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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) x 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)z x SU(3)¢
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.

KEYWORDS: [QUT. Supersymmetry Phenomenology, Beyond Standard Model.

© SISSA 2006 http://jhep.sissa.it/archive/papers/jhep102006035/jhep102006035 . pdf


mailto:csh@itp.ac.cn
mailto:tjli@physics.rutgers.edu
mailto:liuc@itp.ac.cn
mailto:jps@itp.ac.cn
mailto:fengwu@itp.ac.cn
mailto:ylwu@itp.ac.cn
http://jhep.sissa.it/stdsearch

Contents

Introduction

=

=

[V

Brief review
Rl The flipped SU(5) models
R.9 Sliding singlet mechanism

& ©ucsa

SO(10) models

Phenomenological consequences
B Light and superheavy particle mixings
B3 Gauge coupling unification

Bl Remarks
b.d SO(10) model with one adjoint Higgs field
b.9 Explanation to the suitable mass M,

BEEE EEE

Discussion and conclusions

=
%

[Al. The SO(10) generators in the spinor representations

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 (GUTSs) because GUTSs 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 [fil, B]. 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 [[J]. Therefore,



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 GUTSs, only the flipped SU(5) models can naturally
explain the doublet-triplet splitting via a simple and elegant missing partner mechanism [[]—
0. 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) x 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 7 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) x 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 [f], and the four-dimensional SO(10) x SO(10) models with bi-
spinor link Higgs fields [§] (For other SO(10) models with flipped SU(5) embedding, please
see refs. [)).

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) x 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 ¥ and
Y in the spinor 16 and 16 representations of SO(10). The missing partners for the MSSM
Higgs doublets H,, and H, respectively belong to the (5,—3) and (5,3) of the ¥ and ©
when we decompose the SO(10) spinor representations into the SU(5) x 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 H, and Hy, are in (5,2) and
(5, —2) representations, respectively. Interestingly, the Higgs fields A and h in our models
can form a 10 representation Higgs field h1g 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 Mgy, and
further down to the SM gauge symmetry at the SU(2);, x SU(3)¢ unification scale Moas.
So, to have the successful missing partner mechanism for the doublet-triplet splitting, we
must split the five-plets and ten-plets in the ¥ and ¥, i. e., the five-plets in the ¥ and &
must have mass around the scale Mgyt 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 ® and @',



¥, ¥, hio, one pair of spinor 16 and 16 representations y and ¥, 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 ¥ and X, and ¥ and y 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 H,, and
H,; for the electroweak gauge symmetry breaking. Since there exist two pairs of vector-
like particles (mainly from the correspoding components in y and %) with roughly the
same intermediate-scale masses whose SM quantum numbers are ((3,2, §), (3,2, —%)) and
((3,1,%) + (3,1,—3)), the SU(5) xU(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)z x SU(3)¢
unification scale [[[0, []. 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 y and .

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 x and X 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 [, H|, and the
sliding singlet mechanism [[Lg].

2.1 The flipped SU(5) models
First, let us consider the flipped SU(5) models [, f]. We can define the generator U(1)y~
in SU(5) as

. 1 1 111
TU(I)Y/ = dla’g <_§a _ga _5, 55 §> ) (21)

and the hypercharge is given by
1
Qy = : (Qx — Qy). (2.2)

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

F;=(10,1), f; = (5,-3), I, = (1,5), (2.3)



where ¢ = 1,2,3. As an example, the particle assignments for the first family are
F = (Qla f, Nlc), ?1 = (Ulca Ll)a Zl = Ef’ (24)

where Q and L are respectively the superfields of the left-handed quark and lepton doublets,
U¢, D¢, E€ and N€ 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 ¢;.

