arXiv:hep-ph/0402224 v3 30 Mar 2004

hep-ph/0402224 KUNS-1900 March 30, 2004

E_6 Unification, Large Neutrino Mixings, and SUSY Flavor Problem

Nobuhiro Maekawa^∗ Department of Physics, Kyoto University, Kyoto 606-8502, Japan (Dated: March 30, 2004)

This study indicates that in E6 grand unified theories (GUTs), once a hierarchical structure of up-quark-type Yukawa couplings is given as a basic structure of flavor, larger lepton mixings than the quark mixings and milder down-quark-type (and charged-lepton-type) mass hierarchies than up-quark-type mass hierarchy can generically be obtained under a few natural assumptions. The basic flavor structure is compatible with non-Abelian horizontal symmetry, which can solve the SUSY flavor problem. It is shown that in solving the SUSY flavor problem, the E6 structure, which realizes bi-large neutrino mixings, also solves a problem that results from the large neutrino mixing angles.

INTRODUCTION

Several recent neutrino experiments have reported that the neutrino mixings are quite large [1, 2], which are much different from those in the quark sector. Based on the fact that these results are different from previous ideas that the mixings in the lepton sector must be small as those in the quark sector, various grand unified scenarios have been examined in the literature [3, 4, 5, 6, 7, 9, 10].

One of the key observations in understanding the difference between quark mixings and lepton mixings is that quark mixings are determined by the diagonalizing matrices of the representation field 10(∋ Q = (U_L, D_L), U^c_R, E^c_R) of SU (5) that includes doublet quark Q, whereas lepton mixings are determined by those of ¯5(∋ D^c_R, L = (N_L, E_L)) that includes doublet lepton L. Therefore, in the context of SU (5) grand unified theories (GUTs), it is not difficult to obtain different mixing matrices of quarks and leptons [3].

SO(10) unification is interesting because all one generation quarks and leptons, including the right-handed neutrino N^c_R, can be unified into a single multiplet 16, which is divided as 16 → 10 + ¯5 + 1 under SO(10) ⊃ SU (5). However, because SO(10) includes SU (2)_R, which rotates right-handed quarks (U^c_R, D^c_R) and right-handed leptons (N^c_R, E^c_R), SO(10) symmetric Yukawa interactions, for example, Y_{ij}16_i16_j 10_H (i = 1, 2, 3) with a Higgs field 10_H , lead to the same Yukawa matrices for up and down quark sectors. However, these are neither realistic nor consistent with non-vanishing values of the quark mixings in the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Therefore, to obtain realistic mass matrices, we have to pick up a non-vanishing vacuum expectation value (VEV) of a Higgs field C (representation 16 is the simplest one), which breaks the SU (2)_R, to obtain the realistic Yukawa couplings. Moreover, in the highscale supersymmetry (SUSY) breaking scenario, because of SO(10) relations Y_u = Y_{νD} , where Y_{νD} is the neutrino Yukawa matrix for Dirac neutrino masses and Y_u is the up-quark-type Yukawa matrix one of whose components is large to obtain large top-quark mass, large mixings in lepton sector generically result in too large μ → eγ process through loop corrections [11]. One of the most effective ways to avoid these problems is to introduce several matter fields 10_a (a = 1, · · · , n) of SO(10), which are divided as 10 → 5 + ¯5 under SO(10) ⊃ SU (5), in addition to three 16_i. Then the mass matrix of n 5s and n + 3 ¯5s can pick up the VEV of C through the interactions 16_i10_aC if we take C as 16 of SO(10) whose VEV breaks SO(10) into SU (5). This structure not only avoids the relation Y_{νD} = Y_u but also realizes the difference between the mixing matrices of the quark and lepton sectors. Actually, large neutrino mixings, small CKM mixings, and small Dirac neutrino masses can be obtained in some models [5] using this mechanism.

Then, E_6 unification becomes more interesting, because the fundamental representation 27 includes 10 as well as 16 of SO(10) as

27 → [10 + ¯5 + 1] 16 + [¯5 + 5] 10 + [1] 1 (1)

under E_6 ⊃ SO(10) ⊃ SU (5). Here, the representations of SO(10) and SU (5) are explicitly denoted. In the literature, it has been shown that it is possible to obtain not only large neutrino mixing for the atmospheric neutrino anomaly [6] but also that for the solar neutrino problem [7] in E_6 unification.

It is noteworthy that in Refs. [5], [7], and [12] generic interactions (even for higher dimensional interactions) are introduced with O(1) coefficients not only for the Yukawa interactions [7] but also for the Higgs potentials [12]. Therefore, in the scenario, not only the Yukawa interactions but also the scales of VEVs are determined only by the symmetry of the models.

However, most of the above-mentioned studies concentrated on investigating whether it is possible to obtain large mixings in lepton sector and small mixings in quark sector and did not investigate the reasons for which the lepton sector has larger mixings than the quark sector. One of the purposes of this paper is to clarify this phenomenon. We attribute this phenomenon to “E_6 unification.”

