arXiv:hep-ph/0503029 v2 2 May 2005

KIAS-P05020 KUNS-1957

Lepton masses and mixing angles from heterotic orbifold models

Pyungwon Ko^1, Tatsuo Kobayashi^2 and Jae-hyeon Park^3

1,3School of Physics, KIAS, Cheongnyangni-dong, Seoul, 130–722 Korea 2Department of Physics, Kyoto University, Kyoto 606-8502, Japan

Abstract

We systematically study the possibility for realizing realistic values of lepton mass ratios and mixing angles by using only renormalizable Yukawa couplings derived from the heterotic Z_6-I orbifold. We assume one pair of up and down sector Higgs fields. We consider both the Dirac neutrino mass scenario and the seesaw scenario with degenerate right-handed majorana neutrino masses. It is found that realistic values of the charged lepton mass ratios, m_e/m_τ and m_μ/m_τ , the neutrino mass squared difference ratio, Δm^2_{31}/Δm^2_1, and the lepton mixing angles can be obtained in certain cases.

1E-mail address: pko@muon.kaist.ac.kr 2E-mail address: kobayash@gauge.scphys.kyoto-u.ac.jp 3E-mail address: jhpark@kias.re.kr

1 Introduction

Understanding the origin of fermion masses and mixing angles is one of the most important issues in particle physics. Quark masses and mixing angles, and charged lepton masses are well known. They have hierarchical structures. Recently, neutrino oscillation experiments have provided us with information about neutrino mass squared differences and mixing angles [1]. Two of these mixing angles are large in contrast to the small quark mixing angles. Within the framework of the standard model and its extensions, a fermion acquires its mass from the Yukawa coupling with the electroweak Higgs fields. For right-handed neutrinos, majorana masses are additional sources of masses and mixing angles. Thus, it is important to study Yukawa couplings and right-handed majorana neutrino masses derived from an underlying theory.

Superstring theory is a promising candidate for a unified theory including gravity. For consistency, superstring theory requires 10D space-time. That is, it predicts 6D extra space other than our 4D space-time, and such a space must be compact. This 6D compact space is very important from the viewpoint of string phenomenology. In general, it is an origin of fermion flavor structure. That is, the flavor structure derived from a string model depends on the geometrical aspects of the 6D compact space, and in principle one can calculate Yukawa couplings for a given compact space with known geometry. Geometrical aspects of the 6D compact space also provide us with selection rules for allowed Yukawa couplings. In several cases, such selection rules are so severe that off-diagonal Yukawa couplings are not allowed for one Higgs field, because different families are discriminated by quantum numbers, which originate from geometrical aspects of the 6D compact space.

Among several types of string models, heterotic orbifold models [2] and intersecting D-brane models are particularly interesting,^4 to realize realistic Yukawa couplings. They have localized modes in the 6D compact space, and their Yukawa couplings can be calculated [4, 5, 6, 7], because their 6D geometry is not complicated.^5 Indeed, a Yukawa coupling among localized modes has a suppression factor depending on their distances [4, 5, 11, 6, 7]. That can explain suppressed Yukawa couplings. Therefore, it is very important to study possibilities for deriving realistic fermion masses and mixing angles from heterotic orbifold models and intersecting D-brane models. The number

4See for a review of intersecting D-brane models, e.g. Ref. [3] and references therein. 5See for calculations of Yukawa couplings in intersecting D-brane models Refs. [8, 9, 10].

of 6D Z_N orbifolds [2, 12, 13] and Z_N × Z_M orbifolds [14], especially with 4D N = 1 supersymmetry, is finite, i.e. Z_3, Z_4, Z_6-I, Z_6-II, Z_7, Z_8-I, Z_8-II, Z_{12}-I, Z_{12}-II, and Z_N ×Z_M for (N, M) = (2, 2), (2, 3), (2, 4), (2, 6), (3, 3), (3, 6), (4, 4), (6, 6). (See Refs. [15] for examples of explicit models, and Refs. [16, 17, 18, 19] for recent model buildings.) In particular, non-prime order orbifolds would be interesting, because they allow off-diagonal couplings [20, 21]. On each orbifold, all the fixed points are known, where light modes can be localized. Thus, a systematical analysis on Yukawa matrices, which can be derived from heterotic orbifold models, would be possible, while the number of intersecting D-brane configurations seems to be infinity. Indeed, such studies have been done for the quark sector [22, 23]. In particular, in Ref. [23] possibilities for leading to the realistic mixing angle V_{cb} and mass ratios m_c/m_t and m_s/m_b from the Z_6-I orbifold have been shown in the case with the minimal number of Higgs fields.

However, such a study considering mixing angles has not been done for the lepton sector. In this paper, we study lepton mass ratios and mixing angles derived from the Z_6-I orbifold. Commonly, the smallness of neutrino masses is explained in two ways. One is the Dirac neutrino mass scenario, that is, Yukawa couplings between neutrino and Higgs fields are strongly suppressed for some reason. Since a Yukawa coupling is suppressed depending on the size of extra dimensional space in an heterotic orbifold model, strongly suppressed Yukawa couplings can be obtained in the case that an extra dimensional space is large compared with the string scale. The other is the seesaw scenario [24], which requires right-handed majorana neutrino masses at the intermediate scale between the weak scale and the Planck scale.^6 Within the framework of string theory, the natural mass scale is just the string scale, and such an intermediate mass scale should be obtained through vacuum expectation values (VEVs) of some scalar fields. However, that is quite model-dependent. Here we study both the Dirac scenario and the seesaw scenario, and for the latter case we assume the right-handed majorana neutrino mass matrix to be proportional to the identity matrix with a universal mass scale. With this, we consider all of the possible assignments of leptons to fixed points, examine Yukawa terms allowed by the selection rule and calculate their Yukawa matrices varying orbifold moduli parameters. In practice, the number of relevant moduli parameters is two in our models.

6In Ref. [25], realization of the minimal seesaw mechanism has been examined in explicit Z_3 orbifold models, and its difficulty has been shown.

Then we try to fit the Yukawa matrices by these two moduli parameters in order to get realistic values of six observables, that is, lepton mass ratios and mixing angles.

This paper is organized as follows. In section 2, we give a brief review on fixed points on the Z_6-I orbifold and the corresponding twisted states. Also, their selection rules for allowed Yukawa couplings and the strength of Yukawa couplings are reviewed. In section 3, we study systematically the possibility for realizing realistic lepton masses and mixing angles by using only renormalizable Yukawa couplings derived from Z_6-I orbifold models. We assume one pair of up and down sector Higgs fields. We consider the Dirac neutrino mass scenario in section 3.1. In section 3.2, we perform the same analysis for the seesaw scenario. Section 4 is devoted to conclusion and discussions.

