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Abstract: We embed the flipped SU(5) models into the SO(10) models. After the SO(10)

gauge symmetry is broken down to the flipped SU(5)×U(1)X gauge symmetry, we can split

the five/one-plets and ten-plets in the spinor 16 and 16 Higgs fields via the stable sliding

singlet mechanism. As in the flipped SU(5) models, these ten-plet Higgs fields can break the

flipped SU(5) gauge symmetry down to the Standard Model gauge symmetry. The doublet-

triplet splitting problem can be solved naturally by the missing partner mechanism, and the

Higgsino-exchange mediated proton decay can be suppressed elegantly. Moreover, we show

that there exists one pair of the light Higgs doublets for the electroweak gauge symmetry

breaking. Because there exist two pairs of additional vector-like particles with similar

intermediate-scale masses, the SU(5) and U(1)X gauge couplings can be unified at the

GUT scale which is reasonably (about one or two orders) higher than the SU(2)L ×SU(3)C
unification scale. Furthermore, we briefly discuss the simplest SO(10) model with flipped

SU(5) embedding, and point out that it can not work without fine-tuning.
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1. Introduction

The gauge hierarchy problem is one of the main motivations to study the physics beyond

the Standard Model (SM). The Higgs boson is needed in the SM to break the electroweak

gauge symmetry and give masses to the SM fermions, and the breaking scale is directly

related to the Higgs boson mass. However, in quantum field theory, the fermionic masses

can be protected against quantum corrections by chiral symmetry, while there is no such

symmetry for bosonic masses. The Higgs boson mass (squared) has a quadratic divergence

at one loop, and it is unnatural to make a stable weak scale which is hierarchically smaller

than the Planck scale. Moreover, an aesthetic motivation for physics beyond the SM is

Grand Unified Theories (GUTs) because GUTs can unify all the known gauge interactions,

and can give us a simple understanding of the quantum numbers of the SM fermions, etc.

Supersymmetry provides an elegant solution to the gauge hierarchy problem. And

the success of gauge coupling unification in the Minimal Supersymmetric Standard Model

(MSSM) strongly supports the possibility of supersymmetric GUTs [1, 2]. Other appeal-

ing features in supersymmetric GUTs are that the electroweak gauge symmetry is broken

by radiative corrections due to the large top quark Yukawa coupling, and that the tiny

neutrino masses can be naturally generated by the see-saw mechanism [3]. Therefore,
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supersymmetric GUTs are promising candidates that can describe all the known funda-

mental interactions in nature except gravity. However, there are severe problems in the

four-dimensional supersymmetric GUTs, especially the doublet-triplet splitting problem

and the proton decay problem.

Among the known supersymmetric GUTs, only the flipped SU(5) models can naturally

explain the doublet-triplet splitting via a simple and elegant missing partner mechanism [4 –

6]. The Higgsino-exchange mediated proton decay problem, which is such a difficulty for

the other supersymmetric GUTs, is solved automatically. However, the gauge group of

flipped SU(5) models is the product group SU(5) × U(1)X , not a simple group, so the

unifications of the gauge interactions and their couplings are not “grand”. As a result,

SM fermions in each family do not sit in a single representation of the gauge group, unlike

the case in the SO(10) model. In flipped SU(5) models, since the masses of down-type

quarks and charged leptons come from different Yukawa couplings, the bottom quark mass

is generically not equal to the τ lepton mass at the GUT scale, which is one of the consistent

predictions in the other supersymmetric GUTs, e.g., SU(5). The grand unification of the

gauge interactions, and the unification of each family of the SM fermions into a single

representation can be achieved by embedding the flipped SU(5) into SO(10). However,

it is well-known that the missing partner mechanism can not work, because the partners

that were missing in the SU(5)×U(1)X multiplets are indeed appear in the larger SO(10)

multiplets. To solve this problem, two kinds of models were proposed: the five-dimensional

orbifold SO(10) models [7], and the four-dimensional SO(10) × SO(10) models with bi-

spinor link Higgs fields [8] (For other SO(10) models with flipped SU(5) embedding, please

see refs. [9]).

In this paper, we would like to embed the flipped SU(5) models into the four-dimensional

SO(10) models where the missing partner mechanism can still work elegantly. In the flipped

SU(5) models, the Higgs fields H and H, which break the flipped SU(5) gauge symmetry

down to the SM gauge symmetry, are one pair of vector-like fields in the (10,1) and (10,−1)

representations of SU(5) × U(1)X , respectively. When we embed the flipped SU(5) into

SO(10), these Higgs fields H and H respectively are embedded into the Higgs fields Σ and

Σ in the spinor 16 and 16 representations of SO(10). The missing partners for the MSSM

Higgs doublets Hu and Hd respectively belong to the (5,−3) and (5,3) of the Σ and Σ

when we decompose the SO(10) spinor representations into the SU(5)×U(1)X representa-

tions (for detail decompositions please see appendix A). Also, in the flipped SU(5) models,

the Higgs fields h and h, which include the Higgs doublets Hu and Hd, are in (5,2) and

(5,−2) representations, respectively. Interestingly, the Higgs fields h and h in our models

can form a 10 representation Higgs field h10 of SO(10). Note that we will break the SO(10)

gauge symmetry down to the flipped SU(5) gauge symmetry at the GUT scale MGUT, and

further down to the SM gauge symmetry at the SU(2)L × SU(3)C unification scale M23.

So, to have the successful missing partner mechanism for the doublet-triplet splitting, we

must split the five-plets and ten-plets in the Σ and Σ, i. e., the five-plets in the Σ and Σ

must have mass around the scale MGUT while the corresponding ten-plets should remain

massless after the SO(10) gauge symmetry breaking.

We construct the three-family SO(10) models with two adjoint Higgs fields Φ and Φ′,
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Σ, Σ, h10, one pair of spinor 16 and 16 representations χ and χ, and several singlets.

After the SO(10) gauge symmetry is broken down to the flipped SU(5) gauge symmetry,

the five/one-plets and ten-plets in the multiplets χ and Σ, and Σ and χ can be splitted

via the sliding singlet mechanism. And we can show that this sliding singlet mechanism

is stable. Similar to the flipped SU(5) models, we can break the gauge symmetry down

to the SM gauge symmetry by giving vacuum expectation values (VEVs) to the neutral

singlet components of H and H. The doublet-triplet splitting can be realized by the simple

missing partner mechanism, and the Higgsino-exchange mediated proton decay is negligible.

Moreover, we show that there exists one pair of the light Higgs doublets mainly from Hu and

Hd for the electroweak gauge symmetry breaking. Since there exist two pairs of vector-

like particles (mainly from the correspoding components in χ and χ) with roughly the

same intermediate-scale masses whose SM quantum numbers are
(

(3,2, 1

6
), (3̄,2,−1

6
)
)

and
(

(3̄,1, 1

3
) + (3,1,−1

3
)
)

, the SU(5)×U(1)X gauge coupling unification can be achieved at the

GUT scale which is reasonably (about one or two orders) higher than the SU(2)L ×SU(3)C
unification scale [10, 11]. Therefore, we can keep the beautiful features and get rid of the

drawbacks of the flipped SU(5) models in our SO(10) models.

Furthermore, we briefly consider the simplest SO(10) model with flipped SU(5) embed-

ding, and point out that we have to fine-tune some mass parameters so that the model can

be consistent. We also explain how to generate the suitable vector-like mass for χ and χ.

