrical’ choice in the latter constructions is to choose all open string sectors to share the same N=1 supersymmetry. In this case, we may attempt to localize the particle spectrum of the N=1 SUSY SM (N=1 local SUSY models), even though the models overall may have N=0 supersymmetry.

In this work, firstly we consider models with intersecting D6 branes which share the same N=1 SUSY at every intersection. In this way we localize the spectrum of the N=1 Supersymmetric Standard model. Hence we first consider generalizations of the four stack N=1 local SM of [16], in the sense of allowing the most general wrappings in the presence of NS B-field between the intersections of the branes involved. We note that consequences for gauge coupling unification have been examined in [25] based on this model. We also consider further consequences for the gauge couplings for the present models generalizing some of the results of [25], as we consider the additional presence of the NS B-field in the models of [16].

Secondly, we present new solutions with the spectrum of the MSSM , involving a trivial NS B-field across the compact six dimensional space, with D-brane configurations that contain the five and its maximum extended D6-brane six stack constructions of [16]. An interesting feature of these constructions is that these models may have necessarily a low string scale and thus avoid the gauge hierarchy problem related to quadratic Higgs corrections [15]. We also note that non-supersymmetric toroidal orientifold models [15, 5, 6] or their orbifolds, have some non-zero NS tadpoles whose presence acts as an uncancelled cosmological constant, similar (but not equivalent) to the cosmological constant appearing after the breaking of N=1 space-time supersymmetry in supersymmetric models.

The paper is organized as follows. In section 2, we present a brief review of the main features of the constructions of [15, 16]. In particular we present the most general solution to the wrapping numbers of the SM configurations of [16] in the presence of a NS B-field. For clarity reasons we will identify the four, five and six stack models described, as belonging to the Model classes I, II and III respectively. In sections 3, 4 we describe out new five, six stack configurations respectively, which localize the spectrum of the N=1 SUSY SM spectrum, on N=1 supersymmetric intersections, in overall N=0 models. In section 5 we analyze the breaking of the common SUSY preserved in the intersections using FI terms. Similar considerations have appeared in [35, 36, 7, 15]. In section 6 we describe the existence of gauge breaking transitions in the models appearing after brane recombination; the latter effectively corresponding to the existence of adjoint Higgs fields ‘localized’ between the parallel recombined branes. In section 7 we provide important formulas for the gauge coupling constants in the models. In section 8 we discuss gauge mediated N=1 space-time supersymmetry breaking and the issue of the non-factorizable brane needed to cancel RR tadpoles. Finally in section 9 we summarize our concluding remarks.

2 N=1 local SYSY models revisited - Model I

Our aim is to derive models which are of phenomenological interest and which localize the spectrum of the N=1 supersymmetric Standard Model (SSM). The most important property of IBW’s is that open strings stretching in the intersection between branes get associated with chiral fermions localized in their intersections [12]. The multiplicity of the chiral fermions in the intersections is given by the intersection number. In its simplest constructions, the type IIA theory gets compactified to four dimensions (4D) on an orientifolded T^6 torus [1]. Moreover, the D6_a branes wrap three-cycles (n^i_a, m^i_a), i = 1, 2, 3, across each of the i-th T^2 torus of the assumed, for simplicity, factorized T^6 torus, T^6 = T^2 ⊗ T^2 ⊗ T^2. In particular, our torus is allowed to wrap factorized products of three 1-cycles, whose homology classes are given exactly by

[Π_a] = 3∏ i=1 (n^i_a[a_i] + m^i_a[b_i]) (2.1)

and their orientifold images as

[Π_a∗ ] = 3∏ i=1 (n^i_a[a_i] − m^i_a[b_i]) . (2.2)

In (2.2) we have used the fact that wrapping numbers of the orientifold images of the (n, m) wrappings of the α-brane are given by (n, −m). The wrappings numbers (n^i, m^i) may take integer values in which case the tori that the D6-branes wrap are orthogonal. If a non-trivial NS B-field is added, the tori becomes tilted and the effective wrapping numbers become (n^i, m^i) = (n^i, m̃^i + n^i/2), n^i, m̃^i, ∈ Z, where the magnetic wrappings m, take now fractional values. There are several open string sectors, including the ab sector accommodating open strings stretching between the D6_a, D6_b branes and localizing fermions transforming in the bifundamental representation (N_a, N̄_b) with multiplicity I_{ab} = [Π_a] · [Π_b] = 3∏ i=1 = (n^i_am^i_b − m^i_an^i_b) . (2.3)

Also, the ab^⋆ sector is present with chiral fermions transforming in the bifundamental representation (N_a, N_b) and multiplicity given by

I_{ab}∗ = [Π_a] · [Π_{b∗}] = − 3∏ i=1 (n^i_am^i_b + m^i_an^i_b) . (2.4)

The sign of I_{ab}, I_{ab}∗ , denotes the chirality of the corresponding fermion and it is a matter of convention; the positive sign we identify with the left handed fermions. The gauge group for a set of a, b D6-branes on the above background, is in general U(N_a)×U(N_b). In the case that the brane a is its own orientifold image then the gauge group may be further enhanced from U(N_a) to SO(2N_a) or USp(2N_a). The wrapping numbers are further constrained by the conditions set out by the RR tadpole cancellation conditions [1] ∑ a N_a n^1_a n^2_a n^3_a = 16, ∑ a N_a n^1_a m^2_a m^3_a = 0, ∑ a N_a m^1_a n^2_a m^3_a = 0, ∑ a N_a m^1_a m^2_a n^3_a = 0 (2.5)

• N=1 Supersymmetric SM constructions from intersecting D6-branes

Lets us assume the particular D6-brane configuration, seen in table (1), with gauge group U(3)×U(1)_b ×U(1)_c ×U(1)_d. For the special values of the parameters ϵ = ϵ̃ = 1, β_1 = β_2 = 1, that is when all tori are untilted, we recover the D-brane configuration proposed in [16]. It clearly describes the chiral spectrum of the MSSM. The hypercharge is defined as Q_Y = (1/6) Q_a − (1/2) Q_c − (1/2) Q_d (2.6)

Also there are exact identifications between the global symmetries of the SM and the U(1) symmetries set out by the D-brane configurations of table (1). Thus baryon number (B) is easily identified as Q_a = 3B, the lepton number (L) is given by Q_d = L, and Q_c is twice I_R the third component of the right-handed weak isospin. The intersection numbers localizing the chiral fermions of table (1) are given by I_{ab} = 3, I_{ab∗} = 3, I_{ac} = −3, I_{ac∗} = −3, I_{bc} = −^1_{β1β2} , I_{db} = 3, I_{db∗} = 3, I_{dc} = −3, I_{dc∗} = −3, I_{bc∗} =^1_{β1β2} (2.7)

The wrapping numbers of the SM chiral fermions can be seen in table (2). The entries of this table represent the most general solution to the wrapping numbers (2.7). For the special values of the parameters ϵ = ϵ̃ = 1, β_1 = β_2 = 1, that is when all tori are untilted, we recover the wrapping number solution proposed in [16]. Note that we

Matter Fields Representation Intersection Q_a Q_c Q_d Y Q_L 3(3, 2) (ab), (ab∗) 1 0 0 1/6 U_R 3(¯3, 1) (ac) −1 1 0 −2/3 D_R 3(¯3, 1) (ac^∗) −1 −1 0 1/3 L 3(1, 2) (db), (db^∗) 0 0 1 −1/2 N_R 3(1, 1) (dc) 0 1 −1 0 E_R 3(1, 1) (dc^∗) 0 −1 −1 1 H_d^1_{β1·β2} (1, 2) (cb∗) 0 1 0 −1/2 H_u^1_{β1·β2} (1, 2) (cb) 0 −1 0 1/2

Table 1: Chiral spectrum of the four stack D6-brane N=1 Supersymmetric Standard Model-I with its U(1) charges.

have allowed for the introduction of a NS B-field, that makes the tori tilted along the second and the third tori. Lets us define [15, 8] the supersymmetry vectors

r_1 = ± 1 2 (− − −−), r_2 = ± 1 2 (− + +−), r_3 = ± 1 2 (+ − +−), r_4 = ± 1 2 (+ + −−), (2.8)

These vectors may help us to identify the supersymmetries shared between by the different branes of our models and the orientifold O6 plane. In general a D6-brane, placed in a compactification of type IIA in a toroidal background being a^1_2 BPS state will preserve N = 4 SUSY. If an orientifold plane is added in our configuration then there are non-trivial consequences for the supersymmetries preserved by the D6-brane, as now the brane may have to share some supersymmetries with its orientifold images and subsequently the orientifold plane. In fact, each brane will now share a N=2 SUSY with its orientifold image. Clearly the O6 plane preserves the SUSY described by the vector r_1. On the other hand the intersection between the D6-branes a’, b’ preserves exactly the supersymmetries that are common between them; each brane sharing some sypersymmetries with the orientifold. For models based on toroidal orientifolds of type IIA [1], is also possible to allow for non-supersymmetric D6-brane configurations that allow each intersection to preserve either the same or a different supersymmetry with the rest of the intersections [15, 16]. This is to be contrasted with the constructions of SM’s of [5, 6] where only the intersections where the right handed neutrino was localized were N=1 supersymmetric. In the models we discuss in the present work the former case is realized. Thus the present constructions will allow the same N=1 SUSY to be equally shared by all intersections, achieving a fermion-boson mass degeneracy at every intersection locally, but not globally, as globally the constructions may be non-supersymmetric (N=0).