2 Orbifold models and selection rule

Here we give a brief review on heterotic orbifold models, that is, the structure of fixed points on orbifolds, the selection rule for allowed Yukawa couplings and their Yukawa coupling strength. In particular, we concentrate our attention on Z_6-I orbifold models. (See for details of generic Z_N orbifolds Refs. [20, 21].)

2.1 Fixed points and twisted sectors

An orbifold is defined as a division of a torus by a discrete rotation, i.e., a twist θ. The 6D Z_6-I orbifold is obtained by dividing T^6 by the twist θ, whose eigenvalues are diag(e^{2πi/6}, e^{2πi/6}, e^{2πi/3}), that is, a direct product of two 2D Z_6 orbifolds and a 2D Z_3 orbifold. The 2D Z_6 orbifold is obtained e.g. through dividing R^2 by the G_2 lattice and its automorphism, that is, the Coxeter element of G_2 algebra, which transforms the G_2 simple roots e_1 and e_2, θe_1 → −e_1 − e_2, θe_2 → 3e_1 + 2e_2, (1)

i.e., the Z_6 twist. Similarly, we can obtain the 2D Z_3 orbifold by dividing R^2 by the SU(3) root lattice and its Coxeter element, which transforms the SU(3) simple roots e_5 and e_6,

θe_5 → e_6, θe_6 → −e_5 − e_6, (2) that is, the Z_3 rotation.

There are two types of closed strings on an orbifold. One is the untwisted string, which is already closed on a torus before orbifold twisting. The other is the twisted string, which is a localized mode we are interested in. A twisted string has the following boundary condition,

X^i(σ = 2π) = (θ^kX)^i(σ = 0) + v^i, (3)

where the shift vector v^i is on the torus lattice Λ. That is, the center of mass of a θ^k twisted string is localized at a fixed point f, which is defined as

f^i = (θ^kf)^i + v^i. (4)

The fixed point f is represented by the corresponding space group element (θ^k, v^i). The fixed points, which differ by lattice vectors, correspond to equivalent fixed points. That implies that (θ^k, v^i) is equivalent to (θ^k, v^i + (1 − θ^k)Λ). Hereafter the θ^k -twisted sector is denoted by T̂_k.

The 2D Z_3 orbifold has the following three fixed points under θ,

g^{(0)}_{Z3,1} = (0, 0), g^{(1)}_{Z3,1} = (2/3, 1/3), g^{(2)}_{Z3,1}(1/3, 2/3), (5)

in the SU(3) simple root basis, and each of these is represented by the space group element as g^{(n)}_{Z3,1} : (θ, ne^1), (6) where n = 0, 1, 2, up to (1 − θ)Λ_{SU (3)}. The corresponding twisted ground states are denoted by |g^{(n)}_{Z3,1}⟩ with n = 0, 1, 2.

Similarly, we can obtain fixed points on the 2D Z_6 orbifold. The θ twisted sector on the 2D Z_6 orbifold has only one fixed point,

g^{(0)}_{Z6 ,1} = (0, 0), (7)

in the G_2 simple root basis. The θ^2 twisted sector has three fixed points,

g^{(0)}_{Z6 ,2} = (0, 0), g^{(1)}_{Z6,2} = (0, 1/3), g^{(2)}_{Z6 ,2} = (0, 2/3). (8)

Note that these fixed points are defined up to the G_2 lattice. For example, one can use the fixed point g^{(2)}_{Z6,2} = (1, 2/3), which is equivalent to (0, 2/3). The corresponding three twisted ground states are denoted by |g^{(i)}_{Z6,2}⟩. However, not all of the three points g^{(i)}_{Z6 ,2} are fixed points of θ. While g^{(0)}_{Z6,2} is also a fixed point of the twist θ, the other two fixed points g^{(1)}_{Z6 ,2} and g^{(2)}_{Z6 ,2} are transformed to each other by θ. Since physical states are constructed as θ-eigenstates, we take linear combinations of states corresponding to g^{(1)}_{Z6,2} and g^{(2)}_{Z6 ,2} as [26, 20]

|g^{(1)}_{Z6 ,2}; ±1⟩ ≡ 1 √ 2 ( |g^{(1)}_{Z6,2}⟩ ± |g^{(2)}_{Z6 ,2}⟩ ) , (9)

with the eigenvalues γ = ±1, while the state |g^{(0)}_{Z6 ,2}⟩ corresponding to the fixed point g^{(0)}_{Z6 ,2} is by itself a θ-eigenstate.

The θ^3 twisted sector has four fixed points,

g^{(0)}_{Z6 ,3} = (0, 0), g^{(1)}_{Z6,3} = (0, 1/2),

g^{(2)}_{Z6 ,3} = (1/2, 0), g^{(3)}_{Z6 ,3} = (1/2, 1/2). (10)

Recall that these fixed points are defined up to the G_2 lattice. For instance, the fixed point g^{(1)}_{Z6 ,3} = (1, 1/2) is equivalent to (0, 1/2). Not all of the four points are fixed points of the twist θ. The θ-eigenstates for each G_2 part are obtained as

|g^{(0)}_{Z6 ,3}⟩, |g^{(1)}_{Z6 ,3}; γ⟩ ≡ 1 √ 3 ( |g^{(1)}_{Z6,3}⟩ + γ|g^{(2)}_{Z6,3}⟩ + γ^2|g^{(3)}_{Z6,3}⟩ ) , (11)

where γ = 1, ω, ω^2 with ω = e^{2πi/3}.

