
SO(10) grand unification with minimal dark matter and color octet scalars

Gi-Chol Cho ,1,* Kana Hayami,2,† and Nobuchika Okada 3,‡

1Department of Physics, Ochanomizu University, Tokyo 112-8610, Japan
2Graduate school of Humanities and Sciences, Ochanomizu University, Tokyo 112-8610, Japan

3Department of Physics and Astronomy, University of Alabama, Tuscaloosa, Alabama 35487, USA

(Received 12 October 2021; accepted 9 December 2021; published 25 January 2022)

The minimal dark matter (MDM) scenario is a very simple framework of physics beyond the Standard
Model (SM) to supplement the SM with a DM candidate. In this paper, we consider an ultraviolet
completion of the scenario to an SO(10) grand unified theory, which is a well-motivated framework in light
of the neutrino oscillation data. Considering various phenomenological constraints, such as the successful
SM gauge coupling unification, the proton stability, and the direct/indirect DM detection constraints as well
as the absolute electroweak vacuum stability, we have first singled out the minimal particle content of the
MDM scenario at low energies. In addition to the SM particle content, our MDM scenario includes an
SUð2ÞL quintet scalar DMwith a 9.4 TeV mass and three degenerate color-octet scalars with mass of 2 TeV.
We then have found a way to embed the minimal particle content into SO(10) representations, in which a
remnant Z2 symmetry after the SO(10) symmetry breaking ensures the stability of the DM particle. The
production cross section of the color-octet scalars at the Large Hadron Collider is found to be a few orders
of magnitude below the current experimental bound.
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I. INTRODUCTION

The Large Hadron Collider (LHC) aims to understand
the origin of electroweak symmetry breaking and to search
for physics beyond the Standard Model (SM) at the TeV
scale. In addition to the many experimental results before
the LHC, the discovery of the Higgs boson is another
success of the SM. Although the SM is consistent with
almost all experimental results, there are some exceptions,
such as the neutrino oscillation phenomena and the
presence of dark matter (DM) in the Universe. These
missing pieces of the SM require us to go beyond the
SM. One of the promising (particle) candidates of the DM
is the weakly interacting massive particles (WIMPs), and
various extensions of the SM, such as supersymmetric SMs
with the R parity conservation, and extra dimension models
with the Kaluza-Klein parity, have been considered to
supplement the SM with a WIMP DM candidate.
Minimal dark matter (MDM) scenario [1] has been

proposed as one of the simplest extensions of the SM to

incorporate a WIMP DM to the SM. The scenario intro-
duces either a fermionic or a bosonic multiplet under the
SM SUð2ÞL gauge group, and its electrically neutral
component in the multiplet plays a role of the DM.
Detailed studies on the MDM scenario and its phenom-
enological consequences can be found in the literature (see
Refs. [2,3] and papers thereof). As the MDM scenario is
proposed as a low-energy effective theory, the stability of
the MDM particle is not ensured and some symmetry is
introduced by hand for the DM stability. It is desired to
consider an ultraviolet completion of the MDM scenario,
which can naturally provide us with a stable MDM particle
at low energies.
In this paper, we study a possibility to embed the MDM

scenario into a certain grand unified theory (GUT), in
particular, an SO(10) GUT. The models based on the
SO(10) gauge group is well-motivated in the light of the
neutrino oscillation data: One right-handed neutrino is
unified with the SM chiral fermions in each generation
to form a 16-plet fermion under the SO(10), and the seesaw
mechanism [4–7] naturally explaining the tiny neutrino
masses is automatically implemented in association with
the SO(10) symmetry breaking down to the SM gauge
groups. As a low energy effective theory, we introduce an
MDM multiplet (either fermionic or bosonic) to the SM
particle content. In addition to the MDM multiplet, we find
that the presence of SUð3ÞC multiplets (but neutral under
SUð2ÞL × Uð1ÞY) at the TeV scale is crucial to realize a
successful gauge coupling unification. Taking into account
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the gauge coupling unification (below the Planck scale) and
the constraint on the proton lifetime, we determine the
representation of MDM and colored new particles. We then
discuss how the selected MDM and colored multiplets can
be embedded into some SO(10) multiplets to ensure the
stability of the MDM particle by a remnant symmetry of
SO(10) breaking [8]. We also show that in the presence of
the selected MDM and colored particles, the SM Higgs
quartic coupling remains positive in its renormalization
group (RG) evolution below the Planck (or GUT) scale, so
that the instability issue of the electroweak vacuum is
resolved. The existence of the new colored particles has no
conflict with the current LHC data.
This paper is organized as follows: In Sec. II, we briefly

