arXiv:1207.5193v1 [hep-th] 22 Jul 2012

APCTP Pre2012-010

Higgsing intersecting brane models on T^4/Z_N

Satoshi Nagaoka

Asia Pacific Center for Theoretical Physics Pohang, Gyeongbuk 790-784, Korea

nagaoka at apctp.org

Abstract

We analyze intersecting brane models on toroidal orbifolds T^4/Z_N (N = 3, 4, 6). Focusing on several Higgsing processes of intersecting brane models, we have some insights into the matter spectrum on intersecting branes away from orientifold planes. The matter fields in the adjoint representations of the gauge group on branes can arise when brane intersects the orientifold images. Gauge group and matter spectrum are confirmed using Chan-Paton methods with the Higgsing processes.

Contents

1 Introduction 1

2 Intersecting brane models on toroidal orbifolds T^4/Z_N 2 2.1 Intersecting brane models on T^4/Z_3 . . . . . . . . . . . . . . . . . . . . . . . 2 2.2 Intersecting brane models on T^4/Z_4 and T^4/Z_6 . . . . . . . . . . . . . . . . 3

3 Higgsing intersecting brane models on T^4/Z_N 5 3.1 Higgsing intersecting brane models . . . . . . . . . . . . . . . . . . . . . . . 5 3.2 Chan-Paton analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

4 Conclusions and discussions 11

1 Introduction

There is a huge number of vacua in string theory. Orientifolds of type II string theory provide some consistent string theory vacua. Six dimensional supersymmetric gauge theories coupled to gravity are constructed by compactifying orientifolds of type II string theory on a K3 surface. Intersecting brane models in six dimensions give us a tool to describe semi-realistic world since many features of the models in six dimensions are also relevant in four dimensions. Initial study of intersecting brane models and their T-dual magnetized brane models is seen in [1, 2, 3, 4] and progress of the construction of vacua with Standard Model gauge group and matter content from intersecting branes is seen in [5, 6, 7, 8, 9, 10, 11, 12, 13, 14].

In this paper, we consider 6D intersecting brane models on toroidal orbifold T^4/Z_N where N = 3, 4, 6. Anomaly cancellation conditions give us a perspective of string landscape in six dimensions [15, 16, 17, 18, 19]. T^4/Z_N orbifolds are obtained by taking the orbifold limit of K3. T^4/Z_N spaces are locally flat and the analysis is simplified. In the earlier work [20, 21, 22, 23, 24, 25], the gauge group and matter spectrum of intersecting brane models on these spaces are studied. Here we focus on the several Higgsing processes of intersecting brane models on T^4/Z_N . Gauge group and the matter spectrum on intersecting branes away from orientifold planes are obtained in this analysis. Spectrum of intersecting brane models is not completely determined by counting the intersection between branes and their orientifold images because of the ambiguities [26]. In particular, the contributions to the matter representations from the intersections between the brane and the orientifold image away from the orientifold plane are either a symmetric plus an antisymmetric representation or an adjoint representation. My claim is that in order to determine this ambiguity, we need to investigate the Higgsing process. We have some insights into intersecting brane models on T^4/Z_N .

In Section 2, we review intersecting brane models on T^4/Z_3, Z_4, Z_6. In Section 3, we analyze Higgsing processes and obtain gauge group and matter spectrum of intersecting brane models away from orientifold planes. We derive the spectrum using more familiar Chan-Paton methods. Section 4 is devoted to the conclusions and discussions.

2 Intersecting brane models on toroidal orbifolds T^4/Z_N

Intersecting brane models are constructed by putting branes along the cycles in the string compactification manifolds. Branes are intersecting with each other in the manifolds. Gauge groups in the space-time theory are produced by world-volume gauge fields of D-branes. Matter fields are coming from open strings at the intersections of branes. The low energy theory of intersecting brane models can be calculated by choosing compactification space such as toroidal orbifolds. Intersecting D7-brane models with orientifold 7-planes in six dimensions can be obtained by compactifying type IIB string theory on the K3 surface. K3 becomes locally flat in the orbifold limit T^4/Z_N (N = 2, 3, 4, 6).