Moreover, we emphasize that in the E_6 GUTs, introducing non-Abelian horizontal symmetry SU (2)_H or SU (3)_H naturally solves the SUSY flavor problem. That is, the realistic hierarchical structure of quark and lepton mass matrices can be obtained, and almost universal scalar fermion masses, which are important in suppressing flavor changing neutral current (FCNC) processes, are obtained because at least the first two generation fields are unified into a single multiplet. If SU (3)_H is adopted as the horizontal symmetry, all three generation quarks and leptons can be unified into a single multiplet (27, 3). Of course, the idea that non-Abelian horizontal symmetry is introduced to solve the SUSY flavor problem is not new [9, 10, 13];however, this paper emphasizes the fact that the structure peculiar to E_6 GUTs, which realizes bi-large neutrino mixings, also plays an important role in suppressing the FCNC processes sufficiently.

The essential arguments of this paper are similar to those in our previous papers [7, 10] in which anomalous U (1) symmetry [14] is adopted. However, in this paper, we show that most of the arguments can be generally applied to E_6 GUT even without anomalous U (1)_A symmetry and independent of the origin of the Yukawa hierarchy and the mechanism for determination of VEVs. Further, we examine the conditions to realize the above situations.

BASIC ASSUMPTION

E_6 unification [15] is considered to be attractive because the gauge anomaly is automatically free, and E_6 is the maximal exceptional group that has complex representation. Further, all the basic fermions of three generations are unified into three fundamental representation fields Ψ_i(27), which are divided as

Ψ_i(27) → 16_{Ψi} + 10_{Ψi} + 1_{Ψi} (2)

under E_6 ⊃ SO(10).

It has been argued that the additional component fields 5 and ¯5 of SU (5) play an important role in realizing rich structure in Yukawa couplings [16] and in realizing large neutrino mixings [6, 7, 8], because three of six ¯5 fields become superheavy and light fields are linear combinations of these six ¯5 fields. In order to estimate the 3 × 6 mass matrix of three 5 fields and six ¯5 fields, we have to fix a part of the Higgs sector that breaks E_6 into the standard model (SM) gauge group G_{SM} = SU (3)_C ×SU (2)_L ×U (1)_Y . Supposing that Higgs fields, Φ(27) and Φ̄(27), break E_6 into SO(10) (|⟨1_Φ⟩| = | ⟨1¯_Φ⟩ | to satisfy the D-flatness conditions), C(27) and C̄(27) break SO(10) into SU (5) (|⟨16_C ⟩| = | ⟨16_{C̄} ⟩ | to satisfy the D-flatness conditions), and an adjoint Higgs A(78) breaks SU (5) into the standard model (SM) gauge group G_{SM} = SU (3)_C × SU (2)_L × U (1)_Y . (Here, we do not fix the direction of the VEV of ⟨A⟩ and the scale of ⟨A⟩, which may be larger than the VEVs of Φ or C, because it is independent of the following arguments.) Then, through the interactions

W_Y = Y^Φ_{ij} Ψ_iΨ_jΦ + Y^C_{ij} Ψ_iΨ_j C, (3)

the mass matrix of 5 and ¯5 is determined by developing the VEVs of Φ and C.

In the following calculations, for simplicity, we assume that the main modes of the SM doublet Higgs H_u and H_d come from 10_Φ and 10_C . Therefore, the Yukawa couplings for the up-quark sector are essentially determined by the Yukawa couplings Y^Φ and Y^C . However, including the Higgs mixings with 16_Φ or 16_C does not change the following conclusion drastically unless these 16 components dominate the 10 components.

One of the most important basic assumptions is as follows. The Yukawa matrices Y^Φ and Y^C have a hierarchical structure that can realize the hierarchy in the up-quark sector. In the literature [9, 17, 18, 19, 20], several mechanisms have been proposed to understand the Yukawa hierarchies. Here, we do not fix the mechanism that realizes such a hierarchical structure. However, we simply assume that both the hierarchies of each of the two Yukawa matrices, Y^Φ and Y^C , have the same origin, that is,

(Y^C )_{ij} ∼ (Y^Φ)_{ij} ≡ Y_{ij}. (4)

More precisely, we assume that the order of each component of Y^Φ is the same as that of the corresponding component of Y^C , but generally (Y^Φ)_{ij} ≠ (Y^C )_{ij}.

QUARK AND LEPTON MASS MATRICES

For simplicity, in the following argument, we adopt

Y_{ij} ∼ 0 λ^5 0 λ^5 λ^4 λ^2 0 λ^2 1 or λ^6 λ^5 λ^3 λ^5 λ^4 λ^2 λ^3 λ^2 1 , (5)

where we take λ ∼ sin θ_C ∼ 0.22. The former is called type A and the latter is type B in this paper. Note that the following arguments can be applied to various other types of matrices that can obtain a realistic up-type quark mass matrix. Once we fix this basic structure of the Yukawa couplings Y , the mass matrix of (5, ¯5) fields is given by

M_{(5,}¯_{5)} = (Y^Φ ⟨1_Φ⟩ , Y^C ⟨16_C ⟩) = ⟨1_Φ⟩ (Y^Φ, RY^C), R ≡ ⟨16_C ⟩ / ⟨1_Φ⟩ ≡ λ^r. (6)

As discussed in Ref. [7], the light ¯5 fields can be classified by the parameter r. If the VEV ⟨Φ⟩ is not much larger than the VEV ⟨C⟩ (0 ≤ r < 3), then all three main modes of the light ¯5 fields come from the first two generation fields, Ψ_1 and Ψ_2. That is, the main light modes become

16_{Ψ1} , 10_{Ψ1} , and 16_{Ψ2} . Using the basis in which each light mode includes no other main light modes, the light modes can be written as