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=(5,2). (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 = (QH7 D%a NIC-I)7 H = (@ﬁ7 E%? Ncﬁ)v (2'6)

h = (Dy, Dy, Dy, Hy), h = (Dy, Dy, Dy, Hy), (2.7)

where Hy and H, are the two Higgs doublets in the MSSM.
To break the SU(5) x U(1)x gauge symmetry down to the SM gauge symmetry, we
introduce the following superpotential

W =MHHh+ \oHHh+ S(HH — M%), (2.8)

where S is a singlet, and Ay and Ae are Yukawa couplings. There is only one F-flat and
D-flat direction, which can always be rotated along the Nj; and Wcﬁ directions. So, we
obtain that (N§) = (Nj7) = My. In addition, the superfields H and H are eaten and
acquire large masses via the Higgs mechanism with supersymmetry, except for Df; and
D%. The superpotential terms A\; HHh and Ay H Hh combine the D%; and D% with the Dy,
and Dy, respectively, to form the massive eigenstates with masses 21 (N§;) and 220 (NF).
Since there are no partners in H and H for H, and Hy, 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 u 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

1 — - _ _
Wikawa = 5933 P + i Fif b+ yilif i + phh + yij i HE (2:9)

where yi[; , yg”, yg and yf}f are Yukawa couplings, and p is the bilinear Higgs mass term.

After the SU(5) x U(1)x gauge symmetry is broken down to the SM gauge symmetry,
the above superpotential gives

Wssm = 45 D§QiHa + 45 Uf Qi Hy + yf ESLiHy + y " N L H,,
+uHgH, + yi (N77)¢iN§ + - - (decoupled below Mgur). (2.10)



2.2 Sliding singlet mechanism

The sliding singlet mechanism was originally proposed in the supersymmetric SU(5) mo-
del [[Z], where the Higgs superpotential is

W =W(®)+ Hg (®+ S) Hs, (2.11)

where ® is an SU(5) adjoint Higgs field, S is a SM singlet, and Hg and Hs are the anti-
fundamental and fundamental Higgs fields which respectively contain one pair of Higgs
doublets H; and H,,.

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

VEV
1 1 111
&= diag [—=, —= —= = = . 92.12
dlag( 33 3’2’2>V‘1’ (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 Hg and Hs, which is valid at a supersym-

metric minimum, give the following equations

(@) +(5)) (Hs) = 0, (Hg) ((®) +(5)) = 0. (2.13)

To break the electroweak gauge symmetry, the Higgs doublets H; and H,, are supposed to
obtain VEVs around the electroweak scale, From F-flatness conditions F, = Fp, = 0, we
obtain

(5) = —5Va (2.14)

Therefore, we have

(®) + (S) = diag <—g,—g,—g,0,0> Vo . (2.15)
As a result, the color triplets in Hg and Hs will obtain vector-like mass around Vg, 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); 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 [[3]. The potential from the F-terms of Hg and Hs only

gives the electroweak-scale mass (\/((Hg>)2 + ((H9))?) to S, and the soft supersymmetry
breaking gives S mass around the supersymmetry breaking scale Mg. However, S couples
to the triplets in Hg and Hs 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

Ty = O(miMcur)S+ H.C., Ty = O(mgMcur)Fs+ H.C., (2.16)

where my is the gravitino mass, which is usually around Mg.



The T3 term will shift the VEV of S from its supersymmetric minimum —Vg /2 by the
following amount

O(mjMgur)

NS) ~ BT T () + ()2

~ O(Mgur), (2.17)

and then the doublets in Hg and Hy will obtain the vector-like mass around the GUT
scale.

In addition, after we integrate out the auxiliary field Fyg, the T5 term gives the following
term in the potential

Vo |F5H5 + O(mgMGUT)|2 . (2.18)

Thus, the VEVs of Hg and HS are around the scale /myMquT, which is inconsistent with

the known value of \/((HC%)2 + ((HD))% ~ 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 [[4].

The sliding singlet mechanism can be successfully applied to the rank five or higher
GUT groups [[§-[[7], for example, the SU(6) and Eg models, etc. The point is that the
corresponding Higgs fields like the Hg and Hs 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 [[[q].

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 1; which form the spinor 16 representation. We introduce two adjoint 45
representation Higgs fields ® and ®’, one pair of the spinor 16 and 16 representation Higgs
fields ¥ and X, one 10 representation Higgs field hqg, one pair of the spinor 16 and 16
representation vector-like particles x and ¥, and nine singlets ¢;, S, S’, S;, and Sy, where
i =1,2,3. The complete particle content is given in table fi.