2.1 Intersecting brane models on T^4/Z_3

We review intersecting brane models on T^4/Z_3. We define T^4 = T^2 ×T^2 through the complex coordinates Z_1 = X_6 + iX_7, Z_2 = X_8 + iX_9. There are two possible root lattices which we denote type A and type B. The identifications of the coordinates are

Z_i ∼ Z_i + 1 ∼ Z_i + e^{πi/3} , (2.1)

for type A lattice and

Z_i ∼ Z_i + e^{πi/6} ∼ Z_i + e^{−πi/6} , (2.2)

for type B lattice. Two T^2 take either type A or type B lattice. Thus, we have three choices of lattice AA,AB,BB which labels the compactification manifolds. The generators of the Z_3 orbifold group act by

ρ : Z_1 → exp(2πi/3)Z_1 , ρ : Z_2 → exp (−2πi/3)Z_2 . (2.3)

We need orientifold 7-planes in order to include D-branes in a supersymmetric fashion. These are defined by imposing Z_2 symmetry Ωσ on strings where Ω is an operator reversing orientation on the string worldsheet and σ is an isometry of the space-time

σ : Z_i → Z̄_i . (2.4)

This discrete symmetry is realized by putting orientifold 7-planes along X_6 and X_8. The orbifold condition produces another discrete symmetries Ωσρ and Ωσρ^2.

Next, we put D7-branes on the toroidal orbifold. Tadpole cancellation condition reads

N = 8 , (2.5)

where N is the number of branes in a stack. In this case, the tadpole condition for the T^4/Z_3 is a single condition.

There are two distinct possibilities how to put branes in the toroidal orientifolds T^4/Z_3: (i) Branes wrapped on orientifold cycles (ii) Branes away from orientifold cycles

For the type AA lattice, gauge group and matter spectrum arising from type (i) branes are G = SO(8), matter = 2 × A(28) (2.6) where A is a number of matter fields in the antisymmetric representations. I will show the derivation of the spectrum using Chan-Paton methods in Section 3.3. Gauge group and matter spectrum for the type AB lattice arising from type (i) branes are G = SO(8), matter = 4 × A(28) . (2.7) For the type BB lattice, gauge group and matter spectrum are G = SO(8), matter = 10 × A(28) . (2.8) Closed string massless spectrum of each type of lattice is calculated as 1SUGRA + 8n_T + 13n_h for AA lattice , (2.9) 1SUGRA + 6n_T + 15n_h for AB lattice , (2.10) 1SUGRA + 21n_h for BB lattice , (2.11) where SUGRA, n_T , n_h are numbers of supergravity multiplets, tensor multiplets and scalar hypermultiplets in the models. All these models satisfy the anomaly cancellation conditions [27].

2.2 Intersecting brane models on T^4/Z_4 and T^4/Z_6

In the case of T^4/Z_4, the identifications of the coordinates are Z_i ∼ Z_i + 1 ∼ Z_i + i (2.12) for type A lattice and Z_i ∼ Z_i + e^{πi/4} ∼ Z_i + e^{−πi/4} (2.13) for type B lattice. Only type AB lattice is well-defined model in this case. The generators of Z_4 orbifold group act by ρ : Z_1 → exp(πi/2)Z_1 , ρ : Z_2 → exp (−πi/2)Z_2 . (2.14) The orbifold condition implies that the discrete Z_2 produced by 1, Ωσρ, Ωσρ^2, Ωσρ^3 are symmetries. This symmetry is realized by putting orientifold 7-planes {a,b,c,d} as in the figure 1 where a is stretched along X_6 and X_8 directions and c is stretched along X_7 and X_9 directions. b and d are rotated π/4 from a and c. In this case, we have two sets of orientifold planes which are not related by Z_4. One set is orientifold planes {a, c} and the other set is orientifold planes {b, d}.

Figure 1: Orientifold planes {a, b, c, d} are located on Z_i(i = 1, 2).