This paper is organized as follows: in section II we briefly review the flipped SU(5)

models, and the sliding singlet mechanism. We present our SO(10) models in section III.

Moreover, we consider the mixings between the light and superheavy particles, and study

gauge coupling unification in section IV. Our remarks on the simplest SO(10) model and

the vector-like mass for χ and χ are given in section V. Section VI is our discussion and

conclusions. We present the SO(10) generators in the spinor representations in appendix A.

2. Brief review

In this section, we would like to briefly review the flipped SU(5) models [4, 5], and the

sliding singlet mechanism [12].

2.1 The flipped SU(5) models

First, let us consider the flipped SU(5) models [4, 5]. We can define the generator U(1)Y ′

in SU(5) as

TU(1)
Y′

≡ diag

(

−
1

3
,−

1

3
,−

1

3
,
1

2
,
1

2

)

, (2.1)

and the hypercharge is given by

QY =
1

5
(QX − QY ′) . (2.2)

There are three families of the SM fermions with the following SU(5)×U(1)X quantum

numbers

Fi = (10,1), f̄i = (5̄,−3), l̄i = (1,5), (2.3)
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where i = 1, 2, 3. As an example, the particle assignments for the first family are

F1 = (Q1, Dc
1, N c

1) , f1 = (U c
1 , L1) , l1 = Ec

1 , (2.4)

where Q and L are respectively the superfields of the left-handed quark and lepton doublets,

U c, Dc, Ec and N c are the CP conjugated superfields for the right-handed up-type quark,

down-type quark, lepton and neutrino, respectively. In addition, to give heavy masses to

the right-handed neutrinos, we add three singlets φi.

To break the GUT and electroweak gauge symmetries, we introduce two pairs of vector-

like Higgs fields

H = (10,1) , H = (10,−1) , h = (5,−2) , h = (5̄,2) . (2.5)

We label the states in the H multiplet by the same symbols as in the F multiplet, and for

H we just add “bar” above the fields. Explicitly, the Higgs particles are

H = (QH , Dc
H , N c

H) , H = (QH , D
c
H , N

c
H) , (2.6)

h = (Dh, Dh, Dh, Hd) , h = (Dh, Dh,Dh, Hu) , (2.7)

where Hd and Hu are the two Higgs doublets in the MSSM.

To break the SU(5) × U(1)X gauge symmetry down to the SM gauge symmetry, we

introduce the following superpotential

W = λ1HHh + λ2HHh + S(HH − M2
H) , (2.8)

where S is a singlet, and λ1 and λ2 are Yukawa couplings. There is only one F-flat and

D-flat direction, which can always be rotated along the N c
H and N

c

H directions. So, we

obtain that 〈N c
H〉 = 〈N

c

H〉 = MH . In addition, the superfields H and H are eaten and

acquire large masses via the Higgs mechanism with supersymmetry, except for Dc
H and

D
c
H . The superpotential terms λ1HHh and λ2HHh combine the Dc

H and D
c
H with the Dh

and Dh, respectively, to form the massive eigenstates with masses 2λ1〈N
c
H〉 and 2λ2〈N

c
H〉.

Since there are no partners in H and H for Hu and Hd, we naturally obtain the doublet-

triplet splitting due to the missing partner mechanism. Because the triplets in h and h

only have small mixing through the µ term, the Higgsino-exchange mediated proton decay

are negligible, i.e., we do not have the dimension-5 proton decay problem.

The SM fermion masses are from the following superpotential

WYukawa =
1

2
yD

ij FiFjh + yUν
ij Fif jh + yE

ij lif jh + µhh + yN
ij φiHFj , (2.9)

where yD
ij , yUν

ij , yE
ij and yN

ij are Yukawa couplings, and µ is the bilinear Higgs mass term.

After the SU(5)×U(1)X gauge symmetry is broken down to the SM gauge symmetry,

the above superpotential gives

WSSM = yD
ij D

c
iQjHd + yUν

ji U c
i QjHu + yE

ijE
c
i LjHd + yUν

ij N c
i LjHu

+µHdHu + yN
ij 〈N

c
H〉φiN

c
j + · · · (decoupled below MGUT). (2.10)
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2.2 Sliding singlet mechanism

The sliding singlet mechanism was originally proposed in the supersymmetric SU(5) mo-

del [12], where the Higgs superpotential is

W = W (Φ) + H 5̄ (Φ + S) H5 , (2.11)

where Φ is an SU(5) adjoint Higgs field, S is a SM singlet, and H 5̄ and H5 are the anti-

fundamental and fundamental Higgs fields which respectively contain one pair of Higgs

doublets Hd and Hu.

With suitable superpotential W (Φ) for Φ, one assumes that Φ obtains the following

VEV

Φ = diag

(

−
1

3
,−

1

3
,−

1

3
,
1

2
,
1

2

)

VΦ . (2.12)

Then, the SU(5) gauge symmetry is broken down to the SM gauge symmetry.

The F-flatness conditions for the F-terms of H 5̄ and H5, which is valid at a supersym-

metric minimum, give the following equations

(〈Φ〉 + 〈S〉) 〈H5〉 = 0 , 〈H 5̄〉 (〈Φ〉 + 〈S〉) = 0 . (2.13)

To break the electroweak gauge symmetry, the Higgs doublets Hd and Hu are supposed to

obtain VEVs around the electroweak scale, From F-flatness conditions FHd
= FHu

= 0, we

obtain

〈S〉 = −
1

2
VΦ . (2.14)

Therefore, we have

〈Φ〉 + 〈S〉 = diag

(

−
5

6
,−

5

6
,−

5

6
, 0, 0

)

VΦ . (2.15)

As a result, the color triplets in H 5̄ and H5 will obtain vector-like mass around VΦ, while

the doublets will remain massless after the SU(5) gauge symmetry breaking. Because the

singlet slides to cancel off the VEV of the adjoint Higgs field in the SU(2)L block, this

mechanism is called the sliding singlet mechanism.

However, the sliding singlet mechanism for supersymmetric SU(5) model breaks down

due to the supersymmetry breaking [13]. The potential from the F-terms of H 5̄ and H5 only

gives the electroweak-scale mass (
√

(〈H0
d 〉)

2 + (〈H0
u〉)

2) to S, and the soft supersymmetry

breaking gives S mass around the supersymmetry breaking scale MS . However, S couples

to the triplets in H 5̄ and H5 with masses around the GUT scale, so, the one-loop tadpole

graphs with the triplets running around the loop induce the following two terms in the

potential in the low energy effective theory that destroy the above doublet-triplet splitting

T1 = O(m2
gMGUT)S + H.C. , T2 = O(mgMGUT)FS + H.C. , (2.16)

where mg is the gravitino mass, which is usually around MS .
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The T1 term will shift the VEV of S from its supersymmetric minimum −VΦ/2 by the

following amount

δ〈S〉 ∼
O(m2

gMGUT)

O(M2
S) + (〈H0

d 〉)
2 + (〈H0

u〉)
2

∼ O(MGUT) , (2.17)

and then the doublets in H 5̄ and H5 will obtain the vector-like mass around the GUT

scale.