The Standard Models described by the wrappings (2.7) have all intersections respecting the same N=1 supersymmetry - see table (3) - when the complex structure moduli^4 satisfy β_1 · χ_2 = β_2 · χ_3 , (2.9) where we have defined α_1 = tan^{−1}(3ρ^2β_1χ_1) (2.10) Let us now focus our attention to the gauge symmetry of the models. After the implementation of the Green-Schwarz anomaly cancellation mechanism, the actual gauge group of the N=1 local SUSY Standard Model I becomes SU(3) × SU(2)_L × U(1)_Y ×

N_i (n^1_i , m^1_i ) (n^2_i , m^2_i ) (n^3_i , m^3_i )

N_a = 3 (1, 0) (1/ρ, 3ρϵβ_1) (1/ρ, −3ρϵ̃β_2)

N_b = 1 (0, ϵϵ̃) (1/β_1, 0) (0, −ϵ̃)

N_c = 1 (0, ϵ) (0, −ϵ) (ϵ̃/β_2, 0)

N_d = 1 (1, 0) (1/ρ, 3ρϵβ_1) (1/ρ, −3ρϵ̃β_2)

Table 2: General wrapping numbers of Model I, giving rise to the N=1 Standard Model. The wrappings depend on the parameters ρ = 1, 1/3; ϵ = ϵ̃ = ±1 and the NS background on the last two tori β_i = 1 − b^i = 1, 1/2. Hence they describe eight different sets of wrappings giving rise to the same intersection numbers.

U(1)_X , where U(1)_X = 3Q_a − 9Q_d + 10Q_c (2.11) and we have assumed that the brane b has been brought on top of its orientifold image b^⋆. The extra U(1)_X generator may be broken by giving a vev to the right handed

4We have defined the complex structure as the ratio of the radii in the corresponding tori, namely χ_i =^{R(i)2}_{R(i)1} . The value β_i = 1/2 signals the presence of a non-zero B-field [33].

neutrino sν_R. A comment is in order at this point. We note that the initial gauge symmetry of the models may be further enhanced^5 to the Pati-Salam

SU(4) × SU(2)_L × SU(2)_R (2.12)

if the brane d is brought on top of brane a and the brane c is brought on top of its orientifold image. In this case, breaking the Pati-Salam symmetry SU(4) → SU(3) × U(1) corresponds to moving apart the branes a, d along different points of the complex plane; giving vev’s to the adjoint multiplets localized in the intersection between the branes. We should also note that when the gauge symmetry of the theory is in the form of a GUT group, like of the Pati-Salam type (2.12), and one necessarily has to have some sectors preserving a SUSY, one should expect some of the branes a, b, c, d to form angles π/4 with respect to the orientifold plane. This have been firstly observed in all the non-supersymmetric toroidal Pati-Salam orientifold constructions of [8] with only the SM at low energy - where on phenomenological grounds some sectors were N=1 SUSY preserving - and also observed lately in a Pati-Salam N=1 SUSY GUT example in [21].

Assuming the moduli fixing relation (2.9) the model shares in each intersection the same N=1 supersymmetry with the orientifold plane. On the other hand, as have been also discussed in [35, 36] adjusting the complex structure moduli slightly off their SUSY values results in the breaking of supersymmetry [These issues will be discussed in detail in section 6]. The wrapping numbers corresponding to the D6-brane configuration of table (1), do not satisfy RR tadpoles. In general RR tadpoles may be satisfied in a number of ways. In the present models the D6-brane configuration of table (1) is free of any gauge and mixed U(1)-gauge anomalies. Thus RR tadpoles may be cancelled by adding a non-factorizable (NF) D6 brane which has intersections with the SM ’visible’ branes but where the produced chiral fermions may become massive from existing stringy couplings and simultaneously don’t contribute to anomalies. In the latter case this messenger sector may contain N_f flavours of chiral superfields Φ_I , Φ̄_i transforming in the representations r̄ + r̄ of the messenger gauge group. Hence the combined system of the D6-brane/NF-brane may be non-supersymmetric and the messenger sector may be responsible for breaking the supersymmetry through gauge mediation [40]. The same conclusion may be reached for local N=1 SM’s II and III. These issues will be further analyzed in section 8.

• The N=1 Higgs system

5as have been already noted in [16]

Brane θ^1_a θ^2_a θ^3_a SUSY preserved a 0 α_1 −α_1 r_2, r_1 b^π_2 0 −^π_2 r_3, r_1 c^π_2 −^π_2 0 r_4, r_1 d 0 α_1 −α_1 r_2, r_1

Table 3: The N=2 supersymmetries shared by the different intersections for the four stack N=1 Supersymmetric Standard Model I.

The number of Higgses present depends on the number of tilted tori in the models. Their charges may be read easily from table (1). At the level of effective theory these Higgses will appear as a mixture of the fields H^+ = H_u + H^∗_d , H^− = H_d + H^∗_u . Thus we can have either one pair of Higgs fields with β_1 = β_2 = 1 in which case the chiral fermions of table (1) represent the spectrum of the MSSM, or β_1 = 1/2, β_2 = 1/2 which is doubling the Higgs content of MSSM. Another choice will be when β_1 = β_2 = 1/2 (or β_1 = 1/2, β_2 = 1), where only the one of the Higgs doublet of the MSSM is doubled.

3 N=1 local SM vacua from five stacks of Intersecting D6-branes - Model II

In this section, we will analyze some five stack D6-brane models which are constructed in such a way that the charged lepton and neutrino generations are localized in different intersections. As it will be explained later this has non-trivial consequences for the Yukawa couplings of the models. Our main aim in this section is to exhibit the basic properties of these D6-brane configurations.

3.1 Supersymmetric Standard Model II

Our D6-brane configuration may be seen in table (4). The initial generic gauge symmetry of the models is

U(3)_a × U(1)_b × U(1)_c × U(1)_d × U(1)_e , (3.1)

further enhanced - when the brane b is brought on top of its orientifold image - to

U(3)_a × SP (2)_b × U(1)_c × U(1)_d × U(1)_e . (3.2)

The intersection numbers giving rise to the chiral spectrum of the SM in table (4) may be described by

Matter Fields Representation Intersection Q_a Q_c Q_d Q_e Y Q_L 3(3, 2) (ab), (ab∗) 1 0 0 0 1/6 U_R 3(¯3, 1) (ac) −1 1 0 0 −2/3 D_R 3(¯3, 1) (ac^∗) −1 −1 0 0 1/3 L 2(1, 2) (db), (db^∗) 0 0 1 0 −1/2 l_L (1, 2) (be), (be^∗) 0 0 0 1 −1/2 N_R 2(1, 1) (dc) 0 1 −1 0 0 E_R 2(1, 1) (dc^∗) 0 −1 −1 0 1 ν_R (1, 1) (ce) 0 1 0 −1 0 e_R (1, 1) (ce^∗) 0 −1 0 −1 1 H_d^1_{β1·β2} (1, 2) (cb∗) 0 1 0 0 −1/2 H_u^1_{β1·β2} (1, 2) (cb) 0 −1 0 0 1/2

Table 4: Chiral spectrum of the five stack D6-brane Model-II with its U(1) charges. The hypercharge is defined as Q_Y =^1_6 Q_a −^1_2 Q_c −^1_2 Q_d −^1_2 Q_e.