In order to cancel Ramond-Ramond (RR) charges of orientifold planes, we need to introduce two sets of D7-branes. Tadpole cancellation condition gives N_1 = 8, N_2 = 8 (2.15) where N_1 and N_2 are numbers of branes to cancel the RR charge of the sets {a, c} and {b, d}. Gauge group and matter spectrum arising from type (i) branes are G = U(8) × U(8), matter = 4 × (A, 1) + 4 × (1, A) + 2 × (F, F ) . (2.16) In the case of T^4/Z_6, the identifications of the coordinates are Z_i ∼ Z_i + 1 ∼ Z_i + e^{πi/3} , (2.17) for type A lattice and Z_i ∼ Z_i + e^{πi/6} ∼ Z_i + e^{−πi/6} , (2.18) for type B lattice. The generators of the Z_6 orbifold group act by ρ : Z_1 → exp(πi/3)Z_1 , ρ : Z_2 → exp (−πi/3)Z_2 . (2.19) Six orientifold 7-planes are located at {a,b,c,d,e,f} where a is stretched along X_6 and X_8 directions and b is rotated π/6 from a and c is rotated π/6 from b, and so on. In this case, we have two sets of orientifold planes which are not related by Z_6. One set is orientifold planes {a, c, e} and the other set is orientifold planes {b, d, f}.

We consider AB lattice. Tadpole cancellation condition gives N_1 = 4, N_2 = 4 (2.20) where N_1, N_2 are the numbers of branes in each set. Gauge group and matter spectrum are G = U(4) × U(4) , matter = 6 × (A, 1) + 6 × (1, A) + (adjoint, 1) + (1, adjoint) + 6 × (F, F ) (2.21) where F is matter fields in the fundamental representations.

The story so far has been a summary of intersecting brane models on T^4/Z_3, Z_4, Z_6 [20, 21, 22, 23, 24, 25].

3 Higgsing intersecting brane models on T^4/Z_N

3.1 Higgsing intersecting brane models

Type (ii) branes appear when we move type (i) branes away from orientifold planes. This is caused by Higgsing, turning on a VEV for some scalar fields. Gauge group and matter spectrum of type (ii) branes for AA lattice are

G = SU(4), matter = 2 × A(6) + 2 × adjoint(15) . (3.22)

Under the decomposition SU(N) ⊂ SO(2N), the matter representation in SO(2N) group becomes [28]

A_{SO(2N)} → 2A_{SU(N)} ⊕ D_{SU(N)} . (3.23)

In this case, Higgsing is performed by putting on VEV for two A_{SU(N)}, so totally, we obtain the massless matter fields in two antisymmetric representations and two adjoint representations. The gauge group and matter content can also be obtained by the analysis using Chan-Paton methods, which I show in Section 3.3.

In the same way, we can obtain spectrum for AB and BB lattice. For AB lattice, gauge group and matter spectrum of type (ii) branes are

G = SU(4), matter = 6 × A(6) + 4 × adjoint(15) . (3.24)

For BB lattice, gauge group and matter spectrum of type (ii) branes are

G = SU(4), matter = 18 × A(6) + 10 × adjoint(15) . (3.25)

The anomaly cancellation conditions are satisfied for all of these models.

Gauge group and matter spectrum from branes away from orientifold planes (type (ii)) on T^4/Z_4 are

G = Sp(4) × Sp(4), matter = 2 × (A, 1) + 2 × (1, A) + 2 × (F, F ) . (3.26)

Gauge group and matter spectrum from branes away from orientifold planes on T^4/Z_6 are G = Sp(2) × Sp(2), matter = 6 × (A, 1) + 6 × (1, A) + (S, 1) + (1, S) + 6 × (F, F ) , (3.27)

where S is matter fields in the symmetric representations.