In addition, after we integrate out the auxiliary field FS , the T2 term gives the following

term in the potential

V ⊃ |H 5̄H5 + O(mgMGUT)|2 . (2.18)

Thus, the VEVs of H0
d and H0

u are around the scale
√

mgMGUT, which is inconsistent with

the known value of
√

(〈H0
d 〉)

2 + (〈H0
u〉)

2 ' 246.2 GeV.

In the gauge mediated supersymmetry breaking scenario, the gravitino mass can be

very light and below the keV scale. However, the sliding singlet mechanism still may not

work [14].

The sliding singlet mechanism can be successfully applied to the rank five or higher

GUT groups [15 – 17], for example, the SU(6) and E6 models, etc. The point is that the

corresponding Higgs fields like the H 5̄ and H5 in the SU(5) model can have the very large

or GUT-scale VEVs. Let us briefly comment on the SU(6) models. To keep the F-flatness

and have one pair of light Higgs doublets, we need at least three pairs of vector-like particles

in the SU(6) fundamental 6 and anti-fundamental 6 representations. In the known model,

there are four pairs of such particles [16].

3. SO(10) models

We will construct the SO(10) models where the gauge symmetry is broken down to the

flipped SU(5) gauge symmetry by giving VEVs to the adjoint Higgs fields, and further

down to the SM gauge symmetry by giving VEVs to the H and H. We denote the SM

fermions as ψi which form the spinor 16 representation. We introduce two adjoint 45

representation Higgs fields Φ and Φ′, one pair of the spinor 16 and 16 representation Higgs

fields Σ and Σ, one 10 representation Higgs field h10, one pair of the spinor 16 and 16

representation vector-like particles χ and χ, and nine singlets φi, S, S′, Si, and SΣ where

i = 1, 2, 3. The complete particle content is given in table 1.

In terms of the particles in the flipped SU(5) models, we have

ψi = (Fi, f̄i, l̄i) ; h10 = (h, h) . (3.1)

In our convention, for one pairs of the spinor 16 and 16 representation chiral superfields

K and K, we denote their components like the SM fermions as following

K = (KF , Kf̄ , Kl̄) , K = (KF , Kf , Kl) , (3.2)
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Representation Chiral Superfields

45 Φ; Φ′

16 ψi; Σ; χ

16 Σ; χ

10 h10

1 φi; S; S′; Si; SΣ

Table 1: Particle content in SO(10) models.

where

KF = (QK , Dc
K , N c

K) , Kf̄ = (U c
K , LK) ,

KF = (QK ,D
c

K ,N
c

K) , Kf = (U
c

K , LK) . (3.3)

The only exception is that similar to the flipped SU(5) models, we denote the Higgs

fields ΣF and ΣF as H and H, respectively. To be concrete, we have

Σ = (H, Σf̄ , Σl̄) , Σ = (H, Σf , Σl) . (3.4)

The superpotential is

W = W (Φ,Φ′) + W (Σ,Σ) + yijψih10ψj + yN
ij φΣψj +

1

2
µh10h10 + λ1Σh10Σ

+λ2Σh10Σ + λ3χ(Φ + λ4S)Σ + λ5Σ(Φ′ + λ6S
′)χ + Mχχχ , (3.5)

where yij, yN
ij , and λi (i = 1, 2, . . . , 6) are Yukawa couplings, and µ and Mχ are vector-like

masses. The general superpotential W (Φ,Φ′) for Φ and Φ′, and the simple superpotential

W (Σ,Σ) for Σ and Σ are

W (Φ,Φ′) = κΦ3 + MΦΦ2 + λ7S1(Φ
2 − m2

11) + κ′Φ′3 + MΦ′Φ′2 + λ′
7S2(Φ

′2 − m2
22)

+MΦΦ′ΦΦ′ + λ8S3(ΦΦ′ − m2
12) , (3.6)

W (Σ,Σ) = S2
Σ(ΣΣ − M2

H) , (3.7)

where κ, κ′, λ7, λ′
7, and λ8 are Yukawa couplings, and MΦ, MΦ′ , MΦΦ′ , m11, m22, m12,

and MH are mass parameters.

Let us briefly comment on W (Φ,Φ′). First, we must have at least one term which

couples Φ and Φ′ so that we only have one global SO(10) symmetry in W (Φ,Φ′), i. e.,

the SO(10) gauge symmetry. Otherwise, we will have some unwanted massless Nambu-

Goldstone bosons. Second, some of the Yukawa couplings and mass parameters in W (Φ,Φ′)

should be zero. For example, m11, m22, and m12 can not be all non-zero in general,

otherwise, we need to fine-tune these masses to satisfy the F-flatness conditions FSi
= 0.

Let us present a simple W (Φ,Φ′)

W (Φ,Φ′) = MΦΦ′ΦΦ′ + λ8S3(ΦΦ′ − m2
12) . (3.8)
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The flatness of F-term of S3 (FS3
= 0) implies that 〈Φ〉 6= 0 and 〈Φ′〉 6= 0. Also, the

F-flatnesses of the F-terms of Φ and Φ′ (FΦ = FΦ′ = 0) imply that 〈Φ〉 = 〈Φ′〉 6= 0 and

〈S3〉 6= 0. By the way, at very high temperature, the SO(10) gauge symmetry will be

restored when we consider the superpotential at finite temperature.

The gauge fields of SO(10) are in the adjoint representation of SO(10) with dimension

45. Under the gauge group SU(5) × U(1)X , the SO(10) gauge fields decompose as [18]

45 = (24,0) ⊕ (10,−4) ⊕ (10,4) ⊕ (1,0) . (3.9)

To break the SO(10) gauge symmetry down to the flipped SU(5) gauge symmetry via

adjoint Higgs fields, we need to give the VEVs to their singlet components.

As we explained in the Introduction, to achieve the doublet-triplet splitting via the

missing partner mechanism, we must split the five/one-plets and ten-plets in the Σ and Σ

during the SO(10) gauge symmetry breaking. In order to give the GUT-scale masses to the

Σf̄ , Σl̄, Σf and Σl while keep H and H massless when we break the SO(10) gauge symmetry

down to the flipped SU(5) gauge symmetry, we should express the SO(10) generators in

the spinor representations which are 16 × 16 matries and are given in appendix A. Note

that when the U(1)X generator TU(1)X
acts on the spinor representation 16, it gives us the

corresponding U(1)X charges of the particles belong to 16. So, we obtain the generator for

U(1)X

TU(1)X
= diag(1, 1, 1,−3, 1, 1, 1,−3, 1, 1, 1, 5,−3,−3,−3, 1) . (3.10)

For simplicity, we assume that the Φ and Φ′ obtain the VEVs at the GUT scale due

to the superpotential W (Φ,Φ′), and the F-flatness conditions for the F-terms of Φ, Φ′ and

Si are satisfied by choosing suitable Yukawa couplings and mass parameters in W (Φ,Φ′).

The explicit VEVs for Φ and Φ′ are

〈Φ〉 = diag(1, 1, 1,−3, 1, 1, 1,−3, 1, 1, 1, 5,−3,−3,−3, 1) VΦ ,

〈Φ′〉 = diag(1, 1, 1,−3, 1, 1, 1,−3, 1, 1, 1, 5,−3,−3,−3, 1) VΦ′ , (3.11)

where VΦ and VΦ′ are around the GUT scale.

