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1 Introduction

Dark matter (DM) occupies approximately 26% of the energy density of the present Uni-
verse. In the thermal paradigm, DM particles annihilate into standard model (SM) prod-
ucts in the early Universe before they freeze out from the thermal plasma, leaving a proper
relic density [1–3]. Particle candidates for dark matter can be classified according to their
spins. Thus, DM particles could be scalar bosons (spin-0), spin-1/2 fermions, vector bosons
(spin-1), or spin-3/2 fermions. Various scalar and fermionic DM models have been ade-
quately studied in the literature. On the other hand, vector DM models draw much less
attentions, with many issues unstudied.

When the related mediators are sufficiently heavy, interactions of vector DM can be
appropriately described by effective operators in a model-independent way [4, 5]. Oth-
erwise, renormalizable interactions should be considered. If extra dimensions exist, the
first Kaluza-Klein mode of the U(1)Y gauge boson could be a well motivated vector DM
candidate [6, 7]. In the four-dimensional spacetime, a natural approach for constructing
renormalizable vector DM models utilizes the gauge theories, in which at least one gauge
boson acts as the DM particle. A mechanism is required to generate the mass for the
vector DM particle. For U(1) gauge theories, this mechanism can be either the Stueck-
elberg mechanism [8, 9] or the Brout-Englert-Higgs mechanism [10–12]. For non-abelian
gauge theories, the former is inapplicable, and the latter is commonly considered. Further-
more, the DM particle could be a confined spin-1 bound state based on non-abelian gauge
interactions, and thus its mass is linked to a confinement scale [13].

Focusing on fundamental DM particles, a simple vector DM model can be constructed
by introducing a dark U(1) gauge group with a dark Higgs field providing the gauge boson
mass and a portal to the SM sectors [14–29]. A Z2 symmetry is required to guarantee
the stability of the vector DM candidate. More complicated extensions involve non-abelian
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gauge groups, such as SU(2) [21, 30–43], SU(2)⊗U(1) [44–47], SU(2)⊗SU(2) [48], SU(3) [21,
35, 49–52], and general SU(N) [21, 35]. Typically, some discrete or global continuous
symmetries remain after gauge symmetry breaking, stabilizing the vector DM particle.

If the dark gauge group is SU(2), it can be spontaneously broken completely through
one dark Higgs doublet, with a remaining custodial global SU(2) symmetry ensuring the
stability of the three degenerate gauge bosons as vector DM particles [30]. If, instead, one
real Higgs triplet is introduced to break the SU(2) gauge symmetry, a U(1) gauge symmetry
would remain, leading to a massless gauge boson acting as the dark radiation [31, 43].
The other two gauge bosons are massive and degenerate, forming a pair of vector DM
particle and antiparticle. This scenario can also be cast to a dark SU(3) case, where one
Higgs triplet partially breaks the gauge group, leaving us five DM vector bosons and three
massless dark radiation particles [50]. On the other hand, two dark Higgs triplets would
be able to generate masses for all the eight SU(3) gauge bosons [21, 51, 52]. For a general
dark SU(N) gauge group, all the gauge bosons can be made massive if N − 1 Higgs fields
in the fundamental representation are introduced [21].

In this paper, we study a vector DM model with a dark SU(2)D gauge group broken by
two real Higgs triplets, which develop a generic configuration of vacuum expectation values
(VEVs). As a result, the three dark gauge bosons can obtain different masses. The two
lighter gauge bosons are odd under a remaining Z2 symmetry, and the lightest one is stable,
playing the role of the DM candidate. Compared with refs. [30, 31, 43], no mass degeneracy
appears among the three dark gauge bosons. After spontaneous symmetry breaking, the
dark Higgs bosons mix with the SU(2)L Higgs boson, and there are four mass eigenstates of
neutral Higgs bosons. The dark sector communicates with the SM sectors only through the
Higgs quartic couplings. Thus, this model belongs to a kind of Higgs-portal DM models.
We will perform a random scan in the parameter space to investigate phenomenological
constraints from collider measurements of the 125GeV Higgs boson, direct collider searches
for exotic Higgs bosons, electroweak precision measurements, the DM relic density, and the
direct/indirect DM detection experiments. Finally, we will discuss the possibility of the
generalization to dark SO(N) gauge groups for N > 2 with N−1 real Higgs multiplets in the
N -dimensional fundamental representation. We will prove that an accidental Z2 symmetry
also arises to preserve the stability of a dark gauge boson, acting as a DM candidate.

In section 2, we describe the model setup and discuss the general formalism of the re-
maining Z2 symmetry. In section 3, the constraints from the relic density and the direct and
indirect detection experiments are displayed. In section 4, we generalize the methodology
to a general dark SO(N) model. In section 5, we summarize the paper.

2 Model

Now we discuss our vector DM model based on the dark SU(2)D gauge symmetry. The
corresponding gauge fields are denoted as Ãaµ (a = 1, 2, 3). Two real SU(2)D Higgs triplets,
Φa and Xa (a = 1, 2, 3), are introduced to break the SU(2)D gauge symmetry. We call
them dark Higgs fields, as they are assumed to be SM gauge singlets. In this section, we
construct the generic Lagrangian, and study the spontaneous symmetry breaking in detail.
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2.1 Lagrangian and symmetry analysis

Under a SU(2)D gauge transformation, the dark Higgs fields Φa and Xa transform as

Φ→ UΦ, X → UX, (2.1)

where U = exp[iθa(x)T a] with (T a)bc being the generators in the adjoint representa-
tion of SU(2)D, and some representation indices have been omitted. Below, we adopt
(T a)bc = −iεabc, where εabc is the three-dimensional Levi-Civita symbol. The correspond-
ing transformation of the Ãaµ is

ÃaµT a → UÃaµT aU † + i

gD
U∂µU

†, (2.2)

where gD is the SU(2)D gauge coupling.
Φa and Xa can be treated as vectors in a three-dimensional Euclidean representation

space. From three vectors E, F, and G in such a space, nonzero invariant scalars can only
be constructed via either dot products, like E · F = EaFa and G ·G = GaGa, or triple
products, like (E × F) ·G = εabcEaFbGc. Since we only have two triplet Higgs fields Φa

and Xa, the related scalar potential terms must be formed by bilinear dot products ΦaΦa,
XaXa, and ΦaXa. Therefore, the model respects an accidental Z2 symmetry, under which
the Higgs triplets transform as

Φ→ PDΦ = −Φ, X → PDX = −X, (2.3)

where PD = diag(−1,−1,−1) serves as a “dark parity”, analogous to the parity P in the
3-dimensional physical space. Thus, Φa and Xa are PD-odd, while the rest fields are PD-
even. The Z2 symmetry and the global SU(2)D ' SO(3)D symmetry form a global O(3)D
symmetry, with PD ∈ O(3)D. For any element matrix R ∈ O(3)D, the transformations of
the O(3)D vectors Φa and Xa are given by

Φa → RabΦb, Xa → RabXb. (2.4)

The generic renormalizable scalar potential reads

V = VSM + VD + VP, (2.5)

where the SM part for the SU(2)L Higgs doublet H is

VSM = −µ2
0|H|2 + λ0|H|4, (2.6)

the dark sector part is

VD = −µ2
1ΦaΦa − µ2

2XaXa − µ2
3ΦaXa + λ1(ΦaΦa)2 + λ2(XaXa)2

+ λ3ΦaΦaXbXb + λ4ΦaΦaΦbXb + λ5ΦaXaXbXb + λ6(ΦaXa)2, (2.7)

and the portal part is

VP = λ10|H|2ΦaΦa + λ20|H|2XaXa + λ30|H|2ΦaXa. (2.8)

It is easy to verify that V is invariant under the global O(3)D transformations.
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The Lagrangian of the model can be divided into

L = LSM + LD, (2.9)

where LSM is the SM Lagrangian involving −VSM, and

LD = −1
4Ã

a
µνÃ

a,µν + 1
2(DµΦa)T (DµΦa) + 1

2(DµXa)T (DµXa)− VD − VP (2.10)

is the Lagrangian for the dark sector with Ãaµν ≡ ∂µÃ
a
ν − ∂νÃ

a
µ + gDε

abcÃb,µÃc,ν . The
covariant derivatives of the dark Higgs triplets are

DµΦa = ∂µΦa − igDÃ
c
µ(T c)abΦb = ∂µΦa + gDε

acbÃcµΦb, (2.11)
DµXa = ∂µXa − igDÃ

c
µ(T c)abXb = ∂µXa + gDε

acbÃcµXb. (2.12)

LD involves gauge interaction terms in a triple-product form, e.g., gDε
abcÃaµΦb∂

µΦc. Since
the Levi-Civita symbol satisfies εabc = det(R)RadRbeRcfεdef for R ∈ O(3)D, the O(3)D
invariance of the Lagrangian requires that Ãaµ acts as an O(3)D axial vector, whose trans-
formation is

Ãaµ → det(R)RabÃbµ, R ∈ O(3)D. (2.13)

Thus, the PD transformation of Ãaµ is

Ãaµ → det(PD)PD,abÃ
b
µ = +Ãaµ, (2.14)

i.e., Ãaµ is PD-even.