review theMDMscenario, and then select the representation
of the MDM multiplet so as to satisfy the experimental
bound on the proton lifetime. In order to achieve a successful
unification of the three SM gauge couplings below the
Planck scale, we introduce SUð3ÞC multiplet scalars in
Sec. III. The best choice of SUð3ÞC representation is
discussed in terms of the absolute stability for the electro-
weak vacuum. We also discuss the current LHC constraints
on the colored scalars from the search for a narrow resonance
with dijet final states. In Sec. IV, we consider the embedding
of our MDM scenario into an SO(10) GUT and find the
smallest representation which ensures the MDM particle
stability by a remnant parity after the SO(10) symmetry
breaking. Section V is devoted to conclusions.

II. MDM SCENARIO AND SELECTION
OF REPRESENTATION

In the MDM scenario, an SUð2ÞL multiplet χ is intro-
duced to the SM particle content. With an appropriate
assignment of a hypercharge Yχ for χ, the multiplet includes
an electrically neutral component which plays a role of
DM.1 The kinetic and mass parts in the Lagrangian of the
multiplet χ are given by [1–3]

Lkin ¼ c

(
χ̄ðiγμDμ −MÞχ for a fermionic χ;

jDμχj2 −M2jχj2 for a scalar χ;
ð1Þ

where c ¼ 1=2 or 1 depending on the representation of the
SUð2ÞL multiplet χ being real or complex, Dμ represents
the covariant derivative with respect to SUð2ÞL × Uð1ÞY ,
andM is the mass of χ. Although we can consider Yχ ≠ 0 in
general, we set Yχ ¼ 0 in this paper. This is because if
Yχ ≠ 0 an MDM particle can scatter off a nucleon through
the Z-boson exchange process while this spin-independent
DM scattering cross section is very severely constrained by
the direct DM detection experiments. For example, the

XENON1T [9] experiment excludesMχ ≲ 109 GeV for the
mass of a WIMP DM with nonzero hypercharge (see, for
example, Refs. [10,11]). For aWIMPDMwith a large mass
avoiding the XENON1T constraint, the standard freeze-out
mechanism leads to the relic DM density being overabun-
dant [12]. Note that the stability of an MDM particle is not
ensured by the SM gauge invariance, and therefore some
symmetry should be introduced to prevent the MDM
to decay.
Once the representation of χ under the SUð2ÞL is fixed,

the DM mass M is the only free parameter in the MDM
scenario. This DM mass is determined so as to reproduce
the observed DM relic density from the precise measure-
ments of the cosmic microwave background [13]:

Ωχh2 ¼ 0.120� 0.001: ð2Þ

In Table I (the second column), we summarize theM values
for various representations of the MDM [1–3].2,3
Let us now examine the unification of the SM gauge

couplings with the MDMmultiplets at the TeV scale. Since
the MDM multiplet χ has the SUð2ÞL charge, the RG
evolution of the SUð2ÞL gauge coupling is altered. We
define the gauge coupling unification scaleMX at which the
SUð2ÞL and Uð1ÞY gauge couplings merge. Clearly, the
SUð3ÞC gauge coupling is not unified with the others atMX.
As we will discuss in the next section, the introduction of
colored particles (but neutral under SUð2ÞL × Uð1ÞY) plays
a crucial role in the three SM gauge coupling unification.
In our study on the gauge coupling unification, we

employ the RG equations at the 2-loop level [15–19]. In the
SM, we have

μ
dgi
dμ

¼ bi
16π2

g3i þ
g3i

ð16π2Þ2
�X3

j¼1

bijg2j − ciy2t

�
; ð3Þ

where μ is the renormalization scale, gi (i ¼ 1, 2, 3)
correspond to the SM three gauge couplings with the
SU(5) GUT normalization for g1 ¼

ffiffiffiffiffiffiffiffi
5=3

p
gY, and

1Unless some confusion arises, we use the same symbol χ for
both the MDM multiplet and the DM particle throughout this
paper.

2See Ref. [14] for a very recent update of the MDM masses
from precise computations including Sommerfeld enhancement
and bound states formation at leading order in the SM gauge
boson exchange and emission. The corrections of the MDM
masses have negligible effects on our renormalization group
analysis.

