arXiv:hep-ph/0201086 v3 9 May 2002

UT-985

Higher Dimensional Supersymmetry as an Origin of the Three Families for Quarks and Leptons

T. Watari^a and T. Yanagida^{a,b}

a Department of Physics, University of Tokyo, Tokyo 113-0033, Japan b Research Center for the Early Universe, University of Tokyo, Tokyo 113-0033, Japan

Abstract

In a (0,1) supersymmetric (SUSY) six-dimensional gauge theory, a gauge fermion gives rise to box anomalies. These anomalies are completely canceled by assuming a vector multiplet of (1,1) SUSY. With a T^2/Z_3 orbifold compactification of the extra two-dimensional space, the theory provides three chiral multiplets and three equivalent fixed points. We regard them as the origin of the three families of quarks and leptons. Quasi anarchy structure in the SU(5)-5^∗ sector and hence the bilarge mixing in the neutrino oscillation are explained quite naturally in this framework. We also discuss a family symmetry as a remnant of the higher-dimensional R symmetry.

1 Introduction

The triplicate family structure of quarks and leptons is one of the most mysterious features in particle physics, and it is expected to be an important indication of more fundamental physics beyond the standard model. In the four-dimensional spacetime all gauge anomalies are canceled within one family and there is no necessity to introduce other two families in nature. However, the anomaly cancellation in higher-dimensional theories imposes further nontrivial conditions on the theories, and it sometimes requires multiplication of massless particles.

In this letter, we show that the triplicate family structure arises naturally from a sixdimensional supersymmetric (SUSY) gauge theory. We assume a SUSY SO(10) gauge theory and put the vector multiplet of SO(10) in the six-dimensional bulk. The anomalies in the six-dimensional spacetime are completely canceled out by introducing the (1,1) SUSY vector multiplet in the bulk. We adopt a T^2/Z_3 orbifold to reduce the theory to a four-dimensional theory with N =1 SUSY. We find that the SO(10) is broken down to SU(5)×U(1)_5 and three families of 10’s of the SU(5) remain massless after the orbifolding. The [SU(5)]^3 anomalies are localized at the three independent fixed points, which are canceled by introducing one 5^∗ at the each fixed point (i.e., three 5^∗’s). The three massless 10’s come from three SO(10)- adjoint N =1 chiral multiplets Σ, Σ^′ and Σ^{′′} in the (1,1) SUSY vector multiplet. Thus, we consider that the (1,1) SUSY in the six-dimensional spacetime is the origin of three families of quarks and leptons^1.

We have an SU(2)_{4+} family symmetry which is a subgroup of the R symmetry of the (1,1) SUSY. The SU(5)-10’s transform as 1+2 under this SU(2)_{4+} symmetry while the SU(5)-5^∗’s are singlets. The breaking of the SU(2)_{4+} symmetry leads to the observed mass hierarchies of the quarks and leptons and the CKM mixing angles. The bilarge mixing in the neutrino sector[1] is naturally explained, since the 5^∗ are all equivalent to each other[2].

1 Bosonic components of these three Σ, Σ^′ and Σ^{′′} multiplets may be regarded as six independent polarizations (45,67 and 89 directions) of a ten-dimensional vector field, since the (1,1) SUSY vector multiplet in the six dimensions can be obtained through a compactification of N =1 vector multiplet of the ten-dimensional spacetime. In this sense, the triplicate family structure may originate from the extra six space dimensions.