In terms of the particles in the flipped SU(5) models, we have
Vi = (Fi, fi, i) ; hio = (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 = (Kp, K, Kp), K = (Kg, Kf, K)), (3.2)



Representation Chiral Superfields
45 o; @
16 vi; X X
16 3 X
10 h1o
1 ¢i; Sy S5 Si; Sy

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

where

KF == (QK7 D;{a N[c()a Kf:(UIc(7 LK)a
Kf = (6?’ cha N%), Xf = (U%a zf) . (3.3)

The only exception is that similar to the flipped SU(5) models, we denote the Higgs
fields X g and ff as H and H, respectively. To be concrete, we have

X = (H %5 %), ¥ = (H Zf, 3y) . (3.4)
The superpotential is

— — 1
W = W(®, )+ W(E,5) + yitihiot; + yi) 650, + §Mh10h10 + AXh1oX
FA23h10% + A3X (P + XS)E + AsZ(P' + X6 S")x + My XX, (3.5)

where y;;, yf}f, and \; (i =1,2,...,6) are Yukawa couplings, and p and M, are vector-like
masses. The general superpotential W (®,®’) for ® and ®’, and the simple superpotential
W(%,¥) for ¥ and X are

W(®,®') = k® + Ma®? + \7S1(D? — mYy) + KO + My ®? + NSy (D" — m3,)
+Mpe @D’ + \gS3(PP' — miy), (3.6)

W(, %) = S2(2% — M%), (3.7)

where k, k', A7, A, and Ag are Yukawa couplings, and Mg, Mg, Meg, mi1, maz, mi2,
and My are mass parameters.

Let us briefly comment on W (®,®’). First, we must have at least one term which
couples ® and @ so that we only have one global SO(10) symmetry in W (®,®'), 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 (®, ®')
should be zero. For example, mq1, moo, and mq2 can not be all non-zero in general,
otherwise, we need to fine-tune these masses to satisfy the F-flatness conditions Fg, = 0.
Let us present a simple W (®, ®’)

W(®,®') = Mpg PP + \gS3(PD’ — m3,) . (3.8)



The flatness of F-term of S3 (Fg, = 0) implies that (®) # 0 and (®’) # 0. Also, the
F-flatnesses of the F-terms of ® and ® (Fg = Fg = 0) imply that (®) = (®’) # 0 and
(S3) # 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) x U(1)x, the SO(10) gauge fields decompose as [L§]

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 ¥ and ©
during the SO(10) gauge symmetry breaking. In order to give the GUT-scale masses to the
Y X ) ¢ and 3, 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 x 16 matries and are given in appendix A. Note
that when the U(1)x generator Ty;(1), 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
T, = 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 ® and @ obtain the VEVs at the GUT scale due
to the superpotential W (®, ®’), and the F-flatness conditions for the F-terms of ®, &' and
S; are satisfied by choosing suitable Yukawa couplings and mass parameters in W (®, ®').
The explicit VEVs for ® and @’ are

(®) = diag(1,1,1,-3,1,1,1,-3,1,1,1,5,-3,-3,-3,1) Vg,
(@) = diag(1,1,1,-3,1,1,1,-3,1,1,1,5, -3, -3,—-3,1) Vg, (3.11)
where Vg and Vg are around the GUT scale.

The F-flatness conditions for the F-terms of ¥ and x, which is valid at a supersymmetric
minimum, give the following equations

() + Aa(9)) () =0, (X) ((2) + A6(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 C ¥ and Ny C H C T at the SU(3)¢ x SU(2),, unification scale Mag,
which is around 3.7 x 1016 GeV. From the F-flatness conditions Fne = Fﬁcﬁ = 0, we obtain

Vo \%%
S)y = ——, () = — . 3.13
(8) = — 2. (8) = - L (3.13)
Thus, we have
<¢> + )\4<S> = dlag(oa 07 07 _47 07 07 07 _47 07 07 07 47 _47 _47 _47 O) Vq) 9
(@) + Xg(S") = diag(0,0,0,—4,0,0,0,—4,0,0,0,4, —4,—4,—4,0) Vg . (3.14)



Then we have the following vector-like mass terms for the pairs (Xj, E?), X1 29)s (.
X?)a and (El’ XZ)

