arXiv:hep-th/0107136 v3 20 Sep 2001

UPR-947-T

GUT Breaking on M^4 × T^2/(Z_2 × Z^′_2)

Tianjun Li^1

Department of Physics and Astronomy University of Pennsylvania, Philadelphia, PA 19104-6396 U. S. A.

Abstract

We construct two SU(5) models on the space-time M^4 ×T^2/(Z_2 ×Z^′_2) where the gauge and Higgs fields are in the bulk and the Standard Model fermions are on the brane at the fixed point or line. For the zero modes, the SU(5) gauge symmetry is broken down to SU(3) × SU(2) × U(1) due to non-trivil orbifold projection. In particular, if we put the Standard Model fermions on the 3-brane at the fixed point in Model II, we only have the zero modes and KK modes of the Standard Model gauge fields and two Higgs doublets on the observable 3-brane. So, we can have the low energy unification, and solve the triplet-doublet splitting problem, the gauge hierarchy problem, and the proton decay problem.

PACS: 11.25.Mj; 04.65.+e; 11.30.Pb; 12.60. Jv Keywords: Grand Unified Theory; Symmetry Breaking; Extra Dimensions

July 2001

1E-mail: tli@bokchoy.hep.upenn.edu, phone: (215) 898-7938, fax: (215) 898-2010.

1 Introduction

Grand unified theory (GUT) gives us a simple and elegant understanding of the quantum numbers of the quarks and leptons, and the success of gauge coupling unification in the MSSM strongly support this idea. Although the GUT at high energy scale has become widely accepted now, there are some problems in GUT: the grand unified gauge symmetry breaking mechanism, the triplet-doublet splitting problem and the proton decay problem.

A new scenario to explain above questions in GUT has been suggested by Kawamura [1, 2, 3], and further discussed by Altarelli, Barbieri, Feruglio, Hall, Hebecker, Kawamoto, Normura, and March-Russell [4, 5, 6, 7, 8, 9, 10]. The key point is that the GUT gauge symmetry exists in 5 or higher dimensions and is broken down to the Standard Model gauge symmetry for the zero modes due to non-trivial orbifold projection on the multiplets and gauge generators in GUT. The attractive models have been constructed explicitly, where the supersymmetric 5-dimensional SU(5) models are broken down to the N = 1 supersymmetric Standard Model through the compactification on S^1/(Z_2 × Z^′_2). The GUT symmetry breaking and triplet-doublet splitting problems have been solved neatly by the orbifold projection.

In this letter, we will discuss the GUT with SU(5) [11] gauge symmetry breaking on the space-time M^4×T^2/(Z_2 ×Z^′_2) where the M^4 is the 4-dimensional Minkowski space-time. We assume that the SU(5) gauge fields and two 5-plet Higgs fields are in the bulk and the Standard Model fermions are on the observable brane which is located at the fixed point or line. For simplicity, we do not consider supersymmetry here.

We shall present two models in detail. The first model is the generalization of previous models [1 − 10]. Because T^2 is homeomorphic to S^1 × S^1, the extra space orbifold in this model is in fact S^1/(Z_2 × Z^′_2) × S^1/(Z_2 × Z^′_2) where two Z_2 and two Z^′_2 act simultaneously, and the observable brane is located at one of the 3 orbifold fixed points. If the Standard Model fermions were on the 3-brane which is located at (0, 0) or (0, πR_2), the gauge group will be SU(5), then, the SM fermions must form the full 10^i + ¯5^i SU(5) multiplets. In order to avoid the proton decay, the GUT scale (1/R_1 or 1/R_2) must be the order of 10^{15∼16} GeV, and we have to put the two Higgs 5-plets in the bulk to give the GUT scale masses to the Higgs triplets. So, there may exist the gauge hierarchy problem. And if the Standard Model fermions were on the brane which is located at (πR_1/2, πR_2/2), the gauge group will be SU(3) × SU(2) × U(1). If we considered the SM fermions form the full 10^i + ¯5^i SU(5) multiplets, the proton may decay by exchange A^â_5 or A^â_6, so, the GUT scale must be at order of 10^{15∼16} GeV and we have to put the two Higgs 5-plets in the bulk. Thus, we might have the gauge hierarchy problem. If we considered the SM fermions do not form the full SU(5) multiplets and they only preserve the SU(3) × SU(2) × U(1) gauge symmetry, the proton decay problem will be avoided because the SM fermions do not couple to the gauge fields related to the broken gauge generators. In addition, we can put the two Higgs doublets on the observable brane instead of putting two Higgs 5-plets in the bulk. Therefore, the extra dimensions might be large and the gauge hierarchy problem might be solved in the mean time [12].