2 A SUSY SO(10) gauge theory in the six-dimensional spacetime

Let us consider a SUSY SO(10) gauge theory in the six-dimensional spacetime. The vector multiplet of the (0,1) SUSY gives rise to irreducible box anomalies[3, 4], and these anomalies must be canceled by introducing suitable SO(10)-charged hyper multiplets in the bulk^2. The simplest and the most beautiful way to do this is to introduce an (1,1) SUSY vector multiplet as a whole. Once we assume the (1,1) SUSY in the six-dimensional spacetime, then not only the irreducible box anomalies but also reducible anomalies vanish. It is not necessary to resort to the Green-Schwartz mechanism[5, 6] or to introducing extra particles. There is no global anomaly either[7, 8]. If one takes a torus (T^2) compactification of the extra two space dimensions x_4 and x_5, we obtain a Lagrangian for the Kaluza-Klein zero modes which has N =4 SUSY in the four-dimensional spacetime. The Kaluza-Klein zero modes form an N =4 SO(10) vector multiplet, W_α, Σ, Σ^′ and Σ^{′′}, where the W_α is the field strength tensor (N =1 vector multiplet) and the rests are SO(10)-adjoint N =1 chiral multiplets. The two scalar components of the Σ are the two independent polarization modes of the six-dimensional SO(10) vector field in the fourth and fifth dimensions.

The R symmetry of the (1,1) SUSY in the six-dimensional spacetime is SU(2)_{4−} × SU(2)_{4+}^3. These SU(2)_{4−} and SU(2)_{4+} are R symmetries that are associated to the six-dimensional SUSY charges,

Q^{(6)}_{4−} = ( −Q^{(4)2}_α −Q̄^{(4)α̇}_1 ) and Q^{(6)}_{4+} = ( Q^{(4)4}_α Q̄^{(4)α̇}_3 ) , (1)

which belong to 4_− and 4_+ spinor representations of the SO(5,1), respectively. After a Kaluza-Klein reduction, the six-dimensional SUSY charges are decomposed into four fourdimensional SUSY charges, Q^{(4)1,2,3,4}_α , and not only the SU(2)_{4−} × SU(2)_{4+} R symmetry but the rotational symmetry SO(2)_{45} of the extra space dimensions is also regarded as a subgroup of the SU(4)_R R symmetry of the N =4 SUSY in four-dimensional spacetime (i.e., SO(2)_{45}×SU(2)_{4−} × SU(2)_{4+} ⊂SU(4)_R). The four (four-dimensional) SUSY charges Q^{(4)1,2,3,4}_α transform as a 4 representation of the SU(4)_R, four fermions in the four chiral multiplets (of Kaluza-Klein zero modes), W_α, Σ, Σ^′ and Σ^{′′}, as a 4^∗ representation, and six real scalars in the Σ, Σ^′ and Σ^{′′} as a 4^∗ ∧ 4^∗ ≃ 6, respectively. In particular, we note for the later purpose

2It is pointed out in Ref.[3] that the anomaly is finite and unique despite the nonrenormalizability of the theory. T.Y. thanks M. Shifman for raising this issue at “Peccei’s Fest”.

3For conventions adopted in this paper, see [9] or the appendix of this paper.

that the SU(2)_{4+} commutes with the N =1 SUSY transformation generated by Q^{(4)1} and that the two N =1 chiral multiplets Σ^′ and Σ^{′′} form a doublet of this SU(2)_{4+} symmetry (see e.g., [9] or the appendix).

Now we compactify the (1,1) SUSY SO(10) gauge theory on the T^2/Z_3 ⟨σ⟩ geometry rather than on the T^2 (see Fig.1) to obtain a four-dimensional theory with only N =1 SUSY^4. The generator σ rotates the extra two-dimensional space by angle −(2/3)2π:

σ : (x_4 + ix_5) → ω^{−2}(x_4 + ix_5), (2)

where ω ≡ e^{2πi/3}. Some of Kaluza-Klein zero modes are always projected out from the Hilbert space of the theory on the orbifold T^2/Z_3 ⟨σ⟩. We take, here, the orbifold projection conditions as follows[11];

W_α = γ_σ W_αγ^{−1}_σ , (3) Σ = ω^{−2}γ_σ Σ γ^{−1}_σ , (4) Σ^′ = ω γ_σ Σ^′ γ^{−1}_σ , (5) Σ^{′′} = ω γ_σ Σ^{′′} γ^{−1}_σ , (6)

where we have taken an SU(4)_R-twist as diag(1, ω^2, ω^{−1}, ω^{−1}) ∈ SU(4)_R. The gauge-twisting matrix γ_σ associated with the generator σ is

