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Overview
We propose a model of  
electroweakly interacting spin-1 dark matter (DM) 
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Correct DM energy density is explained 
while evading the current experimental bound

Overview

Feature:   Rich annihilation channels for DM



WIMP scenario Dark MatterIntroduction: 

  

The cosmic pie

https://sci.esa.int/web/planck/-/51557-planck-new-cosmic-recipe
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1 Introduction

One of the great achievements in Cosmology is the precise determination of the energy

density of the dark matter (DM) by the Planck collaboration, Ωh2 = 0.120 ± 0.001 [1].

The measured value is explained successfully by DM models that use the freeze-out mech-

anism [2], which have been widely studied for a long time. Those models generally predict

non-zero DM-nucleon scattering cross section and have been searched by the direct detec-

tion experiments, such as the Xenon1T experiment [3]. However, no significant signals have

been observed until now, and the null results set upper bound on the DM-nucleon scatter-

ing cross section. The latest result by the Xenon1T experiment gives a severe constraint

on DM models.

If a DM particle is a gauge singlet fermion, χ, and couples to a scalar mediator, a0, with

pseudo-scalar type interaction, χ̄iγ5χa0, then it is possible to avoid this strong constraint

from the Xenon1T experiment while keeping the success of the freeze-out mechanism [4, 5].

– 1 –

[Planck Collaboration arXiv:1807.06209]
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WIMP scenario
DM is assumed to have interactions  
w/ Standard Model (SM) particles 
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Figure 1. A schematic of the comoving number density of a stable species as it evolves
through the process of thermal freeze-out.

Hubble expansion. When this takes place, the comoving number density of
WIMPs becomes fixed — thermal freeze-out has occurred.

The temperature at which the number density of the species X departs
from equilibrium and freezes out is found by numerically solving the Boltz-
mann equation. Introducing the variable x ≡ mX/T , the temperature at
which freeze-out occurs is approximately given by

xFO ≡
mX

TFO
≈ ln

[
c(c + 2)

√
45

8

gX

2π3

mXMPl(a + 6b/xFO)

g1/2
! x1/2

FO

]
. (6)

Here, c ∼ 0.5 is a numerically determined quantity, g! is the number of
external degrees of freedom available (in the Standard Model, g! ∼ 120 at
T ∼ 1 TeV and g! ∼ 65 at T ∼ 1 GeV), and a and b are terms in the non-
relativistic expansion, < σXX̄ |v| >= a + b < v2 > +O(v4). The resulting
density of WIMPs remaining in the universe today is approximately given
by

ΩXh2 ≈
1.04 × 109 GeV−1

MPl

xFO

g1/2
! (a + 3b/xFO)

. (7)
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To obtain Ωh2=0.12, 

annihilation

h�annivi ' 3⇥ 10�26 cm3/s
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Thermal relic

※Schematically picture

h�annivi
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Thermal relic is controlled by  
DM annihilation rate: h�annivi
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To obtain Ωh2=0.12, we need sufficient  
DM annihilation rate: h�annivi ' 3⇥ 10�26 cm3/s
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WIMP scenario vs Direct DetectionIntroduction: 
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DM direct detection experiment

nucleus

DM

→ Strict upper bounds on  
    DM-nucleus cross section(σSI)

[XENON collaboration(2018)]

Mechanism to suppress  
scattering process only?

WIMP DM model is searched  
via nucleus scattering

Null signal for now
[XENON collaboration(2018)]
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Strict upper bounds on  
DM-nucleus cross section(σscat)

WIMP scenario vs Direct DetectionIntroduction: 

We must break the correlation  
between Annihilation and Scattering
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Figure 1. A schematic of the comoving number density of a stable species as it evolves
through the process of thermal freeze-out.

Hubble expansion. When this takes place, the comoving number density of
WIMPs becomes fixed — thermal freeze-out has occurred.

The temperature at which the number density of the species X departs
from equilibrium and freezes out is found by numerically solving the Boltz-
mann equation. Introducing the variable x ≡ mX/T , the temperature at
which freeze-out occurs is approximately given by

xFO ≡
mX

TFO
≈ ln

[
c(c + 2)

√
45
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mXMPl(a + 6b/xFO)
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. (6)

Here, c ∼ 0.5 is a numerically determined quantity, g! is the number of
external degrees of freedom available (in the Standard Model, g! ∼ 120 at
T ∼ 1 TeV and g! ∼ 65 at T ∼ 1 GeV), and a and b are terms in the non-
relativistic expansion, < σXX̄ |v| >= a + b < v2 > +O(v4). The resulting
density of WIMPs remaining in the universe today is approximately given
by

ΩXh2 ≈
1.04 × 109 GeV−1

MPl

xFO

g1/2
! (a + 3b/xFO)

. (7)
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Thermal relic

h�annivi
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Small σscat to explain  
direct detection null signal

Thermal relic

2

→ We consider mechanism  
     in spin-1 DM model



“Isolated” non-Abelian extension

SU(3)c ⌦ SU(2)L ⌦ SU(2)X ⌦U(1)Y
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4
(�†�)(H†
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L � �1

4
X

a
µ⌫X

aµ⌫ + (Dµ�)
†(Dµ�)� V (�, H)
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[T. Hambye (2009)]
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Existing Models (review)

We need other annihilation channels 
to break the correlation!

How can we realize 

3

DM Annihilation relies on Higgs exchange

• stable spin-1 DM?
• realistic SM spectrum?

SU(3)c ⌦ SU(2)1 ⌦ SU(2)2 ⌦U(1)Y
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Mixing with SU(2)L ?

•How can we obtain the SM spectrum? 
  (Matter sector is non-trivial)

Spin-1 DM can couple to SM particles

•How can we stabilize DM candidate?

→ New annihilation channels in addition to Higgs exchange!

Remaining Problem: 

In direction of Non-Abelian extension

Trial: 

9

Does Non-Abelian extension work?

???

Trial: 
• variation in DM annihilation channels?