The F-flatness conditions for the F-terms of χ and χ, which is valid at a supersymmetric

minimum, give the following equations

(〈Φ〉 + λ4〈S〉) 〈Σ〉 = 0 , 〈Σ〉
(

〈Φ′〉 + λ6〈S
′〉
)

= 0 . (3.12)

To break the flipped SU(5) gauge symmetry down to the SM gauge symmetry, we give

VEVs to N c
H ⊂ H ⊂ Σ and N

c

H ⊂ H ⊂ Σ at the SU(3)C × SU(2)L unification scale M23,

which is around 3.7×1016 GeV. From the F-flatness conditions FNc

H
= FN

c

H

= 0, we obtain

〈S〉 = −
VΦ

λ4
, 〈S′〉 = −

VΦ′

λ6
. (3.13)

Thus, we have

〈Φ〉 + λ4〈S〉 = diag(0, 0, 0,−4, 0, 0, 0,−4, 0, 0, 0, 4,−4,−4,−4, 0) VΦ ,

〈Φ′〉 + λ6〈S
′〉 = diag(0, 0, 0,−4, 0, 0, 0,−4, 0, 0, 0, 4,−4,−4,−4, 0) VΦ′ . (3.14)
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Then we have the following vector-like mass terms for the pairs (χf , Σf ), (χl, Σl), (Σf ,

χf ), and (Σl, χl)

V ⊃ −4λ3VΦ

(

χfΣf − χlΣl

)

− 4λ5VΦ′

(

Σfχf − Σlχl

)

, (3.15)

where for simplicity we neglect the Mχ, which will be shown to be very small compared

to the scales MGUT and M23 so that we can have one pair of the light Higgs doublets for

the electroweak gauge symmetry breaking. However, the particles χF , H, H and χF are

massless if we neglect Mχ. Thus, we split the five/one-plets and ten-plets in the multiplets

χ and Σ, and Σ and χ via the sliding singlet mechanism after we break the SO(10) gauge

symmetry down to the flipped SU(5) gauge symmetry.

As discussed in the brief review of the flipped SU(5) models, we break the SU(5) ×

U(1)X gauge symmetry down to the SM gauge symmetry by giving VEVs to the N c
H and

N
c

H of H and H. The superfields H and H are eaten and acquire large masses via the

Higgs mechanism with supersymmetry, except for Dc
H and D

c
H . And the superpotential

λ1HHh ⊂ λ1Σh10Σ and λ2HHh ⊂ λ2Σh10Σ combine the Dc
H and D

c
H with the Dh and

Dh, respectively, to form the massive eigenstates with masses 2λ1〈N
c
H〉 and 2λ2〈N

c
H〉. So,

we solve the doublet-triplet splitting problem naturally via the missing partner mecha-

nism. Because the triplets in h and h of h10 only have small mixing through the µ term,

the Higgsino-exchange mediated proton decay are negligible, i. e., we do not have the

dimension-5 proton decay problem.

Let us show that our sliding singlet mechanism is stable. The T1 type tadpoles will

shift the VEVs of S and S′ from its supersymmetric minimum by the following amount

δ〈S〉 ∼
O(m2

gMGUT)

λ2
3λ

2
4(〈N

c
H〉)2

, δ〈S′〉 ∼
O(m2

gMGUT)

λ2
5λ

2
6(〈N

c
H〉)2

. (3.16)

It is obvious that these shifting effects are tiny and can be neglected.

Moreover, after we integrate out the auxiliary fields FS and FS′ , the T2 type tadpoles

will give us the following terms in the potential

V ⊃ |λ3λ4χΣ + O(mgMGUT)|2 + |λ5λ6Σχ + O(mgMGUT)|2 . (3.17)

Then, we obtain

〈N
c
χ〉 ∼ −

O(mgMGUT)

λ3λ4〈N c
H〉

, 〈N c
χ〉 ∼ −

O(mgMGUT)

λ5λ6〈N
c

H〉
. (3.18)

Because Σ and Σ, or χ and χ do not contain the one pair of Higgs doublets Hd and Hu in

the MSSM, it is fine that we have very small non-zero VEVs for N c
χ and N

c

χ compared to

the scales MGUT and M23.

Moreover, from the F-flatness conditions for the F-terms of χ and χ, we obtain

〈Φ〉 + λ4〈S〉 ∼
O(mgMGUT)

λ3λ5λ6〈N
c
H〉〈N c

H〉
Mχ , 〈Φ′〉 + λ6〈S

′〉 ∼
O(mgMGUT)

λ3λ4λ5〈N
c
H〉〈N c

H〉
Mχ .(3.19)

– 9 –



J
H
E
P
1
0
(
2
0
0
6
)
0
3
5

So, the variations on 〈Φ〉 + λ4〈S〉 and 〈Φ′〉 + λ6〈S
′〉 are also very small compared to the

scales MGUT and M23, and will not affect the splittings of the five/one-plets and ten-plets

in the multiplets χ and Σ, and Σ and χ. Especially, for the gauge mediated supersym-

metry breaking, the gravitino mass can be around the keV scale, and these variations are

completely negligible. Therefore, our sliding singlet mechanism is stable. By the way, the

VEVs of Φ, S, Φ′, S′, N c
H , and N

c
H will be shifted by tiny amount due to non-zero 〈N c

χ〉

and 〈N
c

χ〉.

In the following discussions, for simplicity we will neglect the VEVs of N c
χ and N

c

χ

that are very small compared to the VΦ, VΦ′ , 〈N c
H〉, and 〈N

c

H〉.

4. Phenomenological consequences

In this section, we will study the mixings between the light and superheavy particles, and

the gauge coupling unification.

4.1 Light and superheavy particle mixings

After the flipped SU(5) gauge symmetry breaking, the possible light particles are three

families of the SM fermions, one pair of the Higgs doublets Hd and Hu, and one pair of the

10 representation χF and 10 representation χF in χ and χ. However, to make sure that Hd,

Hu, χF , and χF are indeed light, we must calculate all the possible mixing mass matrices

between these particles and superheavy particles. There are three types of relevant particle

mixings:

(1) In the SU(5) language, the doublets (X,Y )- and (X,Y )-type particles in the (24,0)

decomposed representations of the Φ and Φ′ have the same SM quantum numbers as the

quark doublet and its Hermitian conjugate. After N c
H and N

c
H obtain VEVs, they will mix

with the Qχ and Qχ in χF and χF . Let us denote the (X,Y )- and (X,Y )-type particles

in Φ as QΦ and QΦ, and in Φ′ as QΦ′ and QΦ′ . The mass terms in the superpotential are

W ⊃ M11
XY QΦQΦ + M12

XY QΦQΦ′ + M21
XY QΦ′QΦ + M22

XY QΦ′QΦ′

+λ3〈N
c
H〉QχQΦ + λ5〈N

c
H〉QΦ′Qχ + MχQχQχ , (4.1)

where M ij
XY are the mass parameters around the GUT scale. The corresponding mass

matrix for the basis (QΦ, QΦ′ , Qχ)t versus (QΦ, QΦ′ , Qχ), where t is transpose, are the

following

MXY QQ =







M11
XY M12

XY 0

M21
XY M22

XY λ5〈N
c

H〉

λ3〈N
c
H〉 0 Mχ






. (4.2)

The determinant of above mass matrix is

Det[MXY QQ] =
(

M11
XY M22

XY − M12
XY M21

XY

)

Mχ ∼ M2
GUTMχ , (4.3)

where we assume that there is no fine-tuning. So, there are two pairs of vector-like particles

(major components belong to QΦ and QΦ′ , and QΦ and QΦ′) with vector-like masses around
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the GUT scale, and one pair of vector-like particles (major components belong to Qχ and

Qχ) with vector-like mass around Mχ.