A fixed point on the 6D Z_6-I orbifold is obtained as a direct product of three fixed points, each coming from one of the two 2D Z_6 orbifolds and the 2D Z_3 orbifold. The corresponding twisted ground state is obtained in the same manner. The θ twisted sector has the following ground states,

|g^{(0)}_{Z6,1}⟩ ⊗ |g^{(0)}_{Z6,1}⟩ ⊗ |g^{(i)}_{Z3,1}⟩, (12)

for i = 0, 1, 2. The θ^2 twisted sector has the following ground states, |g^{(0)}_{Z6,2}⟩ ⊗ |g^{(0)}_{Z6,2}⟩ ⊗ |g^{(j)}_{Z3,2}⟩, |g^{(1)}_{Z6,2}; γ⟩ ⊗ |g^{(0)}_{Z6,2}⟩ ⊗ |g^{(j)}_{Z3,2}⟩, |g^{(0)}_{Z6,2}⟩ ⊗ |g^{(1)}_{Z6,2}; γ^′⟩ ⊗ |g^{(j)}_{Z3 ,2}⟩, (13)

|g^{(1)}_{Z6,2}; γ⟩ ⊗ |g^{(1)}_{Z6,2}; γ^′⟩ ⊗ |g^{(j)}_{Z3 ,2}⟩, for γ, γ^′ = ±1 and j = 0, 1, 2. The θ^3 twisted sector has the following ground states, |g^{(0)}_{Z6,3}⟩ ⊗ |g^{(0)}_{Z6,3}⟩, |g^{(1)}_{Z6,3}; γ⟩ ⊗ |g^{(0)}_{Z6,3}⟩, |g^{(0)}_{Z6,3}⟩ ⊗ |g^{(1)}_{Z6,3}; γ^′⟩, (14)

|g^{(1)}_{Z6,3}; γ⟩ ⊗ |g^{(1)}_{Z6,3}; γ^′⟩,

where γ, γ^′ = 1, ω, ω^2.

2.2 Selection rule

Here we give a brief review on the selection rule for Yukawa couplings in orbifold models. (See for their details Refs. [20, 21].) The fixed point f of the θ^k twisted sector is denoted by its space group element, (θ^k , (1−θ^k)f), as said in the previous subsection. Thus, the three states corresponding to the three fixed points (θ^{ki} , (1 − θ^{ki} )f_i) for i = 1, 2, 3 can couple if the product of their space group elements ∏ i(θ^{ki} , (1 − θ^{ki} )f_i) is equivalent to identity. That implies the space group selection rule for allowed Yukawa couplings requires [4] ∏ i ( θ^{ki} , (1 − θ^{ki} )(f_i + Λ) ) = (1, 0), (15)

because the fixed point (θ^k, (1 − θ^k )f) is equivalent to (θ^k, (1 − θ^k)(f + Λ)). This space group selection rule includes the point group selection rule, that is, the product of twists must be identity, ∏ i θ^{ki} = 1. In Z_6-I orbifold models, the point group selection rule and H-momentum conservation [27] allow only the following couplings [26],

T̂_1T̂_2T̂_3, T̂_2T̂_2T̂_2. (16)

The space group selection rule for the 2D Z_3 orbifold is simple. For a T̂_2T̂_2T̂_2 coupling, three states corresponding to fixed points g^{(i1 )}_{Z3 ,2}, g^{(i2)}_{Z3,2} and

g^{(i3)}_{Z3,2}, can couple when the following equation is satisfied,

i_1 + i_2 + i_3 = 0 (mod 3). (17)

Also, for a T̂_1T̂_2T̂_3 coupling, three states can couple when the fixed point of T̂_1 is the same as that of T̂_2. Thus, the space group selection rule of the 2D

Z_3 part allows only diagonal couplings, that is, this part is not relevant to our purpose of deriving realistic Yukawa matrices with non-vanishing mixing angles in the case with the minimal number of Higgs fields. For a while, we will assume that all relevant states correspond to the same fixed point on the 2D Z_3 orbifold. There is another possibility for a T̂_2T̂_2T̂_2 coupling, that is, the three states correspond to different fixed points on the 2D Z_3 orbifold, and in this case, we have a suppressed Yukawa coupling depending on the volume of the 2D Z_3 orbifold. We will give a comment on it later.

We can discuss the space group selection rule for the 2D Z_6 part. For T̂_2T̂_2T̂_2 couplings, the space group selection rule on the 2D Z_6 orbifold is exactly the same as that on the 2D Z_3 orbifold, i.e. eq.(17), when we consider the basis of twisted states corresponding directly to fixed points. However, in Z_6-I orbifold models, we take linear combinations as in Eq. (9). The space group selection rule for T̂_1T̂_2T̂_3 couplings is non-trivial. All couplings on the 2D Z_6 orbifold are allowed by the space group selection rule, because (1 − θ)Λ = Λ. Thus, off-diagonal couplings are allowed for T̂_1T̂_2T̂_3 couplings in the 2D Z_6 orbifold part. Furthermore, the selection rule requires that the product of θ-eigenvalues of the coupling states must be equal to identity, that is, ∏ γ = 1. Therefore, the twisted states, which are relevant to our purpose, are the single T̂_1 state, |g^{(0)}_{Z6,1}⟩ ⊗ |g^{(0)}_{Z6,1}⟩, (18)

and the five T̂_2 states,

T̂^{(1)}_2 ≡ |g^{(0)}_{Z6,2}⟩ ⊗ |g^{(0)}_{Z6,2}⟩,

T̂^{(2)}_2 ≡ |g^{(0)}_{Z6,2}⟩ ⊗ |g^{(1)}_{Z6,2}; +1⟩,

T̂^{(3)}_2 ≡ |g^{(1)}_{Z6,2}; +1⟩ ⊗ |g^{(0)}_{Z6,2}⟩, (19)

T̂^{(4,γ)}_2 ≡ |g^{(1)}_{Z6,2}; γ⟩ ⊗ |g^{(1)}_{Z6,2}; γ^{−1}⟩,

where γ = ±1, and the six T̂_3 states,

T̂^{(1)}_3 ≡ |g^{(0)}_{Z6,3}⟩ ⊗ |g^{(0)}_{Z6,3}⟩,

T̂^{(2)}_3 ≡ |g^{(0)}_{Z6,3}⟩ ⊗ |g^{(1)}_{Z6,3}; +1⟩,

T̂^{(3)}_3 ≡ |g^{(1)}_{Z6,3}; +1⟩ ⊗ |g^{(0)}_{Z6,3}⟩, (20)

T̂^{(4,γ)}_3 ≡ |g^{(1)}_{Z6,3}; γ⟩ ⊗ |g^{(1)}_{Z6,3}; γ^{−1}⟩, where γ = 1, ω, ω^2. We have omitted the index for the fixed point on the 2D Z_3 orbifold, because we assume all states sit on the same fixed point on the 2D Z_3 orbifold for the moment.