Our Model
Symmetry

SU(3)c ⌦ SU(2)0 ⌦ SU(2)1 ⌦ SU(2)2 ⌦U(1)Y
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Table I: The matter and Higgs fields and their gauge charges in the model. The generation indices for the

matter fields are implicit.

field spin SU(3)c SU(2)0 SU(2)1 SU(2)2 U(1)Y

qL
1
2 3 1 2 1 1

6

uR
1
2 3 1 1 1 2

3

dR
1
2 3 1 1 1 - 1

3

`L
1
2 1 1 2 1 - 1

2

eR
1
2 1 1 1 1 -1

H 0 1 1 2 1 1
2

�1 0 1 2 2 1 0

�2 0 1 1 2 2 0

We also impose the following discrete symmetry.

qL ! qL, uR ! uR, dR ! dR, (2.4)

`L ! `L, eR ! eR, (2.5)

H ! H, �1 ! �2, �2 ! �1, (2.6)

W
a
0µ ! W

a
2µ, W

a
1µ ! W

a
1µ, W

a
2µ ! W

a
0µ. (2.7)

This discrete symmetry is equivalent to the exchange of SU(2)0 and SU(2)2. It requires g0 = g2.

The symmetry works as a Z2 symmetry that is utilized in many dark matter models. Linear

combinations (W a
0µ �W

a
2µ)/

p
2 are odd under the symmetry. They are mass eigenstates as we will

see below, and one of them is a DM candidate. On the other hand, the other linear combinations

of the gauge fields are even under the symmetry. Similarly, linear combinations of �1 and �2

divide scalar fields into the odd and even sectors. All the SM particles are even under the discrete

symmetry.

Under this setup, we can write the Yukawa interaction terms as

�yuq̄LH̃uR � ydq̄LHdR � ye
¯̀
LHeR + (h.c.), (2.8)

where H̃ = ✏H
⇤. The gauge symmetry forbids �1 and �2 to couple to the fermions, and only

H is the relevant Higgs field for the Yukawa interaction terms. This Yukawa sector is as simple

as one in the SM, and we do not need to extend the fermion sector. This is a reason why we

add two extra SU(2) gauge symmetries into the SM. If we add only one SU(2), as in many SU(2)

dark matter models, and mix the two SU(2) gauge fields after the electroweak symmetry breaking

to have spin-1 DM interacts with the SM electroweak gauge bosons, then the gauge symmetry

4

Matter Contents
Exchange Symmetry

※ gauge coupling: g0 = g2

W a
0µ W a

1µ W a
2µ
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Scalar sector

Fermion sector
Each field corresponds to  
SM fermion

�1 $ �2,
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W a
0µ $ W a

2µ
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Exchange symmetry after SSB: �1 $ �2, W a
0µ $ W a

2µ
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Z2-Parity from Exchange Symmetry

requires the extension of the fermion sector to obtain a realistic fermion mass spectra from the

Yukawa interaction terms. By considering two extra SU(2) gauge symmetries, we can realize the

simple Yukawa interaction terms without extending the fermion sector. This is a distinctive feature

of this model from other SU(2) dark matter models.

2.1 Bosonic sector

We briefly describe the electroweak sector and the related scalar sector. More details are

discussed in Appendices. The Lagrangian for those two sectors is given by

L ��
1

4
Bµ⌫B

µ⌫
�

2X

j=0

3X

a=1

1

4
W

a
jµ⌫W

aµ⌫
j

+ DµH
†
D

µ
H +

1

2
trDµ�†

1Dµ�1 +
1

2
trDµ�†

2Dµ�2

� Vscalar, (2.9)

where

Vscalar =m
2
H

†
H + m

2
�tr

⇣
�†
1�1

⌘
+ m

2
�tr

⇣
�†
2�2

⌘

+ �(H†
H)2 + ��

⇣
tr
⇣
�†
1�1

⌘⌘2
+ ��

⇣
tr
⇣
�†
2�2

⌘⌘2

+ �h�H
†
Htr

⇣
�†
1�1

⌘
+ �h�H

†
Htr

⇣
�†
2�2

⌘
+ �12tr

⇣
�†
1�1

⌘
tr
⇣
�†
2�2

⌘
. (2.10)

Some coupling constants in the Higgs potential are common because of the discrete symmetry.

We assume that the Higgs fields obtain the following vacuum expectation values at the global

minimum.

hHi =

0

@ 0

vp
2

1

A , h�1i = h�2i =
1
p

2

0

@v� 0

0 v�

1

A . (2.11)

The component fields of these Higgs fields at this vacuum are given by

H =

0

@ i⇡
+
3

v+�3�i⇡0
3p

2

1

A , �j =

0

@
v�+�j+i⇡0

jp
2

i⇡
+
j

i⇡
�
j

v�+�j�i⇡0
jp

2

1

A . (2.12)

From the stationary condition, we find

m
2 = � �v

2
� 2�h�v

2
�, (2.13)

m
2
� = �

�h�

2
v
2
� (�12 + 2��)v2�. (2.14)

5

Scalar field definition

(j = 1, 2)
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•U(1)em charge eigenstates 
•Z2-odd states under exchange symmetry 
•Mass eigenstates

hD =
�1 � �2p

2

V 0 =
W 3

0µ �W 3
2µp

2

V ± =
W±

0µ �W±
2µp

2

<latexit sha1_base64="o8ls0yBMp4l6VYmksSaJ/In3+FU="></latexit>

(  No off-diagonal elements in mass matrix )∵

Exchange symmetry

Z2-Parity for physical states,
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SU(2)0 $ SU(2)2
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“V-particles”

Z2-odd states

DM

�1 $ �2,
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★SM limit:   (All the BSM particles are decoupled from the SM sector)v� ! 1
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Spectrum after SSB

Z W±
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Vector Scalar

Energy

massless

Z2-Parity Mass

O(100) GeV
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“V-particles”

hHi =
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0
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◆
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requires the extension of the fermion sector to obtain a realistic fermion mass spectra from the

Yukawa interaction terms. By considering two extra SU(2) gauge symmetries, we can realize the

simple Yukawa interaction terms without extending the fermion sector. This is a distinctive feature

of this model from other SU(2) dark matter models.