5_1 = 16_{Ψ1} + λ^316_{Ψ3} [+λ^{2+r}10_{Ψ2} ] + λ^{3+r} 10_{Ψ3} , 5_2 = 10_{Ψ1} + λ^{3−r} 16_{Ψ3} [+λ^210_{Ψ2} ] + λ^310_{Ψ3} , (7) 5_3 = 16_{Ψ2} + λ^216_{Ψ3} + λ^r10_{Ψ2} + λ^{2+r} 10_{Ψ3} ,

where the first terms on the right-hand sides are the main components of these massless modes, and the other terms are mixing terms with the heavy states, 16_{Ψ3} , 10_{Ψ2} , and 10_{Ψ3} . Note that the coefficients of mixings for all three heavy modes are essentially determined by the hierarchical Yukawa couplings Y and R. Further, the 10_{Ψi} modes have no Yukawa couplings if the SM doublet Higgs comes from 10_Φ and 10_C . Therefore, the mixings of 16_{Ψ3} are important to estimate the Yukawa couplings. Then, Yukawa couplings can be calculated as Y_u ∼ Y, Y_d ∼ Y^T_e (8) ∼ Y_{11} + Y_{13}λ^3 Y_{13}λ^{3−r} Y_{12} + Y_{13}λ^2 Y_{21} + Y_{23}λ^3 Y_{23}λ^{3−r} Y_{22} + Y_{23}λ^2 Y_{31} + Y_{33}λ^3 Y_{33}λ^{3−r} Y_{32} + Y_{33}λ^2 .

It is apparent that the Yukawa matrix Y_d has a milder hierarchy than that of Y_u under these conditions. The essential point is that the ¯5 fields from Ψ_3, which has larger Yukawa couplings, become superheavy, and the light ¯5 fields come from the first two generation fields Ψ_1 and Ψ_2. This results in a small tan β ≡ ⟨H_u⟩ / ⟨H_d⟩, which is roughly estimated as tan β ∼ (m_t/m_b)(Y_{32}/Y_{33}) up to renormalization group effects, because it is expected that (Y_{32}/Y_{33})^2 ≤ m_c/m_t.

If we take r = 0.5, the Yukawa matrices become

Y_d ∼ Y^T_e ∼ 0[λ^6] 0[λ^{5.5}] λ^5 λ^5 λ^{4.5} λ^4 λ^3 λ^{2.5} λ^2 , (9)

which give almost realistic masses of down quarks and charged leptons when tan β ∼ (m_t/m_b)λ^2 up to renormalization effects. The CKM matrix can be calculated as V_{CKM} ∼ 1 λ λ^3 λ 1 λ^2 λ^3 λ^2 1 . (10)

In order to avoid the unrealistic SU (5) GUT relation, Y_d = Y^T_e , we have to pick up the VEVs of A in these Yukawa matrices. In principle, we can pick up the effects in the mass matrix of 5 and ¯5 and/or Yukawa interactions by the higher dimensional interactions. Here, we simply assume it in order to obtain realistic quark and lepton mass matrices. This point is discussed in the following sections.

NEUTRINO MASSES AND MIXINGS

Because representation 27 has two singlets N^c_R and S under the SM gauge group, the Dirac mass matrix becomes 3 × 6. The Dirac neutrino mass matrix is obtained from the interactions (3) as

Y_{νD} = (Y_N , Y_S ) ∼ (1, λ^r) ⊗

0[λ^6] λ^5 λ^3 0[λ^{6−r}] λ^{5−r} λ^{3−r} λ^5 λ^4 λ^2 (11) Because the Dirac neutrino masses become λ^2 smaller than the usual SO(10) GUT predictions Y_u ∼ Y_{νD} , the smaller right-handed neutrino masses are required to realize the correct neutrino mass scales corresponding to the observed neutrino oscillations. (Note that this difference is important in suppressing FCNC processes (e.g. μ → eγ) that originate from loop corrections to SUSY breaking parameters [11], because such corrections are proportional to Y^†_{νD} Y_{νD} .) The right-handed neutrino mass matrix (6 × 6) is obtained from the interactions

Y^{X̄Ȳ}_{ij} Ψ_iΨ_j X̄Ȳ Λ , (12)

where X̄, Ȳ = Φ̄, C̄, as M_{νR} = ( Y^{Φ̄Φ̄} ⟨¯ Φ ⟩_2 Y^{Φ̄C̄} ⟨¯ Φ ⟩ ⟨¯ C ⟩ Y^{Φ̄C̄} ⟨¯ Φ ⟩ ⟨¯ C ⟩ Y^{C̄C̄} ⟨¯ C ⟩_2 ) 1 Λ ,

∼ ( 1 λ^r λ^r λ^{2r} ) ⊗ 0[λ^6] λ^5 0[λ^3] λ^5 λ^4 λ^2 0[λ^3] λ^2 1 c ⟨¯ Φ ⟩_2 Λ .(13)

Here, we take Y^{X̄Ȳ} ∼ cY^Φ, where c is a constant. Note that the smallness of the right-handed neutrino masses is naturally expected in this scenario, because the righthanded neutrino masses are obtained from the higher dimensional interactions. Then, the light neutrino mass matrix is obtained by seesaw mechanism [21] as