(2) The SM singlet mixings. For Φ and Φ′, we consider the SU(5) ×U(1)X singlets as

given in eq. (3.9), corresponding to U(1)X gauge field component. We denote the singlets

in Φ and Φ′ as SΦ and SΦ′ . After the flipped SU(5) gauge symmetry breaking, we have the

following mass terms in the superpotential for the SM singlets SΦ, S, SΦ′ , S′, N c
χ, and N

c
χ

W ⊃
1

2
M11

SXS2
Φ + M12

SXSΦSΦ′ +
1

2
M22

SXS2
Φ′ + λ3〈N

c
H〉N

c
χ(SΦ + λ4S)

+λ5〈N
c
H〉(SΦ′ + λ6S

′)N c
χ + MχN

c
χN c

χ , (4.4)

where M ij
SX are mass parameters around the GUT scale. The corresponding mass matrix

for the basis (SΦ, S, SΦ′ , S′, N c
χ,N

c

χ) are

Msinglets =
1

2



















M11
SX 0 M12

SX 0 0 λ3〈N
c
H〉

0 0 0 0 0 λ3λ4〈N
c
H〉

M12
SX 0 M22

SX 0 λ5〈N
c

H〉 0

0 0 0 0 λ5λ6〈N
c

H〉 0

0 0 λ5〈N
c

H〉 λ5λ6〈N
c

H〉 0 Mχ

λ3〈N
c
H〉 λ3λ4〈N

c
H〉 0 0 Mχ 0



















.

(4.5)

The determinant of above mass matrix is

Det[Msinglets] =
1

64
λ2

3λ
2
4λ

2
5λ

2
6

[

M11
SXM22

SX − (M12
SX)2

]

(〈N
c
H〉)2(〈N c

H〉)2 ∼ M2
GUTM4

23 .(4.6)

Thus, there are two SM singlets (major components from SΦ and SΦ′) with masses around

the GUT scale, and four SM singlets with masses around the scale M23. By the way, these

SM singlets do not contribute to the RGE running below the M23 scale.

(3) The SM doublet mixings. After the flipped SU(5) gauge symmetry breaking, we

have the following mass terms in the superpotential for the SM doublets Hu, Hd, LΣ, LΣ,

Lχ, and Lχ

W ⊃ −4λ3VΦLΣLχ − 4λ5VΦ′LχLΣ + 2λ1〈N
c
H〉LΣHu + 2λ2〈N

c
H〉HdLΣ

+µHdHu + MχLχLχ . (4.7)

The corresponding mass matrix for the basis (Hd, LΣ, Lχ)t versus (Hu, LΣ, Lχ) are the

following

Mdoublets =







µ 2λ2〈N
c
H〉 0

2λ1〈N
c
H〉 0 − 4λ3VΦ

0 − 4λ5VΦ′ Mχ






. (4.8)

The determinant of above mass matrix is

Det[Mdoublets] = −16λ3λ5µVΦVΦ′ − 4λ1λ2Mχ〈N
c

H〉〈N c
H〉 . (4.9)

Note that VΦ ∼ VΦ′ ∼ MGUT and 〈N
c

H〉 = 〈N c
H〉 ∼ M23, we obtain that there are two

pairs of vector-like particles (major components belong to LΣ and Lχ, and LΣ and Lχ)
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with vector-like masses around the GUT scale, and one pair of vector-like particles (major

components belong to Hd and Hu) whose vector-like mass MLD is

MLD '
Det[Mdoublets]

16λ3λ5VΦVΦ′

∼ −µ −
M2

23

M2
GUT

Mχ . (4.10)

Because we need one pair of the Higgs doublets with mass around TeV scale to break the

electroweak gauge symmetry, we obtain that µ should be around the TeV scale, and Mχ

has a upper bound for a concrete model with gauge coupling unification. For example,

with M23 = 3.66 × 1016 GeV and MGUT = 4.8 × 1018 GeV as in the first case in the next

subsection for gauge coupling unification, we obtain that Mχ ≤ 1.72×107 GeV. Moreover,

we emphasize that even if µ = 0, we can generate the corresponding effective µeff term for

one pair of the light Higgs doublets from above discussions.

With fine-tuning, there are two ways that we can have one pair of light Higgs doublets

and very large vector-like mass Mχ for χF and χF . One way is that we fine-tune the two

terms in eq. (4.9) so that Det[Mdoublets] ∼ µeffM2
GUT where µeff ∼ 1 TeV. The other way

is that we replace the term Mχχχ in the superpotential in eq. (3.5) by the following two

terms

W ⊃ yχχ(Φ − 3λ4S)χ + y′χχ(Φ′ − 3λ6S
′)χ , (4.11)

where yχ and y′χ are small Yukawa couplings. Note that

〈Φ〉 − 3λ4〈S〉 = diag(4, 4, 4, 0, 4, 4, 4, 0, 4, 4, 4, 8, 0, 0, 0, 4) VΦ ,

〈Φ′〉 − 3λ6〈S
′〉 = diag(4, 4, 4, 0, 4, 4, 4, 0, 4, 4, 4, 8, 0, 0, 0, 4) VΦ′ , (4.12)

we have

W ⊃ 4yχVΦ

(

χF χF + 2χlχl

)

+ 4y′χVΦ′

(

χF χF + 2χlχl

)

. (4.13)

Thus, we obtain that the two terms in the superpotential in eq. (4.11) will give vector-like

masses to χF and χF , and χl and χl, while they will not give vector-like mass to χf and

χf . And then we do not have the last term MχLχLχ in eq. (4.7), and the (3, 3) entry in

the mass matrix in eq. (4.8) is zero, i. e., there is no Mχ entry in eq. (4.8). Therefore, the

vector-like mass for χF and χF can be any value below the M23 scale. By the way, in the

concrete model building, we just need one term in the superpotential in eq. (4.11).

4.2 Gauge coupling unification

We will study the gauge coupling unification. First, let us consider the masses for the

additional particles. As discussed in the above subsection, there is one pair of vector-like

particles (major components belong to Qχ and Qχ) with vector-like mass around Mχ.

Also, the particles Dc
χ and D

c
χ have vector-like mass Mχ. For simplicity, we assume that

the correponding vector-like masses for these particles are the same, and we denote their

masses as MV because in the fine-tuning case, we may not have the Mχχχ term in the

superpotential in eq. (3.5). We also assume that the masses for the color triplets of h10,
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H, H, N c
χ, and N

c
χ are around the SU(2)L × SU(3)C unification scale M23, and the masses

for the Σf̄ , Σl̄, Σf , Σl, χf̄ , χl̄, χf , χl, Φ, and Φ′ are around the GUT scale MGUT, where

we do not write the particles in terms of mass eigenstates here. Moreover, we denote the

Z-boson mass as MZ , and the supersymmetry breaking scale as MS . Also, the order of

mass scales are assumed to be MZ ≤ MS ≤ MV ≤ M23 ≤ MGUT.