2.1 Bosonic sector

We briefly describe the electroweak sector and the related scalar sector. More details are

discussed in Appendices. The Lagrangian for those two sectors is given by

L ��
1

4
Bµ⌫B

µ⌫
�

2X

j=0

3X

a=1

1

4
W

a
jµ⌫W

aµ⌫
j

+ DµH
†
D

µ
H +

1

2
trDµ�†

1Dµ�1 +
1

2
trDµ�†

2Dµ�2

� Vscalar, (2.9)

where

Vscalar =m
2
H

†
H + m

2
�tr

⇣
�†
1�1

⌘
+ m

2
�tr

⇣
�†
2�2

⌘

+ �(H†
H)2 + ��

⇣
tr
⇣
�†
1�1

⌘⌘2
+ ��

⇣
tr
⇣
�†
2�2

⌘⌘2

+ �h�H
†
Htr

⇣
�†
1�1

⌘
+ �h�H

†
Htr

⇣
�†
2�2

⌘
+ �12tr

⇣
�†
1�1

⌘
tr
⇣
�†
2�2

⌘
. (2.10)

Some coupling constants in the Higgs potential are common because of the discrete symmetry.

We assume that the Higgs fields obtain the following vacuum expectation values at the global

minimum.

hHi =

0

@ 0

vp
2

1

A , h�1i = h�2i =
1
p

2

0

@v� 0

0 v�

1

A . (2.11)

The component fields of these Higgs fields at this vacuum are given by

H =

0

@ i⇡
+
3

v+�3�i⇡0
3p

2

1

A , �j =

0

@
v�+�j+i⇡0

jp
2

i⇡
+
j

i⇡
�
j

v�+�j�i⇡0
jp

2

1

A . (2.12)

From the stationary condition, we find

m
2 = � �v

2
� 2�h�v

2
�, (2.13)

m
2
� = �

�h�

2
v
2
� (�12 + 2��)v2�. (2.14)
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★We need NO BSM fermions to realize the SM spectrum

L � �yuq̄LH̃uR � ydq̄LHdR � ye
¯̀
LHeR + h.c.
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in the visible sector as well as the dark sector. Those new spin-1 particles in the visible sector are

regarded as W
0 and Z

0. They play an important role in the DM annihilation processes.

We organize the rest of this paper as follows. In Sec. 2, we describe our model. Some technical

details are discussed in Appendices. In Sec. 3, we discuss constraints on the model from perturbative

unitarity, the mass ratio of Z
0 and V

0, W
0 and Z

0 searches at the LHC, electroweak precision

measurements, and the Higgs coupling measurements at the LHC. After constraining the model

parameters, we discuss the phenomenology of DM in Sec. 4. We start by discussing the mass

di↵erence between V
± and V

0. As discussed later, V
± is one of the targets for long-lived particle

searches at the LHC. After that, we discuss the thermal relic abundance in this model. We also

address the constraint from the XENON1T experiment. We show that the viable mass range of

V
0 as a thermal relic is 3 TeV . mV 0 .19 TeV. Section 5 is devoted to our conclusions.

2 Model

The gauge symmetry is SU(3)c⇥SU(2)0⇥SU(2)1⇥SU(2)2⇥U(1)Y in our Model. Here, SU(3)c

is for the QCD as in the same as the SM. The matter and Higgs fields are summarized

in Tab. I.1 In this section, we focus on the extended electroweak gauge sector, namely

SU(2)0⇥SU(2)1⇥SU(2)2⇥U(1)Y . We denote the gauge fields of them as W
a
0µ, W

a
1µ, W

a
2µ, and

Bµ, respectively, where a = 1, 2, 3. Their gauge couplings are g0, g1, g2, and g
0, respectively. The

gauge transformation of two Higgs fields, �1 and �2 , are given by

�1 ! U0�1U
†
1 , (2.1)

�2 ! U2�2U
†
1 , (2.2)

where Uj ’s are two-by-two unitary matrices of the SU(2)j gauge transformation. To reduce the

number of degrees of freedom, we impose

�j = �✏�⇤
j✏, where ✏ =

0

@ 0 1

�1 0

1

A . (2.3)

1 A model with a similar gauge group is studied in [30] but with di↵erent matter contents and with di↵erent gauge
charge assignments.

3

H̃ = ✏H
?

<latexit sha1_base64="nYKs7TMdqtMmXZprDq6U4kVt5cg="></latexit>

6



Annihilation through Non-Abelian couplings
V-particles have Non-Abelian vector couplingsFeature:

V 0

V 0

W+

W�
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V ±

W/W 0
Z

W±

<latexit sha1_base64="78ZHSrWmwvKt4JHYQ1xioT5AT1k="></latexit>

Spin-1 DM has various annihilation channels!

V 0

V ±

W±/W 0±
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(+ many other channels)
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V 0

W/W 0

W/W 0
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annihilation
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Z-exchange process

Neutral vector triple coupling is forbidden  
in non-Abelian extension
→ No Z-exchange in scattering process!

SM SM

V 0 V 0

h/h0
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Higgs-exchange process

V 0

V 0

Z
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→ We do not need Higgs exchange process 
    to obtain Ωh2~0.12
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(+ many)

V 0
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h/h0
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+

We can break correlation between Annihilation and Scattering process!

Annihilation vs Scattering

8

SM SM

DM DM

h
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Dangerous scattering channels



Ωh2 contours

Ωh2 contours are degenerated for �h . 0.001

<latexit sha1_base64="iwAWn+L8csqickrZi0EOpyAoAdw="></latexit>

(+ many)

V 0 W

V 0 W

V ±
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Figure 4: The contours show the DM relic abundance as a function of the masses of the DM and Z
0. Here,

�h = 0.001, mhD = 1.2 mV and mh0 = 1.4 mV . The measured value of the DM energy density is shown by

the thick-solid contour. The DM is overabundant in the region above the thick-solid contour. The region

filled by the hatched pattern is excluded by the ATLAS experiment [32]. The prospect at the HL-LHC

is also shown by the dashed curve [34]. In the larger black-shaded region, g0 is beyond the perturbative

unitarity bound, see Tab. II. In the black-shaded region in the left-top corner, �W 0 > mW 0 .