V o —4\Va (yfz? _ y@) — ANV (Efxf - Em) : (3.15)

where for simplicity we neglect the M, , which will be shown to be very small compared
to the scales MguT and Ma3 so that we can have one pair of the light Higgs doublets for
the electroweak gauge symmetry breaking. However, the particles Xz, H, H and xr are
massless if we neglect M, . Thus, we split the five/one-plets and ten-plets in the multiplets
X and ¥, and ¥ and y 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) x
U(1)x gauge symmetry down to the SM gauge symmetry by giving VEVs to the N§; and
Wcﬁ of H and H. The superfields H and H are eaten and acquire large masses via the
Higgs mechanism with supersymmetry, except for D$; and Ecﬁ. And the superpotential
MHHK C M\3h1oX and \MasHHh C A\yXh10X combine the D%, and Ecﬁ with the D), and
Dy, respectively, to form the massive eigenstates with masses 2A; (N§;) and 2o (NF). So,

we solve the doublet-triplet splitting problem naturally via the missing partner mecha-
nism. Because the triplets in k2 and h of hig only have small mixing through the p term,
the Higgsino-exchange mediated proton decay are negligible, 7. e., we do not have the
dimension-5 proton decay problem.

Let us show that our sliding singlet mechanism is stable. The T; type tadpoles will
shift the VEVs of S and S’ from its supersymmetric minimum by the following amount

O(m;Mgur)
AN

O(mg Mcur)

W)~ e

5(S) ~ (3.16)
It is obvious that these shifting effects are tiny and can be neglected.
Moreover, after we integrate out the auxiliary fields Fg and Fg/, the T5 type tadpoles

will give us the following terms in the potential
V> ‘)\3)\4?2 + (’)(mgMGUT)\Q + ’)‘5)‘6§X + (’)(mgMGUT)]2 . (3.17)

Then, we obtain

c O(mgMgur)
, (Ng) ~ —W. (3.18)

—c O(mgMcur)
Ni ~Y — g—
{ X> )\3)\4(]\7[3)

Because ¥ and X, or x and X do not contain the one pair of Higgs doublets Hy and H,, in
the MSSM, it is fine that we have very small non-zero VEVs for N{ and N; compared to
the scales Mgyt and Mos.

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

O(mgMaur)
A3 A6 (N ) (V)

O(mgMgur)
AsAads (N ) (Ng)

(@) + Aa(S) ~ My, (@) +X6(S) ~ M, (3.19)



So, the variations on (®) + \y(S) and (') + \s(S’) are also very small compared to the
scales Mgyt and Mas, and will not affect the splittings of the five/one-plets and ten-plets
in the multiplets ¥ and ¥, and ¥ and x. 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 @, S, &', §', N§, and Ny will be shifted by tiny amount due to non-zero (Ng)
and (W;>

In the following discussions, for simplicity we will neglect the VEVs of Ny and N;
that are very small compared to the Vo, Var, (N§), and (N77).

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 H; and H,, and one pair of the
10 representation y z and 10 representation Y in x and . However, to make sure that Hy,
H,, xr, and Xz 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 ® and ®' have the same SM quantum numbers as the
quark doublet and its Hermitian conjugate. After Nf; and Wcﬁ obtain VEVs, they will mix
with the @, and @Y in xr and Y7 Let us denote the (X,Y)- and (X,Y)-type particles
in ® as Q¢ and Qg, and in ®’ as Q¢ and Qg . The mass terms in the superpotential are

W D> M)1(1Y@<1>Q<I> + M)l(anchcb/ + M)Q(lyaqw@cb + M)Z(QYQ@Q@'
+A3(Nfp) QxQa + As (N ) Qo Qy + My Q5Qy (4.1)

where M;gy are the mass parameters around the GUT scale. The corresponding mass
matrix for the basis (@q),@@,,ay)t versus (Qa, Qar,Qy), where t is transpose, are the

following
Myy M@0
MXYQ@ = M)2(1Y M)2(2Y As <Ncﬁ> . (4.2)
A3(N§) 0 M,

The determinant of above mass matrix is

Det[Myyqgl = (Mxy My — My MYy ) My ~ MéyrMy . (4.3)

YQo!