I_{ab} = 3, I_{ab∗} = 3, I_{ac} = −3, I_{ac∗} = −3, I_{db} = 2, I_{db∗} = 2, I_{be} = −1, I_{be∗} = 1, I_{dc} = −2, I_{dc∗} = −2, I_{ce} = 1, I_{ce∗} = −1, I_{bc} = −^1_{β1β2} , I_{bc∗} =^1_{β1β2} ,

(3.3)

The D6-brane wrappings satisfying these intersection numbers are given in table (5). In the present SM’s II the global symmetries of the SM get identified as

Q_a = 3B, L = Q_d + Q_e, Q_c = 2I_R (3.4)

One can easily confirm that if the condition (2.9) holds then the brane configuration respects the same N=1 SUSY at every intersection. In fact, the supersymmetries preserved by the brane content of the models may be found in table (6). The angle structure of the branes with respect to the orientifold planes may be seen in table (6), where we have defined

α_2 = tan^{−1}(β_1χ_2), γ_1 = tan^{−1}(2β_1χ_2) (3.5)

N_i (n^1_i , m^1_i ) (n^2_i , m^2_i ) (n^3_i , m^3_i )

N_a = 3 (1, 0) (1/ρ, 3ρϵβ_1) (1/ρ, −3ρϵ̃β_2) N_b = 1 (0, ϵϵ̃) (1/β_1, 0) (0, −ϵ̃) N_c = 1 (0, ϵ) (0, −ϵ) (ϵ̃/β_2, 0) N_d = 1 (1, 0) (1, 2ϵβ_1) (1, −2ϵ̃β_2) N_e = 1 (1, 0) (1, ϵβ_1) (1, −ϵ̃β_2)

Table 5: Wrapping numbers of Model II, giving rise to the N=1 Supersymmetric Standard Model. These wrappings depend on the phase parameters ϵ = ϵ̃ = ±1, the parameters β_1 = β_2 = 1, 1/2 parametrizing the NS B-field and the parameter ρ = 1, 1/3. and F_L = (4, 2, 1), F̄_R = (4, 1, ¯2) (3.6) the matter multiplets (see [8] for detailed realizations of the Pati-Salam GUT in intersecting brane worlds and classes of models with only the SM at low energy) of the Pati-Salam SU(4)_C × SU(2)_L × SU(2)_R GUT.

By implementing the Green-Schwarz anomaly cancellation mechanism [4] and analyzing the U(1) BF couplings to the RR fields

N_a · m^1_a · m^2_a · m^3_a · ∫ M_4

B^0_2 ∧ F_a, N_a · m^I_a · m^J_a · m^K_a · ∫ M_4

B^I_2 ∧ F_a, (3.7) we find, the rest of the couplings having a zero stregth with the RR fields, B^1_2 ∧ (ϵβ_1) · (9F^a + 2F^d + F^e), B^3_2 ∧ (−ϵ̃β_2) · (9F^a + 2F^d + F^e); (3.8) and thus conclude that only one anomalous U(1), 9Q_a + 2Q_d + Q_e gets massive by having a non-zero coupling to RR fields, the other three U(1)’s

Q^{(1)} = 1 6 (Q_a − 3Q_d − 3Q_e) − 1 2 Q_c, Q^{(2)} = 1 6 (Q_a − 3Q_d − 3Q_e) + 19 18 Q_c, (3.9) Q^{(3)} = (− 3 28 Q_a + Q_d − 29 28 Q_e) (3.10) remain massless [See [34] for further consequences of for gauge field anomalies in general orientifold models .]. The Q^{(1)} generator is identified as the hypercharge in the models.

Figure 1: Gauge group enhancement (and vice-versa) in the five stack quiver to a Pati-Salam SU(4) × SU(2)_L × SU(2)_R × U(1)^d. The brane d on the left is shown to different positions.

We note that at this point the actual gauge group of the models is SU(3) × SU(2) × U(1)_Y × Q^{(2)} × Q^{(3)}. The additional U(1)’s Q^{(2}, Q^{(3)} that survive massless the Green- Schwarz anomaly cancellation mechanism, can be broken by giving vev’s to the right handed sneutrinos, sN_R’s, localized in the dc intersection. Alternatively one may choose to break them by giving vev’s to two linear combinations of sN_R’s, sν_R’s from neutrinos localized in the intersections dc, ce respectively. This mechanism may be described by the presence of the Fayet-Iliopoulos terms for the anomalous U(1)’s and will be described later on.

3.2 Gauge Group Enhancement

The initial gauge symmetry of the models, before implementation of Green-Schwarz mechanism, may be further enhanced in a number of different ways. By choosing for example the values ρ = 1/3, ϵ = ϵ̃ in table 5, it is clear that as the branes a, e are parallel, by placing brane a on top of brane e, we may have a symmetry enhancement from U(3)_a × U(1)_e → U(4) (3.11) Also, if branes b, c are brought on top of their orientifold images, then the full gauge symmetry of the models may be further enhanced to

U(4) × SU(2)^b_L × SU(2)^c_R × U(1)_d (3.12)

Brane θ^1_a θ^2_a θ^3_a SU SY preserved a 0 α_1 −α_1 r_2, r_1 b^π_2 0 −^π_2 r_3, r_1 c^π_2 −^π_2 0 r_4, r_1 d 0 γ_1 −γ_1 r_2, r_1 e 0 α_2 −α_2 r_2, r_1

Table 6: The N=2 supersymmetries shared by the different intersections for the five stack pentagonal quiver minimal SUSY Model II of table (4).

4 The N=1 Standard Model from Six-stacks of Intersecting D6-branes - Model III

In this section, we will discuss the extension of the four and five stack supersymmetric Standard Models I, II to their closest generalizations with six stacks of D6-branes at the string scale. These models constitute the maximum allowed deformations as it may easily seen from the D-brane configurations of tables (1) and (4). The initial gauge group structure is an

U(3) × U(1)_b × U(1)_c × U(1)_d × U(1)_e × U(1)_f (4.1)

further enhanced to

U(3) × SP (2) × U(1)_c × U(1)_d × U(1)_e × U(1)_f (4.2)

when brane b is brought on top of its orientifold image.

The chiral spectrum of the SUSY SM gets localized at the various intersections as described in the D-brane configuration of table (7). The observed chiral spectrum gets reproduced by the following intersection numbers I_{ab} = 3, I_{ab∗} = 3, I_{ac} = −3, I_{ac∗} = −3, I_{db} = 1, I_{db∗} = 1, I_{eb} = 1, I_{eb∗} = 1, I_{f b} = 1, I_{f b∗} = 1, I_{dc} = −1, I_{dc∗} = −1, I_{ec} = −1, I_{ec∗} = −1, I_{f c} = −1, I_{f c∗} = −1, I_{bc} = −^1_{β1·β2} , I_{bc∗} =^1_{β1·β2} ,

(4.3)

where all other intersections are vanishing. The global symmetries of the SM may be expressed in terms of the U(1) symmetries of the models as

Q_a = 3B, L = Q_d + Q_e + Q_f , Q_c = 2I_R (4.4)

Matter Fields Representation Intersection Q_a Q_c Q_d Q_e Q_f Y Q_L 3(3, 2) (ab), (ab∗) 1 0 0 0 0 1/6 U_R 3(¯3, 1) (ac) −1 1 0 0 0 −2/3 D_R 3(¯3, 1) (ac^∗) −1 −1 0 0 0 1/3 L^1 (1, 2) (db), (db^∗) 0 0 1 0 0 −1/2 L^2 (1, 2) (be), (be^∗) 0 0 0 1 0 −1/2 L^3 (1, 2) (bf), (bf^∗) 0 0 0 0 1 −1/2 N^1_R (1, 1) (cd) 0 1 −1 0 0 0 E^1_R (1, 1) (cd^∗) 0 −1 −1 0 1 1 N^2_R (1, 1) (ce) 0 1 0 −1 0 0 E^2_R (1, 1) (ce^∗) 0 −1 0 −1 0 1 N^3_R (1, 1) (cf) 0 1 0 0 −1 0 E^3_R (1, 1) (cf^∗) 0 −1 0 0 −1 1 H_u^1_{β1·β2} (1, 2) (cb∗) 0 1 0 0 0 −1/2 H_d^1_{β1·β2} (1, 2) (cb) 0 −1 0 0 0 1/2

Table 7: Standard model chiral spectrum of the six stack string scale D6-brane N=1 SUSY Model III together with its U(1) charges.

Analyzing the U(1) BF couplings to the RR fields we conclude that the anomalous U(1), 9Q_a + Q_d + Q_e + Q_f gets massive by having a non-zero coupling to RR fields, and other four U(1)’s remain massless, the following

Q̃^{(Y )} = 1 6 (Q_a − 3Q_d − 3Q_e − 3Q_f ) − 1 2 Q_c, (4.5) Q̃^{(1)} = 1 6 (Q_a − 3Q_d − 3Q_e − 3Q_f ) + 28 18 Q_c, (4.6) Q̃^{(2)} = (−2Q_d + Q_e + Q_f ), (4.7) Q̃^{(3)} = (Q_e − Q_f ) . (4.8)

The Q̃^{(Y )} is identified as the hypercharge in the models. The breaking of the remaining U(1)’s proceeds once the sneutrino’s, sN_R’s get a vev. An obvious choice will be for Q̃^{(1)} to be broken by a vev from sN^1_R, Q̃^{(2)} to be broken by a vev from sN^2_R, and Q̃^{(3)} to be broken by a vev from sN^3_R. Appropriate combinations of vev’s by sN_R’s can also have the same effect on the Higgsing of the U(1)’s. The SUSY’s shared by each intersection with the orientifold plane may be seen in table (9).