γ_σ = diag( 5 ω, · · · , ω, 5 ω^{−1}, · · · , ω^{−1}) ∈ SO(10) (7)

in the Cartan-diagonal base. Note that the SO(2)_{45} rotation, diag(ω, ω, ω^{−1}, ω^{−1}) ∈ SU(4)_R, given in Eq.(2) is accompanied by a twist of the internal symmetry, diag(ω^{−1}, ω, 1, 1) ∈ SU(2)_{4−} , so that the combined SU(4)_R-twist, diag(1, ω^2, ω^{−1}, ω^{−1}), belongs to an SU(3) subgroup of the SU(4)_R; the N =1 SUSY survives when and only when the SU(4)_R-twist belongs to the SU(3) subgroup of which the Q^{(4)1}_α is singlet[12, 11].

The SO(10) gauge symmetry is now broken down to SU(5)×U(1)_5, and the massless particles remaining in the Hilbert space are the SU(5)×U(1)_5 N =1 vector multiplets and

4 It is argued in Ref.[10] that the number of family can be constrained by considering the gauge anomalies in six-dimensional field theories. However, “the number of family in the six-dimensional spacetime” which they discuss has, in principle, no direct connection to the number of family as they admit by themselves. It is only after giving a definite way and/or principle to obtain chiral fermions in the four-dimensional spacetime that the use of higher-dimensional spacetime makes sense in discussing the number of family and family structure. In fact, one obtains any number of families in their approach.

three SU(5)-10 N =1 chiral multiplets. The vector multiplets arise from the W_α and the three 10’s from Σ, Σ^′ and Σ^{′′}. We identify these three 10’s with those of quarks and leptons^{56}. Therefore, the origin of the three families is the (1,1) SUSY in the six-dimensional spacetime (i.e., N =4 SUSY in the four-dimensional spacetime).

Because there are three families of 10’s in the bulk, we have [SU(5)]^3 anomaly. Such an anomaly localizes only at fixed points of the orbifold[17]. In the present T^2/Z_3 ⟨σ⟩ orbifold the anomaly distributes at the three fixed points with the same amount since they are all equivalent to each other^7(see Fig.1). Therefore, the simplest way to cancel these anomalies is to introduce a 5^∗ at each fixed point (i.e., three 5^∗’s as a whole). We identify these 5^∗’s with the three families of 5^∗’s of quarks and leptons. The charges of these 5^∗’s under the surviving U(1)_5 gauge symmetry is still arbitrary, and hence the mixed anomalies U(1)_5·[SU(5)]^2 does not vanish in general. However, if the U(1)_5 charge of the 5^∗’s are (-3) times those of the 10’s, then, this anomaly is automatically canceled at each fixed point. Other mixed anomalies U(1)_5·[gravity]^2 and [U(1)_5]^3 can be canceled simultaneously by introducing a right-handed neutrino at each fixed point. This extra U(1)_5 gauge symmetry, which is usually called as the fiveness, is a linear combination of the U(1)_Y and U(1)_{B−L}, and the small neutrino masses are naturally obtained by the see-saw mechanism[18] when the U(1)_{B−L} is spontaneously broken. Even if the U(1)_5 charge of the 5^∗’s does not satisfy the above relation, all three anomalies discussed above can be canceled by invoking a generalized Green-Schwarz mechanism[5, 13] at each fixed point.

If one starts with an E_6 vector multiplet of the (1,1) SUSY in the six-dimensional spacetime, then three families of SO(10)-16 survives the orbifold projection on the T^2/Z_3[14, 15].

5A coset space SO(10)/(SU(5) × U(1)_5) contains SU(5)-10. Possible connection between this fact and the origin of the SU(5)-10 of quarks and leptons was pointed out long time ago in [14, 15].

6 Ref.[16] also obtains three 10’s from SO(11) ten-dimensional N =1 vector multiplet. They considered the Type I string theory on a T^6/Z_3 orientifold, and three families of SU(5)-5^∗ also survives the orbifold projection there. However, this model is not acceptable as a realistic model because too rapid proton decay is inevitable through dimension-four operators.