In the second model, the extra space orbifold is indeed S^1/Z_2 × S^1/Z^′_2. If the Standard Model fermions were on the 4-brane which is located at y = 0, or z = 0, or y = πR_1/2, or z = πR_2/2, the gauge symmetry will be SU(3) × SU(2) × U(1). And the phenomenological discussions will be similar to those in Model I when we put the SM fermions on the 3-brane at (πR_1/2, πR_2/2), except that, if we considered the SM fermions form the full 10^i + ¯5^i SU(5) multiplets, we will double the generations and each generation in the SM comes from the zero modes of two generations on the 4-brane due to the projection operator P^y or P^z . If the Standard Model fermions were on the 3-brane which is located at any fixed point, the gauge symmetry will be SU(3)×SU(2)×U(1). In addition, on the observable 3-brane, we project out not only the zero modes of the gauge fields related to the broken SU(5) gauge generators and the triplet Higgs fields, but also their KK modes, i. e., there exist only the zero modes and KK modes of the SU(3) × SU(2) × U(1) gauge fields and doublet Higgs fields. So, the extra dimensions can be large and the gauge hierarchy problem can be solved in the mean time [12] because there does not exist the proton decay from exchange the SU(5) gauge fields X and Y or the triplet Higgs at all [13]. Moreover, we can put the two Higgs doublets on the observable brane instead of putting two Higgs 5-plets in the bulk. Furthermore, the wrong prediction of the first and second generation mass ratio in the usual 4-dimensional SU(5) can be avoided, but, we do not have the charge quantization. In short, in this scenario, we not only break the SU(5) gauge symmetry, but also solve the triplet-doublet splitting problem, the gauge hierarchy problem, the proton decay problem, and avoid the wrong prediction of the first and second generation mass ratio in the non-supersymmetric SU(5) model, however, we lose the charge quantization. By the way, the low energy unification and electroweak symmetry breaking in this scenario deserve further study.

Furthermore, we generalize our models to the models with 7 or higher dimensions where the extra space orbifolds are T^n/(Z_2 × Z^′_2) and T^n/(Z_2)^n, and comment on the models with bulk fermions and supersymmetry.

2 SU(5) Models on M^4 × T^2/(Z_2 × Z^′_2)

In this section, we would like to discuss two models with SU(5) gauge symmetry breaking on the space-time M^4 × T^2/(Z_2 × Z^′_2). We consider the 6-dimensional spacetime which can be factorized into a product of the ordinary 4-dimensional spacetime M^4 and the orbifold T^2/(Z_2 × Z^′_2). The corresponding coordinates are x^μ, (μ = 0, 1, 2, 3), y ≡ x^5 and z ≡ x^6. The radii for the circles along y direction and z direction are R_1 and R_2, respectively. Moreover, we assume that the SU(5) gauge fields and two 5-plet Higgs fields (H_u and H_d) live on the whole space-time, and the Standard Model fermions are on the observable brane, which is located at the fixed point or line, although one can also discuss the models in which the matters are in the bulk or the Higgs fields are on the observable brane.

2.1 Model I

The first model is the generalization of previous models [1 − 10]. The orbifold T^2/Z_2 is obtained by T^2 moduloing the equivalent class: (y, z) ∼ (−y, −z). We obtain the orbifold T^2/(Z_2 × Z^′_2) by defining y^′ ≡ y − πR_1/2 and z^′ ≡ z − πR_2/2, and then, moduloing the equivalence class: (y^′, z^′) ∼ (−y^′, −z^′) further. The three nonequivalent fixed points are (y = 0, z = 0), (y = 0, z = πR_2), and (y = πR_1/2, z = πR_2/2).