3.2 Chan-Paton analysis

Gauge symmetry and matter spectrum of intersecting brane models are determined by the analysis using Chan-Paton factor. We introduce a Chan-Paton matrix λ_{ij} and general open string states |ψ, ij⟩ where ψ is the state of the world-sheet fields. By the action of Ω, the open strings are translated into

Ωλ_{ij} |ψ, ij⟩ → λ_{ij} (γ_Ω)_{ii}′ |Ω · ψ, j^′i^′⟩(γ^{−1}_Ω )_j′_j (3.28) where γ_Ω is some matrix. Ω^2 acts on the string world-sheet as

Ω^2 : |ψ, ij⟩ → (γ_Ω(γ^T_Ω )^{−1})_{ii}′ |ψ, i^′j^′⟩(γ^T_Ω γ^{−1}_Ω )_j′_j . (3.29)

Since this operator acts trivially on the world-sheet fields, we obtain

γ^T_Ω = ±γ_Ω . (3.30)

We start from type (i) brane on AA lattice of T^4/Z_3. We can separate the Chan-Paton matrix into 3 × 3 blocks which labels open strings on branes and their orientifold images (1, Ωσ) and orbifold images of the pair (ρ, ρΩσ) and (ρ^2, ρ^2Ωσ).

Since gauge fields coming from the orbifold image are equivalent to gauge fields from branes, the Chan-Paton matrix for the gauge fields can be separated into

λ_{whole} = λ λ λ (3.31)

where the off-diagonal blocks are not relevant for the massless excitations. Since branes are located on top of orientifold planes, λ satisfies

λ = −γ_Ωλ^T γ_Ω (3.32)

where γ_Ω is taken to be

γ_Ω = I . (3.33)

Thus, we obtain SO(8) gauge group from (3.32).

In this case, the intersections between branes and orientifold images are located on top of orientifold planes. They give a single matter fields in the antisymmetric representations. The Chan-Paton matrix for each diagonal block of matter fields satisfies

λ = −λ^T , (3.34)

which gives a single antisymmetric representation. The total Chan-Paton matrix is obtained as λ_{whole} =

A_1 A_2 A_2 A_2 A_1 A_2 A_2 A_2 A_1

. (3.35)

Thus, we have obtained SO(8) gauge group with 2 matter fields in the antisymmetric representations.

For the AB lattice, the number of intersection between branes and orientifold images becomes three times of the AB lattice. Thus, we obtain 1 + 3 = 4 antisymmetric representations. For the BB lattice, the number of intersections is nine. Thus, we obtain 1 + 9 = 10 antisymmetric representations.

Next, we consider type (ii) branes on AA lattice of T^4/Z_3. Since all images are not located on top of each other, we separate Chan-Paton matrix into 6 × 6 blocks which label open strings on (1, Ωσ, ρ, ρΩσ, ρ^2, ρ^2Ωσ). Since all images represent the same strings, the solution of Chan-Paton matrix for gauge fields is

λ_{whole} = D D D D D D (3.36)

where D is a 4 × 4 hermitian block representing the SU(4) gauge group. Chan-Paton matrix for matter fields is obtained in the same way as

λ_{whole} =

D_1 A_1 D_2 D_1 A_2 D_2 A_2 D_1 A_1 A_1 D_1 A_2 D_2 A_2 D_1 D_2 A_1 D_1

. (3.37)

An adjoint representation D_2 comes from the intersection of three images where two of them are exchanged under the action Ω, but one is invariant under the action Ω [20]. The latter one gives a matter field either in the adjoint representation or in the single symmetric representation plus antisymmetric representation. This ambiguity is determined completely by considering the Higgsing process [26]. In this case, (3.37) is consistent with the decomposition

A_{SO(8)} → 2A_{SU(4)} ⊕ D_{SU(4)} . (3.38)

Thus, we have obtained the matter spectrum

matter = 2 × A + 2 × adjoint . (3.39)

Note that a block in the (3.31) is separated into 2 × 2 blocks in the (3.37). This means that an intersection in type (i) brane is decomposed into a group of four intersections in type (ii) brane. The group of four intersections gives 2 matter fields in the antisymmetric representations and an adjoint matter representation.

For the AB lattice, there are three intersections between branes and their orientifold images. Since the matter spectrum coming from each intersection is 2 antisymmetric representations and 1 adjoint representation, this intersecting brane model has SU(4) gauge group with 6 matter fields in the antisymmetric representations and 4 matter fields in the adjoint representations.

For the BB lattice of T^4/Z_3, the number of intersections between branes and their orientifold images is nine. Thus, this model has SU(4) gauge group with 18 matter fields in the antisymmetric representations and 10 matter fields in the adjoint representations.