M_ν = Y_{νD} M^{−1}_{νR} Y^T_{νD} ⟨H_u⟩^2 η^2 ∼ λ^4 λ^2 λ^{2−r} λ λ^{2−r} λ^{2−2r} λ^{1−r} λ λ^{1−r} 1 Λ ⟨H^u⟩^2 η^2 c ⟨¯ Φ ⟩_2 , (14)

where η is a renormalization parameter. If we take ⟨Φ⟩ ∼ 10^{16} GeV, Λ ∼ 10^{19} GeV, ⟨H_u⟩ η ∼ 100 GeV, c ∼ 0.1, and r ∼ 0.5, we can obtain realistic neutrino masses and the Maki-Nakagawa-Sakata (MNS) matrix [22] as V_{MNS} ∼ 1 λ^{0.5} λ λ^{0.5} 1 λ^{0.5} λ λ^{0.5} 1 . (15)

NON-ABELIAN HORIZONTAL SYMMETRY

One of the most attractive features in this E_6 GUT is that non-Abelian horizontal symmetry can be naturally introduced to solve the SUSY flavor problem. One of the important points in the above scenario is that all the realistic mass hierarchies of quarks and leptons can be obtained from just one basic hierarchical structure of the Yukawa matrix, Y , which can be naturally obtained from one non-Abelian horizontal symmetry. (Usually, to obtain various hierarchies of quarks and leptons, several non-Abelian horizontal symmetries are introduced or the coefficients are tuned to realize various hierarchies from one horizontal symmetry, or more Higgs fields whose VEVs break the horizontal symmetry are introduced.)

Usually, SU (2)_H or U (2)_H horizontal symmetry is adopted because it realizes the universal sfermion masses of the first two generation fields that are doublets under the horizontal symmetry, which is important in solving the SUSY flavor problem, and because top Yukawa coupling is allowed by the symmetry when the third generation fields and the Higgs fields are singlets under the horizontal symmetry.

However, the universal sfermion masses of the first two generation fields, m̃^2_{¯5} ∼ diag(m̃^2, m̃^2, (a + 1)m̃^2), are not enough to suppress the FCNC processes in the GUT models in which diagonalizing matrices V_x x = ¯5, 10 can be estimated as V_{10} ∼ V_{CKM} and V¯_5 ∼ V_{MNS} as in the previous models. This is because the mixing matrices defined as δ_x ≡ V^†_x^{m̃2x −m̃2}_{m̃2} V_x[23] become

δ¯_5 ∼ V^†_{¯5}

0 0 0 0 0 0 0 0 a V_{¯5} ∼ λ^2 λ^{1.5} λ λ^{1.5} λ λ^{0.5} λ λ^{0.5} 1 a (16)

at the GUT scale, which does not satisfy the constraints of various FCNC processes; √ |Im(δ_{DL} )_{12}(δ_{DR} )_{12})| ≤ 2 × 10^{−4} ( m̃_Q 500 GeV )

|Im(δ_{DR} )_{12}| ≤ 1.5 × 10^{−3} ( m̃_Q 500 GeV ) ,(17)

at the weak scale from ϵ_K in K meson mixing, and

|(δ_{EL} )_{12}| ≤ 4 × 10^{−3} ( m̃_L 100 GeV

)_2

(18)

from the μ → eγ process.

It is interesting that in the E_6 unification, such a problem is naturally solved. As discussed in the previous section, in E_6 GUT, it is natural that all the three light ¯5 fields come from the first two generation fields. Therefore, if we introduce horizontal symmetry SU (2)_H or U (2)_H , all the sfermion masses of ¯5 fields become equivalent in the leading order, that is, a = 0. Note that the structure also realizes bi-large neutrino mixings as discussed in the previous section. It is suggestive that the same structure solves the FCNC problem that originate from the large neutrino mixings.

Of course, the horizontal symmetry has to be broken to obtain the realistic quark and lepton mass matrices, and this effect also breaks the universality of the sfermion masses. Next, we examine this breaking effect in a concrete model.

We introduce a global horizontal symmetry U (2)_H and fields listed in Table I.

Table I. Odd R-parity for matter fields Ψ and Ψ_3 is introduced.

Ψ Ψ_3 F̄ Θ A Φ Φ̄ C C̄ E_6 27 27 1 1 78 27 27 27 27 SU (2)_H 2 1 ¯2 1 1 1 1 1 1 U (1)_H 1 0 -1 -2 0 0 0 0 0

Here, we simply assume that U (2)_H is broken by the VEVs of F̄ and Θ as U (2)_H −→_{⟨Θ⟩∼λ} SU (2)_H −→ ⟨^¯Fa⟩∼λ^2δ^2_a nothing, (19)

and E_6 is broken into the SM gauge group by the VEVs of Φ, Φ̄, C, C̄, and A;

⟨1_Φ⟩ = ⟨1¯_Φ⟩ ∼ λ^{3.5}, (20) ⟨16_C ⟩ = ⟨ 16¯_C ⟩ ∼ λ^4, (21) ⟨A⟩ ∼ λ^4. (22) In this paper, we sometimes use a unit in which Λ = 1. Then, the type A basic hierarchical Yukawa matrix Y is obtained from the interactions

((Ψ_3)^2 + Ψ_3ΨF̄ + (ΨF̄ )^2 + ΨAΨΘ)(Φ + C). (23)

Note that the terms ΨΨΘ(Φ + C) become trivially zero. The light ¯5 fields are obtained as in Eq. (7) with r = 0.5. Here, for simplicity, H_d comes from a linear combination 10_Φ + 10_C . (If both SM Higgs H_d and H_u come from only 10_Φ, CKM mixing becomes too small because of a cancellation.) Then, we obtain a realistic quark and lepton mass matrices, including bi-large neutrino mixings, as discussed in the previous section. Here, the interaction ΨAΨΘ(Φ + C) plays an important role in avoiding unrealistic SU (5) GUT relations Y_d = Y^T_e . Generically, the VEV of A gives different contributions to the Yukawa couplings of quarks and leptons; therefore, the quark mass matrices can be different from the lepton mass matrices. Note that the mixing coefficients of D^c_R in Eq. (7) are of the same order as those of L but have generically different values from those of L.