3Note that a scalar MDM can generally have a gauge invariant
coupling with the SM Higgs doublet H, such as λHχχ

†χH†H.
Through this Higgs-portal coupling, a pair of MDMs can
annihilate to the Higgs doublets with a cross section approx-

imately given by σðχ†χ → H†HÞ ∼ λ2Hχ

4πM2 for M ≳ 1 TeV in the
non-relativistic limit. We assume that λHχ ≪ g22, where g2 is
the SUð2ÞL gauge coupling, so that the high predictability of the
MDM scenario is kept intact.
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bi ¼

0
B@

41=10

−19=6
−7

1
CA; bij ¼

0
B@

199=50 27=10 44=5

9=10 35=6 12

11=10 9=2 −26

1
CA;

ci ¼

0
B@

17=10

3=2

2

1
CA: ð4Þ

Here, among the SM Yukawa couplings, we include only
the top Yukawa coupling (yt). The RG equation for the top
Yukawa coupling given by

μ
dyt
dμ

¼ yt

�
1

16π2
βð1Þt þ 1

ð16π2Þ2 β
ð2Þ
t

�
; ð5Þ

where the one-loop contribution is

βð1Þt ¼ 9

2
y2t −

�
17

20
g21 þ

9

4
g22 þ 8g23

�
; ð6Þ

while the two-loop contribution is

βð2Þt ¼ −12y4t þ
�
393

80
g21 þ

225

16
g22 þ 36g23

�
y2t

þ 1187

600
g41 −

9

20
g21g

2
2 þ

19

15
g21g

2
3 −

23

4
g42

þ 9g22g
2
3 − 108g43 þ

3

2
λ2 − 6λy2t : ð7Þ

The RG equation for the quartic Higgs coupling is given by

μ
dλ
dμ

¼ 1

16π2
βð1Þλ þ 1

ð16π2Þ2 β
ð2Þ
λ ; ð8Þ

with

βð1Þλ ¼ 12λ2 −
�
9

5
g21 þ 9g22

�
λþ 9

4

�
3

25
g41 þ

2

5
g21g

2
2 þ g42

�
þ 12y2t λ − 12y4t ; ð9Þ

at the 1-loop level and

βð2Þλ ¼ −78λ3 þ 18

�
3

5
g21 þ 3g22

�
λ2 −

�
73

8
g42 −

117

20
g21g

2
2 −

1887

200
g41

�
λ − 3λy4t

þ 305

8
g62 −

289

40
g21g

4
2 −

1677

200
g41g

2
2 −

3411

1000
g61 − 64g23y

4
t −

16

5
g21y

4
t −

9

2
g42y

2
t

þ 10λ

�
17

20
g21 þ

9

4
g22 þ 8g23

�
y2t −

3

5
g21

�
57

10
g21 − 21g22

�
y2t − 72λ2y2t þ 60y6t ; ð10Þ

TABLE I. Candidates of the MDM multiplets are shown. Upper-five and lower-two cases represent the scalar and fermion DMs,
respectively. DM masses which reproduce the observed relic density are shown in the second column. The coefficients of beta
function for SUð2ÞL gauge coupling in the 1- and 2-loop levels are given in the third and fourth columns. The fifth column shows the
energy where two gauge couplings, α1 and α2, merge, and the unified gauge coupling values are in the sixth column. The predicted proton
lifetime is listed in the seventh column. The last column shows the consistency with the experimental lower bound on the proton lifetime.

Scalar MDM

Rep. in SUð2ÞL M [TeV] Δb2 Δb22 MX [GeV] αX τp [yr] Viable?

3 (real) 2.5 1
3

16
3

3.6 × 1013 1=42 4.5 × 1025 No
3 (complex) 2.5 2

3
56
3

1.3 × 1014 1=41 7.7 × 1027 No
5 (real) 9.4 5

3
200
3

1.3 × 1016 1=38 6.4 × 1035 Yes
5 (complex) 9.4 10

3
760
3

> MP � � � � � � No
7 (real) 25 14

3
1064
3

> MP � � � � � � No

Fermion MDM

Rep. in SUð2ÞL M [TeV] Δb2 Δb22 MX [GeV] αX τp [yr] Viable?

3 2.7 4
3

64
3

2.2 × 1015 1=39 5.4 × 1032 Marginal
5 10 20

3
560
3

No Merger � � � � � � No
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at the 2-loop level. In solving the RG equations, we use
the boundary conditions at the top quark pole mass (mt)
given in Ref. [20]: g1ðmtÞ ¼ 0.46256, g2ðmtÞ ¼ 0.64779,
g3ðmtÞ ¼ 1.1666, ytðmtÞ ¼ 0.9369, and λðmtÞ ¼ 0.25183,
for the choice of αs ¼ 0.1184, mW ¼ 80.384 GeV, and
mt ¼ 173.34 GeV. For μ > M, the contributions from
MDM multiplet to the beta function coefficients, Δb2
and Δb22 at the 1- and 2-loop levels, respectively, should
be added. These values for various MDM multiplets are
listed in Table I (the third and forth columns). The GUT
scales (MX) for the various MDMmultiplets and the unified
gauge coupling (αX) are listed in Table I (the fifth and sixth
columns).
The proton decay mediated by the GUT gauge bosons is

a characteristic prediction of the GUTs. The current lower
limit of the proton lifetime has been set by the super-
Kamiokande experiment [21]:

τðp → π0eþÞexp > 8.2 × 1033 yrs: ð11Þ

OnceMX and αX ¼ g2X
4π are fixed by the RG analysis, we can

estimate the proton lifetime. For the proton decay processes
mediated by the GUT gauge bosons with mass MX, we
estimate the proton lifetime as [8]4

τðp → π0eþÞth ≃ ð8.2 × 1033 yrsÞ
�
1=39
αX

�
2

×
�

MX

4.3 × 1015 GeV

�
4

: ð12Þ

With the resultantMX andαX from theRGanalysis,we list the
predicted proton lifetime for various MDM multiplets in
Table I (the seventh column). For the scalar MDM scenario,
the real scalar quintet satisfies all the constraints. On the other
hand, no definitely viable case is found for the fermionic
MDMcase.However, if the threshold corrections froma large
SO(10) multiplet, which the MDM multiplet is embedded
into, are taken into account, we may consider a theoretical
uncertainty of the proton lifetime to be an order ofmagnitude.
Hence we have marked the triplet fermion MDM as
“Marginal” in Table I. See Ref. [8] for a detailed study on
an SO(10) GUT realization of this triplet fermion MDM
scenario.
With the requirement of the gauge coupling unification

below the Planck scale and the constraint on the proton
lifetime, we have selected two phenomenologically viable
cases for the MDM scenario: the real-scalar quintet and the
fermion triplet. Let us here consider the constraints on these

two MDMs from the direct and indirect DM search experi-
ments.Althoughwe setYχ ¼ 0 to avoid theMDMparticle to
scatter off with nucleon through Z-boson exchange at the
tree-level, scattering processes at the quantum level may
give rise to a sizable contribution to the spin-independent
cross section σpSI. InRef. [22], the authors evaluated the next-
to-leading order contributions to σpSI for a generic SUð2ÞL
multiplet DM with a vanishing hypercharge. The cross
sections for SUð2ÞL triplet and quintet fermion DMs with a
mass of 1 TeV are found to be σpSI ≃ 10−47 cm2 and
10−49 cm2, respectively, which are a few orders of magni-
tude below the current experimental upper bound set by the
XENON1T experiment [9]. Although the scalar DM case
has not been calculated in Ref. [22], we expect that the
resultant cross section for the quintet scalarDMwill be in the
sameorder as the one for the quintet fermionDM.Therefore,
we conclude that our two cases are consistent with the
current direct DM search experiments.
Indirect DM detection experiments have been searching

for an excess of cosmic-rays originating from the annihila-
tions and/or decays of DM particles in the halo of our galaxy.
In Ref. [23], the MDM annihilation cross sections for all
possible channels into pairs of SM particles are calculated,
and it has been found that the cosmic-ray antiproton data
observed by AMS-02 [24] provide the constraints on the
MDM annihilation cross sections more stringent than that
derived from gamma-ray observations. In particular, it has
been concluded in Ref. [23] that the SUð2ÞL triplet fermion
MDM is strongly disfavored. The quintet fermion MDM is
also severely constrained but is still consistent with the
antiproton data. Concerning these results, we focus on the
quintet scalar MDM in the following.5

III. SELECTION OF COLORED MULTIPLET

As mentioned in the previous section, we consider
the presence of SUð3ÞC multiplets but neutral under
SUð2ÞL ×Uð1ÞY for the successful unification of the three
SM gauge couplings. While such SUð3ÞC multiplets should
be unstable, they have no couplings with the SM particles
at the renormalizable level. As a simple possibility, we
consider scalar fields (we call it ϕ in the following) of 8, 10,
and 27 representations under SUð3ÞC, which have cou-
plings with two gluons through a gauge invariant dimen-
sion-5 operator. This operator is induced by quantum
corrections at the 1-loop level (see Appendix).
For a fixed representation (8, 10 or 27), we introduce N

scalars with a degenerate mass mϕ and analyze the RG
evolution of the SUð3ÞC coupling g3 at the two-loop level.
The scalar mass mϕ is determined so as to realize the SM
gauge coupling unification atMX ¼ 1.3 × 1016 GeV,which

4For simplicity, we here consider the proton decay process
mediated by the SU(5) GUT gauge boson X of the representation
ð3; 2;−5=6Þ under the SM gauge groups of SUð3ÞC×
SUð2ÞL × Uð1ÞY . The lifetime is reduced by a factor 4=5 if
we add the processes mediated by the other SU(5) gauge boson
Y∶ ð3; 2; 1=6Þ [8].