The gauge symmetry may be enhanced to SU(5) when (we choose ρ = 1/3) the branes d, e are brought on top of brane a; with SU(3) × U(1)_d × U(1)_e → SU(5). In

N_i (n^1_i , m^1_i ) (n^2_i , m^2_i ) (n^3_i , m^3_i ) N_a = 3 (1, 0) (1/ρ, 3ρϵβ_1) (1/ρ, −3ρϵ̃β_2) N_b = 2 (0, ϵϵ̃) (1/β_1, 0) (0, −ϵ̃) N_c = 1 (0, ϵ) (0, −ϵ) (ϵ̃/β_2, 0) N_d = 1 (1, 0) (1, ϵβ_1) (1, −ϵ̃β_2) N_e = 1 (1, 0) (1, ϵβ_1) (1, −ϵ̃β_2) N_f = 1 (1, 0) (1, ϵβ_1) (1, −ϵ̃β_2)

Table 8: Wrapping numbers of Model III, giving rise to the N=1 standard model. The parameter ρ = 1, 1/3 describes two different sets of wrappings giving rise to the same intersection numbers.

Brane θ^1_a θ^2_a θ^3_a SUSY preserved N_a = 3 0 α_1 −α_1 r_2, r_1 N_b = 2^π_2 0 −^π_2 r_3, r_1 N_c = 1^π_2 −^π_2 0 r_3, r_4 N_d = 1 0 α_2 −α_2 r_2, r_1 N_e = 1 0 α_2 −α_2 r_2, r_1 N_f = 1 0 α_2 −α_2 r_2, r_1

Table 9: The N=2 supersymmetries shared by the different intersections for the six stack N=1 SUSY Model-III.

this case the full gauge group becomes SU(5) × U(1)_b × U(1)_c × U(1)_f (4.9) or even further enhanced to SU(6) × U(1)_b × U(1)_c (4.10) if brane f is brought on top of brane a. Alternatively, we could choose to further enhance the gauge group by bringing together the b, c branes on top of their orientifold images.

The final gauge group in this case will be^6

SU(5) × SU(2)_L × SU(2)_R × U(1)_f (4.11)

or if brane f is located on top of brane a to

SU(6) × SU(2)_L × SU(2)_R (4.12)

If brane b (or alternatively brane c) is not brought on top of its respective orientifold image b^∗, then the gauge group may be SU(5) × U(1)_b × SU(2)_R × U(1)_f ( SU(5) × SU(2)_L × U(1)_c × U(1)_f ). The reverse procedure of the gauge group enhancement that is the actual splitting of i.e. the SU(5) → SU(3) × U(1) × U(1) corresponds to adjoint breaking.

4.1 Yukawa Couplings

The tree level Yukawa couplings for the N=1 SM’s I, II III have several differences as the charged lepton and neutrino species are localized to different intersection points. The Higgs fields in all models are localized between the b,c and b, c*, branes and are shown in table (10). We assume the existence of the D-brane configuration of tables (1), (4), (7).

Intersection EW Higgs Q_c Y {bc} h_1 −1 1/2 {bc} h_2 1 −1/2 {bc∗} H_1 −1 1/2 {bc∗} H_2 1 −1/2 Table 10: Higgs fields responsible for electroweak symmetry breaking in the N=1 SUSY type I, II and III models.

The tree level Yukawa couplings, that are being allowed by gauge and charge conservation invariance, are common for the quark sector to models I, II and III - and they are given by L^I ∝ h^j_U Q_LU^j_Rh_1 + h^j_DQ_LD^j_RH_2 (4.13)

6When β_1 = β_2 one may locate the brane f on top of its orientifold image, extending the gauge group to SU (5) × SU (2)_L × SU (2)_R × SU (2)_f .

Also the tree level Yukawa’s for the charged lepton and neutrino sectors of models I, II, III, are given respectively by

L^I ∝ y^{ij}_L L^iE^j_RH_2 + Y^{ij}_N L^iN^j_Rh_1 , L^{II} ∝ y^i_LL^iE^i_RH_2 + y_el_Le_Rh_2 + y_{NR} LN_Rh_1 + y_{νR} l_Lν_Rh_1 , L^{III} ∝ ( 3∑ k=1 L^k E^k_Rh_2) + ( 3∑ k=1 L^kN^k_Rh_1) (4.14)

where i=1,2; j =1,2,3.

5 Supersymmetry breaking and sparticle masses

As have been noted earlier for special values of the complex structure χ moduli all intersections in the models may share the same N=1 SUSY with the orientifold plane, that is the same N=1 SUSY is preserved at each intersection. In general, as has been noted in [36] where configurations with non-zero B-field and two D-branes each one preserving N=1 supersymmetry were used, by turning on a Fayet-Iliopoulos (FI) term one may able to break supersymmetry. These FI terms may be computed by the use of the supersymmetric completion of the Chern-Simon ∼ b_3∑ i=1 l∑ a=1 ∫ d^4x Z_{ij} B_i ∧ F_a (5.1)

couplings [38] involved in the Green-Schwarz anomaly cancellation mechanism appearing with the usual auxiliary^7 field D_a. ∼ b_3∑ i=1 l∑ a=1 ∫ d^4x Z_{ij} ∂K ∂ϕ D_a (5.2)

For an effective gauge theory involving D-branes the presence of a FI term is then interpreted as coupling the complex structure moduli as FI-terms in the effective theory [35, 36]. Assuming a small departure of the complex structure from the supersymmetric situation - the SUSY wall - the FI term

V_{F I} = 1 2g^2_α ( ∑ i q^i_α|ϕ^i| + ξ)^2 (5.3)

captures the leading order effect to the mass of the scalar - we assume the existence of two branes D6_σ , D6_τ α^′m^2_{στ} = −q_σξ_σ − q_τ ξ_τ (5.4)

7By ϕ_a we denote the superpartners of the Hodge duals of the RR fields; K is the Kähler potential.

leaving at an intersection στ - as it is described from string theory [7]. Related issues have also been examined in [15, 16]. In this section, we will make use of FI terms in order to break N=1 SUSY at the various intersections of the N=1 models I, II, III.

N=1 SUSY Model I & II Brane θ^1_a θ^2_a θ^3_a approx. SU SY preserved a 0 α_1 + δ_a −α_1 r_1, r_4 b^π_2 + δ_b 0 −^π_2 r_2, r_4 c^π_2 + δ_c −^π_2 0 r_3, r_4 d 0 γ_1 + δ_d −γ_1 r_1, r_4 e 0 α_2 + δ_e −α_2 r_1, r_4

Table 11: Angle structure; coupling the complex structure moduli to open string modes as Fayet-Iliopoulos terms for the five stack SUSY Model II describing the D-brane configuration of table (4).

As the N=1 SUSY models I, II, III are supersymmetric for the same value of complex structure moduli (2.9) we assume that the complex structure moduli departs only slightly from its line of marginal stability as

U^2 = β_2 β_1

U^3 + δ_2 , (5.5)

where δ_2 parametrizes the deviation from the supersymmetric situation. In this case N=1 supersymmetry will be broken.

For N=1 SUSY Model I, assuming that the departure from the supersymmetric limit is described by table (13), one finds

δ^′_α = δ^′_δ = δ_a, δ^′_b = δ^′_c = 0 . (5.6)

The sparticle masses for N=1 SUSY model I may be seen in table (12) In table (11) the deformed angles at the various intersections of SUSY Model II are shown. Therefore one may find that

δ_a =

3ρ^2β_1δ_2 [1 + (3ρ^2β_2U^3)^2]

, δ_d =

2β_1δ_2 [1 + (2β_2U^3)^2]

, δ_e = β_1δ_2 [1 + (β_2U^3)^2]

, δ_b = δ_c = 0 . (5.7)

The Fayet-Iliopoulos terms can be expressed in terms of the angle deviations from the marginal line. Thus for N=1 Model II, we find that

ξ_a = −

3ρ^2β_1δ_2 2[1 + (3ρ^2β_2U^3)^2] , ξ_d = − β_1δ_2 [1 + (2β_2U^3)^2] , ξ_e = − β_1δ_2 2[1 + (β_2U^3)^2]

. (5.8)

Sparticle (θ^1, θ^2, θ^3) Sector (mass)^2

Q_L (−^π_2 − δ^′_b, α_1 + δ^′_a, −α_1 +^π_2 ) (ab)^1_2 (δ^′_a − δ^′_b)

U_R (−^π_2 − δ^′_c, α_1 + δ^′_a +^π_2 , −α_1) (ac)^1_2 (δ^′_c − δ^′_a)

D_R (^π_2 + δ^′_c, α_1 + δ^′_a −^π_2 , α_1) (ac∗) −^1_2 (δ^′_c + δ^′_a)

L (−^π_2 − δ^′_b, α_1 + δ^′_d, −α_1 +^π_2 ) (db)^1_2 (δ^′_d − δ^′_b)

N_R (−^π_2 − δ^′_c, α_1 + δ^′_d +^π_2 , −α_1) (dc)^1_2 (δ^′_c − δ^′_d)

E_R (^π_2 + δ^′_c, α_1 + δ^′_d −^π_2 , −α_1) (dc∗) −^1_2 (δ^′_c + δ^′_d)

Table 12: Sparticle masses from Fayet-Iliopoulos terms for the four stack quiver of model I seen in figure 2.