Note that the main modes of the light ¯5 fields are obtained from the first two generation fields, which come from a single field Ψ in this case. Therefore, unless the horizontal symmetry is broken, the sfermion masses are obtained as

m̃^2_{10} ∼ m̃^2

1 0 0 0 1 0 0 0 O(1) , (24) m̃^2_{¯5} ∼ m̃^2

1 + λ^6 λ^{5.5} λ^5 λ^{5.5} 1 + λ^5 λ^{4.5} λ^5 λ^{4.5} 1 + λ^4 , (25) where the corrections to the sfermion masses m̃¯_5 come from the mixings in Eq. (7). When the breaking of the horizontal symmetry is taken into account, the sfermion mass matrices are corrected as

Δm̃^2_{10} ∼ m̃^2 λ^4 λ^5 λ^3 λ^5 λ^4 λ^2 λ^3 λ^2 O(1) , (26)

Δm̃^2_{¯5} ∼ m̃^2 λ^4 λ^{6.5} λ^5 λ^{6.5} λ^4 λ^{4.5} λ^5 λ^{4.5} λ^4 , (27) which are calculated mainly from the interactions ∫ d^2θd^2θ̄ ( (Ψ_3 + ΨF̄ + ΨF̄^†Θ)^†(Ψ_3 + ΨF̄ + ΨF̄^†Θ)

+ Ψ^†AΨ + Ψ^†_3AΨ_3) X^†X Λ^2

(28)

where X is a spurion field whose VEV of F -term is given as F_X = m̃Λ. The last two terms in Eq. (28) splits the masses of scalar down quarks included in fields 10 and 16 because they have different B − L charges. Such effects is important in estimating the corrections to sfermion masses because only the main mode of ¯5_2 comes from 10 of SO(10) and the other main modes come from 16.

The mixing matrices δ_x ≡ V^†_x Δm̃^2_xV_x/m̃^2 (x = ¯5, 10) are approximated as

δ_{10} = λ^4 λ^5 λ^3 λ^5 λ^4 λ^2 λ^3 λ^2 O(1)

, δ_{¯5} = λ^4 λ^{4.5} λ^5 λ^{4.5} λ^4 λ^{4.5} λ^5 λ^{4.5} λ^4 (29) at the GUT scale. The constraints (17) at the weak scale from ϵ_K in K meson mixing require scalar quark masses larger than 300 GeV, because in this model √ |(δ_{DL} )_{12}(δ_{DR} )_{12})| ∼ λ^{4.75}(η_q)^{−1} and |(δ_{DR} )_{12}| ∼ λ^{4.5}(η_q)^{−1}, where we take a renormalization factor η_q ∼ 6 [30]. Further, the constraint from the μ → eγ process in Eq. (18) is easily satisfied, because |(δ_{EL} )_{12}| ∼ λ^{4.5} in this model.

It is quite impressive that the structure which realizes bi-large neutrino mixings simultaneously solves the SUSY FCNC problem in non-Abelian horizontal symmetry that originates from large neutrino mixings.

If the spurion field X has interactions in the superpotential

((Ψ_3)^2 + Ψ_3ΨF̄ + (ΨF̄ )^2 + ΨAΨΘ)(Φ + C)X, (30)

the left-right mixings in sfermion masses Δ^{LR}_X (X = U, D, L) are induced. In the above models, δ^{LR}_X ≡ Δ^{LR}_X /m̃^2_X are calculated as δ^{LR}_D ∼ δ^{RL}_L ∼ λ^6 λ^{5.5} λ^5 λ^5 λ^{4.5} λ^4 λ^3 λ^{2.5} λ^2 ⟨H^d⟩ m̃_X , (31) δ^{LR}_U ∼ λ^6 λ^5 λ^3 λ^5 λ^4 λ^2 λ^3 λ^2 1 ⟨H^u⟩ m̃_U . (32)

The constraints for these mixings

|Im(δ^{LR}_D )_{12}| < 2 × 10^{−5} × ( m̃_d 500 GeV

)_2 , (33)

|(δ^{LR}_D )_{23}| < 1.6 × 10^{−2} × ( m̃_d 500 GeV

)_2

, (34)

|(δ^{LR}_L )_{12}| < 1 × 10^{−6} × ( m̃_l 100 GeV

)_2 , (35)

|(δ^{LR}_L )_{23}| < 6 × 10^{−3} × ( m̃_l 100 GeV

)_2 , (36)

which are obtained from ϵ^′/ϵ, b → sγ, μ → eγ, and τ → μγ processes, respectively [23], require roughly m̃_d > 1 TeV and m̃_l > 500 GeV. These constraints are not so severe especially in our scenario, because the sfermion masses can be large except those of the third generation 10_3 of SU (5) that must be small to stabilize the weak scale. Moreover, a reasonable assumption like SUSY breaking in the hidden sector, can lead to vanishing δ^{LR} [27]. Actually, if the SUSY breaking sector is separated from the visible sector in the superpotential, the interactions (30) are forbidden.