For gauge coupling unification, we consider the one-loop renormalizaton group equa-

tion (RGE) running for the gauge couplings because the two-loop effects only give minor

corrections as long as the theory is perturbative. The generic one-loop RGEs for gauge

couplings are

(4π)2
d

dt
gi = big

3
i , (4.14)

where t = ln µ with µ being the renormalization scale, g2
1 ≡ 5g2

Y /3, and the gY , g2, and g3

are the gauge couplings for the U(1)Y , SU(2)L, and SU(3)C gauge groups, respectively.

The gauge coupling unification for the flipped SU(5) is realized by first unifying α2 and

α3 at scale M23, then the gauge couplings of SU(5) and U(1)X further unify at the scale

MGUT. From MZ to MS , the beta functions are b0 ≡ (b1, b2, b3) = (41/10,−19/6,−7), and

from MS to MV , the beta functions are bI = (33/5, 1,−3). From MV to the α2 and α3

unification scale M23, the beta functions are bII = (36/5, 4, 0).

Unification of α2 and α3 at the scale M23 gives the condition

α−1
2 (MZ) − α−1

3 (MZ) =
b0
2 − b0

3

2π
log

(

MSUSY

MZ

)

+
bI
2 − bI

3

2π
log

(

MV

MSUSY

)

+
bII
2 − bII

3

2π
log

(

M23

MV

)

, (4.15)

which can be solved to obtain the scale M23.

The coupling α′
1 of U(1)X is related to α1 and α5 at the scale M23 by

α′−1
1 (M23) =

25

24
α−1

1 (M23) −
1

24
α−1

5 (M23) . (4.16)

And above the scale M23, the beta functions for U(1)X and SU(5) are bIII ≡ (b′1, b5) =

(8,−2).

In our numerical calculations, we choose the central values of the strong coupling

constant α3(MZ) = 0.1182 ± 0.0027 [19], and the fine structure constant αEM, and weak

mixing angle θW at MZ to be [20]

α−1
EM(MZ) = 128.91 ± 0.02 , sin2 θW (MZ) = 0.23120 ± 0.00015 . (4.17)

Because the top quark pole mass is 172.7±2.9 GeV [21], we might need supersymmetry

breaking scale around or above the TeV scale to generate the large enough mass for the

lightest CP even Higgs boson in the MSSM. So, we assume that MS = 103 GeV. With

MV = 107 GeV, we plot the gauge coupling unification in figure 1. We obtain that

M23 = 3.66×1016 GeV, and MGUT = 4.8×1018 GeV. Note that M2
23MV /MGUT < 103 GeV,

we can have one pair of light Higgs doublets without any fine-tuning.
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Figure 1: The one-loop gauge coupling unification for MS = 103 GeV and MV = 107 GeV.
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Figure 2: The GUT scale MGUT versus MV for MS = 103 GeV, and MV from 103 GeV to

1016 GeV.

Since the GUT scale is close to the Planck scale 1.2×1019 GeV, we may need to include

the one-loop supergravity contributions to the RGE running. It is reasonable to assume

that similar to the non-supersymmetric gravity theory [22], the supergravity contributions

to the one-loop RGEs of gauge couplings are still proportional to the gauge couplings

linearly with the same coefficients for all the gauge couplings because the gravitons and

gravitinos do not carry any gauge charge. Note that the gauge coupling of U(1)X is just a

little bit smaller than that of SU(5) at the renormalization scale close to the GUT scale,

the supergravity contributions will only slightly increase the GUT scale [22].
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Figure 3: The one-loop gauge coupling unification for MS = 106 GeV and MV = 3 × 108 GeV.

As discussed in the above subsection, with fine-tuning we can have very large MV . As-

suming MS = 103 GeV, we plot the GUT scale MGUT versus MV for MV from 103 GeV to

1016 GeV in figure 2. Varying MV will not change the scale M23 because these vector-like

particles contribute the same one-loop beta functions to SU(2)L and SU(3)C . Generically

speaking, increasing MV will decrease the GUT scale. In addition to the threshold correc-

tions at the supersymmetry breaking scale due to the mass differences of the sparticles, it

is well-known that there exist a few percent threshold corrections at the GUT scale in the

concrete GUT models. So, the gauge coupling unification for MV close to 106 GeV is still

fine although there exists less than one percent discrepancy between the gauge couplings

α−1
i . It is interesting to have the GUT scale MGUT around the string scale from 1017 GeV

to 1018 GeV, and we find that the corresponding MV scale is from 5.54 × 1013 GeV to

5.54 × 109 GeV.

High-scale supersymmetry breaking [23 – 25] is interesting due to the appearance of the

string landscape [26] where we may explain the cosmological constant problem and gauge

hierarchy problem [27, 28], and all the problems related to the low energy supersymmetry

will be solved automatically if the supersymmetry breaking scale is higher than the PeV

(1015 eV ≡ 106 GeV) scale [29]. Assuming MS = 106 GeV and MV = 3×108 GeV, we plot

the gauge coupling unification in figure 3. We obtain that M23 = 4.88 × 1016 GeV, and

MGUT = 7.57 × 1017 GeV. Note that M2
23MV /MGUT ∼ 1.25 × 106 GeV, we can also have

one pair of light Higgs doublets at the PeV scale without fine-tuning. By the way, the SM

Higgs doublet with electroweak-scale mass is obtained by fine-tuning the mass matrix for

the scalar Higgs doublets.

5. Remarks

We would like to briefly discuss the simplest SO(10) model with flipped SU(5) embedding
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where there is only one adjoint Higgs field, and we point out its major phenomenological

difficulty. We will also explain how to generate the small mass for Mχ.

5.1 SO(10) model with one adjoint Higgs field

We can embed the flipped SU(5) models into the SO(10) model with only one adjoint Higgs

field Φ. In the superpotential in eq. (3.5), we change W (Φ,Φ′) to W (Φ), and replace the

λ5Σ(Φ′ + λ6S
′)χ term by the following term

W ⊃ λ5Σ(Φ + λ6S
′)χ . (5.1)

The discussions for the splittings of the five/one-plets and ten-plets in the multiplets χ and

Σ, and Σ and χ, are the same as those in the section III except that we replace Φ′ by Φ,

and VΦ′ by VΦ.

Let us concentrate on the problem. The mass matrix for the basis (QΦ, Qχ)t versus

(QΦ, Qχ), are the following

MXY QQ =

(

M11
XY λ5〈N

c

H〉

λ3〈N
c
H〉 Mχ

)

. (5.2)

The determinant of above mass matrix is

Det[MXY QQ] = M11
XY Mχ − λ3λ5〈N

c

H〉〈N c
H〉 . (5.3)

The discussions for the mass matrix of SM doublets are the same as those in the subsection

A in section IV except that we change VΦ′ to VΦ in eqs. (4.7) and (4.8). So, without fine-

tuning the Mχ still cannot be larger than about 108 GeV. Then we have

Det[MXY QQ] ∼ −λ3λ5〈N
c

H〉〈N c
H〉 ∼ −M2

23 . (5.4)

Thus, there is one pair of vector-like particles (major components belong to QΦ and QΦ)

with vector-like mass around the GUT scale, and one pair of vector-like particles (major

components belong to Qχ and Qχ) with vector-like mass around M2
23/MGUT. Note that the

particles Dc
χ and D

c

χ have vector-like mass Mχ, we can easily show that the gauge coupling

unification can not be realized. By the way, with large fine-tuning so that Mχ can be

around M2
23/MGUT and Det[MXY QQ] ∼ 10−2M2

23, we can have gauge coupling unification.