2.2 Spontaneous symmetry breaking

In order to generate masses for the dark gauge bosons, the two real dark Higgs triplets
Φa and Xa should obtain VEVs 〈Φa〉 and 〈Xa〉, respectively. Thus, the SU(2)D gauge
symmetry is spontaneously broken, and so is the global O(3)D symmetry. In general, the
vectors 〈Φa〉 and 〈Xa〉 are not parallel to each other, so they determine a plane in the three-
dimensional representation space. We can always rotate the axes to a configuration that
the z-axis is along the 〈Φa〉 direction and the y-axis lies inside the plane. Therefore, without
loss of generality, the configuration of the VEVs can be expressed as 〈Φa〉 = (0, 0, v1) and
〈Xa〉 = (0, v2, v3). Expanding the fields around the VEVs, we have

Φ =

 φ1
φ2

v1 + φ3

 , X =

 χ1
v2 + χ2
v3 + χ3

 . (2.15)

In the SM sector, the SU(2)L Higgs doublet H has a form of

H = 1√
2

(
0

v0 + h̃0

)
(2.16)

in the unitary gauge. Note that all the four VEVs v0, v1, v2, and v3 are real constants.
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Expanding the covariant kinetic terms of the dark Higgs triplets, we have

LD ⊃
1
2 (∂µφa)2 + 1

2 (∂µχa)2 + 1
2M

2
A,abÃ

a
µÃ

b,µ + gDε
abcÃaµ(φb∂µφc + χb∂

µχc)

− gDÃ
1
µ∂

µ (v1φ2 − v2χ3 + v3χ2) + gDÃ
2
µ∂

µ (v1φ1 + v3χ1)− gDv2Ã
3
µ∂

µχ1

− g2
D

[
v1(Ã3

µÃ
1,µφ1 + Ã3

µÃ
2,µφ2 − Ã1

µÃ
1,µφ3 − Ã2

µÃ
2,µφ3)

+ v2
(
Ã2
µÃ

1,µχ1 + Ã2
µÃ

3,µχ3 − Ã1
µÃ

1,µχ2 − Ã3
µÃ

3,µχ2
)

+ v3
(
Ã3
µÃ

1,µχ1 + Ã3
µÃ

2,µχ2 − Ã1
µÃ

1,µχ3 − Ã2
µÃ

2,µχ3
) ]

− 1
2g

2
D
∑
a 6=b

[
ÃaµÃ

b,µ(φaφb + χaχb)− ÃaµÃa,µ(φbφb + χbχb)
]
, (2.17)

where the mass-squared matrix for the dark gauge bosons is

M2
A = g2

D

v
2
123 0 0
0 v2

13 −v2v3
0 −v2v3 v2

2

 . (2.18)

For convenience, we define

v123 ≡
√
v2

1 + v2
2 + v2

3, v13 ≡
√
v2

1 + v2
3, v23 ≡

√
v2

2 + v2
3. (2.19)

M2
A can be diagonalized as

OT
AM2

AOA = diag(m2
A1 , m2

A2 , m2
A3) (2.20)

by an orthogonal matrix

OA =

1 0 0
0 cos θ − sin θ
0 sin θ cos θ

 (2.21)

with
sin θ =

√
2v2v3

[
v4

123 − 4v2
1v

2
2 + (v2

2 − v2
1 − v2

3)
√
v4

123 − 4v2
1v

2
2

]−1/2
. (2.22)

The relation between Ãaµ and the mass eigenstates Aaµ is

Ãaµ = OA,abAbµ. (2.23)

Note that A1
µ = Ã1

µ, while A2
µ and A3

µ are linear combinations of Ã2
µ and Ã3

µ. The physical
masses squared are given by

m2
A1 = g2

Dv
2
123, (2.24)

m2
A2 = g2

D
2

(
v2

123 −
√
v4

123 − 4v2
1v

2
2

)
, (2.25)

m2
A3 = g2

D
2

(
v2

123 +
√
v4

123 − 4v2
1v

2
2

)
. (2.26)
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Thus, we find mA2 ≤ mA3 ≤ mA1 . For the generic nonzero v1, v2, and v3, there is no
degeneracy in the mass eigenstates.

We further identify the Goldstone bosons

G1 = v−1
123(v1φ2 + v3χ2 − v2χ3), (2.27)

G2 = (c2
θv

2
1 + s2

θv
2
2 + c2

θv
2
3)−1/2[−cθv1φ1 + (sθv2 − cθv3)χ1], (2.28)

G3 = (s2
θv

2
1 + c2

θv
2
2 + s2

θv
2
3)−1/2[sθv1φ1 + (cθv2 + sθv3)χ1], (2.29)

which are eaten by the gauge bosons A1, A2, and A3, respectively. The shorthand notations
sθ ≡ sin θ and cθ ≡ cos θ have been used. The Higgs bosons orthogonal to these Goldstone
bosons can be chosen as

h̃1 = v−1
23 (v2χ2 + v3χ3), (2.30)

h̃2 = (v23v123)−1(v2
23φ2 − v1v3χ2 + v1v2χ3), (2.31)

h̃3 = φ3. (2.32)

Utilizing the minimization conditions for the potential V , we obtain

µ2
0 = λ0v

2
0 + λ10v

2
1 + λ20v

2
23 + λ30v1v3, (2.33)

µ2
1 = 2λ1v

2
1 + λ3v

2
23 + λ4v1v3 + 1

2λ10v
2
0, (2.34)

µ2
2 = 2λ2v

2
23 + λ3v

2
1 + λ5v1v3 + 1

2λ20v
2
0, (2.35)

µ2
3 = λ4v

2
1 + λ5v

2
23 + 2λ6v1v3 + 1

2λ30v
2
0. (2.36)

We then derive the mass-squared matrix M2
h for the Higgs bosons (h̃0, h̃1, h̃2, h̃3), whose

elements are given by

M2
h,00 = 2λ0v

2
0, M2

h,11 = 8λ2v
2
23 + 4λ5v1v3 + 2λ6v

2
1v

2
3/v

2
23, (2.37)

M2
h,22 = 2λ6v

2
2v

2
123/v

2
23, M2

h,33 = 8λ1v
2
1 + 4λ4v1v3 + 2λ6v

2
3, (2.38)

M2
h,01 = 2λ20v0v23 + λ30v0v1v3/v23, M2

h,02 = λ30v0v2v123/v23, (2.39)
M2

h,03 = 2λ10v0v1 + λ30v0v3, M2
h,12 = 2λ5v2v123 + 2λ6v1v2v3v123/v

2
23, (2.40)

M2
h,13 = 4λ3v1v23 + 2λ4v

2
1v3/v23 + 2λ5v3v23 + 2λ6v1v

2
3/v23, (2.41)

M2
h,23 = 2λ4v1v2v123/v23 + 2λ6v2v3v123/v23. (2.42)

An orthogonal matrix Oh is used to diagonalizeM2
h, leading to

OT
hM2

hOh = diag
(
m2
h0 ,m

2
h1 ,m

2
h2 ,m

2
h3

)
. (2.43)

The basis (h̃0, h̃1, h̃2, h̃3) can be rotated to the mass eigenstate basis (h0, h1, h2, h3) through

h̃i = Oh,ijhj . (2.44)

The elements of Oh will be numerically calculated. We define h0 as the SM-like Higgs
boson. In the following parameter scan, we require that the h0 mass is around 125 GeV
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and h̃0 makes the most contribution to h0. For the other Higgs bosons, we adopt a mass
hierarchy convention of mh1 ≤ mh2 ≤ mh3 .

Finally, we discuss a remaining Z ′2 symmetry after the spontaneous symmetry breaking
of O(3)D. This is the reflection symmetry with respect to the 〈Φa〉-〈Xa〉 plane, i.e., the y-z
plane according to our convention (2.15), because the VEV configuration 〈Φa〉 = (0, 0, v1)
and 〈Xa〉 = (0, v2, v3) is preserved under such a reflection. The corresponding reflection
matrix P ′D ∈ O(3)D is given by

P ′D = PDe
−iπT 1 =

−1
−1
−1


1
−1
−1

 =

−1
1

1

 , (2.45)

where
(
T 1)

bc = −iε1bc is the rotation generator about the x-axis. According to (2.4)
and (2.13), Φa, Xa, and Ãaµ transform under the reflection as

Φa → P ′D,abΦb, Xa → P ′D,abXb, Ãaµ → det(P ′D)P ′D,abÃbµ = −P ′D,abÃbµ. (2.46)

Thus, we obtain

φ1 → −φ1, χ1 → −χ1, Ã2
µ → −Ã2

µ, Ã3
µ → −Ã3

µ. (2.47)

These are the P ′D-odd components. All the other components are P ′D-even.
Therefore, the gauge bosons A2 and A3 together with their corresponding Goldstone

bosons G2 and G3 are P ′D-odd, since A2 and A3 (G2 and G3) are linear combinations of Ã2

and Ã3 (φ1 and χ1). The rest physical states are all P ′D-even. Consequently, the lightest
gauge boson A2 cannot decay, serving as a DM candidate. Generally when mA3 6= mA2 , A3

finally decays into A2, however it could coannihilate with A2 during the freeze-out epoch
if mA3 ∼ mA2 .

