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Spontaneous SUSY breaking in natural SO(10) grand unified theory

Nobuhiro Maekawa,"*" Yuji Omura,>" Yoshihiro Shigekami®,** and Manabu Yoshida®'*
1Department of Physics, Nagoya University, Nagoya 464-8602, Japan
2Kobayashi—Mczskawa Institute for the Origin of Particles and the Universe, Nagoya University,
Nagoya 464-8602, Japan
3Department of Physics, Kindai University, Higashi-Osaka, Osaka 577-8502, Japan
*School of Physics, Huazhong University of Science and Technology, Wuhan 430074, China

® (Received 18 October 2019; published 17 December 2019)

We propose a simple grand unified theory (GUT) scenario in which supersymmetry (SUSY) is
spontaneously broken in visible sector. Our model is based on the GUT model that has been proposed to
solve almost all problems in conventional GUT scenarios. In the previous work, the problems can be solved
by a natural assumption in a supersymmetric vacuum. In this paper, we consider an extension of the model
(i.e., omitting one singlet field) and break SUSY spontaneously without a new sector. Our model does not
have a hidden sector and predicts high-scale SUSY where sfermion masses are of order 100—1000 TeV and
flavor violating processes are suppressed. In this scenario, we can see an explicit signature of GUT in the
sfermion mass spectrum since the sfermion mass spectrum respects SU(5) matter unification. In addition,
we find a superheavy long lived charged lepton as a proof of our scenario, and it may be seen in the LHC.
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I. INTRODUCTION

Grand unified theory (GUT) [1] realizes two kinds of
unification. Three gauge groups SU(3). x SU(2), x
U(1)y in the standard model (SM) can be unified into a
single group SU(5), SO(10), or E4, which leads to the
unification of forces. In addition, one generation quarks and
leptons are unified into two multiplets 10 and 5 in SU(5)
GUT. In SO(10) GUT, moreover, these fields as well as
the right-handed neutrino are unified into a single multiplet
16, which results in the unification of matters. For both
unifications, we have some hints from experiments. For the
unification of forces, three gauge couplings in the SM meet
at a scale when supersymmetry (SUSY) is introduced
around the weak scale. For the unification of matters,
observed hierarchies of quark and lepton masses and
mixings can be understood by a simple assumption that
unified matter fields 10 of SU(5) induce stronger hierar-
chies for Yukawa couplings than 5 fields. Actually, the
assumption can explain not only that the up quarks have the
strongest mass hierarchy, the neutrinos have the weakest,
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and the down quarks and charged leptons have middle mass
hierarchies, but also that the quark mixings are smaller than
the lepton mixings. Moreover, SUSY plays an important
role in the GUT scenario. SUSY avoids the fine-tuning in
Higgs masses, and the lightest SUSY particle can be the
dark matter (DM) in addition to the success of the gauge
coupling unification. Therefore, SUSY GUT is the most
promising candidate as a model beyond the SM.

Unfortunately, SUSY GUT is suffering from several
problems. The most serious one is called the doublet-
triplet splitting problem [2]. A fine-tuning is needed to
obtain the weak scale mass of the SM Higgs (doublet
Higgs) and the colored Higgs (triplet Higgs) mass larger
than the GUT scale because the doublet Higgs and triplet
Higgs are included in the same multiplet 5 of SU(5).
Another problem is that the matter unification results in
unrealistic Yukawa relations in simple GUT models. In the
minimal SU(5) GUT, the down quark Yukawa matrix Y,
is equal to the transposed matrix of the charged lepton
Yukawa matrix Y, as ¥Y,; = Y.. In the minimal SO(10)
GUT, all the Yukawa matrices become equal as Y, =
Y;=Y,=Y, , whereY, and Y, are Yukawa matrices of
the up quark and the Dirac neutrino. These Yukawa
relations are inconsistent with the observed quark and
lepton masses, so some improvements are needed to
obtain realistic Yukawa couplings.

There are several problems related with SUSY, which are
in principle independent of the above GUT problems.
SUSY must be broken because we have no SUSY at
low energy. In addition, generic SUSY breaking parameters
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induce too large flavor changing neutral current (FCNC)
processes and too large CP violating processes if SUSY
breaking scale is just above the weak scale to stabilize the
weak scale. Thus, we have to find out the way to control a
lot of SUSY breaking parameters in the minimal SUSY SM
(MSSM). In many scenarios, we introduce a hidden sector,
in which SUSY is spontaneously broken, and mediation
sector, where there are some fields to mediate SUSY
breaking effects to visible sector. One reason to introduce
these complicated sectors is to realize universal sfermion
masses via universal interaction in mediation sector, and
these can suppress the FCNC processes.