In the case of T^4/Z_4, there are two sets of branes. Chan-Paton matrix is separated into 2 × 2 blocks

λ_{whole} = ( λ_1 0 0 λ_2 ) (3.40) where each λ_i(i = 1, 2) is Chan-Paton matrix of each set of branes. λ_1 labels strings on branes stretched along 6,8 directions (a in the figure 1) and λ_2 labels strings on branes rotated π/4 from a (b in the figure 2). In order to solve λ_i, we separate

λ_i = ( λ^{11}_i λ^{12}_i λ^{21}_i λ^{22}_i ) (3.41)

where λ^{11}_i labels strings on branes (1, Ωσ, ρ^2, ρ^2Ωσ) and λ^{22}_i labels strings on branes (ρ, Ωσρ, ρ^3, Ωσρ^3). Off-diagonal modes have no massless excitations, that is, λ^{12}_i = λ^{21}_i = 0. In this case, branes, their orientifold images Ωσ, their orbifold images ρ^2 and ρ^2Ωσ are on top of each other. The Chan-Paton matrix of gauge fields λ^{11}_1 satisfies [29, 26]

λ^{11}_1 = +γ_ρ2 λ^{11}_1 γ^{−1}_{ρ2} , λ^{11}_1 = −γ_{Ωσ}(λ^{11}_1 )^T γ_{Ωσ} . (3.42)

By a unitary transformation, we can take

γ_{Ωσ} = I, γ_ρ2 = γ_{Ωσρ}2 = ( 0 iI/2 −iI/2 0 ) . (3.43)

Chan-Paton matrix of gauge fields λ^{22}_2 satisfies

λ^{22}_2 = +γ_ρ3 λ^{22}_2 γ^{−1}_{ρ3} , λ^{22}_2 = −γ_{Ωσρ}(λ^{22}_2 )^T γ_{Ωσρ} . (3.44)

By a unitary transformation, we can take

γ_{Ωσρ} = I, γ_ρ2 = γ_{Ωσρ}3 = ( 0 iI/2 −iI/2 0 ) . (3.45)

By solving the condition (3.42) and (3.44), we obtain the Chan-Paton matrices of gauge fields,

λ^{11}_1 = ( A_1 S_1 −S_1 A_1 ) , λ^{22}_2 = ( A_2 S_2 −S_2 A_2 ) . (3.46)

Since λ^{22}_1 (λ^{11}_2 ) is an orbifold image of λ^{11}_1 (λ^{22}_2 ), they do not produce further gauge group. Thus, we have obtained U(8) × U(8) gauge group.

The Chan-Paton matrices of matter fields satisfy [29, 26]

λ^{11}_1 = −γ_ρ2 λ^{11}_1 γ^{−1}_{ρ2} , λ^{11}_1 = −γ_{Ωσ}(λ^{11}_1 )^T γ_{Ωσ} , λ^{22}_2 = −γ_ρ3 λ^{22}_2 γ^{−1}_{ρ3} , λ^{22}_2 = −γ_{Ωσρ}(λ^{22}_2 )^T γ_{Ωσρ} . (3.47)

By solving the condition (3.47), we obtain the Chan-Paton matrix of matter fields.

λ^{22}_1 = ( A_1 A_2 A_2 −A_1 ) , λ^{22}_2 = ( A_1 A_2 A_2 −A_1 ) . (3.48)

Thus, we have obtained two matter fields in the antisymmetric representations for each set of branes. There are two intersections for each λ_i. In addition, there are two intersections between different set of branes which produce two matter fields in the bifundamental representations. Thus, we have matter fields

matter = 4 × (A, 1) + 4 × (1, A) + 2 × (F, F ) . (3.49)

Gauge group and matter fields of type (ii) brane on T^4/Z_4 are obtained by Higgsing type (i) brane. Each block of λ^{11}_i , λ^{22}_i , λ^{33}_i and λ^{44}_i labels open strings on branes (1, ρ^2Ωσ), (Ωσ, ρ^2), (ρ, Ωσρ^3) and (Ωσρ, ρ^3).