3 Phenomenology

In this section, we scan the parameter space, taking into account the constraints from the
observed DM relic density and the collider measurements of the 125GeV Higgs boson. DM
scattering and annihilation cross sections for direct and indirect detection predicted by this
model is further calculated. We describe the details of the parameter scan and discuss the
numerical results in the following subsections.

3.1 Parameter scan and DM relic density

We adopt the following 14 real parameters,

gD, λ0, λ1, λ2, λ3, λ4, λ5, λ6, λ10, λ20, λ30, v1, v2, v3, (3.1)

as the independent parameters. A random scan is carried out for the parameters in loga-
rithmic scales within the following range:

10−3 < gD < 1, 10 GeV < v1, v2, v3 < 103 GeV, (3.2)
10−3 < λ0, λ1, λ2, |λ3|, |λ4|, |λ5|, |λ6|, |λ10|, |λ20|, |λ30| < 1. (3.3)
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Note that the positivity of the m2
hi

demands the positive λ0, λ1, and λ2. We numerically
calculate the eigenvalues and eigenvectors of M2

h, and construct Oh. We require that the
SM-like Higgs boson h0 has the most contribution from h̃0, and that mh0 lies within the 3σ
range of the measured value 125.10 ± 0.14 GeV [53]. Other eigenvalues of M2

h are sorted
in an ascending order and accordingly appointed to h1, h2, and h3.

We implement the Lagrangian in FeynRules 2.3.36 [54] to generate the CalcHEP
input files, and feed them to microOMEGAs 5.4 [4, 55, 56] for phenomenological calculations.
Based on current Higgs measurements at the Large Hadron Collider (LHC), the SM-like
Higgs boson is tested by Lilith 2.0 [57, 58] implemented in the micrOMEGAs, and the
corresponding p-values are derived. Parameter points with p-values less than 0.05 are
discarded, corresponding to the exclusion at 95% confidence level (C.L.).

The exotic neutral Higgs bosons h1, h2, and h3 in this model might be directly produced
at the LEP and the LHC. Thus, the parameter points are also constrained by the direct
searches at these colliders, which are utilized to constrain the mixing angle sin θ of a
second neutral Higgs boson in figure 3 of ref. [59]. As a good approximation, we reinterpret
these constraints on | sin θ| as the constraints on |Oh,i0|

√
Br(hi → SM) (i = 1, 2, 3), where

Br(hi → SM) is the hi decay branching ratio to the SM final states including h0, and√
Br(hi → SM) acts as a rescaling factor of the signal strengths for comparison with the

collider data.
In addition, these exotic Higgs bosons couple to the W and Z bosons through their

components of the SU(2)L Higgs doublet, inducing one-loop corrections to the propagators
of the electroweak gauge bosons. The corresponding shifts of the gµν coefficients of the
vacuum polarization amplitudes with respect to the SM are given by

δΠWW (p2) = m2
W

4π2v2
0

{ 3∑
i=0
O2
h,i0

[
m2
hi

4 lnm2
hi

+ F (p2,m2
W ,m

2
hi

)
]
−
m2
hSM

4 lnm2
hSM

− F (p2,m2
W ,m

2
hSM)

}
, (3.4)

δΠZZ(p2) = m2
Z

4π2v2
0

{ 3∑
i=0
O2
h,i0

[
m2
hi

4 lnm2
hi

+ F (p2,m2
Z ,m

2
hi

)
]
−
m2
hSM

4 lnm2
hSM

− F (p2,m2
Z ,m

2
hSM)

}
, (3.5)

δΠγγ(p2) = δΠZγ(p2) = 0, (3.6)

where mhSM is the SM Higgs boson mass and the loop function F is defined by [59]

F (p2,m2
1,m

2
2) =

∫ 1

0
dx

(
m2

1 −
∆
2

)
ln ∆, (3.7)

with
∆ = xm2

2 + (1− x)m2
1 − p2x(1− x). (3.8)

Following the discussions in ref. [59], we calculate the shifts of the precisely measured elec-
troweak quantities ΓZ , R`, Rb, sin2 θ`eff , and mW , and compare the shifted values with the
2σ ranges of the experimental values adopted from ref. [53] to filter all the parameter points.
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v〉 F
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(c

m
3

s−
1
)

Excluded by XENON1T
Excluded by Fermi-LAT

Excluded by XENON1T & Fermi-LAT

Figure 1. Parameter points predicting the observed DM relic density projected in the mA2 -
〈σannv〉FO plane. The blue and red points are excluded by the XENON1T direct detection exper-
iment and the Fermi-LAT indirect detection experiment, respectively, while the purple points are
excluded by both. The green points survive from both constraints. The details will be described in
subsection 3.2.

Now we discuss the DM relic density predicted in this model, where the DM particles
are A2 gauge bosons. Since the P ′D-odd A3 must decay into A2, its abundance can also
contribute to the DM relic density. If mA3 − mA2 . 0.1mA2 , the A2,3 coannihilation
processes at the freeze-out epoch could significantly affect the relic density [60]. Therefore,
we consider all possible annihilation and coannihilation channels with two-body final states,
as listed below.

1. A2,3A2,3 → hihj , induced by s-channel Higgs bosons and quartic couplings.

2. A2,3A2,3 → ff̄ , mediated by s-channel Higgs bosons. f denotes SM fermions.

3. A2,3A2,3 →W+W−, Z0Z0, mediated by s-channel Higgs bosons.

We utilize micrOMEGAs to evaluate the relic density, including the coannihilation effect.
In micrOMEGAs, the freeze-out temperature Tf indicating the departure from thermal

equilibrium is defined by Y (Tf) = 2.5Yeq(Tf), where Y = nDM/s is the DM number density
nDM divided by the entropy density s, and Yeq is its equilibrium value. We derive the
thermally averaged effective annihilation cross section times velocity 〈σannv〉FO at T = Tf
for the parameter points, as shown in figure 1. All the points in the figure predict the relic
density ΩDMh

2 within the 3σ range of the Planck measured value 0.1200± 0.0012 [61].
Besides the most prominent points with the basically stable 〈σannv〉 so that 〈σannv〉FO

is close to the standard annihilation cross section 〈σannv〉sd ' 2 × 10−26 cm3 s−1, there
are enormous points with significantly temperature-dependent 〈σannv〉, so their 〈σannv〉FO
deviate from the standard value. Part of the deviations is due to the Breit-Wigner resonance
effects [60].

In figure 1, there is a significant resonant structure lying around mA2 ∼ mh0/2 '
62.5 GeV due to the A2A2 annihilation mediated by the s-channel SM-like Higgs boson h0.
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(c) 〈σannv〉FO versus mA2/mh3 .

Figure 2. Freeze-out effective annihilation cross section 〈σannv〉FO versus mA2/mh1 (a),
mA2/mh2 (b), and mA2/mh3 (c).

For the points with 〈σannv〉FO < 〈σannv〉sd, the invariant mass minv of the A2A2 pairs is
typically higher than the resonance center mh0 at the Tf , and then decreases to approach
the mh0 as the temperature drops, lifting the 〈σannv〉 to consume more DM particles in
the later period. Therefore, a smaller 〈σannv〉FO is needed for the observed relic density.
On the other hand, some other points with 〈σannv〉FO > 〈σannv〉sd probably have the minv
equal to or slightly lower than the mh0 at the Tf , Lowering the temperature will therefore
increase the distance between mh0 and the invariant mass of the annihilating A2A2 pairs,
suppressing the annihilation at lower temperatures. Hence, the observed relic density
requires a larger 〈σannv〉FO.

Besides the SM-like Higgs boson, the exotic Higgs bosons h1, h2, and h3 can also give
rise to resonance effects. To see this clearly, we change the horizontal axis to mA2/mh1,2,3

and plot the points in figure 2. Remarkable structures due to resonance effects appear
at mA2/mh1 ∼ 1/2 in figure 2(a) and at mA2/mh2 ∼ 1/2 in figure 2(b). Nevertheless,
figure 2(c) does not show an obvious resonance structure, because h3 is the heaviest exotic
Higgs boson, and mA2 is probably too small to approach mh3/2 in our scan.
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Figure 3. Effective annihilation cross sections 〈σannv〉 as functions of x = mA2/T for four bench-
mark points. The freeze-out point for each curve is indicated by a star mark.