In this paper, we propose a scenario in which SUSY is
spontaneously broken in the visible sector. We have neither
hidden sector nor mediation sector. We adopt namely the
natural GUT [3,4] as the visible sector. In the natural GUT, all
the above problems on GUT can be solved under the natural
assumption that all (higher dimensional) interactions are
taken into account with O(1) coefficients. The anomalous
U(1), gauge symmetry [5] plays an important role in the
natural GUT. On the other hand, it is known that the Fayet-
Hliopoulos (FI) term [6,7], which is induced by the anoma-
lous U(1), gauge symmetry, can play a critical role in
breaking SUSY spontaneously. Therefore, we study the
possibility that SUSY is spontaneously broken in the natural
GUT. Interestingly, the scenario predicts high-scale SUSY
which suppress the FCNC processes without the hidden
sector, although some fine-tuning is needed to obtain the
electroweak scale.

In Sec. II, we review the natural SO(10) GUT which
gives a new explanation for the success of gauge coupling
unification in minimal SU(5) GUT. In Sec. III, we propose
a natural SO(10) GUT in which SUSY is spontaneously
broken. We also discuss the phenomenology of our
scenario in this section. Section IV is devoted to summary
and discussion.

II. BRIEF REVIEW OF THE NATURAL GUT

In the natural GUT in which anomalous U(1) gauge
symmetry plays an important role, various problems, e.g.,
the doublet-triplet splitting problem, can be solved under
the natural assumption [3,4]. In this model, all interactions
including higher dimensional interactions are introduced
with O(1) coefficients. Once we fix the symmetry in the
model, we can define the theory except O(1) coefficients.
Under this natural assumption, we have to control infinite
number of higher dimensional interactions. This is possible
by using the SUSY (holomorphic) zero mechanism. In this
section, we briefly review the natural GUT. We explain how
to control the infinite number of interactions and to solve
the doublet-triplet splitting problem.

A. How to determine the vacuum expectation values

The anomalous U(1), gauge symmetry is a U(1) gauge
symmetry with gauge anomaly which is cancelled by the

Green-Schwarz mechanism [8]. Nevertheless in this paper,
we use anomalous U(1), theory as just a U(l) gauge
theory with FI term, & [d6*V,, where V4 is a vector
multiplet of the U(1),. One of the most important features
of the models with anomalous U(1), gauge symmetry is
that the vacuum expectation values (VEVs) are determined
by their U(1), charges' as

0
Z)~ {/1-1 (z<0)

, (1)
where 1 = £/A < 1, z is the U(1), charge of the field Z,
and A is the cutoff scale which is usually taken to be 1 in
this paper. In the followings, we use large characters for
fields or operators and small characters for their U(1),
charges. These VEVs determine the coefficients of inter-
actions, for example, Yukawa interaction XYZ, except the
O(1) coefficients as

{WWXYZ (x+y+z20) 2

0 (x+y+z<0)

if we assume that all interactions which are allowed by the
U(1), gauge symmetry have O(1) coefficients. Note that
interactions which have negative U(1), charges are for-
bidden, which is called the SUSY zero mechanism (or
holomorphic zero mechanism). This feature plays an impor-
tant role in solving the doublet-triplet splitting problem.
We explain the above features by several examples.

If we have only one negatively charged field ® whose
U(1), charge is & = —1, then the VEV is fixed by D
flatness condition of U(1), gauge symmetry,

9

D
AT

(& -18) =0, (3)
as (®) = AA. Then the interaction XYZ is obtained from
the U(1), invariant interaction as

®\ rHy+z
— XYZ - »HEXYZ (4)
A

by developing the VEV, (®). Obviously, if x +y + z < 0,
then such interaction is forbidden. Note that if a field A has
nonvanishing VEV as (A) ~17%, then the higher dimen-
sional interaction A* VT4 XYZA gives the same order of
the coefficients for the interaction XYZ as

PIVEaXYZ(AY ~ XY Z (5)

'As discussed in Refs. [3,4,9], there are generically other
SUSY vacua, in which all VEVs are O(1), with generic
interactions with O(1) coefficients. We are not interested in
these vacua because we cannot see the effects of U(1), at the low
energy scale.
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Therefore, higher dimensional interactions give the similar
contributions to the coefficients of the interactions, which is
important in avoiding unrealistic GUT relations between
Yukawa couplings when A is the adjoint Higgs.

Let us consider only singlets Zj’ and Z]T (i=12,...,n,,
j=1.2,....,n_) under GUT group for simplicity [3,4,9].
Here, the U(1), charges for them are z;” > 0 and z; <O0.
Generically, n, + n_ — 1 F flatness conditions in complex
number and one D flatness condition in real number
determine n, + n_ complex VEVs except one real freedom
by the U(1), gauge symmetry. Here —1 in the number of F

|

n,>n_—1:
ny=n_—1:

ny <n_-—1:

To fix the VEVs of negatively charged fields, it is sufficient
to consider the superpotential which includes only one
positively charged field. Therefore, the number of impor-
tant terms for fixing VEVs become finite because of the
SUSY zero mechanism although infinite number of higher
dimensional terms are introduced.