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

(major components belong to Q¢ and Qg/, and Qg and Qg ) With vector-like masses around
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the GUT scale, and one pair of vector-like particles (major components belong to @, and
GY) with vector-like mass around M, .

(2) The SM singlet mixings. For ® and &', we consider the SU(5) x U(1)x singlets as
given in eq. (B.9), corresponding to U(1)x gauge field component. We denote the singlets
in ® and " as Sp and S¢/. After the flipped SU(5) gauge symmetry breaking, we have the
following mass terms in the superpotential for the SM singlets S, S, Se/, S, Ny, and N;

1 1 —
W > §M§§(s§> + M SeSe + §M§§(S§>/ + A3(Nf) N5 (So + MS)

+A5(N7) (Sor + A¢S)NS + My NLNE (4.4)

where MgX are mass parameters around the GUT scale. The corresponding mass matrix
for the basis (Ss, S, Ser, S, N;,W;) are

ML 0 M 0 0 A3(N&)
0 0 0 0 0 A3 Aa(NF;)
v _ | ME 0 M2 0 As(Ng) 0
singlets TC
2 0 0 0 0 A5 A6 (NF) 0
0 0 (N7 AsAe(Ng) 0 M,
A3(Ng)  AsAa(Ngp) 0 0 M, 0
(4.5)

The determinant of above mass matrix is
1 _
Det[Mainglets] = = MSAASAG [Msx Mgk — (Ms%)*] (N7)*((N7))* ~ Mur My (4.6)

Thus, there are two SM singlets (major components from S¢ and Sg/) with masses around
the GUT scale, and four SM singlets with masses around the scale Ms3. By the way, these
SM singlets do not contribute to the RGE running below the Ms3 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 H,,, Hg, Ly, Ly,
L,, and fy

W D —4\3Va Ly Ly — 4\sVay Ly Lss + 2\ (N§7) Ly Hyy + 200(N ) HaLss

+uHgH, + M Ly Ly . (4.7)
The corresponding mass matrix for the basis (Hy, Ly, Ly)! versus (H,, Ly, Ly) are the
following
[ 2X9(N77) 0
Maoublets = | 2A1(Ngp) 0 — 43V | . (4.8)
0 — 45V M,

The determinant of above mass matrix is
Det[Mdoublets] = =163 5V Ve — 4)\1)\2MX<N%><NIC{> . (4.9)

Note that Vg ~ Var ~ Mgyt and (N77) = (N§) ~ Moz, we obtain that t}fre are two
pairs of vector-like particles (major components belong to Ly, and Ly, and Ly and Ly)
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with vector-like masses around the GUT scale, and one pair of vector-like particles (major
components belong to Hy and H,) whose vector-like mass My p is
Det [Mdoublets] M223

Mip~ —————— ~ —u — M, . 4.10
D= TashsVaVer 1 Myp (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 u should be around the TeV scale, and M,
has a upper bound for a concrete model with gauge coupling unification. For example,
with Mas = 3.66 x 10'6 GeV and Mgyt = 4.8 x 10'® GeV as in the first case in the next
subsection for gauge coupling unification, we obtain that M, < 1.72 x 10" GeV. Moreover,
we emphasize that even if © = 0, we can generate the corresponding effective peg 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 M, for Xz and xr. One way is that we fine-tune the two
terms in eq. (fLY) so that Det[Myouplets] ~ NeﬁMéUT where peg ~ 1 TeV. The other way
is that we replace the term M, xx in the superpotential in eq. (B.3) by the following two
terms

W Dy x(® — 38 x + y;y(q)' —3X69)x, (4.11)
where y, and y;( are small Yukawa couplings. Note that

(@) — 3\4(S) = diag(4,4,4,0,4,4,4,0,4,4,4,8,0,0,0,4) Vo,
(@) — 3N (S') = diag(4,4,4,0,4,4,4,0,4,4,4,8,0,0,0,4) Vg, (4.12)

we have

W > 4y Ve (Xpxr + 2xix7) + 4 Ve (Xpxr + 2X0x) - (4.13)

Thus, we obtain that the two terms in the superpotential in eq. ({.11) will give vector-like
masses to Xz and xp, and ; and x;, while they will not give vector-like mass to X and
x7- And then we do not have the last term M, Ly Ly in eq. (E7), and the (3,3) entry in
the mass matrix in eq. ([.§) is zero, i. e., there is no M, entry in eq. ([g). Therefore, the
vector-like mass for Xz and xr can be any value below the Ms3 scale. By the way, in the
concrete model building, we just need one term in the superpotential in eq. (f11).