In figure 2(a), there is a “peak” structure near mA2/mh1 ∼ 1. This originates from
the h1h1 threshold effect [60]. If mA2 is slightly smaller than mh1 , the A2A2 → h1h1
annihilation channel would open at sufficiently high temperatures, and then would be
kinematically prohibited as the temperature drops, leading to a rapid shrink of 〈σannv〉 to
cease further annihilation, requiring a larger 〈σannv〉FO to clear out the redundant dark
matter in advance.

To see both the resonance and the threshold effects clearly, we select four benchmark
points (BMPs) and plot their 〈σannv〉 as functions of x ≡ mA2/T in figure 3. The properties
of the BMPs are listed in table 1. BMP1 is a normal benchmark point without these effects,
leading to roughly constant 〈σannv〉 from x = 10 to x = 104. For BMP2 withmA2 ∼ mh1/2,
the h1 resonance effect is important. As a result, 〈σannv〉 is larger than 〈σannv〉sd at the
freeze-out epoch, but suddenly decline since then. BMP3 with mA2 ∼ mh0/2 is affected
by the h0 resonance, leading to 〈σannv〉FO < 〈σannv〉sd. After xf = mA2/Tf , its 〈σannv〉 is
elevated by the more effective resonance, and then peaks at x ∼ 200, and finally decreases
because the invariant masses of the A2 pairs drop to pass through the mh0 value to reduce
the resonant effect again. The h1h1 threshold effect manifests for BMP4 with mA2 ∼ mh1 ,
and hence 〈σannv〉 decreases as the temperature decreases until x ∼ 400.

3.2 Direct and indirect detection

In this subsection, we calculate the predictions for direct and indirect detection and com-
pare them with the experimental data.

In the model, the DM particle A2 interacts with quarks (q= d,u,s,c,b, t) via interchang-
ing all the Higgs bosons. The relevant Higgs-portal interaction terms can be expressed as

Lportal =
3∑
i=0

(
κiv0

2 hiA
2
µA

2,µ −
∑
q

Oh,0imq

v0
hiq̄q

)
, (3.9)

where

κi = 2g2
D
v0

{Oh,1i
v23

(sθv2 − cθv3)2 − Oh,2iv1v2
v23v123

(s2θv2 − c2θv3) +Oh,3ic2
θv1

}
. (3.10)
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BMP1 BMP2 BMP3 BMP4
gD 0.232 0.392 0.190 0.293
λ0 0.130 0.171 0.129 0.128
λ1 0.112 0.757 0.0134 0.431
λ2 0.0631 0.0830 0.0312 0.0103
λ3 0.001 44 −0.008 10 0.003 62 0.008 77
λ4 0.006 54 −0.0367 −0.0228 −0.0616
λ5 0.007 95 −0.0207 −0.0200 0.005 87
λ6 0.001 77 0.0414 0.136 0.578
λ10 0.0124 0.0353 −0.001 89 −0.0574
λ20 0.001 05 −0.108 −0.001 07 0.0024
λ30 0.001 17 0.003 71 −0.0115 0.006 21

v1 (GeV) 714 179 692 973
v2 (GeV) 647 485 353 410
v3 (GeV) 35.3 12.0 247 204
mA1 (GeV) 224 203 155 315
mA2 (GeV) 149 70.2 62.2 117
mA3 (GeV) 167 190 142 293
mh1 (GeV) 51.3 147 182 118
mh2 (GeV) 462 402 215 1.14× 103

mh3 (GeV) 676 441 412 1.81× 103

xf ≡ mA2/Tf 24.4 24.5 22.8 25.1
〈σannv〉FO (cm3/s) 1.88× 10−26 4.52× 10−26 7.55× 10−27 3.87× 10−26

〈σannv〉0 (cm3/s) 2.10× 10−26 3.89× 10−30 1.93× 10−28 6.96× 10−29

σSI
N (cm2) 2.02× 10−47 1.41× 10−47 1.04× 10−50 8.58× 10−47

ΩDMh
2 0.122 0.118 0.117 0.117

Table 1. Properties of four benchmark points, corresponding to four curves in figure 3.

The A2-quark interactions induce A2-nucleon interactions. Thus, the spin-independent (SI)
cross section for A2 scattering off a nucleon N = p, n is given by [5]

σA2N =
G2
A2Nµ

2
A2,N

4πm2
A2

, (3.11)

with the A2-N reduced mass defined as µA2,N = mA2mN/(mA2 + mN ) and the effective
coupling

GA2N = −mN

∑
q

fNq

3∑
i=0

κiOh,0i
m2
hi

. (3.12)

fNq are the nucleon form factors for quarks [4].
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Figure 4. Parameter points projected in the mA2 -σSI
N (a) and mA2 -〈σannv〉0 (b) planes. In the

left panel, the dot-dashed line denotes the 90% C.L. upper limit on σSI
N from XENON1T [63], while

the dotted line demonstrates the 90% C.L. projected sensitivity of LZ [64]. In the right panel, the
dot-dashed line indicates the 95% C.L. upper limit from the Fermi-LAT γ-ray observations of dwarf
galaxies [65]. The blue points are excluded by XENON1T, the red points excluded by Fermi-LAT,
the purple points are excluded by both, and the green points survive from the two bounds.

In this model, σA2n is slightly different from σA2p. In order to take this difference into
account, we should calculate the normalized-to-nucleon SI cross section [62]

σSI
N = σA2p

∑
I
ηIµ

2
A2,AI

[
Z + (AI − Z)GA2n/GA2p

]2
∑
I
ηIµ2

A2,AI
A2
I

(3.13)

for A2 scattering off nuclei AI with Z protons and AI − Z neutrons. The index I denotes
isotopes, and ηI is the fractional number abundance of the isotope AI in nature.

We can compare σSI
N predicted by the model with the 90% C.L. upper limits on σSI

N from
the direct detection experiment XENON1T [63]. The detection material in XENON1T is
xenon (Z = 54), whose main isotopes have AI = {128, 129, 130, 131, 132, 134, 136} with
ηI = {1.9%, 26%, 4.1%, 21%, 27%, 10%, 8.9%} [62]. We compute σSI

N for the parameter
points and plot the result in figure 4(a). The dot-dashed line indicates the XENON1T
bound, which excludes a fraction of the parameter points. This model can also be tested in
future direct detection experiments. For an example, the proposed LZ detector is designed
to reach a sensitivity of ∼ 3 × 10−48 cm2 for σSI

N [64], which is expected to be relevant to
some parameter regions of the model. We also plot the LZ sensitivity as a dotted line in
figure 4(a).

Now we discuss indirect detection. A2A2 annihilation can produce high energy γ rays,
which might be received by the Fermi Large Area Telescope (Fermi-LAT). It has long
been known that the dwarf spheroidal galaxies surrounding the Milky Way Galaxy are
dominated by dark matter, as their mass-to-light ratios are of a hundred or greater [66]. A
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global analysis from γ-ray observations of 27 dwarf galaxies using 11 years of the Fermi-LAT
data [65] offers a stringent bound on DM annihilation.

In figure 1, we project the parameter points in the mA2-〈σannv〉0 plane, where 〈σannv〉0
is the A2A2 annihilation cross section in the low velocity limit. The dot-dashed line denotes
the 95% C.L. upper limit on the DM annihilation cross section in the bb̄ channel derived
by the analysis of Fermi-LAT data. Since the annihilation channels into W+W−, ZZ, tt̄,
and a pair of Higgs bosons induce γ-ray spectra similar to that from the bb̄ channel [67],
we can approximately compare 〈σannv〉0 with the Fermi-LAT bb̄ constraint.

In figures 1, 3, and 4, we have denoted the parameter points with colors. The blue
and red points are excluded by XENON1T and Fermi-LAT, respectively, while the purple
points are excluded by both. The green points survive from the two constraints. Comparing
figure 4(b) with figure 1, one may notice that 〈σannv〉0 � 〈σannv〉FO holds for many points.

As mentioned above, when the temperature drops, the A2A2 invariant mass decreases
and the distance to a resonance center changes. Consequently, for the parameter points
with mA2 ∼ mh0/2, which are related to the h0 resonance, 〈σannv〉 at low temperatures
significantly decreases for mA2 < mh0/2, but could remarkably increase for mA2 > mh0/2.
This is clearly shown in figure 4(b), where the parameter points in the latter case lead to
too large 〈σannv〉0, usually excluded by the Fermi-LAT. For the former case, both σSI

N and
〈σannv〉0 could be small enough to evade the XENON1T and Fermi-LAT constraints, as
demonstrated in figures 4(a) and 4(b).