B. Higgs sector in the natural SO(10) GUT

The minimal Higgs content that breaks SO(10) into the
standard gauge group is one adjoint Higgs A(45) and one

pair of spinor Higgs C(16) + C(16). The standard model
Higgs is included in H(10). They must have negative
U(1), charges because they have nonvanishing VEVs.
To fix the VEVs, we have to introduce the same number
of positively charged fields A’(45), C'(16) + C'(16), and
H'(10). This is a minimum content for SO(10) GUT
with anomalous U(1), gauge symmetry. Interestingly,
this minimal Higgs contents (+several singlets) can solve
the doublet-triplet splitting problem which is the most
serious problem in SUSY GUT scenario. Quantum num-
bers of these Higgs fields and matter fields (three 16 and
one 10) are shown in Table 1. As discussed in Refs. [3,4],
these quantum numbers are fixed in order to realize the

2Stm'ctly speaking, in order to cancel the anomalies at the same
time by shifting only one moduli field, the conditions

Csoi0) 1 1
=510y = 0], 7
ksoo) 24 4 3ky oA ()

where CSO(IO) = Trso(lo)T(R)QA, and kso(]o) and kA are Kac-
Moody levels of SO(10) and U(1),, respectively.The first
equality in Eq. (7) can be satisfied by adding several singlets
of SO(10) and the last equality can be satisfied by adopting
appropriate normalization of U(l),. Since they are easily
satisfied without changing the following arguments, we do not
take the conditions seriously in this paper.

flatness condition is caused by the gauge invariance of the
superpotential. If all interactions which are allowed by
U(1), gauge symmetry are introduced with O(1) coef-
ficients, VEVs of these singlets must be O(1) generically.
As another possibility, let us consider that all positively
charged fields Z have vanishing VEVs. Then, the F
flatness conditions of negatively charged fields are auto-
matically satisfied, and therefore, n, F flatness conditions
of positively charged fields and a D flatness condition
determine the VEVs of negatively charged fields. The
situation is generically given by

Overdetermined. SUSY is spontaneously broken in meta-stable vacua
All VEVs are fixed and no flat direction (6)

Flat directions and massless modes appear

|

doublet-triplet splitting and to obtain realistic quark and
lepton masses and mixings. But basically the requirements
constrain mainly negative U(1) , charges (a, ¢, ¢, and h), a’
and 7/, but do not constrain ¢’ and ¢’ so much. For the
details, see Refs. [3,4]. Note that the half integer U(1),
charges for matter fields play the same role as R-parity.
Since the half integer U(1), charges are positive, the F
flatness conditions of matter fields are automatically
satisfied. In this SO(10) model, the doublet-triplet splitting
in addition to realistic quark and lepton masses and mixings
can be realized under the natural assumption explained
above. In other words, we have fixed the U(1), charges so
that these constraints are satisfied. (For the details, see
Refs. [3.,4].) Note that although n, =n_—2 in Higgs
sector, no flat direction and massless mode appear except
a pair of Higgs doublets. This looks to be inconsistent
with the above general arguments. This is because some
modes including one SM singlet are absorbed by the Higgs
mechanism.

TABLE L. Field contents of natural SO(10) GUT with U(1),
charges. & shows Z, parity. The half integer U(1), charges play
the same role as R-parity.

negatively
charged positively charged

SO(10) fields fields matter fields
45 Ala=-1,-) A(d =3,-)
16 Cle=-4,+) C('=3-) Yy, =3.yv,=1.

B B Y3 = %7 +
16 Cle=-1,4) C@=1-)
0 Hh=-3.4) H@#=4-)  T(=3+)
1 0O =-1,4), Z(Z=5+)

Z(z=-2,-),

Z(z=-2,-)
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To fix the VEVs of the negatively charged fields, it is
sufficient to consider the superpotential Wy, which is
linear in one positively charged field X’ = A’, C',C',H', Z'.
Let us examine Wy one by one.

First, we consider Wy =19 +tr(A’A) + 2934 (tr(A’A3) +
tr(A’A)tr(A?)). In this paper, we omit the O(1) coefficients
in the superpotential. Without loss of generality, the VEV of
the adjoint field can be written as

x;, 0 0 0
0 x, 0 0
0 1
(A)—( | 0)@ 0 0 x 01]. (8
0 0 0 x;, 0
0 0 0 0 xs

The F flatness condition 9W,/OA’ = 0 leads to x;(A¢++
A7+3ax2) = 0, which gives two solutions x; = 0, V. Here
V ~ 27¢. The vacua can be classified by the number of 0
components. If it is 2, we can obtain the Dimopoulos-
Wilczek (DW) type VEV [10], which is important in
solving the doublet-triplet splitting problem. Note that
terms A% "“A’A" (n > 3) are forbidden by the SUSY zero
mechanism. If they are allowed, it becomes less natural to
obtain the DW type VEV. This VEV breaks SO(10)
into SU(3)- x SU(2);, x SUR)g x U(1)5_,.

Second, we consider Wy = A" "t“H'AH. The term
H'H is forbidden by Z, parity. This term gives the mass
A to the triplet Higgs but not the doublet Higgs under
the DW VEV of A. If we include the mass term A2" H’2,
only one pair of doublet Higgs is massless, and therefore,
the doublet-triplet splitting can be realized. The effective
triplet Higgs mass for nucleon decay can be estimated as
mege ~ A2 which is larger than the cutoff scale because of
negative h, and hence, the dimension 5 proton decay is
sufficiently suppressed.