5Although the annihilation cross section of the quintet scalar
MDMisnot calculated inRef. [23],we expect the cross section to be
the same order of magnitude as the one of the fermion quintet DM.
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has been determined by g1ðMXÞ ¼ g2ðMXÞ in the presence
of the real scalar quintet MDM (see Table I).6 In Table II, we
show our results for various choices for the representation
and N. For μ ≥ mϕ, the contributions of colored scalars to
the beta functions at 1- and 2-loop level are denoted as Δb3
and Δb33, respectively. We have found that with N ¼ 1, 2
octet scalars, the gauge coupling unification cannot be
achieved for mϕ ≥ mt. For a given representation, the
resultant mϕ is larger for a larger N value.
In order to find the best choice of ϕ from the list in

Table II, we may consider the absolute stability of the
electroweak vacuum. It is known that with the SM particle
content, the Higgs quartic coupling (λ) becomes negative in
its RG evolution at μ ≃ 1010 GeV [20], which indicates that
the electroweak vacuum is unstable. In the presence of the
quintet MDM and the colored particles, the RG evolution of
λ is altered, so that there is a possibility for λðμÞ to remain
positive up to the Planck (or GUT) scale. In general, we can
introduce mixed quartic couplings of the Higgs doublet
with the scalar MDM and the colored scalars, such as

L ⊃ λHϕðH†HÞTr½ϕ2�; ð13Þ

where H is the SM Higgs doublet. If this mixed quartic
coupling λHϕ is sizable, its contribution to the beta function
of λ, which is proportional to λ2Hϕ at the 1-loop level, can

make βð1Þλ > 0 and hence, the absolute stability of the
electroweak vacuum is maintained. Here, let us assume that
such mixed quartic couplings are negligibly small for
simplicity.7 Note that even without the new couplings,

βλ can turn to be positive at high energy in the presence of
the quintet MDM and the colored particles. This can be
understood as follows: In the presence of the quintet MDM,
g2ðμÞ is larger than its value in the SM for μ ≥ M and thus

βð1Þλ receives more positive contributions from g42 [see
Eq. (9)]. In the presence of the colored multiplets, g3ðμÞ
is larger than its value in the SM for μ ≥ mϕ. The 1-loop
beta function of yt indicates that the running yt reduces
faster than the SM case toward high energy, which means

the negative contribution of y4t to βð1Þλ becomes milder.
With the MDM and the colored multiplets listed in

Table II, we calculate the evolution of λ at the two-loop
level to see if λ remains positive below the Planck (or GUT)
scale. We find that only the case with the N ¼ 3 color-octet
scalars can satisfy the absolute vacuum stability condition.
Now our MDM scenario that can satisfy all the
requirements is defined by the particle content: the SM
particlesþ one scalar quintet MDM with a mass
9.4 TeVþ 3 degenerate color-octet scalars with the mass
of 2 TeV. The RG evolution of λ for this case is shown in
Fig. 1 (left panel), along with the RG evolution in the SM
case. We also show in the right panel the evolutions
of the three SM gauge couplings in the MDM scenario
(solid lines), along with those in the SM (dashed lines).
The three SM gauge couplings are successfully unified at
MX ¼ 1.3 × 1016 GeV.
Our MDM scenario includes the 3 color-octet scalars

with the mass of 2 TeV. They can be produced at the LHC
through gluon fusion and subsequently decay into two
gluons. Here we briefly discuss the possibility to detect the
color-octet scalars at the LHC.
Neglecting λHϕ, the Lagrangian involving one octet

scalar ϕ is given by

L ¼ TrjDμϕ̂j2 −m2
ϕTr½ϕ̂2� − λ3Tr½ϕ̂3� − λ4Tr½ϕ̂4�; ð14Þ

where ϕ̂≡ ϕaTa (a ¼ 1, 2, 3) with Ta being a generator
of SUð3ÞC, λ3 is a cubic coupling with mass-dimension
one, and λ4 > 0 is a dimensionless quartic coupling. For
simplicity, we only consider three copies of the Lagrangian
for three octet scalars, although, in general, we can
introduce mixed cubic and quartic couplings among the
three octets. Note that the nonzero cubic coupling is
necessary to induce the effective coupling of ϕ with a
pair of gluons through quantum corrections at the 1-loop
level. Following Ref. [25], we parametrize the operator as

Leff ¼ g3dabc
κϕ
Λϕ

ϕaGb
μνGc;μν; ð15Þ

whereGa
μν is the gluon field-strength, κϕ is a constant,Λϕ is

a mass parameter, and dabc is a constant determined by the
SU(3) algebra, fTa; Tbg ¼ 1

3
δab þ dabcTc. As shown in

Appendix, the parameters κϕ and Λϕ are determined by

TABLE II. Candidates of scalar SUð3ÞC multiplets.