4.3.1 Very small |�h| case

Figure 4 shows the DM relic abundance in an mV -mZ0 plane for the very small |�h|. We take

�h = 0.001 here, and the same result is obtained for much smaller �h. This is because the hidden

vector bosons, V
0 and V

±, e�ciently annihilate into visible vector bosons and do not need to rely

on h and h
0 exchanging processes. The other new particle masses are fixed as mhD = 1.2 mV

and mh0 = 1.4 mV . The result is insensitive to the choice of mhD and mh0 , mhD = 1.2 mV and

mh0 = 1.4 mV . We find three viable regions of parameter space for the explanation of the measured

value of the DM energy density [1] as a thermal relic: the narrow W
0 width region (mZ0 . 2 mV ),

the V
0-resonant region (mZ0 ' 2 mV ), and the wide W

0 width region (mZ0 & 2 mV ).

19

⌦h2 = 0.12
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W’ search @LHC

Spectrum after SSB
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Annihilation channels



Summary
•Non-Abelian extension of EW symmetry 
•Imposing exchange symmetry of SU(2) 

•Non-Abelian EW couplings

V 0 W

V 0 W

V ±
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V 0
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Test of TeV scale WIMP scenario 

Non-Abelian extension
Symmetry

SU(3)c ⌦ SU(2)0 ⌦ SU(2)1 ⌦ SU(2)2 ⌦U(1)Y
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Table I: The matter and Higgs fields and their gauge charges in the model. The generation indices for the

matter fields are implicit.

field spin SU(3)c SU(2)0 SU(2)1 SU(2)2 U(1)Y

qL
1
2 3 1 2 1 1

6

uR
1
2 3 1 1 1 2

3

dR
1
2 3 1 1 1 - 1

3

`L
1
2 1 1 2 1 - 1

2

eR
1
2 1 1 1 1 -1

H 0 1 1 2 1 1
2

�1 0 1 2 2 1 0

�2 0 1 1 2 2 0

We also impose the following discrete symmetry.

qL ! qL, uR ! uR, dR ! dR, (2.4)

`L ! `L, eR ! eR, (2.5)

H ! H, �1 ! �2, �2 ! �1, (2.6)

W
a
0µ ! W

a
2µ, W

a
1µ ! W

a
1µ, W

a
2µ ! W

a
0µ. (2.7)

This discrete symmetry is equivalent to the exchange of SU(2)0 and SU(2)2. It requires g0 = g2.

The symmetry works as a Z2 symmetry that is utilized in many dark matter models. Linear

combinations (W a
0µ �W

a
2µ)/

p
2 are odd under the symmetry. They are mass eigenstates as we will

see below, and one of them is a DM candidate. On the other hand, the other linear combinations

of the gauge fields are even under the symmetry. Similarly, linear combinations of �1 and �2

divide scalar fields into the odd and even sectors. All the SM particles are even under the discrete

symmetry.

Under this setup, we can write the Yukawa interaction terms as

�yuq̄LH̃uR � ydq̄LHdR � ye
¯̀
LHeR + (h.c.), (2.8)

where H̃ = ✏H
⇤. The gauge symmetry forbids �1 and �2 to couple to the fermions, and only

H is the relevant Higgs field for the Yukawa interaction terms. This Yukawa sector is as simple

as one in the SM, and we do not need to extend the fermion sector. This is a reason why we

add two extra SU(2) gauge symmetries into the SM. If we add only one SU(2), as in many SU(2)

dark matter models, and mix the two SU(2) gauge fields after the electroweak symmetry breaking

to have spin-1 DM interacts with the SM electroweak gauge bosons, then the gauge symmetry

4

Matter Contents

Fermions + H
Only have SU(2)1 charge

Exchange Symmetry

Φ1 + Φ2　
Bi-fundamental field

W a
0µ W a

1µ W a
2µ
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→ We can keep WIMP scenario while  
    evading direct detection bounds!

V 0, V ±
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•Z2-odd vectors:

(+ many other channels)

→ W’ search @LHC is viable! 10
Figure 4: The contours show the DM relic abundance as a function of the masses of the DM and Z

0. Here,

�h = 0.001, mhD = 1.2 mV and mh0 = 1.4 mV . The measured value of the DM energy density is shown by

the thick-solid contour. The DM is overabundant in the region above the thick-solid contour. The region

filled by the hatched pattern is excluded by the ATLAS experiment [32]. The prospect at the HL-LHC

is also shown by the dashed curve [34]. In the larger black-shaded region, g0 is beyond the perturbative

unitarity bound, see Tab. II. In the black-shaded region in the left-top corner, �W 0 > mW 0 .

4.3.1 Very small |�h| case

Figure 4 shows the DM relic abundance in an mV -mZ0 plane for the very small |�h|. We take

�h = 0.001 here, and the same result is obtained for much smaller �h. This is because the hidden

vector bosons, V
0 and V

±, e�ciently annihilate into visible vector bosons and do not need to rely

on h and h
0 exchanging processes. The other new particle masses are fixed as mhD = 1.2 mV

and mh0 = 1.4 mV . The result is insensitive to the choice of mhD and mh0 , mhD = 1.2 mV and

mh0 = 1.4 mV . We find three viable regions of parameter space for the explanation of the measured

value of the DM energy density [1] as a thermal relic: the narrow W
0 width region (mZ0 . 2 mV ),

the V
0-resonant region (mZ0 ' 2 mV ), and the wide W

0 width region (mZ0 & 2 mV ).
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⌦h2 = 0.12
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Back Up



Future Work
Result in this work

mV � O(100) GeV
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Ωh2 = 0.12 is obtained for 

V 0 W

V 0 W

V ±
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DM pair form the bound states in annihilation processes  
(Sommerfeld enhancement)

V 0

V 0

W

V ±

W

V ±

· · ·

W+

W�
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※Schematically picture

[J. Hisano, S. Matsumoto, M. M. Nojiri, O. Saito (2005)]

Ωh2-contours may be affected by this bound states formation (future work)