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 @, and QY) with vector-like mass around M, .
Also, the particles DY and E; have vector-like mass M, . For simplicity, we assume that
the correponding vector-like masses for these particles are the same, and we denote their
masses as My because in the fine-tuning case, we may not have the M,xx term in the
superpotential in eq. (B.5). We also assume that the masses for the color triplets of hqg,
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H, H, Ny, and W; are around the SU(2)7, x SU(3)¢ unification scale Mas, and the masses
for the X7, X, Xy, Xy, X7, X Xp» Xp» @5 and ®’ are around the GUT scale Mgy, where
we do not write the particles in terms of mass eigenstates here. Moreover, we denote the
Z-boson mass as My, and the supersymmetry breaking scale as Mg. Also, the order of
mass scales are assumed to be My < Mg < My < Mss < MauT.

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

(477)2% gi = big? (4.14)
where ¢ = In 1 with p being the renormalization scale, g2 = 5912/ /3, and the gy, g2, and g3
are the gauge couplings for the U(1)y, SU(2)z, and SU(3)¢ gauge groups, respectively.

The gauge coupling unification for the flipped SU(5) is realized by first unifying ay and
ag at scale Mag, then the gauge couplings of SU(5) and U(1)x further unify at the scale
Mgut. From My to Mg, the beta functions are b° = (by, be, b3) = (41/10, —19/6, —7), and
from Mg to My, the beta functions are b! = (33/5,1,—3). From My to the as and a3
unification scale Ma3, the beta functions are b/ = (36/5, 4, 0).

Unification of ao and ag at the scale Msg gives the condition

_ _ by — b9 M. bl — bl M
a21(MZ)—a31(MZ): 2 3log< SUSY>+ 227T310g< v >

2m Mz Msusy
bil — bl Mos
1 4.1
=g loe {3 ) (4.15)

which can be solved to obtain the scale Mos.
The coupling o of U(1)x is related to aq and as at the scale Mag by

o (Mag) = gafl(MQ?,) - 21—40[51(M23) . (4.16)
And above the scale Mag, the beta functions for U(1)y and SU(5) are b/l = (b],bs5) =
(8,—2).
In our numerical calculations, we choose the central values of the strong coupling
constant az(Myz) = 0.1182 £ 0.0027 [[9], and the fine structure constant agy, and weak
mixing angle Oy at My to be [2]]

apy(Mz) = 128.91 £0.02, sin Oy (M) = 0.23120 + 0.00015. (4.17)

Because the top quark pole mass is 172.7+2.9 GeV [R]]], 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 Mg = 10 GeV. With
My = 107 GeV, we plot the gauge coupling unification in figure fl. We obtain that

Ma3 = 3.66x10'6 GeV, and Mgyt = 4.8x10'® GeV. Note that M2, My /Mgyt < 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 Mg = 103 GeV and My = 107 GeV.
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1x10'8 |

Mgut(GeV)
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M, (GeV)

Figure 2: The GUT scale Mgyt versus My for Mg = 10% GeV, and My from 10% GeV to
1016 GeV.

Since the GUT scale is close to the Planck scale 1.2 x 1012 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 [Pd], 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 [RJ].

— 14 —



60 -
a[l
40 +
- @'
S .
i a§1 0/1_1
20+ afgl
o Ms | ‘Mv‘ - MngQUT
10° 10° 10° 1012 10'° 108
u(Gev)

Figure 3: The one-loop gauge coupling unification for Mg = 10° GeV and My = 3 x 108 GeV.

