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Abstract

In Calabi-Yau string compactification, it is pointed out that there exists a
new type of SU(5)×U(1)2 model (the aligned SU(5)×U(1)2 model) in which
the SU(5) differs from the standard SU(5) and also from the flipped SU(5).
With the aid of the discrete symmetry suggested from Gepner model, we con-
struct a simple and phenomenologically interesting three-generation model with
the aligned SU(5)×U(1)2 gauge symmetry. The triplet-doublet splitting prob-
lem can be solved. It is also found that there is a realistic solution for solar
neutrino problem and for the µ-problem. At low energies this model is in ac-
cord with the minimal supersymmetric standard model except for the existence
of singlet fields with masses of O(1)TeV.
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1 Introduction

It is very plausible that the Planck scale(MPl) is the fundamental scale of the theory

which unifies all fundamental interactions. The only known candidate of the consis-

tent Planck scale theory is the heterotic superstring theory. On the other hand, the

standard model is consistent with many of observations at low energies. How does

the superstring theory connect with the standard model ? How does the hierarchical

ramification of the unified interaction occur ? Especially, it is important to clarify the

energy scale of the ramification into SU(3)c and SU(2)L gauge interactions. If SU(3)c

and SU(2)L gauge interactions are unified at the Planck scale, the ramification must

have its origin in the flux breaking associated with the multiply-connectedness of the

compactified manifold. If we have GUT types of gauge group such as SU(5), SO(10)

at the scale smaller than MPl, the ramification into SU(3)c and SU(2)L needs to

occur at an intermediate energy scale through Higgs mechanism. The scale of the

ramification into SU(3)c and SU(2)L is closely related to the longevity of proton. For

superstring models to be consistent with proton stability, it is required that SU(3)c-

triplet and SU(2)L-doublet gauge bosons in 78-representation of E6 get masses of

O(>∼ 1016)GeV. On the other hand, it is commonly considered that in superstring

models Higgs mechanism can hardly occur at a scale of O(>∼ 1016)GeV. For this rea-

son, until now many authors have preferred the case in which the ramification into

SU(3)c and SU(2)L is due to flux breaking at the Planck scale. However, if there

appear mirror chiral superfields in the effective theory and if an appropriate discrete

symmetry restricts nonrenormalizable interactions to a special form, it is theoretically

possible that Higgs mechanism occurs at a scale of O(>∼ 1016)GeV [1].

The purpose of this paper is to study the GUT type scenario with SU(5) gauge

symmetry in Calabi-Yau string compactification. In this scenario Higgs mechanism

should occur at a scale MX with MPl > MX
>∼ 1016GeV. As a result, we find a
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new type of SU(5)×U(1)2 model, which is named the aligned SU(5)×U(1)2 model

by the reason shown later. As is well known, there is a disparity between MPl and

the unification scale O(1016)GeV of gauge couplings in the minimal supersymmetric

standard model [2]. In the scenario with the aligned SU(5) × U(1)2 it is possible to

solve such a disparity. In this paper we construct a realistic three-generation model

with the aligned SU(5) × U(1)2 gauge symmetry. In the model SU(3)c and SU(2)L

gauge couplings come together at the scale O(1017.5)GeV, while the aligned SU(5)

and U(1)2 gauge interactions are unified at the Planck scale.

In the four-dimensional effective theory from Calabi-Yau compactification the

gauge symmetry G at the Planck scale becomes a subgroup of E6. Phenomenologically

it is required that the standard gauge group Gst = SU(3)c × SU(2)L × U(1)Y is

contained in G. As an example of GUT types of the G there is an SU(5) × U(1)2

group. When we embed Gst into SU(5) × U(1)2, we obtain different types of SU(5)

according as the SU(5) entirely contains U(1)Y or not. On the other hand, we assign

matter fields to 27 of E6 so as to connect the effective theory with the standard model.

In the standard model Y -charges are settled for SU(2)L-doublet superfields Q, L of

quarks and leptons, singlet superfields U c, Dc, Ec and Higgs-doublet superfields Hu,

Hd. Then U(1)Y should be embedded into E6 so that we can reproduce Y -charges

of these matter fields. Furthermore, it is plausible for us to require that in the

effective theory there appear the Yukawa interactions QU cHu, QDcHd, LN cHu and

LEcHd to get Dirac masses of quarks and leptons, where N c represents a superfield

of conjugate neutrino. We study GUT types of model under these constraints on the

effective theory. For illustration we take up an SU(5) × U(1)2 gauge group.

In the case U(1)Y ⊂ SU(5) quark and lepton superfields in 27-representation of

the E6 belong to 10 and 5∗ representations of SU(5) as

10 : Q, U c, Ec,
5∗ : Dc, L.
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The SU(5) of this case is the standard SU(5) [3]. Hereafter we denote this SU(5) as

SU(5)S. In superstring models, however, we have no Higgs superfields in an adjoint

representation. Therefore, the SU(5)S symmetry can not be broken spontaneously

into the standard gauge group Gst through Higgs mechanism [4] [5]. Thus GUT type

of models with SU(5)S are excluded in the scheme of Calabi-Yau compactification.