Our Model
[T. Abe, MF, J. Hisano, K. Matsushita [arXiv:2005.00884]]

For more details



Introduction: (De)construction technique

cf. Orbifold compactification 
S1/Z2
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(Fixed point)
※Schematically picture

y = 0
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5d gauge theory

G
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: gauge group

[N. Arkani-Hamed, A. G. Cohen, H. Georgi (2001)]

y-Parity

Discretized 5d coordinate

The spectrum of 5d theory is reproduced  
in 4d theory with many direct products of gauge group



Introduction: (De)construction technique

cf. Orbifold compactification 
S1/Z2
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(Fixed point)y = 0
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4d theory at each  
discretized point

[N. Arkani-Hamed, A. G. Cohen, H. Georgi (2001)]

Exchange of gauge group

G
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The spectrum of 5d theory is reproduced  
in 4d theory with many direct products of gauge group

※Schematically picture

5d gauge theory

G
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: gauge group

Discretized 5d coordinate



Exchange of gauge group

G
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Introduction: (De)construction technique
[N. Arkani-Hamed, A. G. Cohen, H. Georgi (2001)]

→ Z2-odd spin-1 particles can be obtained  
    while realizing SM spectrum!

Our Work
•Non-Abelian extension of electroweak symmetry
•Imposing Exchange Symmetry of gauge group



L � �1

4
(B0)µ⌫(B

0)µ⌫ � 1

4
(B1)µ⌫(B

1)µ⌫ � 1

4
(B2)µ⌫(B

2)µ⌫

+
1

2
✏01

⇥
(B0)µ⌫ + (B2)µ⌫

⇤
(B1)µ⌫ +

1

2
✏02(B

0)µ⌫(B
2)µ⌫

+ (Dµ�1)
†(Dµ�1) + (Dµ�2)

†(Dµ�2) + (DµH)†(Dµ
H)

� (Scalar Potential)
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Abelian Extension with Exchange Symmetry(1/2)
We can also construct the Abelian extension  
spin-1 DM model with exchange symmetry

EW Symmetry

Matter Contents

Exchange Symmetry

SU(3)c ⌦ SU(2)L ⌦U(1)0 ⌦U(1)1 ⌦U(1)2
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Table 2: The matter and Higgs fields and their gauge charges in the model. The generation
indices for the matter fields are implicit.

field spin SU(3)C SU(2)L U(1)0 U(1)1 U(1)2

qL
1
2 3 2 0 1

6 0

uR
1
2 3 1 0 2

3 0

dR
1
2 3 1 0 -13 0

!L
1
2 1 2 0 -12 0

eR
1
2 1 1 0 -1 0

H 0 1 2 0 1
2 0

Φ1 0 1 1 y01 y11 0

Φ2 0 1 1 0 y11 y01

Φj breaks the symmetry as

SU(2)L × U(1)0 × U(1)1 × U(1)2 → SU(2)L × U(1)Y.

Then, the vacuum expectation value of H breaks the symmetry as

SU(2)L × U(1)Y → U(1)em.

Φi is the complex field that has two U(1) charge.

1.2 Gauge transformation and Covariant Derivative

The gauge transformation of the scalar fields and gauge fields are as follows:

H #→ exp [igθa(x)τa] exp [ig1θ1(x)]H, (1.1)

Φ1 #→ exp [ig0θ0(x)] exp [ig1θ1(x)]Φ1, (1.2)

Φ2 #→ exp [ig0θ0(x)] exp [ig1θ1(x)]Φ2, (1.3)

B0
µ #→ B0

µ −
1

ig0
∂µθ0(x), (1.4)

B1
µ #→ B1

µ −
1

ig1
∂µθ1(x), (1.5)

B2
µ #→ B2

µ −
1

ig0
∂µθ2(x). (1.6)

Exchange symmetry require that the gauge coupling for U(1)0 and U(1)2 take
the same value, g0.

3

B0
µ B1

µ B2
µ
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W a
µ
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Stable neutral vector CANNOT have  
Non-Abelian EW couplings

DM

DM

W+

W�
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Model

Symmetry

Matter Contents

Exchange Symmetry

SU(3)c ⌦ SU(2)L ⌦U(1)0 ⌦U(1)1 ⌦U(1)2
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Table 2: The matter and Higgs fields and their gauge charges in the model. The generation
indices for the matter fields are implicit.

field spin SU(3)C SU(2)L U(1)0 U(1)1 U(1)2

qL
1
2 3 2 0 1

6 0

uR
1
2 3 1 0 2

3 0

dR
1
2 3 1 0 -13 0

!L
1
2 1 2 0 -12 0

eR
1
2 1 1 0 -1 0

H 0 1 2 0 1
2 0

Φ1 0 1 1 y01 y11 0

Φ2 0 1 1 0 y11 y01

Φj breaks the symmetry as

SU(2)L × U(1)0 × U(1)1 × U(1)2 → SU(2)L × U(1)Y.

Then, the vacuum expectation value of H breaks the symmetry as

SU(2)L × U(1)Y → U(1)em.

Φi is the complex field that has two U(1) charge.

1.2 Gauge transformation and Covariant Derivative

The gauge transformation of the scalar fields and gauge fields are as follows:

H #→ exp [igθa(x)τa] exp [ig1θ1(x)]H, (1.1)

Φ1 #→ exp [ig0θ0(x)] exp [ig1θ1(x)]Φ1, (1.2)

Φ2 #→ exp [ig0θ0(x)] exp [ig1θ1(x)]Φ2, (1.3)

B0
µ #→ B0

µ −
1

ig0
∂µθ0(x), (1.4)

B1
µ #→ B1

µ −
1

ig1
∂µθ1(x), (1.5)

B2
µ #→ B2

µ −
1

ig0
∂µθ2(x). (1.6)

Exchange symmetry require that the gauge coupling for U(1)0 and U(1)2 take
the same value, g0.
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(Z2-odd neutral vector)

X0 =
B0

µ �B2
µp

2
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※ We have kinetic mixing terms(2nd line)  
    in this Abelian extension model

Spectrum

�
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DM
mass



Abelian Extension with Exchange Symmetry(2/2)

•X0 do not mix with the other neutral vectors(Z2-even) even through  
 the kinetic mixing terms

NOTE:  Exchange symmetry forbids X0 to have EW interactions 

W 3
µ = #Aµ +#Zµ +#Z 0

µ
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•X0 do not appear in the SU(2)L neutral vector state

Lkinetic =
✏02
4
Xµ⌫X

µ⌫ + (mixing btw Z2-even vectors)
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No X0 states

Xµ⌫ = @µX
0
⌫ � @⌫X

0
µ
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X
0

X
0

⇥
�j H

SM
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→ Strict bound from direct detection(j = 1, 2)
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DM relies on the Higgs mixing  
in the annihilation process

That is why we choose  
the non-Abelian extension approach!