As discussed in the above subsection, with fine-tuning we can have very large My . As-
suming Mg = 103 GeV, we plot the GUT scale Mqur versus My for My from 10% GeV to
10'6 GeV in figure f]. Varying My will not change the scale M3 because these vector-like
particles contribute the same one-loop beta functions to SU(2);, and SU(3)¢. Generically
speaking, increasing My 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 My, close to 10° GeV is still
fine although there exists less than one percent discrepancy between the gauge couplings
a;l. It is interesting to have the GUT scale Mqur around the string scale from 10’7 GeV
to 10'® GeV, and we find that the corresponding My scale is from 5.54 x 103 GeV to
5.54 x 10° GeV.

High-scale supersymmetry breaking [23 R3] is interesting due to the appearance of the
string landscape [Pf] where we may explain the cosmological constant problem and gauge
hierarchy problem [R7, B, and all the problems related to the low energy supersymmetry
will be solved automatically if the supersymmetry breaking scale is higher than the PeV
(101 eV = 105 GeV) scale [29). Assuming Mg = 10¢ GeV and My = 3 x 108 GeV, we plot
the gauge coupling unification in figure fJ. We obtain that Ms3 = 4.88 x 100 GeV, and
Maut = 7.57 x 1017 GeV. Note that M223MV/MGUT ~ 1.25 x 105 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 M, .

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 ®. In the superpotential in eq. (B.5), we change W (®,®') to W(®), and replace the
A2 (D' + N\ S")x term by the following term

W D AsX(® + XS )x - (5.1)

The discussions for the splittings of the five/one-plets and ten-plets in the multiplets ¥ and
¥, and ¥ and Y, are the same as those in the section III except that we replace ® by ®,
and Vg by Va.

Let us concentrate on the problem. The mass matrix for the basis (@@,@Y)t versus
(Qa,Qy), are the following

Mll A (NC_>
Myyoo = Xy OV THE 2
XYQQ ()\3(]\7[5{) MX (5 )

The determinant of above mass matrix is

Det[M yy og) = My My — XsAs(Nz) (Nfy) - (5.3)

vQa)
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 Vg to Vo in eqgs. ([7) and (f.§). So, without fine-

tuning the M, still cannot be larger than about 10® GeV. Then we have

Det[Myy gl ~ —Ashs (N) (Ngr) ~ —M, . (5.4)

YQQ!
Thus, there is one pair of vector-like particles (major components belong to Qg and Qg)
with vector-like mass around the GUT scale, and one pair of vector-like particles (major
components belong to @, and QY) with vector-like mass around M223 /Mcgur. Note that the
particles D} and E; have vector-like mass M, , we can easily show that the gauge coupling
unification can not be realized. By the way, with large fine-tuning so that M, can be
around M3 /Mgyt and Det[M xvool ™ 1072M3,;, we can have gauge coupling unification.

With M, < 10% 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 M,

To have the natural models, we need to explain why M, can be around 107 GeV. There are
two well-known ways to generate small masses: the Froggat-Nielsen mechanism and
the see-saw mechanism [[J]. Because we will try to generate the SM fermion masses and
mixings, and the suitable mass M, 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 M, here.

As we know, an elegant and popular solution to the strong CP problem is the Peccei-
Quinn mechanism [B]], in which a global axial symmetry U(1)pq is introduced and broken
spontaneously at some high energy scale. The original Weinberg-Wilczek axion [BJ] is
excluded by experiment, in particular by the non-observation of the rare decay K —
7+ a B3 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 Spg and a pair of extra vector-like
quarks that carry U(1) pg charges while the SM fermions and Higgs fields are neutral under
U(1)pg symmetry [B4]; (2) the Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) axion model,
in which a SM singlet Spp and one pair of Higgs doublets are introduced, and the SM
fermions and Higgs fields are also charged under U(1) pg symmetry [B5]. From laboratory,
astrophysical, and cosmological constraints, the U(1) pg symmetry breaking scale is limited
to the range from 10! GeV to 1012 GeV [BJ. And then the VEV of Spq is also roughly in
the range from 101° GeV to 10?2 GeV. Interestingly, ((Spg))?/Mas can be from 10* GeV
to 108 GeV, which can give us the needed mass scale for M,.