Brane θ^1_a θ^2_a θ^3_a approx. SU SY preserved a 0 α_1 + δ^′_a −α_1 r_1, r_4 b^π_2 + δ^′_b 0 −^π_2 r_2, r_4 c^π_2 + δ^′_c −^π_2 0 r_3, r_4 d 0 α_1 + δ^′_d −α_1 r_1, r_4

Table 13: Angle structure; coupling the complex structure moduli to open string modes as Fayet-Iliopoulos terms for the four stack SUSY Model I.

N=1 SUSY Model III For the N=1 SUSY Model III we assume that the departure from the supersymmetric locus is described in terms of the parameters seen in - appendix A - table (17). The dependence of the squark masses on the Fayet-Iliopoulos terms can be extracted easily and it can be seen in table (18). The resulting deviations are :

δ̃_a = δ_a, δ̃_b = δ̃_c = 0, δ̃_d = δ̃_e = δ̃_f = δ_e (5.9)

Clearly in all the above models the FI terms alone are not enough to give to all the squarks positive (mass)^2, in order to avoid unwanted charge and colour breaking minima. The resolution of this puzzle may be found by taking into account loop effects for the N=1 local SUSY models I, II, III.

Sparticle (θ^1, θ^2, θ^3) Sector (mass)^2

Q_L (^π_2 + δ_b, −α_1 − δ_a, α_1 −^π_2 ) (ab)^1_2 (δ_a − δ_b)

U_R (^π_2 + δ_c, −α_1 − δ_a −^π_2 , α_1) (ac)^1_2 (δ_c − δ_a)

D_R (−^π_2 − δ_c, −α_1 − δ_a +^π_2 , α_1) (ac∗) −^1_2 (δ_c + δ_a)

L (^π_2 + δ_b, −γ_1 − δ_d, γ_1 −^π_2 ) (db)^1_2 (δ_d − δ_b)

l_L (−^π_2 − δ_b, α_2 + δ_e,^π_2 − α_2) (be)^1_2 (δ_e − δ_b)

N_R (^π_2 + δ_c, −γ_1 − δ_d −^π_2 , γ_1) (dc)^1_2 (δ_c − δ_d)

E_R (−^π_2 − δ_c, −γ_1 − δ_d +^π_2 , γ_1) (dc∗) −^1_2 (δ_c + δ_d)

ν_R (−^π_2 − δ_c,^π_2 + α_2 + δ_e, −α_2) (ce)^1_2 (δ_c − δ_e)

e_R (−^π_2 − δ_c,^π_2 − α_2 − δ_e, α_2) (ce∗) −^1_2 (δ_c + δ_e)

Table 14: Sparticle masses from Fayet-Iliopoulos terms for the five stack quiver

6 Brane recombination

In this section, we will show that gauge breaking transitions (GBT) that allow for the breaking of the gauge group without changing its chiral content exist in models I, II, III. In particular one is able to switch between models with different number of stacks. The end point of the recombination process is the - four stack - N=1 local model of table (1), where all U(1)’s beyond hypercharge are massive^8. That means that the breaking of the extra U(1)’s in the five, six stack local N=1 models occurs at the string scale.

GBT transitions first appeared in brane configurations [14] with D5-branes wrapping two-cycles in a T^4 × C/Z_N orientifold of type IIB [13]. As has been observed in [14] GBT’s also hold for the toroidal examples of [5, 6]. In these models [14, 5, 6] one is able to show that GBT transitions are able to switch on - field directions - between different D-brane stack configurations that have the distinct characteristic that they all result in classes of models, which have only the (non-SUSY) SM at low energy. These field directions cannot be described using only renormalizable couplings, thus necessarily their description involves higher order couplings. For some recent work on the field theoretical description of BR effects see [39].

We note that GBT transitions appear as a direct consequence of the specific way we

8due to the Green-Schwarz mechanism

Matter Fields Representation Intersection Q_a Q_c Q_d Q_e Q_L 3(3, 2) (ab), (ab∗) 1 0 0 0 1/6 U_R 3(¯3, 1) (ac) −1 1 0 0 −2/3 D_R 3(¯3, 1) (ac^∗) −1 −1 0 0 1/3 L 2(1, 2) (eb), (eb^∗) 0 0 0 1 −1/2 l_L (1, 2) (be), (be^∗) 0 0 1 0 −1/2 N_R 2(1, 1) (dc) 1 0 0 −1 0 E_R 2(1, 1) (dc^∗) −1 0 0 −1 1 ν_R (1, 1) (ce) 0 1 −1 0 0 e_R (1, 1) (ce^∗) 0 −1 −1 0 1 H_{u,d} (1, 2) (cb∗), (cb) 0 ±1 0 0 ∓1/2

Table 15: Fermion spectrum of the five stack D6-brane Model-I with its U(1) charges appearing after the brane recombination (6.1).

construct these D6-brane (or D5) configurations. In this respect, these transitions, that allow movement between models with different number of stacks, differ from the small instanton/chirality changing transitions (in the T-dual picture) that were considered in [7]. In the latter models, brane recombination (BR) examples were causing a change in the chiral content among the different BR phases. We note that BR as an alternative for electroweak Higgs breaking mechanism have been considered in [15]. 6.1 Six stack BRSM^′s Lets us recombine the branes e, f in the six stack N=1 SUSY Model III. That is we assume that the branes e, f recombine into a new brane ẽ,

e + f = ẽ (6.1)

The intersection numbers appearing after brane recombination, may be found by assuming linearity under homology change, may be seen in table (16) and correspond exactly to the U(1) particle assignments of table (15).

The reader can be easily convinced that these are exactly the U(1) particle intersection numbers of table (4), but where the branes d, e have been interchanged. Thus no new examples are being generated by this BR. Instead, let us try the BR direction;

Figure 2: Brane recombination, homology, flow between six, five and four stack quivers. Each quiver localizes the spectrum of N=1 Supersymmetric Standard Model. The solid lines between the nodes correspond to non-trivial intersections. The dotted lines correspond to parallel D6-branes.

recombining the branes d, f; with d + f = d̃ (6.2) to see if there are any new examples of vacua left unexplored. In this case, we get exactly

I_{ab} = 3 I_{ab∗} = 3 I_{ac} = −3 I_{ac∗} = −3 I_{ẽc} = −2 I_{ẽc∗} = −2 I_{bc} = −1 I_{ẽb} = 2 I_{ẽb∗} = 2 I_{dc} = −1 I_{dc∗} = −1 I_{db} = 1 I_{db∗} = 1 I_{bc∗} = 1

Table 16: Intersection numbers appearing in the five stack model coming after the brane recombination (6.1).

the intersection numbers of the five stack N=1 SUSY model of table (4). Moreover, we further assume the BR combination

d + e + f = d^′ . (6.3)

Our new brane content consists of the a, b, c, d^′. In this case, the chiral content appearing after BR is that if the four stack SUSY model of table (1).

6.2 F ive stack SM^′s Lets us now consider the five stack N=1 SUSY Model II and recombine the branes d, e. That is we assume that d + e = d̃ (6.4) Calculating the intersection numbers of the D-brane models surviving the recombination process we find that the models flow to their four stack counterparts. In terms of the maximal gauge symmetry in the models in this case, the following gauge symmetry pattern is realizable^9

SU(5) × SU(2)_L × SU(2)_R^{d+e=d̃}−→ SU(4) × SU(2)_L × SU(2)_R (6.5)

The homology flows allowing GBT between Models I, II, III may be depicted nicely in terms of quiver diagrams [37]. Each quiver will be depicted in terms of the nodes and their associated links. Each node represents the brane content of the brane and its mirror image; the link between two nodes representing the non-trivial intersection between the nodes. For an intersection, respecting N=1 SUSY, between two branes a’, b’, the link will be associated with the presence of I_{ab}(N_a′ , N̄_b′ ) + I_{ab}⋆ (N_a′ , N_b′ ) N=1 chiral multiplets. The relevant GBT transitions may be seen in figure 2.