FAQ: Why we need three SU(2) groups?

L � �yuq̄LH̃uR � ydq̄LHdR � ye
¯̀
LHeR + h.c.
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in the visible sector as well as the dark sector. Those new spin-1 particles in the visible sector are

regarded as W
0 and Z

0. They play an important role in the DM annihilation processes.

We organize the rest of this paper as follows. In Sec. 2, we describe our model. Some technical

details are discussed in Appendices. In Sec. 3, we discuss constraints on the model from perturbative

unitarity, the mass ratio of Z
0 and V

0, W
0 and Z

0 searches at the LHC, electroweak precision

measurements, and the Higgs coupling measurements at the LHC. After constraining the model

parameters, we discuss the phenomenology of DM in Sec. 4. We start by discussing the mass

di↵erence between V
± and V

0. As discussed later, V
± is one of the targets for long-lived particle

searches at the LHC. After that, we discuss the thermal relic abundance in this model. We also

address the constraint from the XENON1T experiment. We show that the viable mass range of

V
0 as a thermal relic is 3 TeV . mV 0 .19 TeV. Section 5 is devoted to our conclusions.

2 Model

The gauge symmetry is SU(3)c⇥SU(2)0⇥SU(2)1⇥SU(2)2⇥U(1)Y in our Model. Here, SU(3)c

is for the QCD as in the same as the SM. The matter and Higgs fields are summarized

in Tab. I.1 In this section, we focus on the extended electroweak gauge sector, namely

SU(2)0⇥SU(2)1⇥SU(2)2⇥U(1)Y . We denote the gauge fields of them as W
a
0µ, W

a
1µ, W

a
2µ, and

Bµ, respectively, where a = 1, 2, 3. Their gauge couplings are g0, g1, g2, and g
0, respectively. The

gauge transformation of two Higgs fields, �1 and �2 , are given by

�1 ! U0�1U
†
1 , (2.1)

�2 ! U2�2U
†
1 , (2.2)

where Uj ’s are two-by-two unitary matrices of the SU(2)j gauge transformation. To reduce the

number of degrees of freedom, we impose

�j = �✏�⇤
j✏, where ✏ =

0

@ 0 1

�1 0

1

A . (2.3)

1 A model with a similar gauge group is studied in [30] but with di↵erent matter contents and with di↵erent gauge
charge assignments.
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Yukawa sector in our model
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✓

0
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◆
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In two SU(2) case, we need fermion partners  
to realize exchange symmetry

SU(3)c ⌦ SU(2)1 ⌦ SU(2)2 ⌦U(1)Y

<latexit sha1_base64="779fV07m3bSPB++kkSIeXywi1KI="></latexit>

Exchange Symmetry

q0L

<latexit sha1_base64="oXFm/fnTy1tPcV6/gTYZzz5eubE="></latexit>

qL

<latexit sha1_base64="32k/juDQWvntmDyulVcEKb2+UCs="></latexit>

Answer:  To obtain realistic SM fermion spectrum easily.

→ It is hard to obtain  
    realistic SM fermion spectrum

Matter Contents
Table I: The matter and Higgs fields and their gauge charges in the model. The generation indices for the

matter fields are implicit.

field spin SU(3)c SU(2)0 SU(2)1 SU(2)2 U(1)Y

qL
1
2 3 1 2 1 1

6

uR
1
2 3 1 1 1 2

3

dR
1
2 3 1 1 1 - 1

3

`L
1
2 1 1 2 1 - 1

2

eR
1
2 1 1 1 1 -1

H 0 1 1 2 1 1
2

�1 0 1 2 2 1 0

�2 0 1 1 2 2 0

We also impose the following discrete symmetry.

qL ! qL, uR ! uR, dR ! dR, (2.4)

`L ! `L, eR ! eR, (2.5)

H ! H, �1 ! �2, �2 ! �1, (2.6)

W
a
0µ ! W

a
2µ, W

a
1µ ! W

a
1µ, W

a
2µ ! W

a
0µ. (2.7)

This discrete symmetry is equivalent to the exchange of SU(2)0 and SU(2)2. It requires g0 = g2.

The symmetry works as a Z2 symmetry that is utilized in many dark matter models. Linear

combinations (W a
0µ �W

a
2µ)/

p
2 are odd under the symmetry. They are mass eigenstates as we will

see below, and one of them is a DM candidate. On the other hand, the other linear combinations

of the gauge fields are even under the symmetry. Similarly, linear combinations of �1 and �2

divide scalar fields into the odd and even sectors. All the SM particles are even under the discrete

symmetry.