The resonances of the exotic Higgs bosons have similar effects. To illustrate it, we
compare 〈σannv〉FO and 〈σannv〉0 as the color axes in figure 5, where only the parameter
points survive from both the XENON1T and Fermi-LAT constraints are shown in the
mA2-mh1 and mA2-mh2 planes. In the mA2-mh1 plane, the points roughly align along three
lines. The first line with mA2 ∼ 62.5 GeV corresponds to the h0 resonance effect, as we
just explained. The second line with mA2 ∼ mh1/2 corresponds to the h1 resonance effect
for a similar reason. The third line with mA2 ∼ mh1 is related to the h1h1 threshold effect,
as discussed for figure 2(a) in the previous subsection. Because of these effects, 〈σannv〉0 is
much smaller than 〈σannv〉FO along these lines. In the mA2-mh2 plane, likewise, there is a
line with mA2 ∼ mh2/2 showing a similar behavior. Nonetheless, the line with mA2 ∼ mh2

does not manifest, because we have just a few points in this region.

4 Generalization to the general SO(N) cases

In this model, we introduce a dark SU(2)D ' SO(3)D gauge symmetry broken by two
real SU(2)D Higgs triplets. As a result, the accidental Z2 symmetry extends the global
symmetry of the Lagrangian to O(3)D. After the spontaneous symmetry breaking, a Z ′2
symmetry remains, leading to two P ′D-odd dark gauge bosons, where the lighter one serves
as a vector DM candidate. Such a setup can be generalized to a dark SO(N)D gauge group
with N > 3. We prove the possibility in this section.

A SO(N)D gauge symmetry can be completely and exactly broken by N −1 real Higgs
multiplets in the N -dimensional fundamental representation. Similarly, if the Lagrangian
respects a global O(N)D symmetry accidentally, after the spontaneous symmetry breaking,

– 14 –



J
H
E
P
0
7
(
2
0
2
1
)
0
8
9

101 102 103

mA 2 (GeV)

101

102

103
m
h

1
(G

eV
)

10-26

10-25

〈 σ ann
v〉 F

O
(c

m
3

s−
1
)

101 102 103

mA 2 (GeV)

101

102

103

m
h

1
(G

eV
)

10-26

10-25

〈 σ ann
v〉 0

(c
m

3
s−

1
)

101 102 103

mA 2 (GeV)

101

102

103

m
h

2
(G

eV
)

10-26

10-25
〈 σ ann

v〉 F
O

(c
m

3
s−

1
)

101 102 103

mA 2 (GeV)

101

102

103

m
h

2
(G

eV
)

10-26

10-25

〈 σ ann
v〉 0

(c
m

3
s−

1
)

Figure 5. 〈σannv〉FO (left panels) and 〈σannv〉0 (right panels) for the surviving parameter points
projected in the mA2 -mh1 (upper panels) and mA2 -mh2 (lower panels) planes.

all the N−1 linearly independent VEVs of these Higgs multiplets can determine a (N−1)-
dimensional hypersurface in the representation space, and the reflection operation with
respect this hypersurface indicates a Z ′2 symmetry remaining to guarantee the stability of
the dark gauge boson. The validation of the O(N)D symmetry of the Lagrangian requires
a dark parity PD matrix with det(PD) = −1, and PDP

†
D = I. If one can prove that

all the possible renormalizable SO(N)D-invariant terms remain PD-even, then the O(N)D
symmetry is respected accidentally.

If there are N Higgs multiplets Φi as O(N)D vectors instead, one can construct a
pseudoscalar term εa1a2···aN Φa1

1 Φa2
2 · · ·Φ

aN
N with the N -dimensional Levi-Civita symbol.

Notice that

εa1a2···aN = det(R)Ra1b1Ra2b2 · · ·RaN bN
εb1b2···bN (4.1)

for R ∈ O(N)D, so such a term is PD-odd. Therefore, only the global SO(N)D symmetry
is respected for the N Higgs multiplets. However, we will prove by contradiction that no
PD-odd potential term arises for the N −1 Higgs multiplets. This can be done by verifying
that O(N)D vectors V1, V2, · · · , Vn with n < N cannot form any PD-odd scalar.
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Assume that V1, V2, · · · , Vn (n < N) can form a PD-odd scalar. Then, similarly as
the Levi-Civita symbol, there must exist a “constant O(N)D tensor” Ea1a2···an leading to a
PD-odd scalar Ea1a2···anV a1

1 V a2
2 · · ·V an

n , where ai (i = 1, 2, · · · , n) are O(N)D indices. The
tensor components Ea1a2···an are constants because they are the combinations of the corre-
sponding Clebsch-Gordan coefficients which stay constantly as the coordinates rotate. That
is to say, the tensor Ea1a2···an is invariant under any SO(N)D transformation, so we have

Ea1a2···an = Ra1b1Ra2b2 · · ·RanbnE
b1b2···bn , (4.2)

for any R ∈ SO(N)D with det(R) = 1.
If a number i appears in the indices {a1, a2, · · · , an} for odd times, then Ea1a2···an = 0.

This can be understood as follows. Since n < N , we can always find an integer number
j (1 ≤ j ≤ N) that doses not appear in {a1, a2, · · · , an} due to the pigeonhole principle.
Construct a diagonal matrix R ∈ SO(N)D with the elements Rii and Rjj being −1 but
the rest diagonal elements being 1. Applying eq. (4.2), the Rii = −1 appears for odd
times in the right hand side and collectively contributes a −1 factor, leading to Ea1a2···an =
−Ea1a2···an , and hence Ea1a2···an must vanish.

Therefore, any integer number i (1 ≤ i ≤ N) can only appear for even times in the
indices of a nonzero Ea1a2···an . This implies that a nonzero Ea1a2···an tensor must have an
even rank, i.e., an even n.

If N is odd, one can adopt PD = diag(−1,−1, · · · ,−1). Applying this on
Ea1a2···anV a1

1 V a2
2 · · ·V an

n introduces a (−1)n = 1 factor because n is even. Thus,
Ea1a2···anV a1

1 V a2
2 · · ·V an

n remains unchanged and is a PD-even scalar, contradicting our
assumption.

If N is even, usually PD = diag(−1, 1, 1, · · · , 1) is adopted without loss of gener-
ality. Under the PD transformation, V 1

i → −V 1
i and V j

i → V j
i (j 6= 1). Since 1

must appear for even times in the indices of a nonzero Ea1a2···an , we can still prove that
Ea1a2···anV a1

1 V a2
2 · · ·V an

n is PD-even. This again contradicts with the assumption.
In summary, there is no way to construct a PD-odd scalar by contracting n vectors for

n < N , so the generic scalar potential constructed from the N − 1 Higgs multiplets Φi has
an accidental global O(N)D symmetry.

If all Φi develop nonzero VEVs 〈Φi〉, which are linearly independent, then the global
O(N)D symmetry is spontaneously broken completely. We are now going to seek for the
remaining Z ′2 symmetry. Similarly with what we have done in subsection 2.2, we can
always rotate the axes such that all the first VEV components 〈Φ1

i 〉 = 0. In fact, this
VEV configuration is preserved under the P ′D = diag(−1, 1, 1, · · · , 1) transformation, which
is actually the Z ′2 symmetry we want. Expanding the Higgs fields around the VEVs,
Φi = 〈Φi〉 + φi, we find that all φ1

i (i = 1, 2, · · · , N − 1) are P ′D-odd, while the rest φai
(a = 2, · · · , N) are P ′D-even.

There are N(N − 1)/2 gauge bosons in such a SO(N)D gauge model. We denote the
gauge fields as Aabµ (a, b = 1, 2, · · · , N), where Aabµ = −Abaµ . The trilinear gauge interaction
terms are proportional to Aabµ Φa

i ∂
µΦb

i . Taking the VEVs, we have Aabµ 〈Φa
i 〉 ∂µΦb

i , which
only vanishes for a = 1. Therefore, the N − 1 gauge fields Aa1

µ (a > 1) are P ′D-odd, while
all the other Aabµ (a 6= b) are P ′D-even. The number of the P ′D-odd gauge bosons is equal to
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the number of the P ′D-odd scalar bosons φ1
i , implying that all these scalar bosons become

the Goldstone bosons eaten by the P ′D-odd gauge bosons. The lightest mass eigenstate of
the P ′D-odd gauge bosons serves as a DM candidate. In this way, our model setup has been
generalized to the SO(N)D cases.

5 Conclusions and future prospect

In this paper, we have discussed a vector DM model based on a dark SU(2)D gauge theory.
Two real SU(2)D dark Higgs triplets are introduced to completely break the SU(2)D gauge
symmetry, leading to three massive dark gauge bosons A1, A2, andA3 with a split spectrum.
An accidental Z ′2 symmetry remains after the spontaneous symmetry breaking. Under this
Z ′2 symmetry, A1 is even, while both A2 and A3 are odd. Since A2 is generally lighter than
A3, it becomes a stable vector DM candidate. In the unitary gauge, the physical degrees
of freedom in the dark Higgs triplets and the SU(2)L Higgs doublet form four Higgs bosons
h0, h1, h2, and h3, where h0 acts as the 125GeV SM-like Higgs boson. These Higgs bosons
provide a portal to the SM particles for the dark gauge bosons.