Let us introduce one pair of the spinor 16 and 16 representation vector-like particles
X and yx’. In the superpotential in eq. (B.§), we can forbid the M, Xx term by U(1)pg
symmetry, and introduce the following superpotential

W > MyX'x' + Apo1SpoX'x + Apg2SroX X (5.5)

where Apg1 and Apgo are the Yukawa couplings, and M, is a mass parameter around the
scale Ms3 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 Xz and xp of X
and y and the superheavy states X% and xj of X' and x'. After the U(1)pg symmetry
breaking, the mass matrix for the basis (X, Y'F)t versus (xr, X) 18

0 APQ2(SPQ)
M, . = . 5.6
o < Apqi(Spq) My >0

Thus, we obtain that there is one pair of vector-like particles (major components belong
to Y/F and x) with vector-like mass around the GUT scale, and one pair of vector-like
particles (major components belong to xr and Xz) with vector-like mass around

_ Ar@1Ara((Spq))”

M,y

Miight xe ~ 10"7% GeV . (5.7)

In fact, we can simply integrate out vector-like particles X' and x’ in eq. (5.5), and
obtain the following superpotential
2

S
W D —)\le)\pQgMLQYX . (5.8)
X/

This is the exact high-dimensional operator that can generate the suitable vector-like mass
M, . In short, we can indeed generate the light M, naturally.

,17,



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 ¥ and ¥, and ¥ and y 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
H, and H, for the electroweak gauge symmetry breaking. Because there exist two pairs of
the vector-like fields with similar intermediate-scale masses (major components from @,
and Qy, and D and E;), we can have gauge coupling unification at the GUT scale which
is reasonably (about one or two orders) higher than the SU(2)z, x SU(3)¢ 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 M, for x and .
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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. [Bd]. We copy the o - W, and rename it as A,. The 16 x 16
matrix for 4, can be re-written into the following four 8 x 8 matrices

_ [ An Arz
A= <4421 Aoz ) ’ (A1)

with

M1 Vig Vi XY W[

Vip Ao Vo Xy Wy
Vis Vo3 Asg X3 Wy
Aoy = X1 X5 X5 A W,
Wi Ass Via Vig XP |
Wi Vis Aes Vo Xy
WZF Vf% Vos At Xy
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0 AQ —AY Yt 0 -Yy Yy -4

—AQ 0 Ay —72 Yo 0 -Y, T —A;
A A7 0 -Y3 Yo YT 0 —A
A_Yf?g?gOZ?A;AgO
S U T S AU S A
Af 0 A v v o0 -y A
—ATAY 0 -y Y oy 0 Ay
it Y v 0 Al A A o
0 Ay A YD 0 A Ay Vi
Ag 0 AT YD -A; 0 A Ys
Ay AT 0 YQ Ay -AY 0 Yy
f = | 0 Y0 vy e 0|,
0 Y ¥4y o -Y; Y, A
Yy 0 vyt A Yy o0 -vh Al
Vit -yttt o0oAf -V, Vo0 A
—AY A AT 0 —A; —A? A 0
Nog —Viy —Viy —X) Wi
~Viz Moo — Vs — X5 Wy
~Vig —Vaz A — X5 Wg
Aoy = —X) —X; —X3 Ao VV_}EO
Wi Aisis —Vip V5 =X
Wi —Vig Aara =V — X5
Wi —Vig —Vag Ais15 — X5

Wh =X) —X5 —X3 e

The 45 gauge bosons consist of 12 A, 6 X, 6 V, 12 Y, 2 charged Wy, 2 charged Wg,
and 16 A which can be rewritten as 5 independent fields, V3, Vg, Vis, Wg and W]%.
The first family of the SM fermions forms a spinor 16 representation

_ — c jc 3¢ _+ c c c c\t
161 = (ur, ug, Up, Ve, dr, dg, dp, €, dy, dg, dy, e, —ug, —ug, —up, —vg)", (A.2)

similarly for the second and third families. As the SO(10) is broken down to SU(5) x 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, E°), (5,-3)=(D%L), and (1,5)= N°¢ (A4)
for breaking to SU(5) x U(1), and

(10,1) = (Q, D¢, N°), (5,-3) = (U, L), and (1,5)= E° (A.5)

for breaking to flipped SU(5).
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