λ_i = λ^{11}_i λ^{22}_i λ^{33}_i λ^{44}_i

. (3.50)

Since branes are located on top of orientifold planes, we obtain Sp(4) gauge group for type (ii) brane.

The solution of the Chan-Paton matrix for the matter fields is

λ_1 = A A A A A A A A A A A A , (3.51)

which gives a matter field in the single antisymmetric representation to each set of branes. Since there are two intersections for each set of branes, we have the matter spectrum and gauge group

G = Sp(4) × Sp(4), matter = 2 × (A, 1) + 2 × (1, A) + 2 × (F, F ) . (3.52)

Finally, we consider T^4/Z_6. In this case, two sets of branes can exist. Chan-Paton matrix is separated into 2 × 2 blocks

λ_{whole} = ( λ_1 0 0 λ_2 ) (3.53)

where each λ_i(i = 1, 2) is Chan-Paton matrix of each set of branes. λ_1 labels strings on branes stretched along 6,8 directions and λ_2 labels strings on branes rotated π/6 from a. In order to solve λ_i, we separate Chan-Paton matrix into 3 × 3 blocks

λ_i = λ^{11}_i λ^{12}_i λ^{13}_i λ^{21}_i λ^{22}_i λ^{23}_i λ^{31}_i λ^{32}_i λ^{33}_i

(3.54)

where λ^{11}_i labels strings on branes (1, Ωσ, ρ^3, ρ^3Ωσ) and λ^{22}_i labels strings on branes (ρ, Ωσρ, ρ^4, Ωσρ^4) and λ^{33}_i labels strings on branes (ρ^2, Ωσρ^2, ρ^5, Ωσρ^5). Off-diagonal modes have no massless excitations. The Chan-Paton matrix of gauge fields λ_1 satisfies [29, 26]

λ^{11}_1 = +γ_ρ3 λ^{11}_1 γ^{−1}_{ρ3} , λ^{11}_1 = −γ_{Ωσ}(λ^{11}_1 )^T γ_{Ωσ} , (3.55)

By a unitary transformation, we can take

γ_{Ωσ} = I, γ_ρ3 = γ_{Ωσρ}3 = ( 0 iI/2 −iI/2 0 ) . (3.56)

Chan-Paton matrix of gauge fields λ_2 satisfies

λ^{22}_2 = +γ_ρ4 λ^{22}_2 γ^{−1}_{ρ4} , λ^{22}_2 = −γ_{Ωσρ}(λ^{22}_2 )^T γ_{Ωσρ} . (3.57)

By a unitary transformation, we can take

γ_{Ωσρ} = I, γ_ρ4 = γ_{Ωσρ}4 = ( 0 iI/2 −iI/2 0 ) . (3.58)

By solving the condition (3.55) and (3.57), we have obtained the Chan-Paton matrices of gauge fields,

λ^{11}_1 = ( A_1 S_1 −S_1 A_1 ) , λ^{22}_2 = ( A_2 S_2 −S_2 A_2 ) . (3.59)

Since λ^{22}_1 and λ^{33}_1 (λ^{11}_2 and λ^{33}_2 ) are orbifold images of λ^{11}_1 (λ^{22}_2 ), they do not produce further gauge group. Thus, we have obtained U(4) × U(4) gauge group.

The solution of the Chan-Paton matrix for the matter fields is

λ_{whole} =

A_1 A_2 A_3 D A_2 −A_1 A_4 D

A_4 A_1 A_2 A_5 A_3 A_2 −A_1 A_6 D A_6 A_1 A_2 D A_5 A_2 −A_1

. (3.60)

An adjoint representation comes from the intersection of three images of branes where two of them are exchanged under the action Ω, but one is invariant under the action Ω [20]. The latter one gives a matter field in the adjoint representation. There are six intersections between different set of branes which produce six matter fields in the bifundamental representations. Thus, we have obtained the matter fields

matter = 6 × (A, 1) + 6 × (1, A) + (adjoint, 1) + (1, adjoint) + 6 × (F, F ) . (3.61)

Gauge group and matter fields of type (ii) brane on T^4/Z_6 are obtained by Higgsing type (i) brane. Each block of λ^{ii}_1 (i = 1, · · · , 6) labels open strings on branes (1, ρ^3Ωσ), (Ωσ, ρ^3), (ρ, Ωσρ^4),(Ωσρ, ρ^4) (ρ^2, Ωσρ^5),(Ωσρ^2, ρ^5).