7 We can also confirm this distribution by an explicit calculation. The distribution function is given by

A(y) = 3 ∑ k (|ψ^{Z3}_{10,k}(y)|^2 − |ψ^{Z3}_{10}∗_{,k}(y)|^2) (8)

where k runs for all Kaluza-Klein momenta, y is the coordinate of the torus T^2 and the wave functions are

ψ^{Z3}_{10(∗) ,k} = 1 3 √ V 2∑ n=0 γ^n_{10(∗)} e^{ik·(σn·y)} where γ_{10} = 1 and γ_{10}∗ = ω^{−1}, (9)

and V is the volume of the torus T^2.

In this case, there is no [SO(10)]^3 anomaly at each fixed point.

3 Discussion

We discuss, in this section, phenomenological consequences of the R symmetry SO(2)_{45}× SU(2)_{4−} × SU(2)_{4+} . Since the three families of 10’s originate from a single vector multiplet of the (1,1) SUSY, some part of the R symmetry becomes a inter-family symmetry and some part becomes a low-energy R symmetry of the four-dimensional N =1 SUSY.

3.1 SU(2)_{4+} family symmetry

The orbifold projection conditions Eqs.(3-6) do not violate the SU(2)_{4+} symmetry, and hence we assume this symmetry to be preserved even in the theory on the T^2/Z_3 orbifold. This SU(2)_{4+} symmetry is a pure family symmetry in the sense that the Grassmann coordinates of the N =1 superspace do not rotate under this symmetry. The three families of 10’s transform as 1 + 2 (which we denote as 10_3 + 10_a|_{a=1,2}) under this SU(2) family symmetry. On the other hand, the 5^∗’s are all singlets of the family symmetry SU(2)_{4+} , since the 5^∗’s localize at different fixed points while the SU(2)_{4+} is an internal symmetry and it does not exchange fields on separated points of spacetime. The anarchy structure in the neutrino sector[2] is naturally expected in this framework, since there is no distinction between the three 5^∗’s.

We introduce Higgs multiplets, H(5) and H̄(5^∗), at one of the fixed points. Given this situation, we have to consider the orbifold geometry whose length scale is of order of the fundamental scale, because otherwise the Yukawa couplings would be highly suppressed for the two families of 5^∗’s which do not localize at the same fixed point of the Higgs multiplets, and the resulting mass spectra of the down-type quarks and charged leptons would be unrealistic. Therefore, the three fixed points should be close to each other, and no suppression of interaction is expected between fields that localize at different fixed points. Thus, there is no essential difference between the three 5^∗’s, and the quasi anarchy structure is still expected in the 5^∗’s.

As long as the SU(2)_{4+} family symmetry is unbroken, only one family of quarks and charged leptons acquire their masses:

W = y 10_310_3H(5) + y_i 5^∗_i · 10_3 · H̄(5^∗) i = 1, 2, 3. (10)

On the other hand, Majorana neutrino masses are allowed by the family symmetry for all three families : W = κ_{ij} M_R 5^∗_i H(5)5^∗_j H(5) i, j = 1, 2, 3. (11)

Coefficients y, y_i and κ_{ij} are expected to be of order 1. The above result explains why the masses are large for the quarks and charged leptons in the third family and why the mixings among families are large in the neutrino sector[1].

Now we have to introduce small breaking of the SU(2)_{4+} symmetry so that the the first and the second families of quarks and leptons are able to obtain their non-zero masses. Let us suppose that the SU(2)_{4+} breaking is implemented through two doublets,