Because there is a strong suspicion that global symmetries are broken through quantum gravitational effects, it may be more important to use local symmetries instead of the global symmetries. For example, we can regard the SU (2)_H × U (1)_H symmetry in Table I as local symmetry, if we add a field F (2, 1) whose VEV is given as | ⟨F ⟩ | = | ⟨¯ F ⟩ | to satisfy the D-flatness condition of SU (2)_H . (Here, the D-flatness condition of U (1)_H seems not to be satisfied; however, the Fayet- Illiopoulos D-term, if any, can improve the situation. Further, U (1)_H may be anomalous U (1), whose anomaly is cancelled by Green-Schwarz mechanism [24].) This modification changes the basic structure of Yukawa couplings into type B, but the mixing matrices δ_x has no essential difference. However, generally, the D-term of SU (2)_H has non-vanishing VEV, which may be another source to break the universality of the sfermion masses. Therefore, we must assume that the D of SU (2)_H is sufficiently small due to some mechanism. For example, in the superstring theory, if modular weights of F and F̄ are equivalent, the SUSY breaking masses for the scalar components of F and F̄ become equal, which realizes the vanishing D of SU (2)_H [25].

It is straightforward to extend the horizontal symmetry SU (2)_H to SU (3)_H in which all the three family quark and leptons can be unified into a single multiplet (27, 3) under E_6 × SU (3)_H as discussed in Ref. [10]. Because SU (3)_H must be broken around the cutoff scale to obtain large top Yukawa coupling, mass matrices of sfermion have no essential difference from those of SU (2)_H models.

In either of the horizontal symmetries, this scenario predicts a special pattern of sfermion masses. That is, all the sfermion masses are universal except those of the third generation 10_3 = (Q, U^c_R, E^c_R) fields around the GUT scale. This prediction can be tested by a linear collider in the future.

DISCUSSION

In this paper, we did not discuss methods to determine the VEVs of the Higgs which break E_6 × U (2)_H into the SM gauge group. Therefore, we have simply determined the scales of non-vanishing VEVs of fields F , F̄ , A, Φ, Φ̄, C, and C̄, and the SM Higgs mixings in order that realistic (scalar) fermion masses and mixings are obtained. The SM Higgs mixing is important to avoid a cancellation of CKM mixings. The VEV of F̄ is determined in order to satisfy ⟨¯ F ⟩ ∼ √ m_c/m_t ∼ λ^2 at the GUT scale. It is interesting that this value is enough to satisfy the various FCNC constraints. The ratio R ≡ ⟨C⟩ / ⟨Φ⟩ ∼ λ^{0.5} is important to obtain bi-large neutrino mixings, although R ∼ λ also gives a realistic pattern of quark and lepton mass matrices. Because the E_6 structure is important in solving the SUSY flavor problem, the VEVs ⟨Φ⟩, ⟨C⟩, or A, which break E_6, cannot be taken as very large values in order to suppress FCNC processes.

If ⟨45_A⟩ ∼ λ^4 ( 0 1 −1 0 ) ⊗ diag(1, 1, 1, 0, 0) ∝ Q_{B−L},

which sometimes plays an important role in solving doublet-triplet splitting problem, is adopted, the mixings of lepton doublet L in Eq. (7) are drastically changed in the type A model used in this paper, because the L and L̄ fields in 10 of SO(10) have vanishing Q_{B−L} charges. In this case, other contributions to the basic Yukawa coupling Y are required. (For example, the type B model, in which the horizontal symmetry is localized, does not change the basic arguments in this paper because of other contributions.)

It is obvious that our arguments can be applied to any model in which the appropriate scales of VEVs are obtained; in other words, the appropriate coefficients in the Higgs potential are obtained. Therefore, it is interesting to examine which among the various mechanisms that can determine coefficients of interactions are suitable for our arguments. Such a project is important but is beyond the scope of this paper.

This is a promising way [5, 7, 12, 26] to introduce an anomalous U (1)_A symmetry (or just U (1) with Fayet- Illiopoulos D-term) to control the Higgs sector. This is because the scales of the various non-vanishing VEVs and the SM Higgs mixings are determined by their U (1)_A charges, for example, ⟨A⟩ ∼ λ^{−a} (Here, we use small letter for their charges). Such determination of VEVs plays an important role in defining the effective charges that determine all the orders of coefficients. Further, because the interactions including A (for example, λ^{ψi+ψj +a+ϕ}Ψ_iAΨ_j Φ) automatically gives the same contributions to the Yukawa couplings as the interaction without A (λ^{ψi +ψj +ϕ}Ψ_iΨ_j Φ), the unrealistic GUT relations between fermion mass matrices can be naturally avoided. Moreover, such VEV relations guarantee the natural gauge coupling unification [26], though it requires a rather small cutoff scale such as Λ ∼ 2 × 10^{16} GeV. Actually, using anomalous U (1)_A symmetry, we can obtain a complete GUT with E_6×SU (3)_H or E_6×SU (2)_H gauge symmetry [10, 12], in which doublet-triplet splitting, realistic quark and lepton mass matrices, natural gauge coupling unification, and suppressed FCNC are realized. Although the suppression of FCNC becomes milder than the concrete model discussed in this paper because of the lower cutoff, it is interesting to note that such models can be built with generic interactions (including higher dimensional interactions) with O(1) coefficients.