2.3 Yukawa couplings

The strength of a Yukawa coupling has been calculated by use of 2D conformal field theory. It depends on distances between fixed points. The Yukawa coupling strength of the T̂_1T̂_2T̂_3 coupling in Z_6-I orbifold models is obtained for the G_2 × G_2 part as [4, 5, 6, 21] Y = ∑ f_{23}=f_2 −f_3+Λ

exp[− √ 3 4π f^T_{23}Mf_{23}], (21)

up to an overall normalization factor, where

M = R^2_1 −^3_2 R^2_1 0 0 −^3_2 R^2_1 3R^2_1 0 0 0 0 R^2 −^3_2 R^2 0 0 −^3_2 R^2 3R^2 , (22)

in the G_2 × G_2 root basis. Here, f_2 and f_3 denote fixed points of the T̂_2 and T̂_3 sectors, respectively, and R_i corresponds to the radius of the i-th torus, which can be written as the real part of the i-th Kähler modulus T_i up to a constant factor. Here we follow Ref. [21] for the normalization of R_i. (See Ref. [28] for the normalization of the moduli such that the transformation T_ℓ → T_ℓ +i is a symmetry.) The imaginary parts of T_i also contribute to mass matrices, i.e., eigenvalues, mixing angles and CP violating phases. However, here we consider only the real parts R_i for simplicity. Since the states with fixed points in the same conjugacy class contribute to the Yukawa coupling, we take summation of these contributions in eq. (21). However, the states corresponding to the nearest fixed points (f_2, f_3) contribute dominantly to the Yukawa coupling for a large value of R_i. Hence, we calculate Yukawa couplings only by the contribution due to the nearest fixed points (f_2, f_3). Indeed such an approximation is valid when R_i is sufficiently large as in the cases we will study in the following sections.

Similarly, the strength of T̂_2T̂_2T̂_2 Yukawa couplings is obtained in the basis of twisted states corresponding directly to fixed points as Y = ∑ f_{23} =f_2 −f_3+Λ

exp[− √ 3 16π f^T_{23}Mf_{23}], (23)

where M is the same matrix as Eq.(22). Here, f_2 and f_3 denote two of the three fixed points in the T̂_2 sector. Recall that when we choose two states, the other state, which is allowed to couple, is uniquely fixed in the basis of states corresponding directly to fixed points.

Here, we give a comment on the Kähler metric. For a given k, the θ^k twisted states have the same Kähler metric, even if they correspond to different fixed points. Thus, the Kähler metric is irrelevant to mass ratios or mixing angles when the three families of leptons with the same SU(3) × SU(2) × U(1)_Y quantum numbers are assigned to states in a single T̂_k sector. Indeed this type of assignment is required by the point group selection rule in order that non-vanishing mixing angles can be realized.

3 Lepton masses and mixing angles

Here we systematically study the possibility for deriving realistic lepton masses and mixing angles by use of twisted states, their selection rules and the Yukawa couplings, which are shown in the previous section. We assume that we obtain the standard gauge group SU(3) × SU(2) × U(1)_Y and three families of leptons in a Z_6-I orbifold model. Indeed it is quite a nontrivial issue to construct a realistic model including the gauge group SU(3)×SU(2)×U(1)_Y and three families of quarks and leptons, but here we just assume them, because our purpose is not to construct an explicit model, but to show the possibility for leading to realistic mixing angles and mass ratios. We also assume one pair of up and down Higgs fields.

Charged lepton masses are well known and shown in Table 1 [29]. The table also shows the neutrino mass squared differences and mixing angles, which are consistent with recent experiments on neutrino oscillations [1].

3.1 Dirac neutrino mass scenario

First we consider the Dirac neutrino mass scenario. The relevant terms in the superpotential are

W ⊃ H_uL_i(Y_ν )_{ij} N_j − H_dL_i(Y_e)_{ij} e^c_j , (24)

Parameter Experimental value m_e (0.51099892 ± 0.00000004) MeV m_μ (105.658369 ± 0.000009) MeV m_τ (1776.99 ± 0.275) MeV Δm^2_1 (8.1 ± 0.3) × 10^{−5} eV^2 Δm^2_{31} (2.2 ± 0.3) × 10^{−3} eV^2 sin^2 θ_{12} 0.30 ± 0.025 sin^2 θ_{23} 0.50 ± 0.065 sin^2 θ_{13} ≤ 0.014

Table 1: Experimental values of lepton masses and mixing angles.

where H_u and H_d are the up- and down-sector Higgs fields, L_i are the SU(2) doublet leptons, N_i are the gauge singlet neutrinos, and e^c_i are the SU(2) singlet charged leptons. After replacing the Higgs fields with their VEVs, v_u and v_d, leptons gain the mass terms,

W ⊃ −ν_i(m_D)_{ij} N_j − e_i(m_e)_{ij} e^c_j, (25)

where (ν_i, e_i) = L_i, (m_D)_{ij} = (v_uY_ν )_{ij} , and (m_e)_{ij} = (v_dY_e)_{ij} . The mass matrices can be diagonalized as

m_D = U_ν m^{diag}_D V^†_ν , m_e = U_em^{diag}_e V^†_e . (26)

In terms of these unitary matrices, the lepton mixing matrix is defined as

U_{MNS} ≡ U^T_e U^∗_ν . (27)

We consider all possible assignments of L_i, N_i, e^c_i and H_{u,d} to the twisted states shown in the previous section. The point group selection rule implies that we can obtain non-vanishing mixing angles only when each species of L_i, N_i, and e^c_i , belongs to the same twisted sector. The T̂_1 sector has a single state for the T^2/Z_6 × T^2/Z_6 part. Hence, we have to assign L_i, N_i and e^c_i to T̂_2 or T̂_3 to obtain non-vanishing mixing angles, while the Higgs fields can be assigned to T̂_1. Therefore, there are five classes of assignments, which are shown in Table 2. For each of possible assignments, we examine the selection rule for allowed Yukawa couplings and calculate Yukawa couplings as functions of R_1 and R_2. Then, varying these two parameters R_1 and R_2, we try to fit the charged lepton mass ratios m_e/m_τ and m_μ/m_τ , and the

Class L N e^c H_u H_d Assignment 1 T̂_2 T̂_3 T̂_3 T̂_1 T̂_1 Assignment 2 T̂_3 T̂_2 T̂_2 T̂_1 T̂_1 Assignment 3 T̂_2 T̂_3 T̂_2 T̂_1 T̂_2 Assignment 4 T̂_2 T̂_2 T̂_3 T̂_2 T̂_1 Assignment 5 T̂_2 T̂_2 T̂_2 T̂_2 T̂_2

Table 2: Five classes of assignments

ratio of neutrino mass squared difference Δm^2_{31}/Δm^2_1 and mixing angles θ_{12}, θ_{23}, θ_{13}. For the ease of presentation, we display the ratios of experimental values, which can be immediately obtained from Table 1.