λ_1 = λ^{11}_1

λ^{22}_1

λ^{33}_1

λ^{44}_1 λ^{55}_1 λ^{66}_1

. (3.62)

Since branes are located on top of orientifold planes, we obtain Sp(2) gauge group for type (ii) brane.

The solution of the Chan-Paton matrix for the matter fields is

λ_{whole} =

A_1 A_3 S + A_2 −A_1 A_4 S + A_2 A_4 A_1 A_5 A_3 −A_1 A_6

S + A_2 A_6 A_1 S + A_2 A_5 −A_1

. (3.63)

The matter fields in the symmetric representations appear by the decomposition

A_{U(4)} → A_{Sp(2)} ⊕ S_{Sp(2)} . (3.64)

Thus, we have the matter spectrum and gauge group

G = Sp(2) × Sp(2), matter = 6 × (A, 1) + 6 × (1, A) + (1, S) + (S, 1) + 6 × (F, F ) . (3.65)

4 Conclusions and discussions

We have analyzed the Higgsing processes of intersecting brane models on T^4/Z_N . The matter fields in the adjoint representations appear branes away from orientifold planes (type (ii) brane) in the case of T^4/Z_3. The matter spectrum and gauge group of branes away from orientifold planes have been newly found in the case of T^4/Z_4 and T^4/Z_6. Gauge group and matter spectrum have been confirmed using Chan-Paton methods.

Possible intersecting brane models on T^4/Z_N (N = 3, 4, 6) are not so much compared to the models on T^4/Z_2 [26], since we can put branes non-parallel to orientifold cycles on T^4/Z_2. In the case of T^4/Z_3, we have one set of orientifold planes which is related by Z_3. In order to cancel RR-charge of orientifold planes, we need to introduce one set of D7-branes, which produces one simple gauge group. On the other hand, we have two sets of orientifold planes which are not related by Z_4 and Z_6. Two sets of D-branes give product of the simple gauge group G = G_1 × G_2. Higgsing to type (ii) brane determines the ambiguous part of the spectrum. Especially, the matter fields in the adjoint representations of the gauge group on branes can arise when brane intersects the orientifold images.

References

[1] C. Bachas, “ A WAY TO BREAK SUPERSYMMETRY,” arXiv:hep-th/9503030. [2] R. Blumenhagen, L. Goerlich, B. Kors and D. Lust, “Noncommutative Compactifications of Type I Strings on Tori with Magnetic Background Flux,” JHEP 0010,006 (2000) arXiv:hep-th/0007024.

[3] C. Angelantonj, I. Antoniadis, E. Dudas and A. Sagnotti, “Type-I strings on magnetised orbifolds and brane transmutation,” Phys. Lett. B489,223 (2000)

arXiv:hep-th/0007090.

[4] R. Blumenhagen, B. Kors and D. Lust, “Type I Strings with F- and B-Flux,” JHEP 0102,030 (2001) arXiv:hep-th/0012156.

[5] M. Cvetic, G. Shiu and A. M. Uranga, “Three-Family Supersymmetric Standardlike Models from Intersecting Brane Worlds,” Phys. Rev. Lett. 87, 201801 (2001)

arXiv:hep-th/0107143.

[6] M. Cvetic, G. Shiu and A. M. Uranga, “Chiral Four-Dimensional N=1 Supersymmetric Type IIA Orientifolds from Intersecting D6-Branes,” Nucl. Phys. B615, 3 (2001)

arXiv:hep-th/0107166.

[7] A. M. Uranga, “Chiral four-dimensional string compactifications with intersecting Dbranes,” Class. Quant. Grav. 20, S373 (2003) arXiv:hep-th/0301032.

[8] G. Honecker, “Chiral supersymmetric models on an orientifold of Z_4 x Z_2 with intersecting D6-branes,” Nucl. Phys. B666, 175 (2003) arXiv:hep-th/0303015.