We have randomly scanned the 14-dimensional parameter space, taking into account
the constraints from current 125GeV Higgs measurements, direct searches for exotic Higgs
bosons, and electroweak precision measurements. The DM relic density has been calculated,
including the A2A3 coannihilation effect. We have found the parameter points predicting
the observed relic density. These parameter points have been further tested by the bounds
from the XENON1T direct detection experiment and the Fermi-LAT indirect detection
experiment.

Resonance and threshold effects in DM annihilation could lead to important differ-
ences between 〈σannv〉FO and 〈σannv〉0. In the parameter points, we have found significant
effects due to the h0, h1, and h2 resonances for mA2 ∼ mhi

/2, as well as a remarkable h1h1
threshold effect for mA2 ∼ mh1 . Because of these effects, σSI

N and 〈σannv〉0 for some pa-
rameter points could be sufficiently small, evading the current direct and indirect detection
constraints.

There are numerous parameter points remaining after all the above constraints are
considered. The future LZ direct detection experiment is expected to test some of them.
Moreover, the interactions between the dark Higgs triplets and the SU(2)L Higgs doublet
induce mixings among the Higgs bosons. As a result, the couplings of the SM-like Higgs
boson h0 generally deviate from the SM couplings. Future Higgs precision measurements
at e+e− colliders, such as CECP [68], FCC-ee [69], and ILC [70], will provide further tests
on this model.

We have proved that the way to construct this model can be generalized to the general
SO(N)D cases. For a SO(N)D gauge model, N − 1 real Higgs multiplets in the SO(N)D
fundamental representation can be introduced to break the gauge symmetry, with a re-
maining Z ′2 symmetry ensuring the stability of a dark gauge boson. Thus, more vector DM
models can be similarly constructed.

– 17 –



J
H
E
P
0
7
(
2
0
2
1
)
0
8
9

Acknowledgments

We thank Gao-Liang Zhou for helpful discussions. This work is supported in part by the
National Natural Science Foundation of China under Grants No. 11805288, No. 11875327,
No. 11905300, and No. 12005312, the China Postdoctoral Science Foundation under Grant
No. 2018M643282, the Fundamental Research Funds for the Central Universities, and the
Sun Yat-Sen University Science Foundation.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] G. Bertone, D. Hooper and J. Silk, Particle dark matter: Evidence, candidates and
constraints, Phys. Rept. 405 (2005) 279 [hep-ph/0404175] [INSPIRE].

[2] J.L. Feng, Dark Matter Candidates from Particle Physics and Methods of Detection, Ann.
Rev. Astron. Astrophys. 48 (2010) 495 [arXiv:1003.0904] [INSPIRE].

[3] B.-L. Young, A survey of dark matter and related topics in cosmology, Front. Phys. (Beijing)
12 (2017) 121201 [Erratum ibid. 12 (2017) 121202] [INSPIRE].

[4] G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov, Dark matter direct detection rate in
a generic model with MicrOMEGAs 2.2, Comput. Phys. Commun. 180 (2009) 747
[arXiv:0803.2360] [INSPIRE].

[5] Z.-H. Yu, J.-M. Zheng, X.-J. Bi, Z. Li, D.-X. Yao and H.-H. Zhang, Constraining the
interaction strength between dark matter and visible matter: II. scalar, vector and spin-3/2
dark matter, Nucl. Phys. B 860 (2012) 115 [arXiv:1112.6052] [INSPIRE].

[6] G. Servant and T.M.P. Tait, Is the lightest Kaluza-Klein particle a viable dark matter
candidate?, Nucl. Phys. B 650 (2003) 391 [hep-ph/0206071] [INSPIRE].

[7] H.-C. Cheng, J.L. Feng and K.T. Matchev, Kaluza-Klein dark matter, Phys. Rev. Lett. 89
(2002) 211301 [hep-ph/0207125] [INSPIRE].

[8] E.C.G. Stueckelberg, Interaction energy in electrodynamics and in the field theory of nuclear
forces, Helv. Phys. Acta 11 (1938) 225 [INSPIRE].

[9] A. Chodos and F. Cooper, New lagrangian formalism for infinite-component field theories,
Phys. Rev. D 3 (1971) 2461 [INSPIRE].

[10] P.W. Higgs, Broken symmetries, massless particles and gauge fields, Phys. Lett. 12 (1964)
132 [INSPIRE].

[11] P.W. Higgs, Broken Symmetries and the Masses of Gauge Bosons, Phys. Rev. Lett. 13
(1964) 508 [INSPIRE].

[12] F. Englert and R. Brout, Broken Symmetry and the Mass of Gauge Vector Mesons, Phys.
Rev. Lett. 13 (1964) 321 [INSPIRE].

[13] T. Hambye and M.H.G. Tytgat, Confined hidden vector dark matter, Phys. Lett. B 683
(2010) 39 [arXiv:0907.1007] [INSPIRE].

[14] O. Lebedev, H.M. Lee and Y. Mambrini, Vector Higgs-portal dark matter and the invisible
Higgs, Phys. Lett. B 707 (2012) 570 [arXiv:1111.4482] [INSPIRE].

– 18 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physrep.2004.08.031
https://arxiv.org/abs/hep-ph/0404175
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0404175
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1146/annurev-astro-082708-101659
https://arxiv.org/abs/1003.0904
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1003.0904
https://doi.org/10.1007/s11467-016-0583-4
https://doi.org/10.1007/s11467-016-0583-4
https://inspirehep.net/search?p=find+doi%20%2210.1007%2Fs11467-017-0680-z%22
https://doi.org/10.1016/j.cpc.2008.11.019
https://arxiv.org/abs/0803.2360
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0803.2360
https://doi.org/10.1016/j.nuclphysb.2012.02.016
https://arxiv.org/abs/1112.6052
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1112.6052
https://doi.org/10.1016/S0550-3213(02)01012-X
https://arxiv.org/abs/hep-ph/0206071
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0206071
https://doi.org/10.1103/PhysRevLett.89.211301
https://doi.org/10.1103/PhysRevLett.89.211301
https://arxiv.org/abs/hep-ph/0207125
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0207125
https://doi.org/10.5169/seals-110852
https://inspirehep.net/search?p=find+J%20%22Helv.Phys.Acta%2C11%2C225%22
https://doi.org/10.1103/PhysRevD.3.2461
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD3%2C2461%22
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1016/0031-9163(64)91136-9
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2C12%2C132%22
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.508
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C13%2C508%22
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.321
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C13%2C321%22
https://doi.org/10.1016/j.physletb.2009.11.050
https://doi.org/10.1016/j.physletb.2009.11.050
https://arxiv.org/abs/0907.1007
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0907.1007
https://doi.org/10.1016/j.physletb.2012.01.029
https://arxiv.org/abs/1111.4482
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1111.4482


J
H
E
P
0
7
(
2
0
2
1
)
0
8
9

[15] T. Abe, M. Kakizaki, S. Matsumoto and O. Seto, Vector WIMP Miracle, Phys. Lett. B 713
(2012) 211 [arXiv:1202.5902] [INSPIRE].

[16] Y. Farzan and A.R. Akbarieh, VDM: A model for Vector Dark Matter, JCAP 10 (2012) 026
[arXiv:1207.4272] [INSPIRE].

[17] S. Baek, P. Ko, W.-I. Park and E. Senaha, Higgs Portal Vector Dark Matter: Revisited,
JHEP 05 (2013) 036 [arXiv:1212.2131] [INSPIRE].

[18] F. Domingo, O. Lebedev, Y. Mambrini, J. Quevillon and A. Ringwald, More on the
Hypercharge Portal into the Dark Sector, JHEP 09 (2013) 020 [arXiv:1305.6815] [INSPIRE].

[19] J.-H. Yu, Vector Fermion-Portal Dark Matter: Direct Detection and Galactic Center
Gamma-Ray Excess, Phys. Rev. D 90 (2014) 095010 [arXiv:1409.3227] [INSPIRE].

[20] C.-R. Chen, Y.-K. Chu and H.-C. Tsai, An Elusive Vector Dark Matter, Phys. Lett. B 741
(2015) 205 [arXiv:1410.0918] [INSPIRE].

[21] C. Gross, O. Lebedev and Y. Mambrini, Non-Abelian gauge fields as dark matter, JHEP 08
(2015) 158 [arXiv:1505.07480] [INSPIRE].

[22] M. Duch, B. Grzadkowski and M. McGarrie, A stable Higgs portal with vector dark matter,
JHEP 09 (2015) 162 [arXiv:1506.08805] [INSPIRE].

[23] A. DiFranzo, P.J. Fox and T.M.P. Tait, Vector Dark Matter through a Radiative Higgs
Portal, JHEP 04 (2016) 135 [arXiv:1512.06853] [INSPIRE].