(m_e/m_τ , m_μ/m_τ ) = (0.000288, 0.0595), (28) Δm^2_{31}/Δm^2_1 = 27. (29)

In particular, we are interested in deriving their orders, but not precise values, because those values are obtained at the string scale. However, it is quite non-trivial to fit these six observables, m_e/m_τ , m_μ/m_τ , Δm^2_{31}/Δm^2_1 sin^2 θ_{12}, sin^2 θ_{23}, sin^2 θ_{13}, only by two parameters, R_1 and R_2. It may be most important to realize the mass ratios of charged leptons m_e/m_τ and m_μ/m_τ , because their values are measured very precisely by experiments. Hence, the two parameters, R_1 and R_2, are almost fixed in order to fit m_e/m_τ and m_μ/m_τ . In all the five classes of assignments, we can find cases that fit the charged lepton mass ratios, but not in all of them can we fit the neutrino oscillation data because mass matrix patterns are limited.

We show our results in what follows.

Assignment 1 In this class of assignments, we can fit only the mass ratios m_e/m_τ and m_μ/m_τ properly. For example, we take (R^2_1, R^2) = (26, 33) in the following assignment,

(L_1, L_2, L_3) = (T̂^{(1)}_2 , T̂^{(2)}_2 , T̂^{(4,1)}_2 ), (N_1, N_2, N_3) = (T̂^{(1)}_3 , T̂^{(2)}_3 , T̂^{(3)}_3 ), (e^c_1, e^c_2, e^c_3) = (T̂^{(1)}_3 , T̂^{(2)}_3 , T̂^{(4,1)}_3 ), (H_u, H_d) = (T̂_1, T̂_1). (30)

Then, we can realize the experimental values of m_e/m_τ and m_μ/m_τ . However, the neutrino oscillation data cannot be well accommodated. In this particular assignment, we obtain Δm^2_{31} Δm^2_1

= 110, sin^2 θ_{12} = 5 × 10^{−5},

sin^2 θ_{23} = 6 × 10^{−3}, sin^2 θ_{13} = 6 × 10^{−11}. (31)

Thus, the mass squared difference ratio Δm^2_{31}/Δm^2_1 is large, and what is worse is that the mixing angles θ_{12} and θ_{23} are too small. This is the character of this class of assignments. Namely, we can fit the charged lepton mass ratios m_e/m_τ and m_μ/m_τ , but the mixing angles are too small except the trivial cases. This character is shown in Table 3. Here and hereafter, by a trivial result we mean that at least one of charged leptons is massless, charged leptons or neutrinos have degenerate masses, or the mixing matrix is trivially the identity matrix.

Assignment 2 In this class of assignments, we can fit only the mass ratios m_e/m_τ and m_μ/m_τ properly. For example, we take (R^2_1, R^2) = (21, 26) in the following assignment,

(L_1, L_2, L_3) = (T̂^{(1)}_3 , T̂^{(2)}_3 , T̂^{(3)}_3 ), (N_1, N_2, N_3) = (T̂^{(1)}_2 , T̂^{(2)}_2 , T̂^{(4,1)}_2 ), (e^c_1, e^c_2, e^c_3) = (T̂^{(1)}_2 , T̂^{(3)}_2 , T̂^{(4,1)}_2 ), (H_u, H_d) = (T̂_1, T̂_1). (32)

Then, we can realize the proper mass ratios m_e/m_τ and m_μ/m_τ . The neutrino masses and mixing angles are not so satisfactory, however. We obtain Δm^2_{31} Δm^2_1

= 150, sin^2 θ_{12} = 4 × 10^{−7},

sin^2 θ_{23} = 2 × 10^{−3}, sin^2 θ_{13} = 9 × 10^{−8}. (33)

Thus, the mass squared difference ratio Δm^2_{31}/Δm^2_1 is large, and the mixing angles θ_{12} and θ_{23} are too small. That is the character of this class of assignments. Namely, we can fit the charged lepton mass ratios m_e/m_τ and m_μ/m_τ , but the mixing angles are too small except the trivial cases. This character is shown in Table 3.

Assignment 3 In this class of assignments, we can fit only m_e/m_τ , m_μ/m_τ , and Δm^2_{31}/Δm^2_1 properly. For example, we take (R^2_1, R^2) = (205, 481) in the following assignment,

(L_1, L_2, L_3) = (T̂^{(2)}_2 , T̂^{(3)}_2 , T̂^{(4,1)}_2 ), (N_1, N_2, N_3) = (T̂^{(1)}_3 , T̂^{(2)}_3 , T̂^{(4,1)}_3 ),

(e^c_1, e^c_2, e^c_3) = (T̂^{(1)}_2 , T̂^{(3)}_2 , T̂^{(4,1)}_2 ), (H_u, H_d) = (T̂_1, T̂^{(2)}_2 ). (34)

Then, we can realize the proper mass ratios m_e/m_τ and m_μ/m_τ . On the other hand, we obtain

Δm^2_{31} Δm^2_1

= 19, sin^2 θ_{12} = 3 × 10^{−4},

sin^2 θ_{23} = 1.0, sin^2 θ_{13} = 3 × 10^{−10}. (35)

Thus, the mass squared difference ratio Δm^2_{31}/Δm^2_1 is compatible with the data, but the mixing angle θ_{12} (θ_{23}) is too small (too big). The sizes of sin^2 θ_{12,23,13} vary from case to case, but they turn out to be either too big ≳ 0.9 or too small ≲ 0.1 in most cases. Sometimes they are 0.3 or 0.5, but no case leads to the right values of the three mixing angles at the same time. That is the character of this class of assignments. Namely, we can fit the charged lepton mass ratios m_e/m_τ and m_μ/m_τ , and the neutrino mass squared difference ratio, Δm^2_{31}/Δm^2_1, but the mixing angles are either too big or too small. This character is shown in Table 3.