ϕ^a = ( 0 ϵ ) ϕ̃^a = ( ϵ^′ ϵ^{′′} ) , (12)

where we assume ϵ^′, ϵ^{′′} <∼ O(ϵ). Then, the mass matrices are roughly given by

m_u ∼ ϵ^{′2} ϵϵ^′ ϵ^′ ϵϵ^′ ϵ^2 ϵ ϵ^′ ϵ 1 , m_{d,e} ∼ ϵ^′ ϵ 1 ϵ^′ ϵ 1 ϵ^′ ϵ 1 , m_ν ∼ 1 1 1 1 1 1 1 1 1 , (13)

which are obtained from additional superpotential,

W = 10_3(10 · Φ)H + (10 · Φ)(10 · Φ)H + y^′_i 5^∗_i · (10 · Φ) · H̄, (14)

where Φ represents ϕ and ϕ̃. In particular, the empirical relation m_s/m_b ∼ m_μ/m_τ ∼ ϵ, |V_{cb}| ∼ ϵ and m_c/m_t ∼ ϵ^2 is obtained. The bilarge mixing in the neutrino sector is also a preferable consequence of the anarchy structure of the 5^∗’s. If one assumes ϵ^′ ∼ ϵ^2, then the mass matrices are similar to that in the Froggatt-Nielsen framework[19], and their phenomenological success is discussed in various references[20, 21]. Note that we have neglected the effects of the GUT breaking. One can also understand the violation of the SU(5) GUT relation in the masses of the first and the second families, if one takes account of contributions that involve GUT breaking vacuum-expectation values.

3.2 Low-energy R symmetry

It is clear that the SO(2)_{45}×SU(2)_{4−} subgroup is not preserved in the orbifold projection conditions Eqs.(3-6). Only the SO(2)_{45} and the Cartan part U(1)_{4−} of the SU(2)_{4−} can be preserved. A suitable linear combination of these SO(2)_{45} and the U(1)_{4−} yields a U(1) R symmetry^8 which might be relevant in the low-energy physics. This U(1) R symmetry is specified so that the three families of 10’s have the same charge: 2/3. We assume that the other independent linear combination of the two U(1) symmetries is broken down (otherwise necessary Yukawa couplings would be forbidden). The charge assignment of the U(1) R symmetry is not determined for the three 5^∗’s or Higgs multiplets, since their origin is not clear. However, those charges are fixed by phenomenological requirements that the U(1) R symmetry allows up-type and down/charged-lepton-type Yukawa couplings and Majorana neutrino masses: that is, 1/3 for 5^∗, 2/3 for H(5) and 1 for H̄(5^∗). Then, as a consequence, the notorious dimension-four proton decay operators W = 5^∗ · 10 · 5^∗ and an enormous mass-term for the Higgs multiplets are forbidden^9.

Anisotropy of the orbifold geometry T^2/Z_3, however, might lead to further breaking of this low-energy R symmetry^{10}; only a discrete subgroup of the SO(2)_{45} symmetry is left unbroken. We show, in the following, that even if there are operators that violate continuous U(1) R symmetry due to this anisotropy, the U(1) R symmetry is preserved by^{11} mod charge 2. This is because when the 10’s transform as 10(θ) → e^{−iα2/3}10(e^{iα}θ), the U(1) R symmetry, diag(e^{iα/3}, e^{iα/3}, e^{−iα/3}, e^{−iα/3})·diag(e^{iα2/3}, e^{−iα2/3}, 1, 1) ∈ SO(2)_{45}× SU(2)_{4−} ⊂SU(4)_R, rotates the extra-dimensional space T^2 by (x_4 + ix_5) → e^{−iα2/3}(x_4 + ix_5); The orbifold geometry we consider has a discrete rotational symmetry by angle 2π/3, and this means that the R symmetry is preserved for α ∈ πZ. The R symmetry preserved by mod 2 is sufficient to forbid the dimension-four proton decay operators and the Higgs mass term, since the R charges of these operators are 4/3 ≠ 2 (mod 2) and 5/3 ≠ 2 (mod 2), respectively.

8Here, a term “R symmetry” is used in its narrow sense: a symmetry that rotates the Grassmann coordinates of the N =1 SUSY.

9 The color-triplet components of the H(5) and H̄(5^∗) can receive the GUT-breaking mass term keeping this U(1) R symmetry[22].