Rep. in SUð3ÞC N mϕ [TeV] Δb3 Δb33 Vacuum stability

8 3 2.0 3
2

36 Yes
4 2.5 × 103 2 48 No
5 2.0 × 105 5

2
60 No

10 1 1.5 × 106 5
2

195 No
2 3.7 × 109 10

2
390 No

27 1 1.6 × 1011 9 918 No
2 1.4 × 1012 18 1836 No

6In precise, MX depends on the colored particle choice, since
the RGEs of g1;2;3 at the 2-loop level involve yt. We find that the
change of MX is very small (less than 1%).

7Similar to footnote 3, the quintet scalar MDM can have a
gauge invariant coupling with the colored scalar, λϕχχχTr½ϕ2�.
Through this coupling, a pair of quintet MDMs can annihilate to a
pair of the colored scalars with a cross section approximately

given by σðχχ → ϕϕÞ ∼ λ2ϕχ
4πM2 for M > mϕ in the nonrelativistic

limit. We assume that λϕχ ≪ g22, where g2 is the SUð2ÞL gauge
coupling, so that the high predictability of the MDM scenario is
kept intact and the contribution of λϕχ to the beta function λ is
negligible.
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1-loop calculations. Note that we can introduce an upper
bound on the cubic coupling jλ3j not to generate a colored
breaking minimum in the octet scalar potential. For
example, if we consider a direction of the vacuum expect-
ation value hϕi ¼ hϕ8iT8 with T8 ¼ diagð1; 1;−2Þ= ffiffiffiffiffi

12
p

,

we find an upper bound jλ3j < 4

ffiffiffiffiffi
2λ4
3

q
mϕ to avoid a color

breaking (local) minimum in the octet scalar potential. For
a perturbative value of λ4 ≲ 1, we have jλ3j=mϕ ≲ 1.
A high-mass narrow resonance decaying to a pair of jets

has been searched at the LHC Run-2. The CMS collabo-
ration has reported the result of their analysis with an
integrated luminosity of 137=fb [26]. The upper bound on
the product of the cross section (σðpp → ϕÞ), the branch-
ing fraction (B), and the acceptance (A) has been set as
σBA≲ 0.2 pb formϕ ¼ 2 TeV, which should be compared
to the theoretical prediction, σBA ≃ 4 pb, from the dimen-
sion-5 operator of Eq. (15) with κϕ ¼ 1=

ffiffiffi
2

p
and Λϕ ¼ mϕ

[26]. In Appendix, the parameters involved in the dimen-
sion-5 operator are given in terms of g3, λ3, andmϕ through
1-loop calculations. The relation is roughly given by

g3
κϕ
Λϕ

∼
λ3g23

16π2m2
ϕ

→ κϕ ∼
g3

16π2

�
λ3
mϕ

��
Λϕ

mϕ

�
; ð16Þ

where the factor 1
16π2

is from the 1-loop corrections. Since
the production cross section of ϕ is proportional to κ2ϕ, the

theory prediction σBA ≃ 4 pb with κϕ ¼ 1=
ffiffiffi
2

p
and Λϕ ¼

mϕ is scaled by a factor α3
32π3

ð λ3mϕ
Þ2 ≃ 1.2 × 10−4 for

λ3=mϕ ¼ 1. Taking the contribution from three identical
octet scalars into account, we conclude that σBA in our

model is about 2 orders of magnitude smaller than the
current CMS limit.

IV. SO(10) GUT EMBEDDING

In the MDM scenario, the stability of the MDM is not
automatically ensured, and we assume some symmetry to
prevent the DM particle to decay. In this section, we
consider an embedding of our MDM scenario into an
SO(10) GUT, in which the MDM stability is ensured due to
a remnant symmetry after SO(10) breaking.
Since the rank of SO(10) is five, there is an extra U(1)