7 Gauge coupling constants

In this section we will calculate the gauge couplings for the models I, II, III. The tree level gauge couplings at the string scale are defined^{10} by 4π g^2_α = M_{P l} 2 √ 2κ_αM_s V_α √ V_6

, (7.1)

where V_α is the volume of the three-cycle that the D6_a branes wrap and V_6 is the volume of the Calabi-Yau manifold. A universal property of the models examined in this work, is that the volumes of the three cycles of the b, c branes agree as a consequence of the N=1 SUSY condition (2.9) since V_b V_c = β_2 β_1 · U^3 U^2 N =1 SU SY = 1 . (7.2)

• Four stack models

9where we have assumed that the brane e has been brought on top of brane a. 10where κ_α = 1 for U (N_a) and κ_α = 2 for Sp(2N_a)/SO(2N_a) and the gauge fields have been tr(T_aT_b) = 1/2,

The four stack model version of model I when there is no antisymmetric NS B-field present, that is β_1 = β_2 = 1, have been proposed in [16]. Some consequences for gauge coupling unification for these models have been examined in [25]. Let us assume that the gauge group in the four stack model I is that of U(3)_c × SP (2)_b (SU(2)_b) ×U(1)_c × U(1)_d. Then as the volumes of the a, d branes are equal, and the gauge group of the weak SU(2) comes from an SP (2) = SU(2)_b factor the following relations among the gauge coupling constants hold

α_d = α_a = α_s, α_c = 1 2 α_b = 1 2 α_w (7.3)

and as a consequence the relation

α^{−1}_Y = 2 3 1 α_s + 1 α_w (7.4)

holds at the string scale [25], where^{11}

α^{−1}_Y = 1 6 α^{−1}_a + 1 2 α^{−1}_c + 1 2 α^{−1}_d (7.5)

α^{−1}_w = 1 2 √ 2 · M_{pl} M_s · ϵ √ U^1 2 √ β_1 β_2

, (7.6)

α^{−1}_s = 1 2 √ 2 · M_{pl} M_s · ( 1 ρ^2 √ β_1 β_2 1 U_1 1 U_3

+ 9ρ^2(ϵϵ̃) √ β_2 β_1 1 U_1

U^3 ) . (7.7)

Note that we have assumed that the brane b have been placed on top of its orientifold image that is their homology classes agree, π_b = π_b⋆ . The relation (7.4) - which is compatible with the SU(5) relation 1/α_s = 1/α_w = (3/5)1/a_Y [ has been derived before in [25] for the models of [16] ] - is not new in the context of model building in string compactifications as it has been also derived in the context of type IIB 4D orientifold compactifications [41]. We can further assume that the initial gauge symmetry in the models is U(4) × SU(2)^b_L × SU(2)^c_R, that is the brane d has been placed on top of brane a, and the homology classes of b, c branes agree (V_b → V_c). It follows

α_d = α_a = α_s, α_c = α_b = α_w (7.8)

and as a consequence the relation

α^{−1}_Y = 2 3 α^{−1}_s + 1 2 α^{−1}_w (7.9)

holds at the string scale.

11we have introduced a non-trivial NS B-field in the results of [25].

• Five stack models

Assuming that the initial gauge symmetry at the string scale is given by (3.2) the following relations among the gauge couplings hold

α^{−1}_Y = 1 6 α^{−1}_a + 1 2 α^{−1}_c + 1 2 α^{−1}_d + 1 2 α^{−1}_e (7.10)

α^{−1}_d = 1 2 √ 2 · M_{pl} M_s · (√ β_1 β_2 1 U_1 1 U_3

+ 4(ϵϵ̃)β_1β_2 √ β_2 β_1 1 U_1

U^3 ) , (7.11)

α^{−1}_e = 1 2 √ 2 · M_{pl} M_s · (√ β_1 β_2 1 U_1 1 U_3

+ (ϵϵ̃)β_1β_2 √ β_2 β_1 1 U_1

U^3 ) (7.12)

α_c = 1 2 α_b = 1 2 α_w, (7.13)

where α̃_w, α̃_a are given in (7.6), (7.7) respectively.

• Six stack models

Let us assume that the initial gauge symmetry in the models is as in (4.2). Then the gauge couplings are as follows:

α̃^{−1}_Y = 1 6 α̃^{−1}_a + 1 2 α̃^{−1}_c + 1 2 α̃^{−1}_d + 1 2 α̃^{−1}_e + 1 2 α̃^{−1}_f , (7.14)

α̃_c = 1 2 α_b = 1 2 α_w, α̃^{−1}_d = α̃^{−1}_e = α̃^{−1}_f , (7.15)

a^{−1}_d = 1 2 √ 2 M_{pl} M_s √ 1 U_1U_2U_3

+ ϵϵ̃β_1β_2 √ U^2U^3 U^1

(7.16)

and α_w, α_a are given in (7.6), (7.7) respectively.

As the D6-brane configurations of tables (1), (4), (7) localize the spectrum of N=1 MSSM in cases where β_1 = β_2 = 1, the five and the six stack models they may be expected to exhibit^{12} unification of the gauge coupling constants at a scale of the order of 10^{16} GeV and for appropriate values of the complex moduli. This is possible as the models possess enough freedom - through their dependence on the string scale and the complex structure moduli.

12As it has also been exhibited for model I, when β_1 = β_2 = 1, in [25].

8 Gauge mediated N=1 SUSY breaking

The models we have constructed in the present work do not satisfy the RR tadpoles (2.5). However as the gauge and mixed U(1) anomalies for the D-brane configurations of tables (1), (4), (7) cancel, RR tadpoles may be cancelled by adding a non-factorizable D6 brane (NF). As the presence of the NF brane is not expected to create fields on intersections that will survive massless to low energies^{13}, no new open string ’visible’ sectors may be created but massive fields. Also as Str M^2 in a supersymmetric theory is expected to vanish one may expect that SUSY breaking is generated beyond tree level. In this case the couplings responsible for breaking N=1 SYSY may be nonrenormalizable. As a consequence of this remark, this phase of the theory is similar to the one we have found in the Pati-Salam models - that possess N=1 supersymmetric subsectors - of [8], where the presence of extra branes was breaking the extra U(1)’s surviving the Green-Schwarz mechanism. In the latter case the extra branes create gauge singlets that make massive through non-renormalizable couplings all exotic fermions that transform under both the extra -plays the role of an ’NF’ - brane and the visible SM branes; the latter fields playing the role of messenger fields.

The NF D6-brane in the present constructions is expected to break the N=1 SUSY respected by the D6-branes on intersections and thus plays the role of a supersymmetry breaking (SB) sector. This SB sector may be expected to break N=1 supersymmetry by gauge mediated supersymmetry breaking (GMSB)[see for example [40].] The NF brane, as the 4D models we examine are toroidal orientifolds of type IIA, may be expected, in the general case, to preserve N = 0 SUSY. In this case the one-loop contribution to gauginos may be depicted as in figure (3). As usual in gauge mediation, the mass of the gauginos may be of order m_{λi} ≈ c_i α_i 4π M_s , (8.1)

where we have assumed that the supersymmetry breaking scale is at the string scale. As one-loop contributions to squarks and sleptons may vanish Higgs masses will get corrections from two loop effects^{14} of the order ∼ (α/4π)M_s, which limits the scale of electroweak symmetry breaking at small values as long as M_s ≤ 30 TeV. Precise bounds on M_s will be derived once the NF brane is available. The models constructed in this work that localize the spectrum of the N=1 SM use intersecting D6-branes. One can imagine a scenario of this sort in the presence of a mixture of orthogonal D3, D7

13as it has been noticed in the first reference of [15]. 14see relevant comments in the first reference of [15].

Figure 3: One loop contributions to gaugino masses from heavy states, belonging to the NF brane, running in the loop. The possible supersymmetries respected by the NF brane are shown.

branes, as in the type I compactifications described in [41], where the gauge group of the N=1 SM may originate from the D3_aD3_a sector and the role of the NF brane in these models is played by the D7_aD7_a sector. In this case, supersymmetry breaking will be transmitted to the visible N=1 SM sector by the gauge interactions of the massive fields from the D3_aD7_b sector.

However, the presence of this NF brane is rather out of reach at present^{15}. As a consequence of this difficulty we have chosen to break N=1 SUSY from the start by using the presence of Fayet-Iliopoulos terms. We have found that at tree level it is not possible to give positive (mass)^2 to all sparticles^{16}. By calculating the two-loop corrections to these masses, in order to guarantee the presence of positive (mass)^2 for all sparticle masses, we may be able to avoid the existence of charge and colour breaking minima. We note that it is also possible that the existence of FI-terms triggers the generation of^{17} vev’s for the some scalars which restabilizes the vacuum and restores the local N=1 susy on the visible branes. These issues may be clarified when also two loop corrections may be calculated. We hope to return to these issues in the future.

8.1 Conclusions

In this work, we have constructed four dimensional string theory models, which in some cases, localize the MSSM spectrum when the NS B-field is not present across the six dimensional internal toroidal space. We have also constructed extensions of the MSSM with the same fermion and boson spectrum but where we have present extra - beyond the standard MSSM H_u, H_d - Higgs multiplets (HM’s). The number of HM’s depend

15we hope to refer to these issues in the future 16The same observation was made for the ’triangular’ quivers of [15] that possess the same N=1 properties as the present constructions

17We thank Angel Uranga for reminding us of this possibility.

on the existence of the NS B-field #_{Higgs} = 1/(β_1β_2)^{18}.

The most important property shared by these constructions is that all visible intersections, of the D-brane configurations of tables (1), (4), (7) share the same N=1 SUSY. Once the supersymmetry breaking sector is found - the explicit form of the NF brane - we will be able to show explicitly the breaking of N=1 supersymmetry by gauge mediation.