With Mχ ≤ 108 GeV and without fine-tuning, we may also achieve the gauge coupling

unification by adding extra vector-like particles, for example, one or two pairs of 16 and

16. However, these models are very complicated in general, and still need some fine-tuning

to achieve the gauge coupling unification after detailed study.

5.2 Explanation to the suitable mass Mχ

To have the natural models, we need to explain why Mχ can be around 107 GeV. There are

two well-known ways to generate small masses: the Froggat-Nielsen mechanism [30] and

the see-saw mechanism [3]. Because we will try to generate the SM fermion masses and

mixings, and the suitable mass Mχ via Froggat-Nielsen mechanism by introducing extra
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flavour symmetry in our models in a future publication, we employ the see-saw mechanism

to explain the Mχ here.

As we know, an elegant and popular solution to the strong CP problem is the Peccei-

Quinn mechanism [31], in which a global axial symmetry U(1)PQ is introduced and broken

spontaneously at some high energy scale. The original Weinberg-Wilczek axion [32] is

excluded by experiment, in particular by the non-observation of the rare decay K →

π + a [33] where a is the axion field. There are two viable “invisible” axion models in

which the experimental bounds can be evaded: (1) the Kim-Shifman-Vainshtein-Zakharov

(KSVZ) axion model, which introduces a SM singlet SPQ and a pair of extra vector-like

quarks that carry U(1)PQ charges while the SM fermions and Higgs fields are neutral under

U(1)PQ symmetry [34]; (2) the Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) axion model,

in which a SM singlet SPQ and one pair of Higgs doublets are introduced, and the SM

fermions and Higgs fields are also charged under U(1)PQ symmetry [35]. From laboratory,

astrophysical, and cosmological constraints, the U(1)PQ symmetry breaking scale is limited

to the range from 1010 GeV to 1012 GeV [33]. And then the VEV of SPQ is also roughly in

the range from 1010 GeV to 1012 GeV. Interestingly, (〈SPQ〉)
2/M23 can be from 104 GeV

to 108 GeV, which can give us the needed mass scale for Mχ.

Let us introduce one pair of the spinor 16 and 16 representation vector-like particles

χ′ and χ′. In the superpotential in eq. (3.5), we can forbid the Mχχχ term by U(1)PQ

symmetry, and introduce the following superpotential

W ⊃ Mχ′χ′χ′ + λPQ1SPQχ′χ + λPQ2SPQχχ′ , (5.5)

where λPQ1 and λPQ2 are the Yukawa couplings, and Mχ′ is a mass parameter around the

scale M23 which can be generated via Froggat-Nielsen mechanism easily.

Because we are not interested in the superheavy states that are always superheavy

without fine-tuning, let us focus on the mixings between the light states χF and χF of χ

and χ and the superheavy states χ′
F

and χ′
F of χ′ and χ′. After the U(1)PQ symmetry

breaking, the mass matrix for the basis (χF , χ′
F
)t versus (χF , χ′

F ) is

MχF χ′

F
=

(

0 λPQ2〈SPQ〉

λPQ1〈SPQ〉 Mχ′

)

. (5.6)

Thus, we obtain that there is one pair of vector-like particles (major components belong

to χ′
F

and χ′
F ) with vector-like mass around the GUT scale, and one pair of vector-like

particles (major components belong to χF and χF ) with vector-like mass around

Mlight χF
∼

λPQ1λPQ2(〈SPQ〉)
2

Mχ′

∼ 104−8 GeV . (5.7)

In fact, we can simply integrate out vector-like particles χ′ and χ′ in eq. (5.5), and

obtain the following superpotential

W ⊃ −λPQ1λPQ2

S2
PQ

Mχ′

χχ . (5.8)

This is the exact high-dimensional operator that can generate the suitable vector-like mass

Mχ. In short, we can indeed generate the light Mχ naturally.
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6. Discussion and conclusions

We embedded the flipped SU(5) models into the SO(10) models. After the SO(10) gauge

symmetry is broken down to the flipped SU(5) gauge symmetry, we can split the five/one-

plets and ten-plets in the multiplets χ and Σ, and Σ and χ via the stable sliding singlet

mechanism. Similar to the flipped SU(5) model, the gauge symmetry can be broken down

to the SM gauge symmetry by giving VEVs to the singlet componets of H and H. The

doublet-triplet splitting problem can be solved naturally by the missing partner mechanism,

and the Higgsino-exchange mediated proton decay can be avoided elegantly. Moreover, we

showed that there exists one pair of the light Higgs doublets with major components from

Hu and Hd for the electroweak gauge symmetry breaking. Because there exist two pairs of

the vector-like fields with similar intermediate-scale masses (major components from Qχ

and Qχ, and Dc
χ and D

c
χ), we can have gauge coupling unification at the GUT scale which

is reasonably (about one or two orders) higher than the SU(2)L ×SU(3)C unification scale.

In short, we can keep the beautiful features and get rid of the drawbacks of the flipped

SU(5) models in our SO(10) models.

Furthermore, we briefly studied the simplest SO(10) model with flipped SU(5) em-

bedding, and found that it can not work without fine-tuning. We also explained how to

generate the suitable vector-like mass Mχ for χ and χ.
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A. The SO(10) generators in the spinor representations

The SO(10) generators in the spinor representations and the assignment of the SM fermions

in the 16 can be found in ref. [36]. We copy the σ ·Wµ, and rename it as /Aµ. The 16 × 16

matrix for /Aµ can be re-written into the following four 8 × 8 matrices

/A =

(

/A11 /A12

/A21 /A22

)

, (A.1)