10 If the SU(2)_{4+} -symmetry breakings given in Eq.(12) were charged also under this symmetry, then, the symmetry would be broken further. However, we assume that the SU(2)_{4+} -symmetry breaking is not charged either under the SU(2)_{4−} or under the SO(2)_{45}. This assumption does not lead to any appearent contradicitions, since we do not know the origin of the breaking Eq.(12).

11 There are two ways in describing a discrete subgroup of a U(1) symmetry: one is the “Z_N subgroup” and the other is the “U(1) mod charge Q”. The former is used when one can take all U(1) charges to be integers, while the latter is used when there is a canonical normalization of the U(1) charges. N = Q when all charges are integers in their canonical normalization, but it is not always the case. In the present case, the U(1) R symmetry have a canonical normalization (i.e., the N =1 Grassmann coordinates have charge 1 and a superpotential has charge 2), and some fields have fractional charges in this normalization. Thus, we take the latter description “U(1) R symmetry mod charge Q” in the text. If one would rescale the R charges by multiplying 3 to make all the charges integral (then the superpotential has R charge 6), then “the U(1) R mod charge 2” could be referred to as “Z_6 R symmetry”. Proton decay operators 5^∗ · 10 · 5^∗ and 5^∗101010 have R charge 4 and 7, respectively, and the doublet-Higgs mass term 5 in this normalization.

Acknowledgments

We are very grateful to Martin Schmaltz for valuable comments. T.W. thank the Japan Society for the Promotion of Science for financial support. This work was partially supported by “Priority Area: Supersymmetry and Unified Theory of Elementary Particles (# 707)” (T.Y.).

A SUSY and R Symmetry in the Six-dimensional Spacetime

Chirality

Spinor representations of the SO(5,1) is 4_+ ⊕ 4_−. Both 4_+ and 4_− representations have four complex-valued components. These four-component spinors are regarded as Dirac spinors of the SO(3,1), or in other words, are comprised of (1/2,0)-representation (left-handed) and (0,1/2)-representation (right-handed) two-component Weyl spinors. Although 4_± representations are also sometimes referred to as left-handed and right-handed spinors, we do not use these terminologies in order not to make confusion with the same ‘left- and right-’ for spinors of SO(3,1).

Complex conjugate of the 4_+ spinor is isomorphic to itself, and so is the 4_−. That is,

4^∗_+ ≃ 4_+ 4^∗_− ≃ 4_−. (15)

This is in contrast to the fact that the complex conjugate of the (1/2,0)-representation is the (0,1/2)-representation and vice versa in the four-dimensional spacetime. Therefore, in the six-dimensional spacetime, spinor fields and their complex conjugates (in other words, fermionic states and their CPT conjugates) belong to the same spinor representation of the SO(5,1) (i.e., 4_+ or 4_−), that is, they have a definite chirality.

Mass partners of 4_+-spinor fields(states) are 4_− and vice versa. This is also in contrast with the fact that the mass partner of a (1/2,0)-spinor is again an (1/2,0)-spinor in the fourdimensional spacetime. In particular, box anomalies from a 4_−-state are opposite to those of a 4_+-state with otherwise the same representation.

SUSY and R symmetry

Each SUSY charge in the six-dimensional spacetime, which is a spinor of the SO(5,1), has definite chirality. This is why the SUSY of the six-dimensional field theory is characterized by a pair of non-negative integers (N_+, N_−); N_+ and N_− are the number of SUSY charges that transform as 4_+ and 4_−, respectively. In gauge theories with (0,1) SUSY, the SUSY charge and fermions in hyper multiplets are 4_−-spinors while the parameter of the SUSY transformation and fermions in vector multiplets are 4_+-spinors. In gauge theories with (1,1) SUSY there are SUSY charges in 4_+ and 4_−, transformation parameters in 4_− and 4_+, and gauge fermions in 4_− and 4_+. In particular, all box anomalies are canceled within a single vector multiplet in (1,1) SUSY gauge theories, since vector multiplets contain both 4_+ and 4_− gauge fermions.