[9] G. Honecker and T. Ott, “Getting just the Supersymmetric Standard Model at Intersecting Branes on the Z6-orientifold,” Phys. Rev. D70 126010 (2004)

arXiv:hep-th/0404055.

[10] G. Honecker, “Chiral N=1 4d Orientifolds with D-branes at Angles,” Mod. Phys. Lett.

A19, 1863 (2004) arXiv:hep-th/0407181.

[11] R. Blumenhagen, M. Cvetic, P. Langacker and G. Shiu, “Toward realistic intersecting D-brane models,” Ann. Rev. Nucl. Part. Sci. 55, 71 (2005) arXiv:hep-th/0502005.

[12] F. Gmeiner, R. Blumenhagen, G. Honecker, D. Lust and T. Weigand, “One in a Billion:

MSSM-like D-Brane Statistics,” JHEP 0601, 004 (2006) arXiv:hep-th/0510170. [13] R. Blumenhagen, B. Kors, D. Lust and S. Stieberger, “Four-dimensional String Compactifications with D-Branes, Orientifolds and Fluxes,” Phys. Rept. 445, 1 (2007)

arXiv:hep-th/0610327.

[14] F. Gmeiner and G. Honecker, “Millions of Standard Models on Z6-prime?,” JHEP 0807, 052 (2008) arXiv:0806.3039[hep-th].

[15] V. Kumar and W. Taylor, “Freedom and Constraints in the K3 Landscape,” JHEP 0905, 066 (2009) arXiv:0903.0386 [hep-th].

[16] V. Kumar and W. Taylor, “String Universality in Six Dimensions,” arXiv:0906.0987

[hep-th].

[17] V. Kumar and W. Taylor, “A bound on 6D N = 1 supergravities,” JHEP 0912, 050 (2009) arXiv:0910.1586 [hep-th].

[18] V. Kumar, D. R. Morrison and W. Taylor, “ Global aspects of the space of 6D N = 1 supergravities,” JHEP 1011, 118 (2010) arXiv:1008.1062 [hep-th].

[19] V. Kumar, D. Park and W. Taylor, “6D supergravity without tensor multiplets,” JHEP 1104, 080 (2011) arXiv:1011.0726 [hep-th].

[20] R. Blumenhagen, L. Gorlich and B. Kors, “Supersymmetric orientifolds in 6D with D-branes at angles,” Nucl. Phys. B569, 209 (2000) arXiv:hep-th/9908130.

[21] R. Blumenhagen, V. Braun, B. Kors and D. Lust, “Orientifolds of K3 and Calabi-Yau manifolds with intersecting D-branes,” JHEP 0207, 026 (2002)

arXiv:hep-th/0206038.

[22] G. Pradisi, “Type I Vacua from Diagonal Z_3-Orbifolds,” Nucl. Phys. B575,134 (2000)

arXiv:hep-th/9912218.

[23] A. M. Uranga, “A New Orientifold of C^2/Z_N and Six-dimensional RG Fixed Points,” Nucl. Phys. B577, 73 (2000) arXiv:hep-th/9910155.

[24] R. Blumenhagen, L. Goerlich and B. Kors, “A New Class of Supersymmetric Orientifolds with D-Branes at Angles,” arXiv:hep-th/0002146.

[25] S. Forste, G. Honecker and R. Schreyer “Orientifolds with branes at angles,”

arXiv:hep-th/0105208.

[26] S. Nagaoka, “Intersecting brane models and F-theory in six dimensions,” to appear in Nucl. Phys. B, arXiv:1206.2991.

[27] M. B. Green, J. H. Schwarz and P. C. West, “Anomaly Free Chiral Theories In Six- Dimensions,” Nucl. Phys. B254, 327 (1985).

[28] R. Slansky, “Group Theory for Unified Model Building,” Phys. Rept. 79, 1 (1981). [29] E. G. Gimon and J. Polchinski, “Consistency Conditions for Orientifolds and D- Manifolds,” Phys. Rev. D54, 1667 (1996) arXiv:hep-th/9601038.