Third, we consider W, = A7 Z'(1 + A°*¢CC), where the
first term includes the contributions from Z, Z, and A. The
F flatness condition of Z' leads to (CC) ~ A~(¢+¢), and
therefore, we obtain (C) = (C) ~ A72E+¢) due to the D
flatness condition of SO(10). This VEV is expected to
break SU(2)g x U(1)p_, into U(1)y, but it is not guar-
anteed generically. Fortunately, an alignment mechanism is
embedded in this model as discussed in the next paragraph.

Finally, we consider We = A7+°C'(A°Z + A°A)C and
We = A5+ C(A2Z + J°A)C', which can realize the align-
ment. This mechanism was proposed by Barr and Raby [11],
and we call it the Barr-Raby mechanism in this paper. We
examine Wg here. (W gives the similar result.) An
important point is that the VEV of the adjoint Higgs is
proportional to the B — L charge. Therefore, at least one of
the components of C must have nonvanishing VEV as
(Cy) #0, where f is one of the components of C which

is divided into (3.2,1):+(3,1.2)_1+(1.2.1)_,+(1,1,2),

1 -1
3 3

under SU(3)-xSU(2);, xSU(2)gxU(1)g_,. Then F flat-
ness condition of C’ leads to (#°Z + q,)C; = 0 which fixes
the VEVof Z. Here, g is B — L charge of the component C.
Then the other component fields C(f" # f) have vanishing
VEVs because of F flatness conditions (4°Z 4 g )Cp = 0
and (I°Z + qp) # Odueto gy # g;. Therefore, alignment is
realized. If f = (1,1,2),,> we can obtain the SM gauge
group.

Here, we do not show the mass spectrum of this Higgs
sector explicitly, but all fields except one pair of Higgs
doublets become superheavy in this model.

C. Matter sector in the natural SO(10) GUT

Basically, Yukawa couplings can be obtained from the
interactions

3 3
W= Wi H 4y ey TC + T,
i,j i

©)

where O(1) coefficients are neglected and higher dimen-
sional interactions like AYitVit24Thy, A2P H avoid unre-
alistic GUT relations in Yukawa couplings after developing
the VEVs, for example, (A) ~ A7%. It is important that three
massless 5 fields which includes the SM quarks and leptons
become

(51552’53)~(§‘1’1’§T’§‘1’2) (10)

since 5\;.3 in W5 becomes superheavy with 5; in 7. This
structure is important in obtaining realistic quark and lepton
mass matrices.

D. Gauge coupling unification [4]

The mass spectrum and VEVs are fixed by their
anomalous U(1), charges, but unfortunately the mass
spectrum does not respect SU(5) symmetry. For example,
the masses of the adjoint Higgs of SU(5) are basically
determined by the mass term J9HaATA as 19Ha. However,
since a component field (3, 2)_% in A is absorbed by the

Higgs mechanism, the corresponding field in A’ has no
partner in A, and therefore, its mass becomes 224" which is
obtained from the mass term A2¢ A2, Obviously, this mass
spectrum does not respect SU(5), and therefore, it may
spoil the success of gauge coupling unification in the
minimal SUSY SU(5) GUT.

Interestingly, although the mass spectrum of superheavy
Higgs sector does not respect SU(5), the natural GUT can
explain the success of gauge coupling unification in the

*Even in the case f = (1,2,1)_,, the SM gauge group can be
obtained by exchanging the names of SU(2), and SU(2).
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minimal SUSY SU(5) GUT. Since in the natural GUT, all
the mass scales and VEVs except O(1) coefficients are
determined by anomalous U(1), charges, we can calculate
the renormalization group equations (RGEs) when all the
O(1) coefficients are fixed, for example, as one. When
three gauge couplings o; = g7 /4x (i = 1,2, 3) at the SUSY
breaking scale Agygy are given by

ai“(/\susy)=aa‘(AG)+$<b,-1n< A )) (11)

ASUSY

the two conditions for gauge coupling unification a;(A) =
ay(A) = az(A) can be rewritten by two relations A = Ag
and i = 0. Here, ag, Ag, and b; are the unified gauge
coupling in the minimal SU(5) GUT, the usual unification
scale and the renormalization group coefficients in the
MSSM, respectively. Surprisingly, all anomalous U(1),
charges except the SM Higgs’ charge are canceled out in
the conditions. The first condition A = Ag just fixes the
scale of the theory, and the other condition & = 0 requires
the colored Higgs mass must be around the cutoff scale (the
usual GUT scale). These are required even in the minimal
SUSY SU(5) GUT, and therefore, in the natural GUT, the
success of the gauge coupling unification in the minimal
SUSY SU(5) GUT can be explained although the mass
spectrum of superheavy particles does not respect SU(5).
Note that this happens quite generally in the natural GUT
(see Ref. [4]). Although 7 is not zero and negative in the
explicit model in Table I, which is important to forbid the
Higgs mass term, the gauge coupling unification can be
recovered by changing the O(1) coefficients, for example,
between 1/2 and 2.