Assignment 4 In this class of assignments, we can fit the neutrino oscillation data as well as the mass ratios m_e/m_τ and m_μ/m_τ . For example, we take (R^2_1, R^2) = (26, 21) in the following assignment,

(L_1, L_2, L_3) = (T̂^{(2)}_2 , T̂^{(3)}_2 , T̂^{(4,−1)}_2 ), (N_1, N_2, N_3) = (T̂^{(2)}_2 , T̂^{(4,1)}_2 , T̂^{(4,−1)}_2 ), (e^c_1, e^c_2, e^c_3) = (T̂^{(1)}_3 , T̂^{(2)}_3 , T̂^{(4,1)}_3 ), (H_u, H_d) = (T̂^{(2)}_2 , T̂_1). (36)

Then, we can realize the experimental values of m_e/m_τ and m_μ/m_τ . Moreover, in this assignment we obtain

Δm^2_{31} Δm^2_1

= 14, sin^2 θ_{12} = 0.38,

sin^2 θ_{23} = 0.70, sin^2 θ_{13} = 6.3 × 10^{−6}. (37)

Thus, this assignment can realize orders of six observables only by two parameters. Almost the same result can be derived from the following assignment,

(L_1, L_2, L_3) = (T̂^{(2)}_2 , T̂^{(3)}_2 , T̂^{(4,−1)}_2 ), (N_1, N_2, N_3) = (T̂^{(2)}_2 , T̂^{(4,1)}_2 , T̂^{(4,−1)}_2 ), (e^c_1, e^c_2, e^c_3) = (T̂^{(2)}_3 , T̂^{(3)}_3 , T̂^{(4,1)}_3 ), (H_u, H_d) = (T̂^{(2)}_2 , T̂_1). (38)

There are also several other assignments leading to similar results with smaller values of Δm^2_{31}/Δm^2_1 in the range of 1 < Δm^2_{31} Δm^2_1

< 14. (39)

In Table 3, the best fitting result is shown.

Assignment 5 In this class of assignments, we can fit only m_e/m_τ , m_μ/m_τ , and Δm^2_{31}/Δm^2_1 properly. For example, we take (R^2_1, R^2) = (243, 419) in the following assignment,

(L_1, L_2, L_3) = (T̂^{(1)}_2 , T̂^{(2)}_2 , T̂^{(4)}_2 ), (N_1, N_2, N_3) = (T̂^{(1)}_2 , T̂^{(3)}_2 , T̂^{(4,1)}_2 ), (e^c_1, e^c_2, e^c_3) = (T̂^{(2)}_2 , T̂^{(3)}_2 , T̂^{(4,1)}_2 ), (H_u, H_d) = (T̂^{(2)}_2 , T̂^{(4,1)}_2 ). (40)

Then, we can realize the proper mass ratios m_e/m_τ and m_μ/m_τ . On the other hand, we obtain

Δm^2_{31} Δm^2_1

= 28, sin^2 θ_{12} = 1 × 10^{−3},

sin^2 θ_{23} = 0.06, sin^2 θ_{13} = 3 × 10^{−14}. (41)

Thus, the mass squared difference ratio Δm^2_{31}/Δm^2_1 is compatible with the data, but the mixing angles θ_{12} and θ_{23} are too small. The size of sin^2 θ_{23} varies from case to case, but it turns out to be either too big ∼ 0.9 or too small ∼ 0.1 in any case. That is the character of this class of assignments. Namely, we can fit the charged lepton mass ratios m_e/m_τ and m_μ/m_τ , but θ_{12} is too small and θ_{23} is either too big or too small. This character is shown in Table 3.

As a result, we can realize the charged lepton mass ratios, the ratio of neutrino mass squared differences and the lepton mixing angles in certain cases of Assignment 4, but not in the other classes of assignments. Let us also note that the neutrino mass spectrum has normal hierarchy with vanishing or very small lightest neutrino mass in every case leading to reasonable value of Δm^2_{31}/Δm^2_1.

So far, we have assumed that all states correspond to the same fixed point on the 2D Z_3 orbifold. However, that case leads to (Y_ν )_{33} = O(1) which is not realistic. We need a suppression factor of O(10^{−12} − 10^{−13}) to fit the overall

Class Δm^2_{31}/Δm^2_1 sin^2 θ_{12} sin^2 θ_{23} sin^2 θ_{13} Assignment 1 ∼ 100 ≲ 10^{−5} ≲ 10^{−2} ≲ 10^{−7} Assignment 2 ∼ 100 ≲ 10^{−5} ≲ 10^{−2} ≲ 10^{−7} Assignment 3 ≳ 1.4 Assignment 4 14 0.38 0.70 6.3 × 10^{−6} Assignment 5 ∼ 28 ≤ 0.09 ≲ 10^{−2} Experimental values 27 0.30 0.50 0.000

Table 3: Characteristics of each assignment 1–5 in the Dirac neutrino case. Typical behavior of each value is described for combinations resulting in relatively good fits in a given assignment except Assignment 4. The row corresponding to Assignment 4 shows the best fit. We omit m_e/m_τ and m_μ/m_τ because they can be fit in all the assignments.

magnitude. In Assignment 4, the neutrino Yukawa couplings originate from T̂_2T̂_2T̂_2 couplings. On the 2D Z_3 orbifold, Yukawa couplings corresponding to three different fixed points are allowed, too. Here, we assume that L_i, N_i and H_u sit at three different fixed points on the 2D Z_3 orbifold. In this case, the neutrino Yukawa couplings universally have an exponential suppression factor like eqs.(21), (22) and (23). Then, we can derive (Y_ν )_{33} = O(10^{−12}), when we take the radius of the third torus as R^2_3 = O(1000). That implies that the compactification scale is smaller by O(10^{−1} −10^{−2}) than the string scale. (See for phenomenological aspects of such a scenario e.g. Refs. [16, 17, 18, 19].)

3.2 Seesaw scenario

In this subsection, considering the seesaw scenario of the neutrino mass matrix, we systematically carry out the same analysis as in the previous subsection. The relevant terms in the superpotential are

W ⊃ H_uL_i(Y_ν )_{ij} N_j − H_dL_i(Y_e)_{ij} e^c_j − 1 2 N_i(M_N )_{ij} N_j , (42)

where the third term is the right-handed majorana neutrino mass term. After replacing the Higgs fields with their VEVs, we obtain the mass terms,

W ⊃ −ν_i(m_D)_{ij} N_j − e_i(m_e)_{ij} e^c_j − 1 2 N_i(M_N )_{ij} N_j . (43)

We assume M_N ≫ m_D, and in this case the heavy fields N_i can be integrated out. Then the lighter degrees of freedom have the effective mass terms, W ⊃ − 1 2 ν̂_i( ^m_ν )_{ij}ν̂_j , (44)

where ^m_ν = −m_DM^{−1}_N m^T_D. (45)

In string models, the natural order of mass is the string scale. On the other hand, the mass scale of M_N is phenomenologically required to be an intermediate scale between the string scale and the weak scale. Such an intermediate scale may be obtained by VEVs of some fields, as a comment will be given at the end of this section. However, such a scenario is quite model-dependent. Thus, we assume that M_N is proportional to the identity for simplicity. Under such an assumption, we obtain

^m_ν = M^{−1}_N m_Dm^T_D = (U_ν ) ^m^{diag}_ν (U_ν )^T , (46) ^m^{diag}_ν = M^{−1}_N (m^{diag}_D )^2, (47)

where U_ν is the same diagonalizing matrix as the one in the Dirac neutrino mass scenario. Hence, the mixing angles are almost the same as those in the Dirac neutrino mass scenario. On the other hand, neutrino mass hierarchy is enhanced compared with that in the Dirac neutrino mass scenario. The results are as follows.