In the case U(1)Y 6⊂ SU(5) we have two different types of the assignment of matter

fields. The situation is as follows. In addition to the above-mentioned matter fields,

in 27 of E6 we have an extra Gst-neutral superfields S which is a standard SO(10)-

singlet, and extra colored superfields g, gc. Among these matter fields (Dc, gc), (L, Hd)

and (S, N c) are indistinguishable with respect to Gst, respectively. Therefore, at first

sight it seems that we may interchange the assignment of these fields to the 27 states

at will. However, under the requirement that we get the Yukawa interactions LN cHu

and QDcHd, it is only possible for us to interchange these fields in sets of (Dc, L, S)

and (gc, Hd, N
c). These assignments implies that extra colored superfields g and gc

mediate proton decay and then hereafter we refer g and gc as leptoquark superfields.

These leptoquark fields get masses through the Yukawa interaction Sgcg with a non-

zero VEV of S. Depending on whether the S resides in 10 or 1 of SU(5), we have

two different types of SU(5) in the case U(1)Y 6⊂ SU(5). In the case that the S

belongs to 10 of SU(5), a non-zero VEV of S results in the spontaneous breaking of

the SU(5) symmetry. While, in the case the S resides in 1 of SU(5), the SU(5) is

unbroken even with a non-zero VEV of S.

In the case that the S belongs to 1 of SU(5), quarks and leptons are assigned as

10 : Q, Dc, N c,
5∗ : U c, L,
1 : Ec.

This assignment of matter fields to the representations of SU(5) is the same in the

case of the flipped SU(5) × U(1) model [6][7]. Then we denote the SU(5) of this
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case as SU(5)F . The so-called flipped SU(5) × U(1) model is derived from the

compactification in which the holonomy group is SO(6) [8]. On the other hand, in

Calabi-Yau compactification there is a possibility of the flipped SU(5)×U(1)2 model.

An extra U(1) (U(1)ψ) gauge symmetry distinguishes the flipped SU(5)×U(1)2 model

from the flipped SU(5) × U(1) model. From the study of mass spectra it turns out

that the flipped SU(5) × U(1)2 model is not realistic.

The case of SU(5)’s that the S resides in 10 of SU(5) is a new type of SU(5). In

this case matter fields are assigned as

10 : Q, gc, S,
5 : L, g,
5∗ : Dc, Hu,
5∗ : U c, Hd,
1 : Ec,
1 : N c.

In this case quark and lepton superfields belong separately to six irreducible rep-

resentations and are aligned in the front row on the above list. Then a new type

of SU(5) is named the aligned SU(5) and denoted as SU(5)A. This type of GUT

model has been first discussed by Panagiotakopoulos [9], who studied SU(6) × U(1)

models constructed using the Tian-Yau manifold divided by Z3. However, in Ref[9]

down-type quarks, lepton-doublet and right-handed neutrinos are denoted as gc, Hd

and S, respectively. This is due to the flipped type of assignment of matter fields, in

which assignment the SU(6) contains the flipped SU(5).

This paper is organized as follows. In section 2 we briefly review the relation be-

tween flux breaking and gauge symmetry at the Planck scale and then carry out the

classification of the gauge groups. It is shown that through the abelian flux breaking

there possibly appear three kinds of SU(5) × U(1)2 gauge symmetry as mentioned

above. Among them the aligned SU(5)×U(1)2 model can be consistent with proton

stability, when 〈S〉 >∼ 1016GeV. In section 3 we find gauge hierarchies for four types of
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models and clarify the processes of symmetry breaking to Gst. By introducing an ap-

propriate discrete symmetry suggested from Gepner model in section 4, we construct

a simple three-generation model with the aligned SU(5) × U(1)2 gauge symmetry

and discuss its phenomenological implication. In the model the generation and the

anti-generation numbers are 4 and 1, respectively. It is pointed out that there is an

interesting solution for the triplet-doublet splitting problem and for solar neutrino

problem. At low energies this model is in line with the minimal supersymmetric stan-

dard model except for the existence of Gst-singlet superfields. Section 5 is devoted

to summary and discussion. We also show that there is a realistic solution for the

µ-problem.