E_6 symmetry is sufficient, but not necessary to realize the interesting structure discussed in this paper. SU (2)_E [6] is the essential symmetry, which rotates two ¯5s and two 1s of SU (5) in a 27 of E_6 as a doublet. Therefore, if a gauge group that includes SU (2)_E , (for example, SU (3)^3 [28], SU (6) × SU (2)_E , and flipped SO(10) [SO(10)^′ × U (1)] [29]) is adopted, then the arguments in this paper can be applied.

SUMMARY

In this paper, we pointed out that in E_6 GUT, once a basic hierarchical structure of Yukawa couplings is given, larger neutrino mixings than the CKM mixings are naturally realized. This is independent of the origin of the hierarchy. Therefore, this mechanism can be applied to various models in which the hierarchical structure of Yukawa couplings is realized.

Moreover, we pointed out that non-Abelian horizontal symmetry is a promising candidate for the origin of the hierarchy, which can solve the SUSY flavor problem. This is because only one hierarchical structure, which is easily obtained by introducing a non-Abelian horizontal symmetry, induces all the other hierarchical structures of quark and lepton mass matrices. It is non-trivial that in E_6 GUT, the structure, which realizes bi-large neutrino mixings, also realizes universal sfermion masses for all three generation ¯5 fields that are important in suppressing FCNC processes naturally in GUT theory with bi-large neutrino mixings.

It is quite impressive that unification of quark and leptons realizes larger neutrino mixings and solves the SUSY flavor problem in E_6 unification. We hope that this compatibility is an evidence of E_6 GUT or the E_6 structure in our world and the characteristic pattern of sfermion masses is confirmed in future experiments.

ACKNOWLEDGEMENT

N.M. thanks Z. Berezhiani and T. Yamashita for valuable discussions. He is supported in part by Grants-in- Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science and Technology of Japan and by a Grand-in-Aid for the 21st Century COE “Center for Diversity and Universality in Physics”.

∗ maekawa@gauge.scphys.kyoto-u.ac.jp [1] The Super-Kamiokande Collaboration, Phys. Lett. B 436, 33 (1998); Phys. Rev. Lett. 81, 1562 (1998).

[2] The Super-Kamiokande Collaboration, Phys. Rev. Lett.

86, 5656 (2001); Phys. Lett. B 539, 179 (2002); SNO Collaboration, Phys. Rev. Lett. 89, 011301 (2002); 89, 011302 (2002); KamLAND Collaboration, Phys. Rev. Lett. 90, 021802 (2003).

[3] C.H. Albright, K.S. Babu, and S.M. Barr, Phys. Rev.

Lett. 81, 1167 (1998);

C.H. Albright and S.M. Barr, Phys. Rev. Lett. 85, 244 (2000); Phys. Rev. D 64, 073010 (2001); 62, 093008 (2000); 58, 013002 (1998); Phys. Lett. B 461, 218 (1999); 452, 287 (1999); J. Sato and T. Yanagida, Phys. Lett. B 430, 127 (1998); K.-I. Izawa, K. Kurosawa, Y. Nomura, and T. Yanagida, Phys. Rev. D 60, 115016 (1999); Q. Shafi and Z. Tavartkiladze, Phys. Lett. B 487, 145 (2000).

[4] Y. Nomura and T. Yanagida, Phys. Rev. D 59, 017303 (1999).

[5] N. Maekawa, Prog. Theor. Phys. 106, 401 (2001);

hep-ph/0110276; Phys. Lett. B 521, 42 (2001). [6] M. Bando and T. Kugo, Prog. Theor. Phys. 101, 1313 (1999);

M. Bando, T. Kugo, and K. Yoshioka, Prog. Theor. Phys. 104, 211 (2000).

[7] M. Bando and N. Maekawa, Prog. Theor. Phys. 106, 1255 (2001).

[8] B. Stech and Z. Tavartkiladze, hep-ph/0311161. [9] Z. Berezhiani and A. Rossi, Nucl. Phys. B 594, 113 (2001); T. Blazek, S. Raby, and K. Tobe, Phys. Rev. D 62, 055001 (2000); R. Kitano and Y. Mimura, Phys. Rev. D 63, 016008 (2001); G.G. Ross and L. Velasco- Sevilla, Nucl. Phys. B 653, 3 (2003); S. Raby, Phys. Lett. B 561, 119 (2003) M.-C. Chen and K.T. Mahanthappa, Phys. Rev. D 68, 017301 (2003).

[10] N. Maekawa, Phys. Lett. B 561, 273 (2003);

hep-ph/0304076.

[11] F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986); R. Barbieri, L.J. Hall, and A. Strumia, Nucl. Phys. B 445, 219 (1995); J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, and T. Yanagida, Phys. Lett. B 357, 579 (1995); J. Hisano, T. Moroi, K. Tobe, and M. Yamaguchi, Phys. Rev. D 53, 2442 (1996); J. Hisano and D. Nomura, Phys. Rev. D 59, 116005 (1999); J. Sato and K. Tobe, Phys. Rev. D 63, 116010 (2001); A. Masiero, S.K. Vempati, O. Vives, Nucl. Phys. B 649, 189 (2003).