For a generic bulk field ϕ(x^μ, y, z), we can define two parity operators P and P^′ for the Z_2 and Z^′_2 symmetries, respectively ϕ(x^μ, y, z) → ϕ(x^μ, −y, −z) = P ϕ(x^μ, y, z) , (1) ϕ(x^μ, y^′, z^′) → ϕ(x^μ, −y^′, −z^′) = P^′ϕ(x^μ, y^′, z^′) . (2) Denoting the field with (P , P^′)=(±, ±) by ϕ_{±±}, we obtain the following KK mode expansions

ϕ_{++}(x^μ, y, z) = 1 π √ R_1R_2 ∞∑ n=0 ∞∑ m=0 ( 1 √ 2^{δn,0} 2^{δm,0} ϕ^{(2n,2m)} ++ (x^μ) cos( 2ny R_1 + 2mz R_2 )

+ϕ^{(2n+1,2m+1)}

++ (x^μ) cos(

(2n + 1)y R_1 + (2m + 1)z R_2 ) ) , (3)

ϕ_{+−}(x^μ, y, z) = 1 π √ R_1R_2 ∞∑ n=0 ∞∑ m=0 ( 1 √ 2^{δn,0} ϕ^{(2n,2m+1)} +− (x^μ) cos( 2ny R_1 + (2m + 1)z

R_2 )

+ϕ^{(2n+1,2m)}

+− (x^μ) 1 √ 2^{δm,0} cos(

(2n + 1)y R_1 + 2mz R_2 ) ) , (4)

ϕ_{−+}(x^μ, y, z) = 1 π √ R_1R_2 ∞∑ n=0 ∞∑ m=0 ( 1 √ 2^{δn,0} ϕ^{(2n,2m+1)} −+ (x^μ) sin( 2ny R_1 + (2m + 1)z

R_2 )

+ϕ^{(2n+1,2m)}

−+ (x^μ) 1 √ 2^{δm,0} sin(

(2n + 1)y R_1 + 2mz R_2 ) ) , (5)

ϕ_{−−}(x^μ, y, z) = 1 π √ R_1R_2 ∞∑ n=0 ∞∑ m=0 ( 1 √ 2^{δn,0} 2^{δm,0} ϕ^{(2n,2m)} −− (x^μ) sin( 2ny R_1 + 2mz R_2 )

+ϕ^{(2n+1,2m+1)}

−− (x^μ) sin(

(2n + 1)y R_1 + (2m + 1)z R_2 ) ) , (6)

where n, m are non-negative integers. Zero modes are contained only in ϕ_{++} fields, so that the matter content of the massless sector is smaller than that of the full 6- dimensional multiplet. Moreover, only ϕ_{++} and ϕ_{+−} fields have non-zero values at

Table 1: Parity assignment and masses (n ≥ 0, m ≥ 0) of the fields in the SU(5) gauge and Higgs multiplets for model I. The index a labels the unbroken SU(3) × SU(2) × U(1) gauge generators, while â labels the other broken SU(5) gauge generators. The indices D, T are for doublet and triplet, respectively.

(P, P^′) field mass

(+, +) A^a_μ, H^D_u , H^D_d √ (2n)^2/R^2_1 + (2m)^2/R^2 or √ (2n + 1)^2/R^2_1 + (2m + 1)^2/R^2

(+, −) A^â_μ, H^T_u , H^T_d √ (2n)^2/R^2_1 + (2m + 1)^2/R^2 or √ (2n + 1)^2/R^2_1 + (2m)^2/R^2

(−, +) A^â_5, A^â_6 √ (2n)^2/R^2_1 + (2m + 1)^2/R^2 or √ (2n + 1)^2/R^2_1 + (2m)^2/R^2 √ (2n)^2/R^2_1 + (2m + 2)^2/R^2 or

(−, −) A^a_5, A^a_6 √ (2n + 2)^2/R^2_1 + (2m)^2/R^2 or √ (2n + 1)^2/R^2_1 + (2m + 1)^2/R^2

(y = 0, z = 0) and (y = 0, z = πR_2), and only ϕ_{++} and ϕ_{−+} fields have non-zero values at (y = πR_1/2, z = πR_2/2).