2 Flux breaking mechanism

In Calabi-Yau compactification on multiply-connected manifold K there generally

exists a nontrivial Wilson loop U on K and then the available gauge group G at the

Planck scale is reduced to a subgroup of E6. The nontrivial U gives rise to the discrete

symmetry Gd, which is an embedding of Gd = Π1(K) in the E6. Then G consists

of the generators of E6 which commute with all elements of Gd. This mechanism is

called flux breaking or Hosotani mechanism [10]. Phenomenologically it is required

that the group G contains Gst. The generators of E6 are denoted as { Hi, Eξ } in

Cartan-Weyl basis, where Hi’s are diagonal generators and Eξ’s are ladder operators

associated with root vectors ξ. In the abelian flux breaking the Wilson loop U is

expressed as

U = exp(2πi
∑

i

ziHi), (1)

where zi’s are real parameters. In this case we obtain

UEξU
−1 = exp {2πi(Z, ξ)} Eξ, (2)
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where

(Z, ξ) =
∑

i

ziξi, [Hi, Eξ] = ξiEξ. (3)

Under the condition Gst ⊂ G the vector Z is described in terms of three real param-

eters α, β, γ as [5]

Z = α Θ1 + β Θ2 + γ Θ3, (4)

where Θi(i = 1, 2, 3) stand for three linearly independent SU(3)c × SU(2)L-neutral

weights in 27 representation and coincide with weights of Ec, S, N c, respectively. The

relations (Θi, Θj) = δij+1/3 hold. When U(1)Y is embedded into G, U(1)Y -generator

is

Y =
1

3
(5Θ1 − Θ2 − Θ3), (5)

which is orthogonal to Θ2,3.

Among gauge bosons in the 78 of E6, there are three sets of (3, 2) gauge bosons

with respect to SU(3)c×SU(2)L [5]. We denote three representatives of root vectors

corresponding to these three sets of gauge bosons as ξ(A), ξ(B), ξ(C). The quantum

numbers of these root vectors are

ξ(A) : (3, 2,−5/3, 0, 0),

ξ(B) : (3, 2, 1/3,−1,−1), (6)

ξ(C) : (3, 2, 1/3, 1,−1)

under SU(3)c × SU(2)L×U(1)Y ×U(1)I ×U(1)η symmetry, where U(1)I and U(1)η

correspond to Θ2∓Θ3 axes, respectively. Referring to U(1)Y -charges we can discrim-

inate ξ(A) from ξ(B) and ξ(C). On the other hand, ξ(B) and ξ(C) are indistinguishable

with respect to Gst. Inner products of these root vectors with Z become

(Z, ξ(A)) = −α, (Z, ξ(B)) = −β, (Z, ξ(C)) = −γ. (7)
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The gauge group G at the Planck scale is determined depending on values of these

parameters α, β, γ. From Eq.(2), if we obtain

(Z, ξ) ≡ 0 mod 1, (8)

then the Eξ becomes a generator of G. To the contrary, if we get

(Z, ξ) 6≡ 0 mod 1, (9)

the Eξ is not a generator of G. In the case α, β, γ 6≡ 0 we do not have any kinds of

SU(5) symmetry and all three kinds of (3, 2) gauge boson become massive at O(MPl)

[5]. On the other hand, when one of α, β, γ becomes zero (mod 1), there appear three

kinds of SU(5) symmetry as

(A) α ≡ 0, β, γ 6≡ 0 : G ⊃ SU(5)S × U(1)2, (10)

(B) β ≡ 0, γ, α 6≡ 0 : G ⊃ SU(5)A × U(1)2, (11)

(C) γ ≡ 0, α, β 6≡ 0 : G ⊃ SU(5)F × U(1)2. (12)

Here U(1)2-axes in these cases correspond to Θ2 ∓ Θ3, Θ3 ∓ Θ1 and Θ1 ∓ Θ2, re-

spectively. As will be discussed in the next section, depending on the relations be-

tween two nonzero parameters the gauge group G varies from SU(5) × U(1)2 to

SU(6) × SU(2) and is classified into four cases. For a moment, we concentrate on

the case G = SU(5) × U(1)2. In a 27 representation of E6, there are two sets

of (D1, L1, S1) and (D2, L2, S2). D1,2 reside in the representation of (3∗, 1, 2
3
) as to

(SU(3)c, SU(2)L, U(1)Y ). Similarly, L1,2 and S1,2 reside in (1, 2,−1
2
) and (1, 1, 0),

respectively. (D1, L1, S1) have positive U(1)I-charges and (D2, L2, S2) have negative

U(1)I-charges, respectively. A phenomenologically viable model implies that three

generations of down-type quarks (3∗, 1, 2
3
) (denoted as Dc) remain massless at TeV

scale. Thus the other (3∗, 1, 2
3
) field in 27 is considered as the leptoquark (denoted as

7



gc). We can assign D1 to down-type quarks Dc without the loss of generality. Then

the sign of U(1)I-charges is fixed. One can write down eleven E6-invariant Yukawa

couplings by using 27 fields as

gS1D2, gS2D1, QD1L2, QD2L1,
HuL1S2, HuL2S1, EcL1L2, U cD1D2,
QQg, QU cHu, U cEcg.