Assignment 1 Like the Dirac neutrino mass scenario, we can fit only the charged lepton mass ratios properly. The neutrino mass squared difference ratio is too large, and mixing angles are too small. Those results are shown in Table 4 .

Assignment 2 We can fit only the charged lepton mass ratios. The neutrino mass squared difference ratio is too large, and mixing angles are too small, as shown in Table 4.

Assignment 3 We can fit the charged lepton mass ratios. However, the neutrino mass squared difference ratio turns out to be rather large ≳ 50 except for the case that gives Δm^2_{31}/Δm^2_1 = 2. Also, the mixing angles are typically either too big or too small.

Class Δm^2_{31}/Δm^2_1 sin^2 θ_{12} sin^2 θ_{23} sin^2 θ_{13} Assignment 1 ∼ 6000 ≲ 10^{−5} ≲ 10^{−2} ≲ 10^{−7} Assignment 2 ∼ 7000 ≲ 10^{−5} ≲ 10^{−2} ≲ 10^{−7} Assignment 3 ≳ 2 Assignment 4 29 0.32 0.48 3.6 × 10^{−6} Assignment 5 ∼ 28 ≤ 0.09 ≲ 10^{−2} Experimental values 27 0.30 0.50 0.000

Table 4: Characteristics of each assignment 1–5 in the seesaw case. Typical behavior of each parameter is described for combinations resulting in relatively good fits in a given assignment. The row corresponding to Assignment 4 shows the best fit. We omit m_e/m_τ and m_μ/m_τ because they can be fit in all the assignments.

Assignment 4 Like the Dirac neutrino mass scenario, we can properly fit both the charged lepton mass ratios and the neutrino oscillation data. For example we take (R^2_1, R^2) = (23, 26) in the following assignment,

(L_1, L_2, L_3) = (T̂^{(1)}_2 , T̂^{(2)}_2 , T̂^{(4,1)}_2 ), (N_1, N_2, N_3) = (T̂^{(2)}_2 , T̂^{(3)}_2 , T̂^{(4,1)}_2 ), (e^c_1, e^c_2, e^c_3) = (T̂^{(1)}_3 , T̂^{(2)}_3 , T̂^{(4,1)}_3 ), (H_u, H_d) = (T̂^{(2)}_2 , T̂_1). (48)

Then, we can realize the experimental values of m_e/m_τ and m_μ/m_τ . Furthermore, in this assignment we obtain

Δm^2_{31} Δm^2_1

= 29, sin^2 θ_{12} = 0.32,

sin^2 θ_{23} = 0.48, sin^2 θ_{13} = 3.6 × 10^{−6}. (49)

Thus, this assignment can realize orders of six observables only by two parameters. This class of assignments include several other cases leading to almost the same results.

Assignment 5 We can fit the charged lepton mass ratios and Δm^2_{31}/Δm^2_1. However, θ_{12} is too small and θ_{23} is either too big or too small, as shown in Table 4.

As a result, we can realize the charged lepton mass ratios, the ratio of neutrino mass squared differences and the lepton mixing angles in certain cases of Assignment 4, when we assume that the right-handed majorana neutrino mass matrix M_N is proportional to the identity matrix. As was in the Dirac scenario, the neutrino mass spectrum has normal hierarchy with vanishing lightest neutrino mass. The neutrino Yukawa coupling (Y_ν )_{33} is O(1). We need M_N = O(10^{15}) GeV for the seesaw mechanism to produce the correct neutrino mass scale.

In the above analysis, we have assumed (M_N )_{ij} = M_N δ_{ij} for simplicity. It is nontrivial to realize such a right-handed neutrino majorana mass matrix. Majorana mass terms can be generated by the (n + 2)-point couplings

Y_{ij} N_iN_j (ϕ_1 · · · ϕ_n), (50)

after ϕ_i develop their VEVs.^7 Thus, the right-handed neutrino mass matrix depends on VEVs of scalar fields and the selection rule for higher dimensional operators [31], that is, quite a model-dependent feature. In certain cases, we may obtain (M_N )_{ij} = M_N δ_{ij} . However, we, in general, obtain nontrivial majorana matrix (M_N )_{ij} if it is derived from Y_{ij} N_iN_j (ϕ_1 · · · ϕ_n) through VEVs of (ϕ_1 · · · ϕ_n). In such a case, assignments other than assignment 4 might lead to realistic results. Thus, it would be interesting to study such case somehow systematically. However, that is beyond our scope. We leave it for future study.

4 Conclusion

We have systematically studied the possibility for realizing lepton masses and mixing angles by use of only renormalizable couplings derived from Z_6-I heterotic orbifold models. We have assumed one pair of up and down type Higgs fields. We have found Assignment 4 has such a possibility in both the Dirac neutrino mass scenario and the simple seesaw scenario where the right-handed majorana mass matrix is proportional to identity. The resulting neutrino mass spectrum shows normal hierarchy.

It is quite non-trivial to fit six observables only by two parameters R_1 and R_2. However, how to stabilize these moduli at proper values is an important issue to study further. Moreover, if F-components of moduli fields contribute to SUSY breaking, models corresponding to Assignment 4 may show a certain pattern of soft SUSY breaking parameters. It is interesting to study their effects on flavor violation. (See e.g. [32] and references therein.)

7Such VEVs may be given e.g. through anomalous U(1) breaking [30].

In addition to the real parts R_i of the moduli T_i, mass matrices also depend on imaginary parts of T_i, although we have fixed them to vanish in our analysis. When such imaginary parameters are included, other types of assignments may lead to realistic results. Thus, it is interesting to carry out the same analysis including imaginary parts of T_i.

We have systematically studied all possible assignments of leptons and Higgs fields to twisted states, but not constructed an explicit heterotic orbifold model by fixing gauge shifts and Wilson lines. It is also important to construct explicitly heterotic models corresponding to Assignment 4.

In addition, it is interesting to extend our analysis to other Z_N and Z_N × Z_M orbifold models including the quark sector. In principle, systematical studies as in this paper are possible for other orbifold models. Such a study will be done elsewhere.