gauge symmetry (which we call Uð1ÞX) orthogonal to the
SM gauge symmetry GSM ¼ SUð3ÞC × SUð2ÞL × Uð1ÞY,
and the SO(10) group includes GSM × Uð1ÞX as its sub-
group. If the Uð1ÞX symmetry is broken by a vacuum
expectation value of a Higgs field with an even Uð1ÞX
charge, Z2 symmetry arises as a remnant symmetry. Then,
the parity of a field F with a Uð1ÞX charge QF is defined as
P ¼ ð−1ÞQF . Note that the SM fermions (plus one right-
handed neutrino) in each generation belong to 16-plet
under SO(10) with an odd parity P ¼ −1 while the SM
Higgs doublet is embedded into 10-plet with P ¼ þ1. The
parity for the SM gauge bosons is also even. Therefore, if
the MDM particle in our model, which is an SUð2ÞL quintet
scalar, has an odd parity, its decay to the SM particles
is forbidden by the parity conservation and the Lorentz
invariance.
Let us now consider the embedding of GSM into the

SU(5) subgroup of SO(10) such that SOð10Þ ⊃ SUð5Þ×
Uð1ÞX ⊃ GSM × Uð1ÞX. We find that the smallest represen-
tation of SU(5)which contains the scalar quintetMDM(1, 5,
0) under GSM is 200 [27]. There are several representations
in SO(10) which have the 200 representation in its SU(5)

FIG. 1. Left panel: the RG evolutions of the SM Higgs quartic coupling with the SM particle content (dashed line) and the SM particle
content plus SUð2ÞL 5-plet real scalar DM and 3 SUð3Þc octet real scalars (red line). Right panel: the evolution of the gauge coupling
evolutions (solid lines), along with the SM case results (dashed lines).
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subgroup as shown inTable III [27].We find that the smallest
representation with an odd Uð1ÞX charge is 2640. The
representation of the color-octet scalar ϕ is the same as
SUð3ÞC gauge boson with P ¼ þ1. Hence, we can simply
embed it into the SO(10) adjoint representation of 45.
In GUTs based on the gauge group SO(10), we can

consider a variety of paths for the SO(10) breaking down to
GSM with various choices of the Higgs representations (see,
for example, Ref. [28]). Here we simply consider a set
of Higgs fields, 45H þ 126H. Under the decomposition
of SOð10Þ ⊃ SUð5Þ × Uð1ÞX, 45 ⊃ ð1; 0Þ ⊕ ð24; 0Þ and
126 ⊃ ð1;−10Þ [29]. Thus, the SO(10) gauge group is
broken down to SOð10Þ → GSM × Uð1ÞX by h45Hi and
then GSM × Uð1ÞX → GSM by h126Hi. Since the Uð1ÞX
symmetry broken by h126Hi ⊃ hð1;−10Þi, the Z2 parity
remains as a remnant symmetry.
As usual in the GUTs, we need to consider mass

splittings among the components in a representation R
to leave a desired representation under GSM light while
the others are heavy. For this purpose, we adopt the same
idea as the doublet-triplet Higgs mass splitting in the
SU(5) GUT model. For example, to have a light color
octet scalar embedded into 45, we consider the scalar
potential,

V ⊃ m2
45Tr½45 45� þ λ45Tr½45H45H4545�: ð17Þ

Associated with SOð10Þ → GSM × Uð1ÞX by h45Hi, the
second term in the right-hand side generates the mass
terms for the SM multiplets in 45. Since SO(10) is broken,
the SM multiplets of different representations embedded
in 45 acquire different mass values from the second term
through different values of the Clebsch-Gordan coeffi-
cients. We then fine-tune the common mass of the first
term so as to leave only the color-octet scalar light.
Since theMDM is embedded into the 2640 representation

which is huge, the beta function coefficient of the GUT
gauge coupling αX is very large. As a result, this gauge
coupling blows up in its running right above the GUT scale.
This is a common problemof SO(10)GUTmodeswith large
representation fields, such as the so-called minimal super-
symmetric SO(10) GUT with a pair of 126þ 126 repre-
sentation chiral multiplets [30]. In the practical point of
view, the problem lies in the discrepancy between the GUT
scale and the (reduced) Plank scale,MX ≪ MP, andwe have
the lack of technology to analyze the evolution of the GUT
gauge coupling beyond the perturbation. To avoid this

problem, we may consider our GUT model in the warped
extra-dimension [31], where the cutoff scale of the effective
4-dimensional theory can get down to the GUT scale from
the Planck scale due to the warped geometry [32].