Now it is phenomenologically plausible for us to require the existence of the Yukawa

couplings QD1L2(= QDcHd) and EcL1L2(= EcLHd) to obtain available Dirac masses

of quarks and leptons at weak scale. Since we take D1 as down-quark Dc, we should

assign L2 to Hd and L1 to L, respectively. Moreover, the coupling HuL1S2 can

give the neutrino Dirac masses through 〈Hu〉 so that we should assign S2 to right-

handed neutrino N c. Consequently, under the assignment of D1 = Dc we must take

(D1, L1, S1) as (Dc, L, S), which have positive U(1)I-charges, and also (D2, L2, S2)

as (gc, Hd, N
c), which have negative U(1)I -charges. We denote here S1 as S. For

three cases (A), (B) and (C) irreducible decompositions of the 27 matter fields under

SU(5) × U(1)2 are shown in Table I. In the case (A) both S and N c reside in 1 of

SU(5). While, in the case (B) S resides in 10 of SU(5) but N c in 1. In the case (C)

N c resides in 10 of SU(5) but S in 1.

Table I

The SU(5)S in the case (A) is just the standard SU(5) [3]. In order to break down

SU(5)S into Gst at an intermediate energy scale, (3, 2,−5/3) gauge superfields under

SU(3)c × SU(2)L × U(1)Y should become massive via Higgs mechanism. However,

there are no (3, 2,−5/3) chiral superfields in the 27 which would be absorbed to give

masses to (3, 2,−5/3) gauge superfields. Thus in the case (A) we can not construct
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a realistic model. The standard SU(5)-GUT model is excluded in the Calabi-Yau

string theory.

The SU(5)A in the case (B) can be broken into SU(3)c×SU(2)L, when S develops

a nonzero VEV. This is due to the fact that S belongs to the 10 of SU(5)A. When

we decompose SU(5)A into SU(3)c × SU(2)L × U(1)Y ′, we obtain

Y ′ =
1

3
(5Θ2 − Θ3 − Θ1). (13)

The U(1)Y is given by a linear combination of U(1)Y ′ and U(1)2 aside from SU(5)A.

In this case a quark-doublet superfield Q is absorbed by (3, 2, 1/3) gauge superfields

via Higgs mechanism. The (3, 2, 1/3) gauge superfields gain masses of order 〈S〉.

Proton decay is caused not only by the interactions of (3, 2, 1/3) gauge superfields

but also by the interactions of leptoquark superfields g and gc. In the SU(5)A×U(1)2

model we have four independent Yukawa coupling constants λ(r) (r = 1 ∼ 4) which

appear in the superpotential

WY = λ(1) (QQg + QgcL + gcSg)

+λ(2) (QU cHu + QHdD
c + gcU cDc + SHdHu)

+λ(3) (LHdE
c + gU cEc) + λ(4) (LHuN

c + gDcN c) , (14)

where the generation indices are omitted and λ’s are all expected to be O(1). From

Eq.(14) leptoquark superfields g and gc also gain masses of the order 〈S〉 through

the Yukawa interactions λ(1)gcSg. Thus, at energies below 〈S〉, g and gc decouple

from the effective theory. Therefore, if 〈S〉 is equal to or larger than O(1016)GeV,

this model is consistent with proton stability.

The flipped type of SU(5) in the case (C) can be decomposed into SU(3)c ×

SU(2)L × U(1)Y ′′ . The generator Y ′′ is given by

Y ′′ =
1

3
(5Θ3 − Θ1 − Θ2). (15)
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When N c develops a nonzero VEV, a quark-doublet superfield Q is absorbed to give

masses of O(〈N c〉) to (3, 2, 1/3) gauge superfields. In the SU(5)F × U(1)2 model

Yukawa interactions are given by

WY = λ(1) (QQg + QDcHd + DcN cg)

+λ(2) (QHuU
c + QgcL + DcgcU c + N cHuL)

+λ(3) (HuHdS + gcgS) + λ(4) (LHdE
c + U cgEc) . (16)

In the symmetry breaking due to a nonzero 〈N c〉, leptoquark superfields g and gc can

not gain masses of O(〈N c〉). Unless S develops a large VEV, we are led to the fast pro-

ton decay. To avoid this difficulty, S also should develop its VEV of O(>∼ 1016)GeV.

Thus in the case (C) it is required that both 〈S〉 and 〈N c〉 are O(>∼ 1016)GeV. In

this scheme of symmetry breaking it is impossible for us to get a large Majorana-

mass of right-handed neutrino [11]. Furthermore, since the Yukawa couplings of gcgS

and HuHdS take a common value λ(3), we can not solve the triplet-doublet splitting

problem. Thus the SU(5)F × U(1)2 model is not realistic. It should be noted that

the present SU(5)F × U(1)2 model is quite different from the flipped SU(5) × U(1)

model. The U(1) factor group in the flipped SU(5) × U(1) model corresponds to

(4Θ1 − Θ2)/2, while an extra U(1) symmetry in the SU(5)F × U(1)2 model rela-

tive to the flipped SU(5) × U(1) model corresponds to Θ2-axis, i.e. U(1)ψ. Due to

the extra U(1)ψ symmetry, many of the Yukawa interactions such as (10∗ · 10∗ · 5∗),

(10 · 10∗ · 1) which appear in the flipped SU(5) × U(1) model are forbidden. As a

consequence, unlike in the flipped SU(5) × U(1) model the triplet-doublet splitting

mechanism and see-saw mechanism [12] [13] are not at work in the SU(5)F × U(1)2

model. Furthermore, there is a sharp distinction between the present SU(5)F ×U(1)2

model and the flipped SU(5)F×U(1) model with respect to their generation structure.