As we have described in section six we are able to move between models with different number of stacks. This is achieved using brane recombination (BR). BR describes the homology flow deformations of models II, III around the four stack model I. The presence of this mechanism is compatible with the deformation of the flat directions in the line of marginal stability of the D-term potential. To follow the present BR directions we have to deform along the lines of marginal stability. We note that even though there is a homology flow between the different models, they are not equivalent at the quantum level. The Yukawa interactions of models I, II, II are different. In addition, unless the full effective potential is calculated we cannot be sure that a specific BR direction is preferred against another one.

Baryon and lepton number are gauged symmetries in the present models as the corresponding gauge bosons receive a mass through the generalized Green-Schwarz mechanism. Thus proton is stable and only Dirac mass terms are allowed for neutrinos. Using Model II (five stack) against Model I - or Model III against Model II and/or Model I - for the explanation of charged lepton and neutrino mass mixing is certainly more advantageous as localizing each charged lepton and neutrino to different intersections allows for more freedom to generate the quark and lepton hierarchies. For example neutrino hierarchies may most easily accommodated in the five stack model II, as two generations of neutrinos get localized at the intersection cd; the third generation localized at the intersection ce. In this case two generations of neutrinos may be shown to be heavier than the third one, as the SuperKamiokande results suggest^{19}. It will be interesting to discuss extensively the flavour problem, the origin of families and fermion - quarks and lepton - masses as the latter appears to be consistent with the implementation of ’texture zeros’ [42] that points towards beyond the SM symmetries.

Finally, we examined the modification of the gauge coupling constants in the presence of a NS B-field. We obtained several interesting relations among the gauge cou-

18where {β_1, β_2} = {1, 1/2} the value of the B-field in the second and third T^2. The fractional values correspond to the presence of a non-trivial B-field.

19By construction in the present model II, as in the five stack D6-models of [5], two neutrino and charged lepton species get localized at different intersection points.

pling constants at the string scale that may be used to examine the consequences for the gauge coupling running unification (GCU) of the MSSM models I, II and III (and their extensions in the presence of a non-zero NS B-field; its net effect the addition of extra Higgs MSSM multiplets with identical quantum numbers). The GCU in this case should appear at a relative low scale and below 30 TeV as a consequence of gauge mediation and the existence of the SUSY breaking sector. This is to be contrasted with the ‘observed’ unification of gauge couplings at the gauge theory version of the MSSM at a GUT scale of ≈ 10^{16} GeV and the GCU in models of 4D weak coupling N=1 heterotic orbifold compactifications [43] at ≈ 10^{17} GeV. The gauge coupling dependence of the present models on the complex moduli values allows enough freedom to possibly accommodate such unification choices. These issues will be examined in detail elsewhere.

Acknowledgments

I am grateful to L. E. Ibáñez, D. Cremades, A. Uranga for useful discussions. I would like also to thank the Institute of Particle Physics Phenomenology at Durham - and the Organizers of the 2nd String Phenomenology Conference - for their warm hospitality, where part of this work was done.

9 Appendix A

In this appendix further details for Model III may be found. These two tables are

Brane θ^1_a θ^2_a θ^3_a approx. SU SY preserved a 0 α_1 + δ̃_a −α_1 r_1, r_4 b^π_2 + δ̃_b 0 −^π_2 r_2, r_4 c^π_2 + δ̃_c −^π_2 0 r_3, r_4 d 0 α_2 + δ̃_d −α_2 r_1, r_4 e 0 α_2 + δ̃_e −α_2 r_1, r_4 f 0 α_2 + δ̃_f −α_2 r_1, r_4

Table 17: Angle structure, coupling the complex structure moduli to open string modes as Fayet-Iliopoulos terms for the six stack SUSY Model III.

related to the angle structure and the sparticle masses coming after the introduction of the Fayet-Iliopoulos terms. We note that in table (18) we have assumed that |^π_2 −α_1| >

Sparticle (θ^1, θ^2, θ^3) Sector (mass)^2 Q_L (−^π_2 − δ̃_b, α_1 + δ̃_a, −α_1 +^π_2 ) (ab)^1_2 (δ_a − δ_b) U_R (−^π_2 − δ̃_c, α_1 + δ̃_a +^π_2 , − α_1) (ac)^1_2 (δ_a − δ_c) D_R (^π_2 + δ̃_c, α_1 + δ̃_a −^π_2 , − α_1) (ac∗) −^1_2 (δ_c + δ_a) L^1 (−^π_2 − δ̃_b, α_2 + δ̃_d, − α_2 +^π_2 ) (db)^1_2 (δ_d − δ_b) L^2 (^π_2 + δ̃_b, −a_2 − δ̃_e, −^π_2 + α_2) (be)^1_2 (δ_e − δ_b) L^3 (^π_2 + δ̃_b, −a_2 − δ̃_f , −^π_2 + α_2) (bf)^1_2 (δ_f − δ_b) N^1_R (^π_2 + δ̃_c, −α_2 − δ̃_d −^π_2 , α_2) (cd)^1_2 (δ_c − δ_d) E^1_R (^π_2 + δ̃_c, α_2 + δ̃_d −^π_2 , − α_2) (cd∗)^1_2 (δ_c + δ_d) N^2_R (^π_2 + δ̃_c, −α_2 − δ̃_e −^π_2 , α_2) (ce)^1_2 (δ_c − δ_e) E^2_R (^π_2 + δ̃_c, α_2 + δ̃_e −^π_2 , − α_2) (ce∗) −^1_2 (δ_c + δ_e) N^3_R (^π_2 + δ̃_c, −α_2 − δ̃_f −^π_2 , α_2) (cf)^1_2 (δ_c − δ_f ) E^3_R (^π_2 + δ̃_c, α_2 + δ̃_f −^π_2 , −α_2) (cf∗) −^1_2 (δ_c + δ_f )

Table 18: Sparticle masses from Fayet-Iliopoulos terms for the six stack quiver

0, |^π_2 − α_1| > |δ_a − δ_b|, are satisfied. Also we assume that the relations |^π_2 − α_2| > 0, |^π_2 − α_2| > |δ_d − δ_b|, |^π_2 − α_2| > |^{δa}_2 |, |^π_2 − α_2| > |δ_e − δ_b| hold.

References

[1] R. Blumenhagen, B. Körs and D. Lüst, “Type I Strings with F and B-flux”, JHEP 0102 (2001) 030, [arXiv:hep-th/0012156]

[2] C. Bachas, “A way to break supersysmmetry”, hep-th/9503030

[3] R. Blumenhagen, L. Görlish, B. Körs and D. Lüst, “Asymmetric orbifolds, noncommutative geometry and type I string vacua”, Nucl. Phys. B582 (2000) 44, [arXiv:hep-th/0003024]; “Noncommutative compactifications of type I strings on tori with magnetic background flux”, JHEP 0010 (2000) 006, [arXiv:hepth/007024]

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

[5] C. Kokorelis, “New Standard Model Vacua from Intersecting Branes”, JHEP 09 (2002) 029, [arXiv:hep-th/0205147]

[6] C. Kokorelis, “Exact Standard Model Compactifications from Intersecting Branes”, JHEP 08 (2002) 036, [arXiv:hep-th/0206108]

[7] M. Cvetic, G. Shiu, A. M. Uranga, Nucl.Phys. B615 (2001) 3,[hep-th/0107166];

Phys. Rev. Lett. 87 (2001) 201801, [arXiv:hep-th/0107166]

[8] For detailed realizations of the Pati-Salam structure SU(4)_c ⊗ SU(2)_L ⊗ SU(2)_R in intersecting brane worlds and its phenomenological consequences see : C. Kokorelis, “GUT model Hierarchies from Intersecting Branes”, JHEP 08 (2002) 018, [arXiv:hep-th/0203187]; “Deformed Intersecting D6-Branes I”, JHEP 0211 (2002) 027, [arXiv:hep-th/0209202];“Deformed Intersecting D6-Branes II”, [arXiv:hep-th/0210200];“Deformed Intersecting D6-Branes and N=1 SUSY”, [arXiv:hep-th/0212281]

[9] I. Klebanov and E. Witten, “Proton Decay in Intersecting D-brane Models”, [arXiv:hep-th/0304079]

[10] R. Blumenhagen, B. Körs, D. Lüst and T. Ott, “The Standard Model from Stable Intersecting Brane World Orbifolds”, Nucl. Phys. B616 (2001) 3, [arXiv:hepth/0107138]

[11] M. Axenides, E. Floratos and C. Kokorelis, “SU(5) Unified Theories from Intersecting branes”, [arXiv:hep-th/0307255]

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

[13] D. Cremades, L. E. Ibáñez and F. Marchesano, “Standard model at intersecting D5-Branes: lowering the string scale”, Nucl.Phys. B643 (2002) 93, [arXiv:hepth/0205074]