We choose the following matrix representations of the parity assignments which are expressed in the adjoint representaion of SU(5)

P = diag(+1, +1, +1, +1, +1) , P^′ = diag(−1, −1, −1, +1, +1) . (7)

So, upon the P and P^′ parities, the gauge generators T^A where A=1, 2, ..., 24 for SU(5) are separated into two sets: T^a are the gauge generators for the Standard Model gauge group, and T^â are the other broken gauge generators

P T^a P^{−1} = T^a , P T^â P^{−1} = T^â , (8)

P^′ T^a P^{′−1} = T^a , P^′ T^â P^{′ −1} = −T^â . (9)

It is not difficult to obtain the particle spectra in the model, which are given in Table 1. And the gauge fields, Higgs fields, and gauge group on the 3-brane which is located at the fixed point are given in Table 2. If the Standard Model fermions were on the 3-brane which is located at (0, 0) or (0, πR_2), the gauge group will be SU(5), then, the SM fermions must form the full 10^i + ¯5^i SU(5) multiplets. In order to avoid the proton decay, the GUT scale (1/R_1 or 1/R_2) must be the order of 10^{15∼16} GeV, and we have to put the two Higgs 5-plets in the bulk to give the GUT scale masses to the Higgs triplets. So, there may exist the gauge hierarchy problem.

If the Standard Model fermions were on the brane at (πR_1/2, πR_2/2), the gauge group will be SU(3) × SU(2) × U(1). If we considered the SM fermions form

Table 2: For the model I, the gauge fields, Higgs fields and gauge group on the 3- branes which are located at the fixed points (y = 0, z = 0), (y = 0, z = πR_2), and (y = πR_1/2, z = πR_2/2).

Brane position field gauge group

(y = 0, z = 0) A^A_μ , H_u, H_d SU(5)

(y = 0, z = πR_2) A^A_μ , H_u, H_d SU(5)

(y = πR_1/2, z = πR_2/2) A^a_μ, H^D_u , H^D_d , A^â_5, A^â_6 SU(3) × SU(2) × U(1)

the full 10^i + ¯5^i SU(5) multiplets, the proton may decay by exchange A^â_5 or A^â_6, so, the GUT scale must be at order of 10^{15∼16} GeV and we have to put the two Higgs 5-plets in the bulk. Thus, we might have the gauge hierarchy problem. If we considered the SM fermions do not form the full SU(5) multiplets and they only preserve the SU(3) × SU(2) × U(1) gauge symmetry, the proton decay problem will be avoided because the SM fermions do not couple to the gauge fields related to the broken gauge generators. In addition, we can put the two Higgs doublets on the observable brane instead of putting two Higgs 5-plets in the bulk. Therefore, the extra dimensions might be large and the gauge hierarchy problem might be solved in the mean time [12].

2.2 Model II

The second model is different from above model. The orbifold T^2/(Z_2×Z^′_2) is obtained by T^2 moduloing the equivalent classes: y ∼ −y and z ∼ −z. The four fixed points are (y = 0, z = 0), (y = 0, z = πR_2/2), (y = πR_1/2, z = 0), and (y = πR_1/2, z = πR_2/2). And the four fixed lines are y = 0, y = πR_1/2, z = 0, z = πR_2/2.

For a generic bulk field ϕ(x^μ, y, z), we can define two parity operators P and P^′ for the Z_2 and Z^′_2 symmetries, respectively ϕ(x^μ, y, z) → ϕ(x^μ, −y, z) = P ϕ(x^μ, y, z) , (10) ϕ(x^μ, y, z) → ϕ(x^μ, y, −z) = P^′ϕ(x^μ, y, z) . (11) Denoting the field with (P , P^′)=(±, ±) by ϕ_{±±}, we obtain the following KK mode expansions

ϕ_{++}(x^μ, y, z) = 1 π √ R_1R_2 ∞∑ n=0 ∞∑ m=0 1 √ 2^{δn,0} 2^{δm,0} ϕ^{(n,m)}_{++} (x^μ) cos ny R_1 cos mz R_2

, (12) ϕ_{+−}(x^μ, y, z) = 1 π √ R_1R_2 ∞∑ n=0 ∞∑ m=1 1 √ 2^{δn,0} ϕ^{(n,m)}_{+−} (x^μ) cos ny R_1 sin mz R_2

, (13)

ϕ_{−+}(x^μ, y, z) = 1 π √ R_1R_2 ∞∑ n=1 ∞∑ m=0 1 √ 2^{δm,0} ϕ^{(n,m)}_{−+} (x^μ) sin ny R_1 cos mz R_2