When all but one of α, β, γ are zero (mod 1), there appears an SO(10) × U(1)

gauge group. In this case we also have three kinds of model. For instance, in the
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case α, γ ≡ 0 and β 6≡ 0 the SO(10) referred here is the same as the usual one. As

mentioned above, not only the case α ≡ 0 but also the case γ ≡ 0 are unfavorable.

Thus we have no possibilities of the SO(10) × U(1) gauge symmetry.

Next we consider the case of non-abelian flux breaking. Root vectors of the

E6 perpendicular to those of Gst are restricted only to ±(Θ2 −Θ3). Since these root

vectors compose SU(2) group, the remaining gauge symmetry is at most SU(6). This

SU(6) involves SU(5)S but neither SU(5)A nor SU(5)F . Since we have no realistic

solutions for the SU(5)S-GUT, SU(3)c and SU(2)L should be already separated in

the non-abelian flux breaking at the Planck scale.

3 Gauge hierarchies

As discussed in the previous section, the realistic scenarios with SU(5)×U(1)2 gauge

symmetry are limited only to the case (B) of flux breaking

β ≡ 0, γ, α 6≡ 0. (17)

Then we proceed to study the case (B) including the aligned SU(5) × U(1)2 model.

To explain large Majorana-masses of right-handed neutrinos, we now consider the

hierarchical symmetry breaking with 〈S〉 >∼ 1016GeV ≫ 〈N c〉 ≫ msusy [15] [11],

where msusy represents the susy breaking scale of O(1)TeV. Some of Gepner models

[14] potentially implement this hierarchical type of symmetry breaking.

To maintain supersymmetry down to msusy, the D-terms should vanish at large

scales 〈S〉 and 〈N c〉. It is realized by assuming the existence of mirror chiral super-

fields of S and N c and by setting 〈S〉 = 〈S〉 and 〈N c〉 = 〈N c〉. In what follows we

take up this scheme of symmetry breaking. The gauge group G in the region ranging

from the Planck scale to the scale 〈S〉 is classified into four cases depending on the

relations between α and γ. For example, when α − γ ≡ 0, there appears SU(2)R
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symmetry associated with root vectors ±(Θ3 − Θ1). Chiral superfields in the 27 of

E6 are decomposed into the irreducible representations of G. These situations are

summarized as follows;

(B1) α + γ ≡ α − γ ≡ 0 : G = SU(6) × SU(2)R

(15, 1) : Q, g, gc, L, S

(6∗, 2) : U c, Dc, Hu, Hd, E
c, N c

(B2) α + γ ≡ 0, α − γ 6≡ 0 : G = SU(6) × U(1)R

(15, 0) : Q, g, gc, L, S

(6∗, 1) : U c, Hd, N
c

(6∗,−1) : Dc, Hu, E
c

(B3) α + γ 6≡ 0, α − γ ≡ 0 : G = SU(5) × SU(2)R × U(1)

(10, 1,
2

3
) : Q, gc, S

(5, 1,−4

3
) : L, g

(5∗, 2,−1

3
) : U c, Dc, Hu, Hd

(1, 2,
5

3
) : Ec, N c

(B4) α + γ 6≡ 0, α − γ 6≡ 0 : G = SU(5) × U(1)R × U(1)

(10, 0,
2

3
) : Q, gc, S

(5, 0,−4

3
) : L, g

(5∗, 1,−1

3
) : U c, Hd

(5∗,−1,−1

3
) : Dc, Hu

(1,−1,
5

3
) : Ec

(1, 1,
5

3
) : N c

When S develops a nonzero VEV, the gauge group G is spontaneously broken
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into a smaller group G′. For each case we have

(B1) G′ = SU(4) × SU(2)L × SU(2)R,

(B2) G′ = SU(4) × SU(2)L × U(1)R,

(B3) G′ = SU(3)c × SU(2)L × SU(2)R × U(1),

(B4) G′ = SU(3)c × SU(2)L × U(1)R × U(1).

The SU(4) in the cases (B1) and (B2) is the Pati-Salam SU(4) [16]. In the cases (B1)

and (B2), (4, 2), (4∗, 2) and (1, 1) gauge superfields under SU(4) × SU(2)L absorb

a pair of Q, L and Q, L and (S − S)/
√

2 via Higgs mechanism. In the cases (B3)

and (B4), (3, 2), (3∗, 2) and (1, 1) gauge superfields under SU(3)c × SU(2)L absorb

a pair of Q and Q and (S − S)/
√

2.

In the subsequent symmetry breaking due to nonzero 〈N c〉 the gauge group G′ is

broken to Gst. In the case (B1) a pair of U c, Ec and U
c
, E

c
and (N c − N

c
)/
√

2 are

absorbed by gauge superfields. In the case (B2) a pair of U c and U
c
and (N c−N

c
)/
√

2

and in the case (B3) a pair of Ec and E
c

and (N c − N
c
)/
√

2 are absorbed. In the

case (B4) only (N c − N
c
)/
√

2 is absorbed.