[14] C. Kokorelis, “Exact Standard model Structures from Intersecting D5-branes”, [arXiv:hep-th/0207234]

[15] D. Cremades, L. E. Ibáñez, F. Marchesano, “SUSY Quivers, Intersecting Branes and the Modest Hierarchy Problem”, JHEP 0207 (2002) 009, [arXiv:hepth/0201205]; “Intersecting Brane Models of Particle Physics and the Higgs Mechanism”, JHEP 0207 (2002) 022, [arXiv:hep-th/0203160]

[16] D. Cremades, L. E. Ibáñez, F. Marchesano, “Towards a theory of quark masses, mixings and CP-violation”, [arXiv:hep-ph/0212064]

[17] D. Cremades, L. E. Ibáñez, F. Marchesano, “Yukawa couplings in intersecting D-brane models”, [arXiv:hep-th/0302105]

[18] G. Aldazabal, L. E. Ibáñez, A.M. Uranga, “Gauging Away the Strong CP Problem”, [arXiv:hep-ph/0205250]

[19] Cvetic, P. Langacker, G. Shiu, Nucl. Phys. B 642 (2002) 139, [arXiv:hepth/0206115];

M. Cvetic, I. Papadimitriou, “Conformal Field Theory Couplings for Intersecting D-branes on Orientifolds”, [arXiv:hep-th/0303083];

M. Cvetic, I. Papadimitriou, G. Shiu, “Supersymmetric Three Family SU(5) Grand Unified Models from Type IIA Orientifolds with Intersecting D6-Branes”, [arXiv:hep-th/0212177]

[20] R. Blumenhagen, L. Görlish, T. Ott, “Supersymmetric Intersecting branes on the type IIA T^6/Z(4) orientifold”, JHEP 0301 (2003) 021, [arXiv:hep-th/0211059]

[21] G. Honecker, “Chiral supersymmetric models on an orientifold of Z_4 × Z_2 with intersecting D6 branes”, [arXiv:hep-th/0303015]; JHEP 0201 (202) 025, [arXiv:hepth/0201037]

[22] S. A. Abel, A. W. Owen, “Interactions in Intersecting Brane Models”, [arXiv:hepth/0303124];

S. A. Abel, M. Masip, J. Santiago, “Flavour Changing Neutral Currents in Intersecting Brane Models”, JHEP 0304 (2003) 057, [arXiv:hep-ph/0303087]

[23] A. M. Uranga, “D-branes, fluxes and chirality” , JHEP 0204 (202) 016, [arXiv:hepth/0201221]

[24] D. Bailin, “Standard-like models from D-branes”, [arXiv:hep-th/0210227];

D. Bailin, G.V. Kraniotis and A. Love, JHEP 0302 (2003) 052, [arXiv:hepth/0212112]

[25] R. Blumenhagen, D. Lüst and S. Stieberger, “Gauge Unification in Supersymmetric Intersecting Brane Worlds”, [arXiv:hep-th/0305146]

[26] D. M. Ghilencea, Nucl. Phys. B638 (2003) 215, [arXiv:hep-th/0288205]

[27] T. Li, T. Liu, [arXiv:hep-th/0304258]

[28] D. Cremades, L. E. Ibanez, F. Marchesano, “More about the Standard Model at Intersecting branes”, Proc. of the 10th International Conference on Supersymmetry and the Unification of Fundamental Interactions, SUSY02, (DESY), [arXiv:hep-ph/0212068]

[29] C. Kokorelis, “Standard Model Compactifications from Intersecting Branes”, Proc.

of the 10th International Conference on Supersymmetry and the Unification of Fundamental Interactions, SUSY02, (DESY), [arXiv:hep-th/0211091]; “Exact Standard Model Structures from Intersecting Branes”, Proc. of the 1st International Conference on Superstring Phenomenology, SP02 (0xford, U.K) Eds: S. Abel and A. Faraggi, A. Ibarra, M. Plümacher, [arXiv:hep-th/0210004]

[30] M. Bianchi and Y. Stanev, ”Open Strings on the Neveu-Schwarz pentabrane”, Nucl.Phys. B523 (1998) 193, [arXiv:hep-th/9711069]

[31] C. Angelantonj and A. Sagnotti, “Type I vacua and brane transmutation”, Proc. of Conference on “Quantisation, Gauge Theory, and Strings”, [arXiv:hepth/0010279];

C. Angelantonj, I. Antoniadis, E. Dudas and A. Sagnotti, “Type I strings on magnetized orbifolds and brane transmutation”, Phys. Lett. B489 (2000) 223, [arXiv:hep-th/0007090];

G. Pradisi, “Magnetized (shift) Orientifolds”, Proc. of the “1st International Conference on Superstring Phenomenology”, SP02 (Oxford, U.K.), Eds: S. Abel and A. Faraggi, A. Ibarra, M. Plümacher, [arXiv:hep-th/0210088]; M. Larosa and G. Pradisi, “Magnetized Four-Dimensional Z_2 ⊗ Z_2 Orientifolds”, [arXiv:hep-th/0305224]

[32] I. Antoniadis, E. Kiritsis and T. Tomaras, “A D-brane alternative to unification”, Phys. Lett. B 486 (2000) 186, [arXiv:hep-ph/0004214];

I. Antoniadis, E. Kiritsis, J. Rizos, T. Tomaras, “D-branes and the Standard Model”, Nucl.Phys. B660 (2003) 81, [arXiv:hep-th/0210263]

[33] M. Bianchi, G. Pradisi and A. Sagnotti, “Toroidal compactifications and symmetry breaking in open string theories”, Nucl. Phys. B376 (1992) 365; C. Angelantonj, “Comments on open string orbifolds with a non-vanishing B_{ab}”, Nucl. Phys. B566 (2000) 126, [arXiv:hep-th/9908064]

[34] C. A. Srucca, M. Serone, and M. Trapletti, “Nucl. Phys. B 635 (2002) 33 [arXiv:hep-th/0203190];

I. Antoniadis, E. Kiritsis and J. Rizos, “Nucl. Phys. B637 (2002) 92, [arXiv:hepth/0204153];

P. Anastasopoulos, “4D Anomalous U(1)’s, their masses and their relation to 6D anomalies”, JHEP 0308 (2003) 005, [arXiv:hep-th/0306042]

[35] S. Kachru and J. McGreevy, Phys. Rev. D61 (2000) 026001, [arXiv:hepth/9908135]

[36] M. Mihailescu, I. Y. Park and T. A. Tran, Phys. Rev. D64 (2001) 046006, [arXiv:hep-th/0011079];

E. Witten, JHEP 0204 (2002) 012, [arXiv:hep-th/0012054]

[37] M. R. Douglas and G. Moore, “D-branes, Quivers and ALE Instantons ”, [arXiv:hep-th/9603187]

[38] M. Dine, N. Seiberg and E. Witten, “Fayet-Iliopoulos Terms In String Theory”, Nucl. Phys. B 298 (1987) 589

[39] K. Hashimoto, S. Nagaoka, “Recombination of Intersecting D-branes by Local Tachyon Condensation”, JHEP 0306 (2003) 034, [arXiv:hep-th/0303204]; W. Huang, “Recombination of Intersecting D-branes in Tachyon Field Theory”, [arXiv:hep-th/0304171];

T. Sato, “A Quantum Analysis on Recombination Process and Dynamics of D-p-branes at one angle”, [arXiv:hep-th/0304237] J. Erdmenger, Z. Guralnik, R. Helling and I. Kirsch, “A World-Volume Perspective on the Recombination of Intersecting Branes”, [arXiv:hep-th/0309043]

[40] M. Dine and A. Nelson, Phys. Rev. D 48 1277 (1993), [arXiv:hep-th/9303030];

G. F. Guidice and R. Ratazzi, Phys. Rept. 322 (1999) 419, [arXiv:hep-ph/9801271]

[41] L. E. Ibanez, C. Munoz and S. Rigolin, “Aspects of type I string phenomenology”, Nucl. Phys. B553 (1999) 43, [arXiv:hep-th/9812397]

[42] L. E. Ibanez and G. G. Ross, “Fermion masses and Mixing Angles from Gauge Symmetries”, Phys. Lett. B332 (1994) 100, [arXiv:hep-ph/9403338]; P. Binetry and P. Ramond, “Yukawa textures and anomalies”, Phys. Lett. B350 (1995) 49, [arXiv:hep-ph/9412385]

[43] J. R. Ellis, S. Kelley and D. V. Nanopoulos, “Precision LEP Data, Supersymmetric GUTS and String Unification”, Phys. Lett. B 249, 441 (1990); P. Langacker, “Precision Tests of the Standard Model”, UPR-0435T Invited talk given at PASCOS ’90 Conf. Boston, MA, (1990);

U. Amaldi, W. de Boer and H. Fürstenau, “Comparison of Grand unified theories with electroweak and strong coupling constants measured at LEP”, Phys. Lett. B 260, 447 (1991)