In the following arguments, it is important that the cutoff
scale A must be around the usual GUT scale Ag~
2 x 10'® GeV.

III. SPONTANEOUS SUSY BREAKING IN
THE NATURAL GUT

In the natural GUT, VEVs of all negatively U(1),
charged fields except the SM doublet Higgs are determined
by the F flatness conditions for the positively U(1),
charged fields. Therefore, if we decrease the number of
negatively charged singlet fields or increase the number of
positively charged singlet fields, all the F flatness con-
ditions for the positively charged fields cannot be satisfied
by fixing the VEVs of the negatively charged fields. Thus,
we can realize an explicit GUT model with meta-stable
vacuum which breaks SUSY spontaneously [9,12]. We
note that some phenomenological requirements may pre-
vent SUSY breaking spontaneously. In the subsection IIT E,
we will discuss this problem in our model.

A. An explicit model

One of the easiest way to build such a GUT model is to
omit a negatively charged singlet Z from the natural GUT in

Table I. Then, one of the F flatness conditions for C’ and C’,
ie., Foo =0 and F@ =0, cannot be satisfied, and then
SUSY is spontaneously broken. SUSY breaking scale can be
obtained by mgygy ~ Fer/A ~ AZ DA ~ 4 x 1012 GeV,
which is much higher than the electroweak scale. Of course,
the SUSY breaking scale can be lower if we adopt larger ¢’
(or ¢’). For example, if we take ¢/ = 21(c¢’ = 18), mgysy
becomes about 2 TeV. Note that such a large ¢’ allows the
term C’AH?C, which results in the appearance of SUSY
vacuum by fixing the VEV of H?. We will discuss this issue at
the end of this section.

Unfortunately, in this scenario, the gaugino masses are
much smaller than mgygy . Because of the large U(1) , charge
of operator C'C, direct contribution from the term
[ d*027FC’'CWEW,, to the gaugino masses becomes
my ~ miysy/A which is much smaller than mgygy-
Contributions from gauge mediation and gaugino mediation
give similar gaugino masses. This is because an approximate
U(1)g symmetry in which positively (negatively) charged
fields have +2(0) U(1), charges appears in natural GUT
at the meta-stable vacua, although this model originally has
no U(1), symmetry. Indeed, the VEVs of negatively charged
fields and F of positively charged fields do not break the
U(1)g symmetry. Therefore, to obtain the gaugino masses,
the small U(1), breaking like mass term of two positively
charged fields must be picked up in addition to the usual
SUSY breaking factor. As a result, the gaugino masses
become very small in this scenario.

Let us estimate the contribution from the anomaly media-
tion [13] to the gaugino masses. Since the gravitino mass
becomes m3/2 ~ FC’/MPI ~ mSUSYA/MPI, where MP] ~
2 x 10'"® GeV is the reduced Planck scale, the gaugino
masses from the anomaly mediation are m /, ~ "Z—?m3 /2~

10~*mgysy. If the gaugino masses are dominated by this
contribution, very high-scale SUSY is required, which results
in the fine-tuning.

Fortunately, according to the Ref. [12], in SUGRA, the
constant term in the superpotential, which breaks U(1),
symmetry, can change the U(1), symmetric vacuum and
give the gaugino masses

My ~ Mz, ~ 10 mgysy. (12)

which improves the fine-tuning.

For the sfermion masses, we have two main contribu-
tions. One of them gives O(mgygy) to the sfermion masses
through the higher dimensional terms, for example,
[ d*0|C'>Q Q. The other is called D-term contribution.
In a simple model with one positively charged field in
Refs. [9,12], the latter becomes about 10 times larger than
the former (scenario A). However, in more realistic models
with multiple positively charged fields, the hierarchy
between the latter and the former becomes milder, and
the latter can be the same order of the former (scenario B)
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although some tuning between parameters may be required.
These two scenarios give different phenomenological
consequences. Therefore, let us consider the phenomeno-
logical consequences in the following two scenarios;

A nyp ~ Mz~ 0(] TGV),
m2 ~ Dy ~ (10msysy)? ~ O((1000 TeV)?),  (13)

B: m1/2 ~ m3/2 ~ 0(1 TeV),
m§ ~ migy ~ O((100 TeV)?). (14)

These can be realized if we take ¢’ = 18. Basically, SUSY
contributions to FCNC processes and CP violating proc-
esses are strongly suppressed because of large sfermion
masses.