[12] N. Maekawa and T. Yamashita, Prog. Theor. Phys. 107, 1201 (2002); 110, 93 (2003); Phys. Rev. D 68, 055001 (2003).

[13] M. Dine, A. Kagan, and R. Leigh, Phys. Rev. D 48, 4269 (1993); A. Pomarol and D. Tommasini, Nucl. Phys. B 466, 3 (1996); R. Barbieri, G. Dvali, and L.J. Hall, Phys. Lett. B 377, 76 (1996); R. Barbieri and L.J. Hall, Nuovo Cim. A 110, 1 (1997); K.S. Babu and S.M. Barr, Phys. Lett. B 387, 87 (1996); R. Barbieri, L.J. Hall, S. Raby, and A. Romanino, Nucl. Phys. B 493, 3 (1997); Z. Berezhiani, Phys. Lett. B 417, 287 (1998); G. Eyal, Phys. Lett. B 441, 191 (1998); R. Barbieri, P. Creminelli, and A. Romanino, Nucl. Phys. B 559, 17 (1999); S.F. King and G.G. Ross, Phys. Lett. B 520, 243 (2001).

[14] E. Witten, Phys. Lett. B 149, 351 (1984); M. Dine, N. Seiberg, and E. Witten, Nucl. Phys. B 289, 589 (1987); J.J. Atick, L.J. Dixon, and A. Sen, Nucl. Phys. B 292, 109 (1987); M. Dine, I. Ichinose, and N. Seiberg, Nucl. Phys. B 293, 253 (1987).

[15] F. Gursey, P. Ramond, and P. Sikivie, Phys. Lett. B 60, 177 (1976);Y. Achiman and B. Stech, Phys. Lett. B 77, 389 (1978).

[16] R. Barbieri and D.V. Nanopoulos, Phys. Lett. B 91 369. [17] C.D. Froggatt and H.B. Nielsen, Nucl. Phys. B 147, 277 (1979); L. Ibáñez and G.G. Ross, Phys. Lett. B 332 (1994) 100; J.K. Elwood, N. Irges, and P. Ramond Phys. Lett.B 413, 322 (1997) ; N. Irges, S. Lavignac, and P. Ramond, Phys. Rev. D 58, 035003(1998); C.H. Albright and S. Nandi, Mod. Phys. Lett. A 11, 737 (1996); Phys. Rev. D 53, 2699 (1996); Q. Shafi and Z. Tavartkiladze, Phys. Lett. B 459, 563 (1999); ibid 482, 145 (2000); ibid 487, 145 (2000); Nucl. Phys. B 573, 40 (2000); Y. Nomura and T. Sugimoto, Phys. Rev. D 61, 093003 (2000).

[18] N. Arkani-Hamed and M. Schmaltz, Phys. Rev. D 61, 033005 (2000); E.A. Mirabelli and M. Schmaltz, Phys. Rev. D 61, 113011 (2000); K.R.Dienes, E. Dudas, and T. Gherghetta, Phys. Lett. B 436, 55 (1998); Nucl. Phys. B 537, 47 (1999); Nucl. Phys. B 557, 25 (1999); N. Arkani- Hamed and S. Dimopoulos, Phys. Rev. D 65, 052003 (2002); N. Arkani-Hamed, S. Dimopoulos, G. Dvali, and J. March-Russell, Phys. Rev. D 65, 024032 (2002); K. Yoshioka, Mod. Phys. Lett. A 16, 29 (2000); S. Abel and S. King, Phys. Rev. D 59, 095010 (1999).

[19] K. Inoue, Prog. Theor. Phys. 93, 403 (1995); 104, 677 (2000).

[20] A.E. Nelson and M.J. Strassler, JHEP 0009, 030 (2000). [21] T. Yanagida, in Proceedings of the Workshop on the Unified Theory and Baryon Number in the Universe, eds. O. Sawada and A. Sugamoto(KEK report 79-18,1979); M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. P.van Nieuwenhuizen and D.Z. Freedman (North Holland, Amsterdam, 1979).

[22] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys.

28 (1962) 870.

[23] F. Gabbiani, E. Gabrielli, A. Masiero, and L. Silverstrini, Nucl. Phys. B 477, 321 (1996).

[24] M. Green and J. Schwarz, Phys. Lett. B 149, 117 (1984). [25] Y. Kawamura, H. Murayama, and M. Yamaguchi, Phys.

Lett. B 324, 52 (1994); Phys. Rev. D 51, 1337 (1995). [26] N. Maekawa, Prog. Theor. Phys. 107, 597 (2002); N.

Maekawa and T. Yamashita, Prog. Theor. Phys. 108, 719 (2002);Phys. Rev. Lett. 90, 121801 (2003).

[27] S.K. Soni and H.A. Weldon, Phys. Lett. B 126, 215 (1983).

[28] N. Maekawa and Q. Shafi, Prog. Theor. Phys. 109, 279 (2003).

[29] N. Maekawa and T. Yamashita, Phys. Lett. B 567, 330

(2003).

[30] The renormalization factor is strongly dependent on the ratio of the gaugino mass to the scalar fermion mass and the model below the GUT scale. If the model is MSSM and the ratio at the GUT scale is 1, then ηq = 6 ∼ 7.