4 A simple model

In this section we construct a simple three-generation model for the case (B4) G =

SU(5)A × U(1)2. From the observation of this example we will see that the discrete

symmetry of the compactified manifold controls many parameters of the low-energy

effective theory. To obtain three-generation models at low energies, the difference

between the generation number and the anti-generation number should be three at

the Planck scale. Concretely, here the generation number and the anti-generation

number are taken as 4 and 1, respectively. This generation structure is illustrated in

Table II.
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Table II

When the effective theory has Gepner type of discrete symmetry Z2k+1 ×Z2 com-

ing from the symmetry of the compactified manifold, nonrenormalizable terms of

the superpotential have peculiar structure. Especially, if Z2k+1-charges of S0, S and

N c
0 , N

c
are 1 and k, respectively, the nonrenormalizable terms incorporated only by

these fields are of special form [11]

WNR ∼ λM3
C





(

S0S

M2
C

)2k

+ k

(

N c
0N

c

b2M2
C

)2

− 2c

(

S0S

M2
C

)k (
N c

0N
c

b2M2
C

)



 , (18)

where MC represents the compactification scale and λ, b and c are real constants

of O(1). Here we assume that the soft susy-breaking mass parameter m2
S0

+ m2
S
,

whose running behavior is controlled by the renormalization group equation, becomes

negative in the energy region O(1017)GeV. As investigated in Ref.[11], carrying out

the minimization of the scalar potential under the conditions k = 3, 4, · · · and 0 <

c <
√

2k (c 6=
√

k), we obtain

〈S0〉 = 〈S〉 ∼ MCx, (19)

〈N c
0〉 = 〈N c〉 ∼ MCxk (20)

with

x =
(

msusy

MC

)1/(4k−2)

. (21)

Through Higgs mechanism (3, 2) and (3∗, 2) gauge superfields become massive at

the scale 〈S0〉 = 〈S〉. It is Q0 and Q that are absorbed by (3, 2) and (3∗, 2) gauge

superfields. Since gauge interactions are diagonal with respect to the generation

degree of freedom, the superfields absorbed here have the same generation indices

14



as S0 and S. Thus at energies below 〈S0〉 = 〈S〉 only three generations of quark

Qi(i = 1, 2, 3) remain massless. Through the symmetry breaking (S0 − S)/
√

2 is

also absorbed by a gauge superfield associated with a diagonal generator. Remaining

massless S fields become Si(i = 1, 2, 3) and (S0 + S)/
√

2.

Leptoquark superfields g, gc (g, gc) gain their masses of order 〈S0〉 = 〈S〉 through

the Yukawa interactions
∑

i,j=0∼3 λ
(1)
i0j gciS0gj (λ

(1)
gcSg). Here λ

(1)
i0j can be considered

as a matrix with respect to the indices i, j. If this matrix is rank four, all g and gc

are massive. On the other hand, doublet Higgs get their masses through the Yukawa

interactions
∑

i,j=0∼3 λ
(2)
0ij S0HdiHuj (λ

(2)
SHdHu). If the matrix λ

(2)
0ij is rank three,

a pair of Hu and Hd remains massless and the other three pairs of them become

massive at the scale 〈S0〉 = 〈S〉. As seen in Table-II, since g, gc, Hu and Hd belong to

different irreducible representations of SU(5)A with each other, it is likely that the

Yukawa couplings λ
(1)
i0j and λ

(2)
0ij have distinct structure with respect to their ranks. In

the present model triplet-doublet splitting is attributable to the disparity of ranks of

λ
(1)
i0j and λ

(2)
0ij . In Eq.(14) we have the Yukawa interactions

∑

λ
(4)
ijk(LiHuj + giD

c
j)N

c
k .

In the subsequent symmetry breaking due to a nonzero 〈N c
0〉 there possibly appear

the mixings between Huj and L†
i and between Dc and g†. If λ

(4)
ij0’s vanish for all i

and j, these mixings are avoidable. The condition λ
(4)
ij0 = 0 can be explained under

appropriate charge assignments for the discrete symmetry Z2k+1 ×Z2 to Li, Huj and

N c
0 .

In the present model U c, Dc, L and Ec also have four generations and an anti-

generation at the Planck scale. If these superfields have appropriate charges of the

discrete symmetry Z2k+1 × Z2, we get the nonrenormalizable terms

1

M2l1−1
C

(S0S)l1(U c
0U

c
) +

1

M2l2−1
C

(S0S)l2(Dc
0D

c
)

+
1

M2l3−1
C

(S0S)l3(L0L) +
1

M2l4−1
C

(S0S)l4(Ec
0E

c
), (22)
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where li < 2k − 1 (i = 1 ∼ 4). These terms induce masses for U c
0 , D

c
0, L0, E

c
0 and

U
c
, D

c
, L, E

c
. In fact, by substituting S0, S by their nonzero VEVs, we get

MUc

0
,U

c ∼ MCx2l1 , MDc

0
,D

c ∼ MCx2l2 ,

ML0,L
∼ MCx2l3 , MEc

0
,E

c ∼ MCx2l4 . (23)

Consequently, at energies below MUc

0
,U

c , MDc

0
,D

c , ML0,L
and MEc

0
,E

c there remain only

three generations of U c, Dc, L and Ec.