B. Sfermion mass spectrum

One of the most interesting features in scenario A is
that the sfermion and Higgs mass squares are determined
only by D-term contributions. Hereafter, we denote D, and
Dy are D-terms of U(1), and U(1), which is included
in SO(10) as SO(10) D SU(5) x U(1)y, respectively.
Note that 16 and 10 of SO(10) are divided under SU(5) x
U(l), as

16 =10, + 5 + 1, 10=5:+5, (15)
where the normalization of U(1), is fixed as the U(1),
charge of the component with nonvanishing VEV is 1.
Therefore, we obtain i-th generation sfermion masses 77,
and 715; (i =1, 2, 3), which are sfermion masses of 10
fields and 5 fields, respectively. When F-term contributions
for 16; of SO(10) are taken as 7i; and those for 107 of
SO(10) are my, the sfermion masses are given as follows:

o = i +wigaDy + %QIODW (16)
M, = i +w1gaDs — %.QIODV’ (17)
3, = my + 194Dy + ggloDv, (18)
i, = M3+ wrgaDy — gglODV’ (19)

where g, and g, are gauge couplings of U(1), and SO(10),
respectively. The soft SUSY breaking terms for the Higgs
mass squared of up-type and down-type Higgs fields,

denoted as mz; and mj; , are given by
u d

N 2
myy, = i + hgsDy — ggloDv, (20)

- 2
my; = i, + hgaDy + ggloDv, (21)

where 73 is the F-term contribution to the Higgs field 10,
of SO(10). Note that the sfermion mass spectrum respects
matter unification in SU(5) GUT, i.e., sfermions which
belong to an SU(5) multiplet like 10 of SU(5) or 5 of SU(5)
have universal sfermion masses. On the other hand,
sfermions which belong to different multiplets of SU(5)
have generically different masses. Therefore, we can see
the “direct” evidence of matter unificationin SU(5) GUTin
the sfermion mass spectrum. Although 100-1000 TeV is
too high to be reached by near future experiments, it is
much lower scale than the GUT scale. Note that these
F-term contributions (77, m#%, and m3) are much smaller
than the D-term contributions in scenario A. Therefore, the
usual renormalization group effects are very small because
the gaugino masses are much smaller than the sfermion
masses and top Yukawa interaction has vanishing U(1),
charges to obtain large top Yukawa coupling. In the
scenario B, the renormalization group effects can be sizable
for 71y, fields because the F-term contribution and D-term
contribution are comparable. Strictly speaking, since we
have the stage with SU(3)-xSU(2), xSU(2)gxU(1)p_;,
the universal D-term contribution to sfermion masses in the
same multiplet of SU(5) splits because of the running gauge
couplings as discussed in Ref. [14]. We can obtain further
information of the stage with SU(3)xSU(2), xSU(2)g x
U(1)g_; by measuring the splitting. Interestingly, in the
scenario A, the D-term contribution of U(1), can be
calculated as

mg—mi  ¢—c

D e =
gy 3 3

9gaDy, (22)

because the SUSY breaking masses of the Higgs fields C
and C whose VEVs break SU(2)g x U(1),_, into U(1)y
are determined by their U(1), charges ¢ and ¢ as

g = cgaDay, g = cgaDy. (23)

Therefore, once we fix the natural GUT, the induced
sfermion mass spectrum can be obtained in the scenario
A. For example, in the explicit model in Table I, the each
predicted mass squared in the scenario A is obtained as
(ﬁl%o, ; ﬁ’%oz ; ﬁﬁ%, ’hél , ﬁl%, ’71; m%—l ; m%—ld) = gaD (48,38,
18,36,31,26,-36,—24)/10. On the other hand, in the
scenario B, ¢yoDy is generically independent of g4,D,
because of the F-term contribution to these Higgs fields
C and C.

When we take the F-term contributions to sfermion
masses of 27; as /7 and those to Higgs field 27y as i} in
the E¢ natural GUT [15], the predicted sfermion and Higgs
mass squares become
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- - 1 1
iy = i +ygaDy + ggloDV + ZgﬁDV” (24)

m%l =g +y19aDy — ggloDV + 196DV” (25)

~ _ 2 1
m%z =i +y 194Dy + ggloDV - 596DV” (26)

i 3 1
2, =3 +w294Ds — 10Dy + £ 95Dy (27)

" 5 4
i 2 1
my, = mj, + hgsaDy — 5910Dv - Egstu (28)

my, = i + hgaDy + égloDv - %%Dvh (29)
where g¢ and Dy are the gauge coupling constant of Eg
gauge group and the D-term of U(1),,, which is included in
E¢ as Eg D SO(10) x U(1),,, respectively. Note that the
fundamental representation of Eg is 27 which is divided
under SO(10) x U(1), as

27=16,+10_, + 1, (30)

where the normalization of U(1),, is fixed by the same way
as U(1)y. In this E¢ natural GUT, the SM Higgs and GUT
Higgs which breaks Eg into SO(10) are unified into 27
(and 27 ) of E. Again, the D-term contributions of U(1)y,
and U(1), in the scenario A can be calculated as

iy —m%  h—h

96Dy = — 2 H 3 9aDy, (31)
mi—in% t—c 1
gioDy = — = 3 €= 3 gaDy — ngDv'
t—c h—h
= ( 3 _T)QADA- (32)

For example, if we take (h,h) = (=3,2) and (c.¢) =
(—4,0), we can obtain sfermion mass squares and Higgs
mass square as (rh%o1 ,ﬁ’l%oz,ﬁ’L%O},l’h%] ﬁigzﬁz;m%{m%,d):
9aDA(54,44,24,43,38,33,-48,-37)/10. On the other
hand, in scenario B, these D-terms are generically inde-
pendent of each others and therefore the predictions for
sfermion mass spectrum are not so sharp as in scenario A.