One can think of an SU(2) transformation that exchanges a SUSY charge and its complex conjugate, since the complex conjugate belong to the same spinor representation as the original one^{12}. This internal symmetry that acts on SUSY charges is an R symmetry of the six-dimensional SUSY theories. There are two independent SU(2) transformations in the (1,1) SUSY theories; one (which we denote as SU(2)_{4+} ) acts on the SUSY charge in 4_+- spinor, and the other (SU(2)_{4−} ) on the SUSY charges in 4_−-spinor. Thus, the R symmetry of the (1,1) SUSY theories is SU(2)_{4−} × SU(2)_{4+} .

Kaluza-Klein reduction

Let us take a toroidal compactification and consider an effective theory of Kaluza-Klein zeromodes. (0,1) SUSY gauge theories become N =2 SUSY theories, since the SUSY charge Q^{(6)}_{4−} of six-dimensional theories consists of two independent SUSY charges Q^{(4)1}_α and Q^{(4)2}_α of four-dimensional theories. (1,1)-SUSY theories become N =4 SUSY theories with four SUSY charges Q^{(4)1···4}_α . Gauge fermions also decompose into four Weyl spinors χ_{α,1···4}; the 4_+ gauge fermion into the χ_{1,2} and the 4_− gauge fermion into the χ_{3,4}. The Q^{(4)1,2} and χ_{1,2} are doublets of the SU(2)_{4−} R symmetry, and Q^{(4)3,4} and χ_{3,4} are doublets of the SU(2)_{4+} .

Rotational symmetry of the two extra-dimensional space SO(2)_{45} that was originally a subgroup of the Lorentz symmetry SO(5,1) is now regarded as an internal symmetry. This SO(2)_{45} is also an R symmetry, since the SUSY charges transform non-trivially under the SO(5,1) and hence under the SO(2)_{45}.

It is useful to invoke SU(4) notation in summarizing relation between various R symmetries (SU(2)_{4−} ×SU(2)_{4+} and the SO(2)_{45}) and their action on various fields. SU(4) is the maximal R symmetry of the N =4 SUSY gauge theories on the four-dimensional spacetime and the above R symmetries are regarded as subgroups of the SU(4)_R symmetry. SUSY

12 For more detail, see section III and the appendix of [9].

generators Q^{(4)a}_α (a = 1, · · · , 4) are 4 of the SU(4)_R symmetry, SUSY transformation parameters and gauge fermions χ_{α,a} are 4^∗, and 4 × 4 2nd rank antisymmetric tensor (4^∗ ∧ 4^∗) φ_{ab} with a reality condition φ_{ab}ϵ^{abcd}/2 = φ^{∗ cd} are six scalars of the N =4 multiplet, among which φ_{12} ∝ (A_4 + iA_5), the two independent polarizations of the vector field in the extra two space directions. The SU(2)_{4−} ×SU(2)_{4+} R symmetry is included in the SU(4)_R as ( SU(2)_{4−} SU(2)_{4+} ) ⊂ SU(4)_R (16)

in the 4 × 4 fundamental representation. The SO(2)_{45} subgroup is included in the SU(4)_R as diag(e^{iα}, e^{iα}, e^{−iα}, e^{−iα}) ⊂ SU(4)_R, (17) which corresponds to the rotation of the 4-th and 5-th plane by

(x_4 + ix_5) → e^{−2iα}(x_4 + ix_5) (A_4 + iA_5) → e^{−2iα}(A_4 + iA_5). (18)

N =1 SUSY generated by Q^{(4)1} survives the orbifolding, as long as the SU(4)_R-twist (see the text) of the orbifold projection is included in the lower right SU(3) subgroup of the SU(4)_R. Under this N =1 SUSY, χ_1 is the gaugino, and the χ_2 is the SUSY partner of the φ_{12} ∝ (A_4 + iA_5). It will be clear that the SU(2)_{4+} now acts like an ordinary (non-R) symmetry in the four-dimensional effective theory with N =1 SUSY, since it keeps the χ_1 invariant.