At the scale 〈N c
0〉, (N c

0 −N
c
)/
√

2 is absorbed by a gauge superfield. By assigning

appropriate charges to N c
i , we can obtain large Majorana-masses of N c, which lead

to sufficiently small neutrino masses by see-saw mechanism. As shown in Ref.[11],

the superpotential Eq.(18) leads to Majorana-masses

MM ∼ MCx2k =
√

msusyMC x (24)

for N c
i (i = 1, 2, 3) and for

N ′ = cos θ
1√
2
(N c

0 + N
c
) + sin θ

1√
2
(S0 + S) (25)

with

θ ∼ xk−1. (26)

Thus at energies below MM available Gst-singlet superfields are limited only to Si(i =

1, 2, 3) and to

S ′ = − sin θ
1√
2
(N c

0 + N
c
) + cos θ

1√
2
(S0 + S), (27)

whose masses are O(msusy).

As an example, let us consider the case k = 5. In this case the discrete symmetry

becomes Z11 × Z2. The Z11-charges of S0, S and N c
0 , N

c
are 1 and 5, respectively.

Here we take l1 = l2 = l3 = l4 = 3 and take numerical values of MC and msusy as

MC
∼= MPl√

8π
∼= 1018.4GeV, msusy = 103GeV. (28)
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In this case we get x = 10−0.86 and mass hierarchies become

〈S0〉 = 〈S〉 ∼= 1017.5GeV, (29)

〈N c
0〉 = 〈N c〉 ∼= 1014.1GeV, (30)

MUc

0
,U

c , MDc

0
,D

c , ML0,L
, MEc

0
,E

c ∼= 1013.3GeV, (31)

MM
∼= 109.8GeV. (32)

Large Majorana-masses MM obtained here solve the solar neutrino problem [11]. At

energies below MM this model is in accord with the minimal supersymmetric standard

model except for the existence of singlet fields Si(i = 1, 2, 3) and S ′.

Now it is interesting to study the unification of gauge coupling constants. In the

aligned SU(5)×U(1)2 model, SU(3)c and SU(2)L gauge couplings should be unified

at the scale 〈S〉 but not at the Planck scale. On the other hand, due to possible

existence of gauge kinetic mixing terms unification of abelian gauge couplings is not

straightforward [17]. Here we confine ourselves to non-abelian gauge couplings. The

one-loop renormalization group equation for gauge couplings reads

dαi
dt

=
1

2π
biα

2
i (i = 3, 2) (33)

with t = ln(µ/µ0). In the model explored above the coefficients of β-functions for

SU(3)c and SU(2)L gauge couplings are given by

b3 = −1, b2 = 2 (34)

in the energy region from 〈S〉 to MUc

0
,U

c and

b3 = −3, b2 = 1 (35)

in the energy region from MUc

0
,U

c to msusy. Therefore, for each region the difference

b2−b3 becomes 3 and 4, respectively. To the contrary, in the minimal supersymmetric

17



standard model the difference is equal to 4 over the range from MGUT to msusy. The

present model leads to the relation

α2(MZ)−1 − α3(MZ)−1 =
1

4π

[

8 ln
(

MC

MZ

)

− 2l + 3

2k − 1
ln

(

MC

msusy

)]

(36)

in the one-loop renormalization group calculation, where l = l1 = l2 = l3 = l4. We

use the unification condition α3 = α2 at the scale 〈S〉 and Eqs.(19) and (21). As

far as the difference α2(µ)−1 − α3(µ)−1 is concerned, the two-loop effect gives only

a small correction to the one-loop effect. After numerical calculations we find that

when l = k − 2, the unification of SU(3)c and SU(2)L gauge couplings at the scale

〈S〉 is consistent with experimental data. Detailed renormalization group analysis of

gauge couplings including abelian ones will be presented elsewhere.

5 Summary and Discussion

In Calabi-Yau string compactification, there possibly exist three kinds of SU(5) ×

U(1)2 gauge symmetry which contain SU(3)c×SU(2)L×U(1)Y . Among them realistic

models can be constructed only in the case of the aligned SU(5) × U(1)2 gauge

symmetry, in which the SU(5) differs from the standard SU(5) and also from the

flipped SU(5). In this model the gauge group G = SU(5)A × U(1)2 at the Planck

scale is spontaneously broken into Gst by two stages when Gst-neutral fields in the

27 of E6 develop nonzero VEVs. At the first stage, when the field S in 10 of SU(5)A

evolves its VEV of O(>∼ 1016)GeV, G is broken into

G′ = SU(3)c × SU(2)L × U(1)2. (37)

Subsequent symmetry breaking from G′ to Gst is attributed to a nonzero VEV of N c.