[24] D. Azevedo, M. Duch, B. Grzadkowski, D. Huang, M. Iglicki and R. Santos, Testing scalar
versus vector dark matter, Phys. Rev. D 99 (2019) 015017 [arXiv:1808.01598] [INSPIRE].

[25] A. Mohamadnejad, Gravitational waves from scale-invariant vector dark matter model:
Probing below the neutrino-floor, Eur. Phys. J. C 80 (2020) 197 [arXiv:1907.08899]
[INSPIRE].

[26] S. Glaus, M. Mühlleitner, J. Müller, S. Patel and R. Santos, Electroweak Corrections to Dark
Matter Direct Detection in a Vector Dark Matter Model, JHEP 10 (2019) 152
[arXiv:1908.09249] [INSPIRE].

[27] G. Arcadi, A. Djouadi and M. Kado, The Higgs-portal for vector Dark Matter and the
Effective Field Theory approach: a reappraisal, Phys. Lett. B 805 (2020) 135427
[arXiv:2001.10750] [INSPIRE].

[28] C. Delaunay, T. Ma and Y. Soreq, Stealth decaying spin-1 dark matter, JHEP 02 (2021) 010
[arXiv:2009.03060] [INSPIRE].

[29] B. Salehian, M.A. Gorji, H. Firouzjahi and S. Mukohyama, Vector dark matter production
from inflation with symmetry breaking, Phys. Rev. D 103 (2021) 063526 [arXiv:2010.04491]
[INSPIRE].

[30] T. Hambye, Hidden vector dark matter, JHEP 01 (2009) 028 [arXiv:0811.0172] [INSPIRE].

[31] S. Baek, P. Ko and W.-I. Park, Hidden sector monopole, vector dark matter and dark
radiation with Higgs portal, JCAP 10 (2014) 067 [arXiv:1311.1035] [INSPIRE].

[32] C. Boehm, M.J. Dolan and C. McCabe, A weighty interpretation of the Galactic Centre
excess, Phys. Rev. D 90 (2014) 023531 [arXiv:1404.4977] [INSPIRE].

[33] V.V. Khoze and G. Ro, Dark matter monopoles, vectors and photons, JHEP 10 (2014) 061
[arXiv:1406.2291] [INSPIRE].

– 19 –

https://doi.org/10.1016/j.physletb.2012.05.051
https://doi.org/10.1016/j.physletb.2012.05.051
https://arxiv.org/abs/1202.5902
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1202.5902
https://doi.org/10.1088/1475-7516/2012/10/026
https://arxiv.org/abs/1207.4272
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.4272
https://doi.org/10.1007/JHEP05(2013)036
https://arxiv.org/abs/1212.2131
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.2131
https://doi.org/10.1007/JHEP09(2013)020
https://arxiv.org/abs/1305.6815
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1305.6815
https://doi.org/10.1103/PhysRevD.90.095010
https://arxiv.org/abs/1409.3227
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1409.3227
https://doi.org/10.1016/j.physletb.2014.12.043
https://doi.org/10.1016/j.physletb.2014.12.043
https://arxiv.org/abs/1410.0918
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.0918
https://doi.org/10.1007/JHEP08(2015)158
https://doi.org/10.1007/JHEP08(2015)158
https://arxiv.org/abs/1505.07480
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.07480
https://doi.org/10.1007/JHEP09(2015)162
https://arxiv.org/abs/1506.08805
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.08805
https://doi.org/10.1007/JHEP04(2016)135
https://arxiv.org/abs/1512.06853
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.06853
https://doi.org/10.1103/PhysRevD.99.015017
https://arxiv.org/abs/1808.01598
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.01598
https://doi.org/10.1140/epjc/s10052-020-7756-6
https://arxiv.org/abs/1907.08899
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.08899
https://doi.org/10.1007/JHEP10(2019)152
https://arxiv.org/abs/1908.09249
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.09249
https://doi.org/10.1016/j.physletb.2020.135427
https://arxiv.org/abs/2001.10750
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.10750
https://doi.org/10.1007/JHEP02(2021)010
https://arxiv.org/abs/2009.03060
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.03060
https://doi.org/10.1103/PhysRevD.103.063526
https://arxiv.org/abs/2010.04491
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.04491
https://doi.org/10.1088/1126-6708/2009/01/028
https://arxiv.org/abs/0811.0172
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0811.0172
https://doi.org/10.1088/1475-7516/2014/10/067
https://arxiv.org/abs/1311.1035
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1311.1035
https://doi.org/10.1103/PhysRevD.90.023531
https://arxiv.org/abs/1404.4977
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1404.4977
https://doi.org/10.1007/JHEP10(2014)061
https://arxiv.org/abs/1406.2291
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1406.2291


J
H
E
P
0
7
(
2
0
2
1
)
0
8
9

[34] C.-H. Chen and T. Nomura, SU(2)X vector DM and Galactic Center gamma-ray excess,
Phys. Lett. B 746 (2015) 351 [arXiv:1501.07413] [INSPIRE].

[35] S. Di Chiara and K. Tuominen, A minimal model for SU(N) vector dark matter, JHEP 11
(2015) 188 [arXiv:1506.03285] [INSPIRE].

[36] C.-H. Chen and T. Nomura, Searching for vector dark matter via Higgs portal at the LHC,
Phys. Rev. D 93 (2016) 074019 [arXiv:1507.00886] [INSPIRE].

[37] A. Karam and K. Tamvakis, Dark matter and neutrino masses from a scale-invariant
multi-Higgs portal, Phys. Rev. D 92 (2015) 075010 [arXiv:1508.03031] [INSPIRE].

[38] V.V. Khoze and A.D. Plascencia, Dark Matter and Leptogenesis Linked by Classical Scale
Invariance, JHEP 11 (2016) 025 [arXiv:1605.06834] [INSPIRE].

[39] B. Barman, S. Bhattacharya and M. Zakeri, Multipartite Dark Matter in SU(2)N extension
of Standard Model and signatures at the LHC, JCAP 09 (2018) 023 [arXiv:1806.01129]
[INSPIRE].

[40] B.D. Sáez, F. Rojas-Abatte and A.R. Zerwekh, Dark Matter from a Vector Field in the
Fundamental Representation of SU(2)L, Phys. Rev. D 99 (2019) 075026 [arXiv:1810.06375]
[INSPIRE].

[41] A. Belyaev, G. Cacciapaglia, J. McKay, D. Marin and A.R. Zerwekh, Minimal Spin-one
Isotriplet Dark Matter, Phys. Rev. D 99 (2019) 115003 [arXiv:1808.10464] [INSPIRE].

[42] B. Barman, S. Bhattacharya and M. Zakeri, Non-Abelian Vector Boson as FIMP Dark
Matter, JCAP 02 (2020) 029 [arXiv:1905.07236] [INSPIRE].

[43] T. Ghosh, H.-K. Guo, T. Han and H. Liu, Electroweak phase transition with an SU(2) dark
sector, JHEP 07 (2021) 045 [arXiv:2012.09758] [INSPIRE].

[44] C.-W. Chiang, T. Nomura and J. Tandean, Nonabelian Dark Matter with Resonant
Annihilation, JHEP 01 (2014) 183 [arXiv:1306.0882] [INSPIRE].

[45] H. Davoudiasl and I.M. Lewis, Dark Matter from Hidden Forces, Phys. Rev. D 89 (2014)
055026 [arXiv:1309.6640] [INSPIRE].

[46] S.-M. Choi, H.M. Lee, Y. Mambrini and M. Pierre, Vector SIMP dark matter with
approximate custodial symmetry, JHEP 07 (2019) 049 [arXiv:1904.04109] [INSPIRE].

[47] R. Ramos, V.Q. Tran and T.-C. Yuan, Complementary searches of low mass non-Abelian
vector dark matter, dark photon, and dark Z ′, Phys. Rev. D 103 (2021) 075021
[arXiv:2101.07115] [INSPIRE].

[48] T. Abe, M. Fujiwara, J. Hisano and K. Matsushita, A model of electroweakly interacting
non-abelian vector dark matter, JHEP 07 (2020) 136 [arXiv:2004.00884] [INSPIRE].

[49] A. Karam and K. Tamvakis, Dark Matter from a Classically Scale-Invariant SU(3)X , Phys.
Rev. D 94 (2016) 055004 [arXiv:1607.01001] [INSPIRE].

[50] P. Ko and Y. Tang, Residual Non-Abelian Dark Matter and Dark Radiation, Phys. Lett. B
768 (2017) 12 [arXiv:1609.02307] [INSPIRE].

[51] G. Arcadi, C. Gross, O. Lebedev, Y. Mambrini, S. Pokorski and T. Toma, Multicomponent
Dark Matter from Gauge Symmetry, JHEP 12 (2016) 081 [arXiv:1611.00365] [INSPIRE].