V. CONCLUSIONS

The major missing pieces of the SM are the DM
candidate and the neutrino masses. The MDM scenario
is a very simple framework which supplements the SMwith
a dark matter candidate as a fermion or scalar SUð2ÞL
multiplet. This scenario is very predictable: Once the spin
and SUð2ÞL representation of an MDM are fixed, the dark
matter physics of this scenario is determined by only one
free parameter, the mass of MDM particle. Since the
stability of the MDM particle is not ensured by the SM
gauge symmetries, one may think that this scenario is an
effective low energy theory of a more fundamental theory
which takes place at high energies. In this paper, we have
considered an ultraviolet completion of the MDM scenario
to an SO(10) grand unified theory, which is not only an
interesting paradigm of unifying all the SM gauge inter-
actions but also a well-motivated framework for naturally
generating tiny neutrino masses through the seesaw mecha-
nism. We have examined several SUð2ÞL multiplets for the
fermion/scalar MDM candidate and considered various
phenomenological constraints, such as the successful SM
gauge coupling unification, the proton stability, and the
direct/indirect DM detection constraints as well as the
absolute electroweak vacuum stability. We then have
singled out the minimal particle content of the MDM
scenario at low energies, which satisfies all the constraints.
In addition to the SM particle content, our MDM scenario
includes an SUð2ÞL quintet scalar DM with a 9.4 TeV mass
and three degenerate color-octet scalars with the mass of
2 TeV. Next, we have examined a way to embed our
minimal particle content into SO(10) representations, in
which a remnant Z2 symmetry after SO(10) breaking
ensures the stability of the quintet scalar DM. We have
found the lowest dimensional representation to be 2640 for
the MDM and 45 for each color-octet scalar. Although the
color-octet scalars can be produced at the LHC, we have
found that their production cross section is a few orders of
magnitude below the current experimental limit since their
couplings with a pair of gluons are induced at the 1-loop
level and very much suppressed.
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APPENDIX: DIMENSION-5 OPERATOR
INDUCED BY 1-LOOP CORRECTIONS

We parametrize the effective dimension-5 operator as

Leff ¼ λabceff ϕ
aGb

μνGc;μν; ðA1Þ

where λabceff is the effective coupling constant with a negative
mass dimension. This effective coupling is induced

by quantum corrections at the one-loop level as shown
in Fig. 2.
The left diagram in Fig. 2 is calculated to be

Jμνabc ¼
Z

d4q
ð2πÞ4 ·

i
q2 −m2

ϕ

·

�
−
gs
2

�
flbnðqþ q − k2Þν ·

i
ðq − k2Þ2 −m2

ϕ

�
−
gs
2

�
fnam½ðq − k2Þ þ ðq − k1 − k2Þ�μ

×
i

ðq − k1 − k2Þ2 −m2
ϕ

· ðiλ3ÞTr½TmTcTl�; ðA2Þ

where q is a internal momentum of ϕ, and k1;2 are in-coming momenta for the pair of gluons. The coefficient of the loop
integral is given by

C ¼ i4λ3

�
−
gs
2

�
2

flbnfnamTr½TmTcTl�; ðA3Þ

where Tr½TaTbTc� ¼ 1
4
ðdabc − ifabcÞ. The integral part is calculated to be

Iμν ¼
Z

d4q
ð2πÞ4

ð2q − k1Þνð2q − k1 − 2k2Þμ
fq2 −m2

ϕgfðq − k2Þ2 −m2
ϕgfðq − k1 − k2Þ2 −m2

ϕg
¼ ððk1 · k2Þgμν − kν1k

μ
2ÞI0; ðA4Þ

with

I0 ¼ 8i
Z

dxdz
Z

ddlE
ð2πÞd

ð1 − x − zÞz
ðl2E þ ΔÞ3

¼ 4i
Z

dxdz
1

ð4πÞ2 ·
1

m2
ϕ

xz
zðz − 1Þ þ ð1 − x − zÞzþ 1

¼ i
4π2m2

ϕ

Z
1

0

dz

�
z − 1 −

1

z
logð1 − ð1 − zÞzÞ

�

¼ i
8π2m2

ϕ

ð−1þ 4fð1ÞÞ; ðA5Þ

where

fðtÞ ¼

8>><
>>:

�
arcsin

ffiffi
1
t

q �
2 ðt ≥ 1Þ;

− 1
4

�
log 1þ ffiffiffiffiffiffi

1−t
p

1−
ffiffiffiffiffiffi
1−t

p
�

ðt < 1Þ:
ðA6Þ

In the same way, we calculate the rest of two diagrams
in Fig. 2. Summing them all, we obtain the effective
coupling:

λabceff ¼ λ3g2sflbnfnamdmcl ·
1

28π2m2
ϕ

ð−1þ 4fð1ÞÞ

¼ λ3αsflbnfnamdmcl ·
1

26πm2
ϕ

ð−1þ π2Þ: ðA7Þ

FIG. 2. 1-loop diagrams inducing the dimension-5 operator.
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