Various natural GUT models with SUSY breaking

scenarios can be tested by observing sfermion masses.

C. Long lived charged lepton

Interestingly, this scenario predicts long lived charged
lepton with odd R-parity. In the natural GUT, masses of all
particles can be determined by their U(1), charges. When
¢ is taken to be large value as ¢’ = 18, a pair of E§ and E$

FIG. 1. Feynman diagram which contributes the decay of long
lived charged particle, Ef. y denotes the Yukawa coupling of
C'¥Y,T and its size can be estimated from their U(1), charges as
y o~ AT~ 1076,

in C' and C’ becomes very light. A mass term A<+ C'C’
gives them a mass A°7¢ ~200 GeV when (c/,¢) =
(3, 18). Some enhancement factor for the mass is expected
because many higher dimensional terms like C'A"Z™
(CC)!C’ give the same contribution to the mass after
developing the VEVs of A, Z, C, and C. Here we think
the mass O(1 TeV).

It is important to know what is the lightest MSSM SUSY
particle (LMSP) to calculate the lifetime of the long lived
charged particle. In the scenario A, the Higgsino cannot be
the LMSP because sufficiently large u parameter is required
to cancel the negative D-term contributions to Higgs fields.
So the bino is possible candidate for the LMSP. However,
in the scenario B, the Higgsino is possible to be the LMSP
in addition to the bino.

The lifetime of this long lived charged particle can be
calculated through the Feynman diagram in Fig. 1 as

10°°\2 /7 my \*/1 TeV\’
c NO] N 33
o5, ~ O(1) Sec( y ) <1000 TeV) (mE; ) (33)

if the bino is the lightest SUSY particle (LSP), and

10—6 2 2\ 2 4 /1 TeV\?
Tge ~ 0(01) secC| — l— ™o ¢ B
R y Ve 100 TeV mge

(34)

if the Higgsino is the LSP. Here y, is the Yukawa coupling
of 7 and y is a Yukawa coupling of Yukawa interaction
C'¥,T which is estimated as y~ A2 ~ 107, The
success of the big-bang nucleosynthesis (BBN) requires
Tp < 1 sec and LHC search gives the lower mass bound
as mpe > 574 GeV [16]. LHC may find this long-lived

charged lepton.

D. Bino LMSP

In the scenario A, the LMSP must be the bino as noted in
the previous subsection. If the LMSP becomes the lightest
SUSY particle (LSP), the thermal relic abundance of the
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bino-like neutralino in the standard history of the universe
becomes much larger than the observed DM abundance
because of quite smaller annihilation cross section.
Therefore, we need different thermal history than the
standard one, for example, large entropy production etc.

However, we have the other possible candidates for the
LSP in this scenario: LSP is gravitino or axino. Since the
gravitino mass is the same order of the gaugino masses,
overproduction of the LMSP cannot be improved if all the
LMSP decays into the gravitino. Besides, the lifetime of
the LMSP becomes much longer than 1 second, so that it
spoils the success of the BBN. Therefore, we consider that
the axino is the LSP.

First, we explain where the axion is in our scenario. In
the model with anomalous U(1), gauge symmetry, the
anomaly is cancelled by shift-transformation of a moduli M
through the interactions

1

‘Cgauge = H

/ dO*> "k MWW g+ kaMW4W 4+ Hec.,
(35)

where W4 and W¢ are the superfield strength of SO(10)
and U(1),, and k, and k, are Kac-Moody levels of SO(10)
and U(1),,, respectively. Here, M is a moduli field. We note
that M is massless since there are no terms involving the
moduli field in the superpotential. On the other hand, the
Nambu-Goldstone (NG) mode appears when negatively
U(1), charged fields develop nonvanishing VEVs because
the superpotential is invariant under U(1), symmetry. A
linear combination of this NG mode and the moduli is
absorbed by the Higgs mechanism to make U(1), gauge
multiplet massive. The other combination becomes mass-
less and can play the same role as an axion. The fermionic
partner of this axion is the axino.

It is important that the bino decays into photon and
axino, and the lifetime of the bino can be shorter than
1 second as

1 TeV)3 A 2
75, ~ 0.1 sec< o > (2x 1016 GeV> . (30)

20

Therefore, the constraint from the BBN can be avoided.
Moreover, if the axino is sufficiently light, the overclosure
of the universe can be avoided. Unfortunately, the axino
produced by the decay of the bino cannot be cold DM
because the momentum is too large. Therefore, we need
DM other than the LSP; for example, the axion. It is notable
that the gravitino problem [17] can be solved without
conflict with the BBN if the gravitino is lighter than the bino,
because the gravitino decays into axino and axion [18].