Although the unification scale of all fundamental interactions is the Planck scale,

SU(3)c and SU(2)L gauge couplings come together at the scale 〈S〉 = O(1017.5)GeV.
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Therefore, the string threshold effect takes part in the unification of SU(5)A and

U(1)2 gauge couplings but does not in the unification of SU(3)c and SU(2)L gauge

couplings.

In this paper we constructed a simple three-generation model with the aligned

SU(5) × U(1)2. Under appropriate charge assignments of Gepner type of discrete

symmetry mass spectra of the model comes down to as follows. Through Higgs

mechanism at the scale 〈S0〉, chiral superfields Q0, Q and (S0 − S)/
√

2 are absorbed

by gauge superfields. At the same scale all of g, gc and g, gc become massive. All

but one set of Hu and Hd also gain their masses. At the next stage of symmetry

breaking due to 〈N c
0〉, (N c

0 − N
c
)/
√

2 is absorbed. Chiral superfields U c
0 , D

c
0, L0, E

c
0

and U
c
, D

c
, L, E

c
get masses of order MC x2li through the nonrenormalizable inter-

actions. Chiral superfields N c
i (i = 1, 2, 3) and N ′(∼ N c

0 + N
c
) get large Majorana-

masses MM ∼ MC x2k =
√

msusyMC x also via nonrenormalizable interactions. Thus,

the triplet-doublet splitting problem and solar neutrino problem can be solved with

the aid of the discrete symmetry. Consequently, at energies below MM , MUc

0
,U

c ,

MDc

0
,D

c , ML0,L
and MEc

0
,E

c available superfields are reduced to three generations of

Qi, U
c
i , D

c
i , Li, E

c
i (i = 1, 2, 3), a pair of Higgs superfield Hu, Hd and singlet superfields

Si(i = 1, 2, 3), S ′(∼ S0 + S). The model obtained here is in accord with the minimal

supersymmetric standard model except for the existence of singlet fields Si(i = 1, 2, 3)

and S ′ with masses of O(msusy).

In the present model we can find a realistic solution also for the µ-problem. Since

there is a nonrenormalizable term

1

M2n
C

(S0S)nS0HuHd (38)

for a pair of light Higgs fields Hu and Hd, we obtain the induced µ-term with

µ ∼ MC x2n+1. (39)
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If the sum of Z2k+1-charges of Hu and Hd is 1, then we get n = 2k − 1 and

µ ∼ msusy x. (40)

By taking msusy ∼ 1TeV and k = 5, one finds

µ ∼ 100GeV. (41)

This is a plausible solution for the µ-problem. Moreover, there is a possibility that

the present model gives a plausible interpretation of quark/lepton mass hierarchy.

The problem will be studied in detail elsewhere [18]. The discrete symmetry of the

compactified manifold as well as the supersymmetry breaking and the gauge hierarchy

plays an important role in connecting the superstring theory with the standard model

and in determining the parameters of the standard model.
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Table Captions

Table I Irreducible decompositions of the 27 matter superfields under three

kinds of SU(5) × U(1)2. U(1)2-axes in three cases correspond to Θ2 ∓ Θ3, Θ3 ∓ Θ1

and Θ1 ∓ Θ2, respectively. The numbers in parentheses are the dimensions of the

SU(5) representations and the quantum numbers of U(1)2.

Table II The generation and anti-generation structure of matter superfields in a

simple three-generation model with the aligned SU(5)×U(1)2. U(1)2-axes correspond

to Θ3 − Θ1 and Θ3 + Θ1.
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Table I

SU(5) × U(1)2 (A) SU(5)S (B) SU(5)A (C) SU(5)F

(10, 0, 2
3
) Q, U c, Ec Q, gc, S Q, Dc, N c

(5∗, 1,−1
3
) Dc, L U c, Hd gc, Hu

(5∗,−1,−1
3
) gc, Hd Dc, Hu U c, L

( 5, 0,−4
3
) g, Hu L, g g, Hd

( 1,−1, 5
3
) N c Ec S

( 1, 1, 5
3
) S N c Ec

Table II

SU(5)A × U(1)2 generation anti-generation

(10, 0, 2
3
) (Q, gc, S)i (i = 0, 1, 2, 3) (Q, gc, S)

(5∗, 1,−1
3
) (U c, Hd)i (i = 0, 1, 2, 3) (U

c
, Hd)

(5∗,−1,−1
3
) (Dc, Hu)i (i = 0, 1, 2, 3) (D

c
, Hu)

( 5, 0,−4
3
) (L, g)i (i = 0, 1, 2, 3) (L, g)

( 1,−1, 5
3
) (Ec)i (i = 0, 1, 2, 3) (E

c
)

( 1, 1, 5
3
) (N c)i (i = 0, 1, 2, 3) (N

c
)
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