, (14)

ϕ_{−−}(x^μ, y, z) = 1 π √ R_1R_2 ∞∑ n=1 ∞∑ m=1 ϕ^{(n,m)}_{−−} (x^μ) sin ny R_1 sin mz R_2

, (15)

where n, m are non-negative integer, and the 4-dimensional fields ϕ^{(n,m)}_{++} , ϕ^{(n,m)}_{+−} , ϕ^{(n,m)}_{−+} and ϕ^{(n,m)}_{−−} have masses √ n^2/R^2_1 + m^2/R^2 upon the compactification. Because only ϕ_{++} fields have zero modes, the matter content of the massless sector is smaller than that of the full 6-dimensional multiplet, too. In addition, only ϕ_{++} fields have nonzero values on the 3-branes at the fixed points, only ϕ_{++} and ϕ_{+−} have non-zero values on the 4-branes at the fixed lines y = 0 and y = πR_1/2, and only ϕ_{++} and ϕ_{−+} have non-zero values on the 4-branes at the fixed lines z = 0 and z = πR_2/2.

We choose the following matrix representations of the parity assignments which are expressed in the adjoint representaion of SU(5)

P = diag(−1, −1, −1, +1, +1) , P^′ = diag(−1, −1, −1, +1, +1) . (16)

Then, upon the P and P^′ parities, the gauge generators T^A where A=1, 2, ..., 24 for SU(5) are also separated into two sets: T^a are the gauge generators for the Standard Model gauge group, and T^â are the other broken gauge generators

P T^a P^{−1} = T^a , P T^â P^{−1} = −T^â , (17)

P^′ T^a P^{′−1} = T^a , P^′ T^â P^{′ −1} = −T^â . (18) The particle spectra in this model are given in Table 3, and the gauge fields, Higgs fields, and gauge group on the 3-brane which is located at the fixed point or on the 4-brane which is located at the fixed line are given in Table 2.

If the Standard Model fermions were on the 4-brane which is located at y = 0, or z = 0, or y = πR_1/2, or z = πR_2/2, the gauge symmetry will be SU(3) × SU(2) × U(1). And the phenomenological discussions will be similar to those in Model I when we put the SM fermions on the 3-brane at (πR_1/2, πR_2/2), except that, if we

Table 3: Parity assignment and masses (n ≥ 0, m ≥ 0 ) of the fields in the SU(5) gauge and Higgs multiplets for model II.

(P, P^′) field mass

(+, +) A^a_μ, H^D_u , H^D_d √ n^2/R^2_1 + m^2/R^2

(+, −) A^â_5, A^a_6 √ n^2/R^2_1 + (m + 1)^2/R^2

(−, +) A^a_5, A^â_6 √ (n + 1)^2/R^2_1 + m^2/R^2

(−, −) A^â_μ, H^T_u , H^T_d √ (n + 1)^2/R^2_1 + (m + 1)^2/R^2

considered the SM fermions form the full 10^i + ¯5^i SU(5) multiplets, we will double the generations and each generation in the SM comes from the zero modes of two generations on the 4-brane due to the projection operator P^y or P^z .

If the Standard Model fermions were on the 3-brane which is located at any fixed point, the gauge symmetry will be SU(3) × SU(2) × U(1). In addition, on the observable 3-brane, we project out not only the zero modes of the gauge fields related to the broken SU(5) gauge generators and the triplet Higgs fields, but also their KK modes, i. e., there exist only the zero modes and KK modes of the SU(3) × SU(2) × U(1) gauge fields and doublet Higgs fields. So, the extra dimensions can be large and the gauge hierarchy problem can be solved in the mean time [12] because there does not exist the proton decay from exchange the SU(5) gauge fields X and Y or the triplet Higgs at all^2. Moreover, we can put the two Higgs doublets on the observable brane instead of putting two Higgs 5-plets in the bulk. Furthermore, the wrong prediction of the first and second generation mass ratio in the usual 4- dimensional SU(5) can be avoided, but, we do not have the charge quantization. In short, in this scenario, we not only break the SU(5) gauge symmetry, but also solve the triplet-doublet splitting problem, the gauge hierarchy problem, the proton decay problem, and avoid the wrong prediction of the first and second generation mass ratio in the non-supersymmetric SU(5) model, however, we lose the charge quantization. By the way, the low energy unification and electroweak symmetry breaking in this scenario are under investigation.