[52] A. Poulin and S. Godfrey, Multicomponent dark matter from a hidden gauged SU(3), Phys.
Rev. D 99 (2019) 076008 [arXiv:1808.04901] [INSPIRE].

– 20 –

https://doi.org/10.1016/j.physletb.2015.05.027
https://arxiv.org/abs/1501.07413
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.07413
https://doi.org/10.1007/JHEP11(2015)188
https://doi.org/10.1007/JHEP11(2015)188
https://arxiv.org/abs/1506.03285
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.03285
https://doi.org/10.1103/PhysRevD.93.074019
https://arxiv.org/abs/1507.00886
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.00886
https://doi.org/10.1103/PhysRevD.92.075010
https://arxiv.org/abs/1508.03031
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1508.03031
https://doi.org/10.1007/JHEP11(2016)025
https://arxiv.org/abs/1605.06834
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.06834
https://doi.org/10.1088/1475-7516/2018/09/023
https://arxiv.org/abs/1806.01129
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.01129
https://doi.org/10.1103/PhysRevD.99.075026
https://arxiv.org/abs/1810.06375
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.06375
https://doi.org/10.1103/PhysRevD.99.115003
https://arxiv.org/abs/1808.10464
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.10464
https://doi.org/10.1088/1475-7516/2020/02/029
https://arxiv.org/abs/1905.07236
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.07236
https://doi.org/10.1007/JHEP07(2021)045
https://arxiv.org/abs/2012.09758
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.09758
https://doi.org/10.1007/JHEP01(2014)183
https://arxiv.org/abs/1306.0882
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.0882
https://doi.org/10.1103/PhysRevD.89.055026
https://doi.org/10.1103/PhysRevD.89.055026
https://arxiv.org/abs/1309.6640
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1309.6640
https://doi.org/10.1007/JHEP07(2019)049
https://arxiv.org/abs/1904.04109
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.04109
https://doi.org/10.1103/PhysRevD.103.075021
https://arxiv.org/abs/2101.07115
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.07115
https://doi.org/10.1007/JHEP07(2020)136
https://arxiv.org/abs/2004.00884
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.00884
https://doi.org/10.1103/PhysRevD.94.055004
https://doi.org/10.1103/PhysRevD.94.055004
https://arxiv.org/abs/1607.01001
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.01001
https://doi.org/10.1016/j.physletb.2017.02.033
https://doi.org/10.1016/j.physletb.2017.02.033
https://arxiv.org/abs/1609.02307
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.02307
https://doi.org/10.1007/JHEP12(2016)081
https://arxiv.org/abs/1611.00365
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.00365
https://doi.org/10.1103/PhysRevD.99.076008
https://doi.org/10.1103/PhysRevD.99.076008
https://arxiv.org/abs/1808.04901
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.04901


J
H
E
P
0
7
(
2
0
2
1
)
0
8
9

[53] Particle Data Group collaboration, Review of Particle Physics, PTEP 2020 (2020)
083C01 [INSPIRE].

[54] A. Alloul, N.D. Christensen, C. Degrande, C. Duhr and B. Fuks, FeynRules 2.0 — A
complete toolbox for tree-level phenomenology, Comput. Phys. Commun. 185 (2014) 2250
[arXiv:1310.1921] [INSPIRE].

[55] G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov, MicrOMEGAs 2.0: A Program to
calculate the relic density of dark matter in a generic model, Comput. Phys. Commun. 176
(2007) 367 [hep-ph/0607059] [INSPIRE].

[56] D. Barducci et al., Collider limits on new physics within MicrOMEGAs_4.3, Comput. Phys.
Commun. 222 (2018) 327 [arXiv:1606.03834] [INSPIRE].

[57] J. Bernon and B. Dumont, Lilith: a tool for constraining new physics from Higgs
measurements, Eur. Phys. J. C 75 (2015) 440 [arXiv:1502.04138] [INSPIRE].

[58] S. Kraml, T.Q. Loc, D.T. Nhung and L.D. Ninh, Constraining new physics from Higgs
measurements with Lilith: update to LHC Run 2 results, SciPost Phys. 7 (2019) 052
[arXiv:1908.03952] [INSPIRE].

[59] A. Falkowski, C. Gross and O. Lebedev, A second Higgs from the Higgs portal, JHEP 05
(2015) 057 [arXiv:1502.01361] [INSPIRE].

[60] K. Griest and D. Seckel, Three exceptions in the calculation of relic abundances, Phys. Rev.
D 43 (1991) 3191 [INSPIRE].

[61] Planck collaboration, Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys.
641 (2020) A6 [arXiv:1807.06209] [INSPIRE].

[62] J.L. Feng, J. Kumar, D. Marfatia and D. Sanford, Isospin-Violating Dark Matter, Phys. Lett.
B 703 (2011) 124 [arXiv:1102.4331] [INSPIRE].

[63] XENON collaboration, Dark Matter Search Results from a One Ton-Year Exposure of
XENON1T, Phys. Rev. Lett. 121 (2018) 111302 [arXiv:1805.12562] [INSPIRE].

[64] B.J. Mount et al., LUX-ZEPLIN (LZ) Technical Design Report, arXiv:1703.09144
[INSPIRE].

[65] S. Hoof, A. Geringer-Sameth and R. Trotta, A Global Analysis of Dark Matter Signals from
27 Dwarf Spheroidal Galaxies using 11 Years of Fermi-LAT Observations, JCAP 02 (2020)
012 [arXiv:1812.06986] [INSPIRE].

[66] L.E. Strigari, Galactic Searches for Dark Matter, Phys. Rept. 531 (2013) 1
[arXiv:1211.7090] [INSPIRE].

[67] M. Cirelli et al., PPPC 4 DM ID: A Poor Particle Physicist Cookbook for Dark Matter
Indirect Detection, JCAP 03 (2011) 051 [Erratum ibid. 10 (2012) E01] [arXiv:1012.4515]
[INSPIRE].

[68] CEPC Study Group collaboration, CEPC Conceptual Design Report: Volume 2 —
Physics & Detector, arXiv:1811.10545 [INSPIRE].

[69] FCC collaboration, FCC Physics Opportunities: Future Circular Collider Conceptual Design
Report Volume 1, Eur. Phys. J. C 79 (2019) 474 [INSPIRE].

[70] H. Baer et al., eds., The International Linear Collider Technical Design Report — Volume 2:
Physics, arXiv:1306.6352 [INSPIRE].

– 21 –

https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://inspirehep.net/search?p=find+J%20%22PTEP%2C2020%2C083C01%22
https://doi.org/10.1016/j.cpc.2014.04.012
https://arxiv.org/abs/1310.1921
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.1921
https://doi.org/10.1016/j.cpc.2006.11.008
https://doi.org/10.1016/j.cpc.2006.11.008
https://arxiv.org/abs/hep-ph/0607059
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0607059
https://doi.org/10.1016/j.cpc.2017.08.028
https://doi.org/10.1016/j.cpc.2017.08.028
https://arxiv.org/abs/1606.03834
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.03834
https://doi.org/10.1140/epjc/s10052-015-3645-9
https://arxiv.org/abs/1502.04138
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.04138
https://doi.org/10.21468/SciPostPhys.7.4.052
https://arxiv.org/abs/1908.03952
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.03952
https://doi.org/10.1007/JHEP05(2015)057
https://doi.org/10.1007/JHEP05(2015)057
https://arxiv.org/abs/1502.01361
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.01361
https://doi.org/10.1103/PhysRevD.43.3191
https://doi.org/10.1103/PhysRevD.43.3191
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD43%2C3191%22
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.06209
https://doi.org/10.1016/j.physletb.2011.07.083
https://doi.org/10.1016/j.physletb.2011.07.083
https://arxiv.org/abs/1102.4331
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1102.4331
https://doi.org/10.1103/PhysRevLett.121.111302
https://arxiv.org/abs/1805.12562
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.12562
https://arxiv.org/abs/1703.09144
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.09144
https://doi.org/10.1088/1475-7516/2020/02/012
https://doi.org/10.1088/1475-7516/2020/02/012
https://arxiv.org/abs/1812.06986
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.06986
https://doi.org/10.1016/j.physrep.2013.05.004
https://arxiv.org/abs/1211.7090
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1211.7090
https://doi.org/10.1088/1475-7516/2011/03/051
https://arxiv.org/abs/1012.4515
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1012.4515
https://arxiv.org/abs/1811.10545
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.10545
https://doi.org/10.1140/epjc/s10052-019-6904-3
https://inspirehep.net/search?p=find+J%20%22Eur.Phys.J.%2CC79%2C474%22
https://arxiv.org/abs/1306.6352
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.6352

	Introduction
	Model
	Lagrangian and symmetry analysis
	Spontaneous symmetry breaking

	Phenomenology
	Parameter scan and DM relic density
	Direct and indirect detection

	Generalization to the general SO(N) cases
	Conclusions and future prospect