References

[1] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81 (1998) 1158 [Erratum-ibid. 81 (1998) 4279] [arXiv:hep-ex/9805021];

S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 86 (2001) 5656 [arXiv:hep-ex/0103033];

Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81 (1998) 1562 [arXiv:hep-ex/9807003].

[2] L. J. Hall, H. Murayama and N. Weiner, Phys. Rev. Lett. 84 (2000) 2572 [arXiv:hepph/9911341].

[3] P. H. Frampton and T. W. Kephart, Phys. Rev. Lett. 50 (1983) 1343 [Erratum-ibid. 51 (1983) 232];

P. H. Frampton and T. W. Kephart, Phys. Rev. D 28 (1983) 1010.

[4] L. Alvarez-Gaume and E. Witten, Nucl. Phys. B 234 (1984) 269. [5] M. B. Green and J. H. Schwarz, Phys. Lett. B 149 (1984) 117. [6] A. Sagnotti, Phys. Lett. B 294 (1992) 196 [arXiv:hep-th/9210127]. [7] E. Kiritsis, Phys. Lett. B 178 (1986) 53;

M. Bershadsky and C. Vafa, arXiv:hep-th/9703167. [8] A. E. Djemai, Commun. Theor. Phys. 25 (1996) 299;

B. A. Dobrescu and E. Poppitz, Phys. Rev. Lett. 87 (2001) 031801 [arXiv:hepph/0102010].

[9] Y. Imamura, T. Watari and T. Yanagida, Phys. Rev. D 64 (2001) 065023 [arXiv:hepph/0103251].

[10] N. Borghini, Y. Gouverneur and M. H. Tytgat, Phys. Rev. D 65 (2002) 025017 [arXiv:hep-ph/0108094].

[11] L. J. Dixon, J. A. Harvey, C. Vafa and E. Witten, Nucl. Phys. B 274 (1986) 285. [12] P. Candelas, G. T. Horowitz, A. Strominger and E. Witten, Nucl. Phys. B 258 (1985) 46. [13] M. Dine, N. Seiberg and E. Witten, Nucl. Phys. B 289 (1987) 589. [14] W. Buchmuller, S. T. Love, R. D. Peccei and T. Yanagida, Phys. Lett. B 115 (1982) 233.

[15] T. Kugo and T. Yanagida, Phys. Lett. B 134 (1984) 313.

[16] J. Lykken, E. Poppitz and S. P. Trivedi, Nucl. Phys. B 543 (1999) 105 [arXiv:hepth/9806080].

[17] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B 516 (2001) 395 [arXiv:hepth/0103135].

[18] T. Yanagida, in Proc. Workshop on the unified theory and the baryon number in the universe, (Tsukuba, 1979), eds. O. Sawada and S. Sugamoto, Report KEK-79-18 (1979); M. Gell-mann, P. Ramond and R. Slansky, in “Supergravity” (North-Holland, Amsterdam,1979) eds. D.Z. Freedman and P. van Nieuwenhuizen.

[19] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147 (1979) 277. [20] J. Sato and T. Yanagida, Nucl. Phys. Proc. Suppl. 77 (1999) 293 [arXiv:hepph/9809307];

P. Ramond, Nucl. Phys. Proc. Suppl. 77 (1999) 3 [arXiv:hep-ph/9809401]; W. Buchmuller and T. Yanagida, Phys. Lett. B 445 (1999) 399 [arXiv:hep-ph/9810308] and references therein.

[21] N. Haba and H. Murayama, Phys. Rev. D 63 (2001) 053010 [arXiv:hep-ph/0009174]. [22] K. I. Izawa and T. Yanagida, Prog. Theor. Phys. 97 (1997) 913 [arXiv:hep-ph/9703350].

3 3 3 2 2 1 1 3 3 3 2 2 1 1 3 3 2

Figure 1: A picture of the T^2/Z_3 ⟨σ⟩ geometry is given. Unit cell of the T^2 torus is described by parallel lines and three fixed points labeled by 1,2,3 are given on it. One can see that all three fixed points are equivalent to each other.