2One might worry about the proton decay mediated by the virtual black hole and wormhole background from quantum gravity [14]. However, with our present knowledge of black hole and wormhole physics, the violation of global symmetry by gravity is extremely suppressed, even if the fundamental Planck scale was as low as a few TeV [13].

Table 4: For the model II, the gauge fields, Higgs fields and gauge group on the 3-branes which are located at the fixed points (y = 0, z = 0), (y = 0, z = πR_2/2), (y = 0, z = πR_2/2) and (y = πR_1/2, z = πR_2/2), and on the 4-branes which are located at y = 0, z = 0, y = πR_1/2 and z = πR_2/2.

Brane position field gauge group

(y = 0, z = 0) A^a_μ, H^D_u , H^D_d SU(3) × SU(2) × U(1)

(y = 0, z = πR_2/2) A^a_μ, H^D_u , H^D_d SU(3) × SU(2) × U(1)

(y = πR_1/2, z = 0) A^a_μ, H^D_u , H^D_d SU(3) × SU(2) × U(1)

(y = πR_1/2, z = πR_2/2) A^a_μ, H^D_u , H^D_d SU(3) × SU(2) × U(1)

y = 0 or y = πR_1/2 A^a_μ, H^D_u , H^D_d , A^â_5, A^a_6 SU(3) × SU(2) × U(1)

z = 0 or z = πR_2/2 A^a_μ, H^D_u , H^D_d , A^a_5, A^â_6 SU(3) × SU(2) × U(1)

3 Generalization Discussion and Conclusion

It is easy to generalize our models to the models with 4+n dimensions where n > 2 and the original extra space manifold is a n-torii, i. e., T^n. We assume that the coordinates for the extra dimensions are (y^1, y^2, ..., y^n), the SU(5) gauge fields and two 5-plet Higgs fields are in the bulk, and the observable brane is located at the fixed point or hypersurface. We obtain the first kind of model on the space-time M^4 ×T^n/(Z_2 × Z^′_2) by T^n moduloing the equivalent classes: (y^1, y^2, ..., y^n) ∼ (−y^1, −y^2, ..., −y^n), (y^{′1}, y^{′2}, ..., y^{′n}) ∼ (−y^{′1}, −y^{′2}, ..., −y^{′n}), whose corresponding parity operators are P and P^′, respectively. Under SU(5) gauge symmetry, we choose the representations for P and P^′ as P =diag (+1, +1, +1, +1, +1), and P^′=diag (−1, −1, −1, +1, +1), so, P T^aP^{−1}= T^a, P T^âP^{−1}=T^â, P^′T^aP^{′ −1}= T^a, P T^âP^{′ −1}=−T^â. Then, for the zero modes, the SU(5) gauge symmetry is broken down to the Standard Model gauge symmetry. Furthermore, we can obtain the second kind of model on the space-time T^n/(Z_2)^n by T^n moduloing the equivalent classes: y^1 ∼ −y^1, y^2 ∼ −y^2, ..., and y^n ∼ −y^n, whose corresponding parity operators are P^1, P^2, ..., P^n. The SU(5) representations of P^1, P^2, ..., P^n are P^i = diag(−1, −1, −1, +1, +1) for i = 1, 2, ..., n. So, P^iT^aP^{−i} = T^a, P^iT^âP^{−i} = −T^â. Then, for the zero modes, the SU(5) gauge symmetry is broken down to the SU(3)×SU(2)×U(1) gauge symmetry. In particular, on the observable 3-brane which is located at any one of the 2^n fixed points, there exist only the zero modes and KK modes of the SU(3) × SU(2) × U(1) gauge fields because the zero modes and KK modes of the gauge fields related to the broken SU(5) gauge generators are projected out. The phenomenology discussions are similar to those in section 2.