E. The issues on the large ¢’ case

In our setup, the F flatness conditions for Z’, C', and C’
only depend on Z, A, C, and C. A is fixed by the F flatness

condition for A’ and the D flatness condition requires that
the VEV of C is equal to the one of C. When our vacuum
vanishes the F-term of Z’, either F-term of C’ or of C' is not
vanishing and SUSY is broken, based on the argument in
the subsection I A. This situation is, however, changed, if
¢ is large. For instance, additional C'H?AC is allowed if
¢’ = 18. Then, the F flatness condition for C’ can be
satisfied by obtaining nonvanishing VEV of H?, so that
SUSY is not broken. To forbid this term, the maximal value
of ¢ is 10, which results in too high SUSY breaking scale.
One possible way to introduce larger ¢’ is to introduce an
additional discrete symmetry Z) and two singlets. One
singlet S(s = —2, +) is odd Z}, parity and the other S'(s" =
4,+) is even whose F flatness condition fixes the VEV
of S as (S)~ A" via the superpotential Wg = 1*S'+
A9*258'S2. When C' has odd Z, parity, then the term
C'H?AC is forbidden even if ¢ = 12. Unfortunately, if we
take ¢’ larger than 12, the term C'H?ASC is allowed, which
develops nonvanishing VEV of H?. Note that it is not
workable to adopt s < —3 because the term §'H> must be
forbidden. Therefore, ¢’ = 18 becomes possible when we
introduce four additional Zé (i =1,2,3,4) symmetries and
eight singlets: four S’(s’ = =2, +) and four S"(s" = 4, +).
Here, S" has even parity for all Z, symmetries, while S’ is
odd for Z} but even for Z} (j # i). C’ has odd parity under
all Z, symmetries. We have showed this solution is just for
the proof of existence of the solution. And we have to note
that this problem is dependent on the explicit model. For
example, in Eg GUT with horizontal symmetry and CP
symmetry in Ref. [19], this problem becomes much milder
than in this SO(10) model.

We have some difficulty in solving the y problem in the
scenario A. We need sufficiently large y parameter so that
large negative D-term contribution to Higgs mass squares
can be canceled by the p. However, in the solution
discussed in Ref. [20], ¢ is proportional to A-term which
is of order the gravitino mass ms,, ~ O(1) TeV. Moreover,
we need the superpotential as

Wy = A58 + 5H5(3'8) + 5+2(8'H?)  (37)

to solve the y problem. F-flatness condition of positively
charged field S’ determines the VEV of the negatively
charged field S. Obviously, the filed § must not be included
in the F-flatness condition of C’ to break SUSY sponta-

neously. If § = —6 or smaller, the above requirement is
satisfied. However, § = —6 results in too small 4 because u
is given by

po= 2" my (38)

One way to avoid this situation is to introduce another
discrete symmetry, for example, Zq, and S is 1 under the Zg.
Then the superpotential becomes
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Wy = 255 + A7 T8 (§5%) + 4720 (S'H?),  (39)

and u can be large as /1‘4m3/2~500 TeV if we take

§ = —1. Unfortunately, this solution leads to too large
By term as

By ~ 72" m?, (40)

where the soft SUSY breaking mass square of the singlet S
is proportional to the D-term. Introducing two pairs of S’
and S, we can avoid this problem, although some tuning
between parameters is required.

On the other hand, the scenario B has no such
difficulties although some tuning may be needed to obtain
Dy~ |F C’|2-

IV. SUMMARY AND DISCUSSION

We have proposed a simple GUT scenario in which
SUSY is spontaneously broken in the visible sector. We
have started with the natural GUT, in which almost all
problems including the doublet-triplet splitting problem
can be solved under the natural assumption that all
interactions allowed by the symmetry are introduced with
O(1) coefficients. Interestingly, only small deviation from
the natural GUT can realize spontaneous SUSY breaking.
Concretely, spontaneous SUSY breaking have been real-
ized by omitting one singlet field from the natural GUT
model with SUSY vacuum.

This scenario predicts high-scale SUSY in which sfer-
mion masses and Higgs masses are O(100)-O(1000) TeV,
while gaugino masses are O(1) TeV. This high-scale SUSY
solves the SUSY flavor problem and the SUSY CP
problem, although the fine-tuning in Higgs sector is not
avoidable. We have discussed two scenarios for SUSY
breaking. In the scenario A, D-term contributions to
sfermion masses dominate, and the sfermion mass scale
is around 1000 TeV. In the scenario B, the F-term
contributions and the D-term contributions are comparable.
We have found interesting predictions in these scenarios.
Since the sfermion mass spectrum is respected to SU(5)
matter unification, the signature of the GUT appears in
sfermion mass spectrum. Furthermore, superheavy long-
lived charged lepton is predicted, which may be seen in
the LHC.

In the scenario A, the LMSP must be the bino, whose
thermal production density is much larger than the
observed DM density. The axino LSP can solve this issue
as well as the gravitino problem.
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