Although we have discussed the possibility for obtaining realistic Yukawa matrices from only stringy renormalizable couplings in this paper, another possibility for realistic Yukawa matrices is that higher dimensional operators play roles to generate effective Yukawa couplings after symmetry breaking.(See e.g. [33].) Particle mixing through symmetry breaking is also one possibility [34]. It would also be interesting to study such a possibility somehow systematically. In the former case, it is quite important to study symmetries to control higher dimensional operators in string models.

Acknowledgment

JP thanks Eung Jin Chun for discussion on neutrino oscillation data. T. K. is supported in part by the Grant-in-Aid for Scientific Research (#16028211) and the Grant-in-Aid for the 21st Century COE “The Center for Diversity and Universality in Physics” from the Ministry of Education, Culture, Sports, Science and Technology of Japan. PK is supported in part by KOSEF Sundo Grant R02-2003-000-10085-0 and KOSEF SRC program through CHEP at Kyungpook National University.

References

[1] See for recent data of neutrino oscillations, e.g.,

M. Maltoni, T. Schwetz, M. A. Tortola and J. W. F. Valle, New J. Phys.

6, 122 (2004).

[2] L. J. Dixon, J. A. Harvey, C. Vafa and E. Witten, Nucl. Phys. B 261, 678 (1985); Nucl. Phys. B 274, 285 (1986).

[3] R. Blumenhagen, M. Cvetic, P. Langacker and G. Shiu, arXiv:hep-th/0502005.

[4] L. J. Dixon, D. Friedan, E. J. Martinec and S. H. Shenker, Nucl. Phys.

B 282, 13 (1987).

[5] S. Hamidi and C. Vafa, Nucl. Phys. B 279, 465 (1987). [6] T. T. Burwick, R. K. Kaiser and H. F. Muller, Nucl. Phys. B 355, 689 (1991); J. Erler, D. Jungnickel, M. Spalinski and S. Stieberger, Nucl. Phys. B 397, 379 (1993).

[7] T. Kobayashi and O. Lebedev, Phys. Lett. B 566, 164 (2003); Phys.

Lett. B 565, 193 (2003).

[8] D. Cremades, L. E. Ibanez and F. Marchesano, JHEP 0307, 038 (2003). [9] M. Cvetic and I. Papadimitriou, Phys. Rev. D 68, 046001 (2003). [10] S. A. Abel and A. W. Owen, Nucl. Phys. B 663, 197 (2003); Nucl. Phys.

B 682, 183 (2004);

S. A. Abel and B. W. Schofield, arXiv:hep-th/0412206. [11] L. E. Ibanez, Phys. Lett. B 181, 269 (1986).

[12] L. E. Ibanez, J. Mas, H. P. Nilles and F. Quevedo, Nucl. Phys. B 301, 157 (1988).

[13] Y. Katsuki, Y. Kawamura, T. Kobayashi, N. Ohtsubo, Y. Ono and K. Tanioka, Nucl. Phys. B 341, 611 (1990).

[14] A. Font, L. E. Ibanez and F. Quevedo, Phys. Lett. B 217, 272 (1989). [15] L. E. Ibanez, J. E. Kim, H. P. Nilles and F. Quevedo, Phys. Lett. B 191, 282 (1987). D. Bailin, A. Love and S. Thomas, Phys. Lett. B 194, 385 (1987);

J.A. Casas and C. Muñoz, Phys. Lett. B209 (1988) 214;

J. Giedt, Annals Phys. 297, 67 (2002); J. E. Kim, Phys. Lett. B 564, 35 (2003).

[16] T. Kobayashi, S. Raby and R. J. Zhang, Phys. Lett. B 593, 262 (2004). [17] S. Forste, H. P. Nilles, P. K. S. Vaudrevange and A. Wingerter, Phys.

Rev. D 70, 106008 (2004).

[18] T. Kobayashi, S. Raby and R. J. Zhang, Nucl. Phys. B 704, 3 (2005). [19] W. Buchmuller, K. Hamaguchi, O. Lebedev and M. Ratz, arXiv:hep-ph/0412318.

[20] T. Kobayashi and N. Ohtsubo, Int. J. Mod. Phys. A 9, 87 (1994). [21] J. A. Casas, F. Gomez and C. Munoz, Int. J. Mod. Phys. A 8, 455 (1993).

[22] J. A. Casas, F. Gomez and C. Munoz, Phys. Lett. B 292, 42 (1992). [23] P. Ko, T. Kobayashi and J. h. Park, Phys. Lett. B 598, 263 (2004). [24] T. Yanagida, in Proc. of the Workshop on the unified Theory and Baryon Number in the universe, ed. O. Sawada and A. Sugamoto, (KEK report 79-18, 1979);

M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, ed. P. van Nieuwenhuizen and d.Z. Freedman, (North Holland, Amsterdam, 1979);

R.N. Mohapatra and G. Senjanovic, Phys. Lett. 44, 175 (1980). [25] J. Giedt, G. L. Kane, P. Langacker and B. D. Nelson, arXiv:hep-th/0502032.

[26] T. Kobayashi and N. Ohtsubo, Phys. Lett. B 245, 441 (1990). [27] D. Friedan, E. J. Martinec and S. H. Shenker, Nucl. Phys. B 271, 93 (1986).

[28] O. Lebedev, Phys. Lett. B 521, 71 (2001).

[29] S. Eidelman et al. [Particle Data Group Collaboration], Phys. Lett. B 592, 1 (2004).

[30] See e.g.,

A. Font, L. E. Ibanez, H. P. Nilles and F. Quevedo, Nucl. Phys. B 307, 109 (1988) [Erratum-ibid. B 310, 764 (1988)];

J. A. Casas, E. K. Katehou and C. Munoz, Nucl. Phys. B 317, 171 (1989).

[31] T. Kobayashi, Phys. Lett. B 354, 264 (1995).

[32] P. H. Chankowski, O. Lebedev and S. Pokorski, arXiv:hep-ph/0502076. [33] A. E. Faraggi and E. Halyo, Nucl. Phys. B 416, 63 (1994); T. Kobayashi, Phys. Lett. B 358, 253 (1995); T. Kobayashi and Z. z. Xing, Mod. Phys. Lett. A 12, 561 (1997); Int. J. Mod. Phys. A 13, 2201 (1998); J. Giedt, Nucl. Phys. B 595, 3 (2001) [Erratum-ibid. B 632, 397 (2002)].

[34] See e.g., S. A. Abel and C. Munoz, JHEP 0302, 010 (2003).