Furthermore, we can consider the models with bulk fermions, and we have to add extra SU(5) fermion multipets due to the anomaly cancellation [15]. For instance, the models, which contain three left-handed singlets, three 5, six ¯5, six 10, five ¯10 fermion multiplets under SU(5) gauge symmetry, and a self-dual antisymmetric tensor, is anomaly free [15]. If we considered the extra space orbifold T^2/(Z_2)^3 or T^2/(Z_2)^4, the Standard Model fermions come from the zero modes of six ¯5 and six 10 multiplets, and we project out the zero modes of all the other fermion multiplets [16]. The reason why we consider the extra space orbifold T^2/(Z_2)^3 or T^2/(Z_2)^4 is that the 6-dimensional fermions contain 4-dimensional fermions and their mirrors, and we want to project out the zero modes of those mirror particles. And the reason why we need six ¯5 and six 10 SU(5) multiplets is that we have Z_2 projections on the zero modes of all the multiplets. Of course, the gauge hierarchy problem, gauge coupling unification and radiative electroweak symmetry breaking in those non-supersymmetric GUT models deserve further investigation [16].

Another natural generalization is supersymmetry. If we considered the N = 1 6-dimensional supersymmetry, the gauginos (and gravitinos) have positive chirality and the bulk hypermultiplets have negative chirality. Therefore, we can put the Standard Model fermions on the brane, and add suitable bulk hypermultiplets to cancel the anomaly from the gauge multiplet, for example, we can add a 24 multiplet in the adjoint representation of SU(5) or ten 5 + ¯5 SU(5) multiplets, and the Higgs fields will be on the brane or from the ten 5 + ¯5 multiplets, repectively [17]. If we considered the N = 2 6-dimensional supersymmetry, the theory will be anomaly free, and we have to put the Standard Model fermions on the brane because we can not have the hypermultiplets in the bulk [18].

In short, we construct two SU(5) GUT models on the space-time M^4×T^2/(Z_2× Z^′_2) where the SU(5) gauge and Higgs fields are in the bulk and the Standard Model fermions are on the observable brane at the fixed point or line. For the zero modes, the SU(5) gauge symmetry is broken down to the SU(3) × SU(2) × U(1) gauge symmetry due to non-trivil orbifold projection. In particular, if we put the Standard Model fermions on the 3-brane at the fixed point in Model II, we only have the zero modes and KK modes of the Standard Model gauge fields and two Higgs doublets on the observable 3-brane. So, we can not only break the SU(5) gauge symmetry, but also solve the triplet-doublet splitting problem, the gauge hierarchy probelm, the proton decay problem, and avoid the wrong prediction of the first and second generation mass ratio in the non-supersymmetric SU(5) model, although we lose the charge quantization.

Acknowledgments

This research was supported in part by the U.S. Department of Energy under Grant No. DOE-EY-76-02-3071.

References

[1] Y. Kawamura, Prog. Theor. Phys. 103 (2000) 613 hep-ph/9902423. [2] Y. Kawamura, hep-ph/0012125. [3] Y. Kawamura, hep-ph/0012352.

[4] G. Altarelli and F. Feruglio, hep-ph/0102301. [5] L. Hall and Y. Nomura, hep-ph/0103125. [6] T. Kawamoto and Y. Kawamura, hep-ph/0106163. [7] A. Hebecker and J. March-Russell, hep-ph/0106166. [8] R. Barbieri, L. Hall and Y. Nomura, hep-ph/0106190. [9] R. Barbieri, L. Hall and Y. Nomura, hep-th/0107004. [10] A. Hebecker and J. March-Russell, hep-ph/0107039. [11] H. Georgi and S. Glashow, Phys. Rev. Lett. 32 (1974) 438;

H. Georgi, Unified Gauge Theories in Proceedings, Coral Gables 1975, Theories and Experiments In High Energy Physics, New York (1975).

[12] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B429 (1998) 263, hep-ph/9803315; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B436 (1998) 257, hep-ph/9804398.

[13] A. B. Kobakhidze, hep-ph/0102323.

[14] F. C. Adams, G. L. Kane, M. Mbonye and M. J. Perry, hep-ph/0009154. [15] N. Borghini, Y. Gouverneur, and M. H. G. Tytgat, hep-ph/0108094. [16] T. Li and Q. S. Yan, in preparation. [17] T. Watari and T. Yanagida, hep-ph/0108152.

[18] L. Hall, Y. Nomura and D. Smith, hep-ph/0107331; L. Hall, Y. Nomura, T. Okui and D. Smith, hep-ph/0108071; T. Li, hep-ph/0108120; L. Hall, J. March- Russell, T. Okui and D. Smith, hep-ph/0108161.