with

/A11 =





























λ11 V12 V13 X0
1 W−

L

V ∗
12 λ22 V23 X−

2 W−
L

V ∗
13 V ∗

23 λ33 X−
3 W−

L

X
0
1 X+

2 X+
3 λ44 W−

L

W+
L λ55 V12 V13 X0

1

W+
L V ∗

12 λ66 V23 X−
2

W+
L V ∗

13 V ∗
23 λ77 X−

3

W+
L X

0
1 X+

2 X+
3 λ88





























,
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/A12 =































0 A0
6 −A0

5 −Y +
1 0 −Y −

6 Y −
5 −A

0
1

−A0
6 0 A−

4 −Y
0
2 Y −

6 0 −Y −−
4 −A−

2

A0
5 −A−

4 0 −Y
0
3 −Y −

5 Y −−
4 0 −A−

3

Y +
1 Y

0
2 Y

0
3 0 A

0
1 A−

2 A−
3 0

0 −A+
3 A+

2 −Y ++
4 0 Y 0

3 −Y 0
2 −A+

4

A+
3 0 A0

1 −Y +
5 Y 0

3 0 −Y −
1 −A

0
5

−A+
2 A0

1 0 −Y +
6 Y 0

2 −Y −
1 0 −A

0
6

Y ++
4 Y +

5 Y +
6 0 A+

4 A
0
5 A

0
6 0































,

/A21 =































0 −A
0
6 A

0
5 Y −

1 0 A−
3 −A−

2 Y −−
4

A
0
6 0 −A+

4 Y 0
2 −A−

3 0 A
0
1 Y −

5

−A
0
5 A+

4 0 Y 0
3 A−

2 −A
0
1 0 Y −

6

−Y −
1 −Y 0

2 −Y 0
3 0 −Y −

4 −Y −
5 −Y −

6 0

0 Y +
6 −Y +

5 A0
1 0 −Y

0
3 Y

0
2 A−

4

−Y +
6 0 Y ++

4 A+
2 Y

0
3 0 −Y +

1 A0
5

Y +
5 −Y ++

4 0 A+
3 −Y

0
2 Y +

1 0 A0
6

−A0
1 −A+

2 −A+
3 0 −A−

4 −A0
5 −A0

6 0































,

/A22 =





























λ99 −V ∗
12 −V ∗

13 −X
0
1 W−

R

−V12 λ1010 −V ∗
23 −X+

2 W−
R

−V13 −V23 λ1111 −X+
3 W−

R

−X0
1 −X−

2 −X−
3 λ1212 W−

R

W+
R λ1313 −V ∗

12 −V ∗
13 −X

0
1

W+
R −V12 λ1414 −V ∗

23 −X+
2

W+
R −V13 −V23 λ1515 −X+

3

W+
R −X0

1 −X−
2 −X3

3 λ1616





























.

The 45 gauge bosons consist of 12 A, 6 X, 6 V , 12 Y , 2 charged WL, 2 charged WR,

and 16 λ which can be rewritten as 5 independent fields, V3, V8, V15, W 0
L and W 0

R.

The first family of the SM fermions forms a spinor 16 representation

161 = (ur, ug, ub, νe, dr, dg, db, e
−, dc

r, d
c
g, d

c
b, e

+,−uc
r,−uc

g,−uc
b,−νc

e)
t , (A.2)

similarly for the second and third families. As the SO(10) is broken down to SU(5)×U(1)

or flipped SU(5), the spinor representation 16 is decomposed as

16 → (10,1) + (5,−3) + (1,5) , (A.3)

where

(10,1) = (Q,U c, Ec), (5,−3) = (Dc, L), and (1,5) = N c (A.4)

for breaking to SU(5) × U(1), and

(10,1) = (Q,Dc, N c), (5,−3) = (U c, L), and (1,5) = Ec (A.5)

for breaking to flipped SU(5).
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L.E. Ibáñez and G.G. Ross, Low-energy predictions in supersymmetric Grand unified theories,

Phys. Lett. B 105 (1981) 439;

M.B. Einhorn and D.R.T. Jones, The weak mixing angle and unification mass in

supersymmetric SU(5), Nucl. Phys. B 196 (1982) 475;

W.J. Marciano and G. Senjanovic, Predictions of supersymmetric grand unified theories,

Phys. Rev. D 25 (1982) 3092;

[2] U. Amaldi, W. de Boer and H. Furstenau, Comparison of grand unified theories with

electroweak and strong coupling constants measured at lep, Phys. Lett. B 260 (1991) 447;

J.R. Ellis, S. Kelley and D.V. Nanopoulos, Precision lep data, supersymmetric guts and

string unification, Phys. Lett. B 249 (1990) 441;

P. Langacker and M.-x. Luo, Implications of precision electroweak experiments for m(t),

rho(0), sin**2-theta(w) and grand unification, Phys. Rev. D 44 (1991) 817;

C. Giunti, C.W. Kim and U.W. Lee, Running coupling constants and grand unification

models, Mod. Phys. Lett. A 6 (1991) 1745.

[3] M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, ed. F. van Nieuwenhuizen and D.

Freedman, (North Holland, Amsterdam, 1979) p. 315;

T. Yanagida, Proc. of the Workshop on Unified Theory and the Baryon Number of the

Universe, KEK, Japan, 1979;

S. Weinberg, Baryon and lepton nonconserving processes, Phys. Rev. Lett. 43 (1979) 1566;

R.N. Mohapatra and G. Senjanovic, Neutrino mass and spontaneous parity nonconservation,

Phys. Rev. Lett. 44 (1980) 912.

[4] S.M. Barr, A new symmetry breaking pattern for SO(10) and proton decay, Phys. Lett. B 112

(1982) 219;

see also A. De Rujula, H. Georgi and S.L. Glashow, Flavor goniometry by proton decay, Phys.

Rev. Lett. 45 (1980) 413.

[5] J.P. Derendinger, J.E. Kim and D.V. Nanopoulos, Anti - SU(5), Phys. Lett. B 139 (1984)

170;

I. Antoniadis, J.R. Ellis, J.S. Hagelin and D.V. Nanopoulos, Supersymmetric flipped SU(5)

revitalized, Phys. Lett. B 194 (1987) 231;

[6] C.-S. Huang, T.-j. Li and W. Liao, Neutrino bilarge mixing and flavor physics in the flipped

SU(5) model, Nucl. Phys. B 673 (2003) 331 [hep-ph/0304130];

[7] S.M. Barr and I. Dorsner, Unifying flipped SU(5) in five dimensions, Phys. Rev. D 66 (2002)

065013 [hep-ph/0205088];

[8] C.-S. Huang, J. Jiang and T. Li, Supersymmetric SO(10 models inspired by deconstruction,

Nucl. Phys. B 702 (2004) 109 [hep-ph/0407180];

[9] X.G. He and S. Meljanac, Symmetry breaking and mass spectra in supersymmetric SO(10

models, Phys. Rev. D 41 (1990) 1620;

N. Chamoun, C.-S. Huang, C. Liu and X.-H. Wu, Non-universal gaugino masses in

supersymmetric SO(10, Nucl. Phys. B 624 (2002) 81 [hep-ph/0110332];

– 20 –

http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB193%2C150
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB193%2C150
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD24%2C1681
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD24%2C1681
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB105%2C439
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB196%2C475
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD25%2C3092
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB260%2C447
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB249%2C441
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD44%2C817
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=MPLAE%2CA6%2C1745
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C43%2C1566
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C44%2C912
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB112%2C219
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB112%2C219
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C45%2C413
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C45%2C413
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB139%2C170
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB139%2C170
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB194%2C231
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB673%2C331
http://arxiv.org/abs/hep-ph/0304130
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C065013
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C065013
http://arxiv.org/abs/hep-ph/0205088
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB702%2C109
http://arxiv.org/abs/hep-ph/0407180
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD41%2C1620
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB624%2C81
http://arxiv.org/abs/hep-ph/0110332


J
H
E
P
1
0
(
2
0
0
6
)
0
3
5

[10] J.L. Lopez, D.V. Nanopoulos and A. Zichichi, The superworlds of SU(5) and SU(5)× U(1): a

critical assessment and overview, hep-ph/9307211;

[11] J.L. Lopez and D.V. Nanopoulos, A new scenario for string unification, Phys. Rev. Lett. 76

(1996) 1566 [hep-ph/9511426];

[12] E. Witten, Mass hierarchies in supersymmetric theories, Phys. Lett. B 105 (1981) 267;

D.V. Nanopoulos and K. Tamvakis, SUSY guts: 4 - guts: 3, Phys. Lett. B 113 (1982) 151;

S. Dimopoulos and H. Georgi, Solution of the gauge hierarchy problem, Phys. Lett. B 117

(1982) 287;
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