Under this setup, we can write the Yukawa interaction terms as

�yuq̄LH̃uR � ydq̄LHdR � ye
¯̀
LHeR + (h.c.), (2.8)

where H̃ = ✏H
⇤. The gauge symmetry forbids �1 and �2 to couple to the fermions, and only

H is the relevant Higgs field for the Yukawa interaction terms. This Yukawa sector is as simple

as one in the SM, and we do not need to extend the fermion sector. This is a reason why we

add two extra SU(2) gauge symmetries into the SM. If we add only one SU(2), as in many SU(2)

dark matter models, and mix the two SU(2) gauge fields after the electroweak symmetry breaking

to have spin-1 DM interacts with the SM electroweak gauge bosons, then the gauge symmetry

4

Fermion Sector
We need NO BSM particles in fermion sector

L � �yuq̄LH̃uR � ydq̄LHdR � ye
¯̀
LHeR + h.c.
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is for the QCD as in the same as the SM. The matter and Higgs fields are summarized

in Tab. I.1 In this section, we focus on the extended electroweak gauge sector, namely

SU(2)0⇥SU(2)1⇥SU(2)2⇥U(1)Y . We denote the gauge fields of them as W
a
0µ, W

a
1µ, W

a
2µ, and

Bµ, respectively, where a = 1, 2, 3. Their gauge couplings are g0, g1, g2, and g
0, respectively. The

gauge transformation of two Higgs fields, �1 and �2 , are given by

�1 ! U0�1U
†
1 , (2.1)

�2 ! U2�2U
†
1 , (2.2)

where Uj ’s are two-by-two unitary matrices of the SU(2)j gauge transformation. To reduce the

number of degrees of freedom, we impose

�j = �✏�⇤
j✏, where ✏ =

0
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�1 0

1

A . (2.3)

1 A model with a similar gauge group is studied in [30] but with di↵erent matter contents and with di↵erent gauge
charge assignments.
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Yukawa interaction
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requires the extension of the fermion sector to obtain a realistic fermion mass spectra from the

Yukawa interaction terms. By considering two extra SU(2) gauge symmetries, we can realize the

simple Yukawa interaction terms without extending the fermion sector. This is a distinctive feature

of this model from other SU(2) dark matter models.

2.1 Bosonic sector

We briefly describe the electroweak sector and the related scalar sector. More details are

discussed in Appendices. The Lagrangian for those two sectors is given by

L ��
1

4
Bµ⌫B

µ⌫
�

2X

j=0

3X

a=1

1

4
W

a
jµ⌫W

aµ⌫
j

+ DµH
†
D

µ
H +

1

2
trDµ�†

1Dµ�1 +
1

2
trDµ�†

2Dµ�2

� Vscalar, (2.9)

where

Vscalar =m
2
H

†
H + m

2
�tr

⇣
�†
1�1

⌘
+ m

2
�tr

⇣
�†
2�2

⌘

+ �(H†
H)2 + ��

⇣
tr
⇣
�†
1�1

⌘⌘2
+ ��

⇣
tr
⇣
�†
2�2

⌘⌘2

+ �h�H
†
Htr

⇣
�†
1�1

⌘
+ �h�H

†
Htr

⇣
�†
2�2

⌘
+ �12tr

⇣
�†
1�1

⌘
tr
⇣
�†
2�2

⌘
. (2.10)

Some coupling constants in the Higgs potential are common because of the discrete symmetry.

We assume that the Higgs fields obtain the following vacuum expectation values at the global

minimum.

hHi =

0

@ 0

vp
2

1

A , h�1i = h�2i =
1
p

2

0

@v� 0

0 v�

1

A . (2.11)

The component fields of these Higgs fields at this vacuum are given by

H =

0

@ i⇡
+
3

v+�3�i⇡0
3p

2

1

A , �j =

0

@
v�+�j+i⇡0

jp
2

i⇡
+
j

i⇡
�
j

v�+�j�i⇡0
jp

2

1

A . (2.12)

From the stationary condition, we find

m
2 = � �v

2
� 2�h�v

2
�, (2.13)

m
2
� = �

�h�

2
v
2
� (�12 + 2��)v2�. (2.14)

5

(v ⌧ v�)
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Fermion + H

L � �yuq̄LH̃uR � ydq̄LHdR � ye
¯̀
LHeR + h.c.
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in the visible sector as well as the dark sector. Those new spin-1 particles in the visible sector are

regarded as W
0 and Z

0. They play an important role in the DM annihilation processes.

We organize the rest of this paper as follows. In Sec. 2, we describe our model. Some technical

details are discussed in Appendices. In Sec. 3, we discuss constraints on the model from perturbative

unitarity, the mass ratio of Z
0 and V

0, W
0 and Z

0 searches at the LHC, electroweak precision

measurements, and the Higgs coupling measurements at the LHC. After constraining the model

parameters, we discuss the phenomenology of DM in Sec. 4. We start by discussing the mass

di↵erence between V
± and V

0. As discussed later, V
± is one of the targets for long-lived particle

searches at the LHC. After that, we discuss the thermal relic abundance in this model. We also

address the constraint from the XENON1T experiment. We show that the viable mass range of

V
0 as a thermal relic is 3 TeV . mV 0 .19 TeV. Section 5 is devoted to our conclusions.

2 Model

The gauge symmetry is SU(3)c⇥SU(2)0⇥SU(2)1⇥SU(2)2⇥U(1)Y in our Model. Here, SU(3)c

is for the QCD as in the same as the SM. The matter and Higgs fields are summarized

in Tab. I.1 In this section, we focus on the extended electroweak gauge sector, namely

SU(2)0⇥SU(2)1⇥SU(2)2⇥U(1)Y . We denote the gauge fields of them as W
a
0µ, W

a
1µ, W

a
2µ, and

Bµ, respectively, where a = 1, 2, 3. Their gauge couplings are g0, g1, g2, and g
0, respectively. The

gauge transformation of two Higgs fields, �1 and �2 , are given by

�1 ! U0�1U
†
1 , (2.1)

�2 ! U2�2U
†
1 , (2.2)

where Uj ’s are two-by-two unitary matrices of the SU(2)j gauge transformation. To reduce the

number of degrees of freedom, we impose

�j = �✏�⇤
j✏, where ✏ =

0

@ 0 1

�1 0

1

A . (2.3)

1 A model with a similar gauge group is studied in [30] but with di↵erent matter contents and with di↵erent gauge
charge assignments.
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Gauge transformation We define

U0 = exp [ig0θ0(x)] , (1.11)

U1 = exp [ig1θ1(x)] , (1.12)

U2 = exp [ig0θ2(x)] , (1.13)

where,

θi(x) ≡ θai (x)T
a W i

µ ≡ (W i
µ)

aT a (1.14)

Note that the gauge coupling of SU(2)0 and SU(2)2 take the same value, g0.
The covariant derivative is as follows:

DµH =

(
∂µ − ig1W

1
µ − i

1

2
g′Bµ

)
H, (1.15)

DµΦ1 = ∂µΦ1 − ig0W
0
µΦ1 + ig1Φ1W

1
µ , (1.16)

DµΦ2 = ∂µΦ2 − ig1W
1
µΦ2 + ig0Φ2W

2
µ , (1.17)

1.3 Parity Symmetry

This model is inspired from UED and has the parity symmetry between the exchange of
SU(2)0 and SU(2)2. The transformation low of each particles are as follows:

f #→ +f, (1.18)

H #→ +H, (1.19)

Φ1 #→ Φ†
2, (1.20)

Φ2 #→ Φ†
1, (1.21)

W 0
µ #→ W 2

µ (1.22)

W 1
µ #→ W 1

µ (1.23)

W 2
µ #→ W 0

µ (1.24)

The covariant derivative of Φj(j = 1, 2) is transforms as follows:

DµΦ1 #→ ∂µΦ
†
2 − ig0W

2
µΦ

†
2 + ig1Φ

†
2W

1
µ

= (∂µΦ2 − ig1W
1
µΦ2 + ig0Φ2W

2
µ)

†

= (DµΦ2)
†

DµΦ2 #→ ∂µΦ
†
1 − ig1W

1
µΦ

†
1 + ig0Φ

†
1W

0
µ

= (∂µΦ1 − ig0W
0
µΦ1 + ig1Φ1W

1
µ)

†

= (DµΦ1)
† (1.25)

Thus, we find this parity transformation remain the Lagrangian invariant under the gauge
symmetry of this model.

6

SU(2)L gauge symmetry

→ Exchange symmetry still alive!•exchange 

remain unchanged under
•gauge trans. with U0 = U1 = U2 

�1 $ �2
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requires the extension of the fermion sector to obtain a realistic fermion mass spectra from the

Yukawa interaction terms. By considering two extra SU(2) gauge symmetries, we can realize the

simple Yukawa interaction terms without extending the fermion sector. This is a distinctive feature

of this model from other SU(2) dark matter models.

2.1 Bosonic sector

We briefly describe the electroweak sector and the related scalar sector. More details are

discussed in Appendices. The Lagrangian for those two sectors is given by

L ��
1

4
Bµ⌫B

µ⌫
�

2X

j=0

3X

a=1

1

4
W

a
jµ⌫W

aµ⌫
j

+ DµH
†
D

µ
H +

1

2
trDµ�†

1Dµ�1 +
1

2
trDµ�†

2Dµ�2

� Vscalar, (2.9)

where

Vscalar =m
2
H

†
H + m

2
�tr

⇣
�†
1�1

⌘
+ m

2
�tr

⇣
�†
2�2

⌘

+ �(H†
H)2 + ��

⇣
tr
⇣
�†
1�1

⌘⌘2
+ ��

⇣
tr
⇣
�†
2�2

⌘⌘2

+ �h�H
†
Htr

⇣
�†
1�1

⌘
+ �h�H

†
Htr

⇣
�†
2�2

⌘
+ �12tr

⇣
�†
1�1

⌘
tr
⇣
�†
2�2

⌘
. (2.10)

Some coupling constants in the Higgs potential are common because of the discrete symmetry.

We assume that the Higgs fields obtain the following vacuum expectation values at the global

minimum.

hHi =

0

@ 0

vp
2

1

A , h�1i = h�2i =
1
p

2

0

@v� 0

0 v�

1

A . (2.11)

The component fields of these Higgs fields at this vacuum are given by

H =

0

@ i⇡
+
3

v+�3�i⇡0
3p

2

1

A , �j =

0

@
v�+�j+i⇡0

jp
2

i⇡
+
j

i⇡
�
j

v�+�j�i⇡0
jp

2

1

A . (2.12)

From the stationary condition, we find

m
2 = � �v

2
� 2�h�v

2
�, (2.13)

m
2
� = �

�h�

2
v
2
� (�12 + 2��)v2�. (2.14)
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Scalar field definition

(j = 1, 2)
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1 A model with a similar gauge group is studied in [30] but with di↵erent matter contents and with di↵erent gauge
charge assignments.
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※We reduce degrees of freedom in         
   by assuming the real conditions

�j
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Higgs mechanism and Symmetry breaking



Mass Difference and Coannihilation

m2
V 0 = m2

V ± =
g20v

2
�

4
(⌘ m2

V )
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@tree-level

@loop-level

Loop induced mass difference

⌧ mV
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�mV ⌘ mV ± �mV 0 ' 168 MeV
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The same property with the Wino system in MSSM

Coannihilation [Kim Griest, David Seckel (1990)]

Thanks to the small , all the V-particles exist in the thermal bath 
near the Freeze out temperature

�mV
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: mass
: temperature
: degrees of freedom

→ All the V-particles contribute to the DM annihilation



Long-lived particle(LLP) search @LHC
has the similar features as the Wino system in MSSM:  {V 0, V ±}

<latexit sha1_base64="0QwThETnOTQs0T+Ox9UqHNSKUv0="></latexit>

•Decay rate of V ±
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•Mass difference    

•Production rate from pp collision

�mV ⌘ mV0 �mV± ' 168 MeV
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Figure 2: The production cross section of V
± and W̃

± from proton collisions at
p

s = 13 TeV. The left panel

shows the cross section of pp ! V
+
V

0, the right shows pp ! V
�

V
0, and the bottom shows pp ! V

+
V

�.

In each figure, the black line shows the Wino production cross section and the dashed (dotted) line shows

the V
± for mZ0,W 0 = 1.5mV (mZ0,W 0 = 1.3mV ).

4.2 Direct detection

At the leading order, DM-nucleon scattering is mediated by two scalars, h and h
0, which are even

under the discrete symmetry. The spin-independent vector DM-nucleon scattering cross section is

given by

�
N
SI =

1

⇡

✓
mN

mN + mV

◆2

|fNV |
2
, (4.3)

where mN is the nucleon mass (N = p, n) and fNV is the e↵ective coupling of DM-nucleon inter-

actions.

Figure 3 shows the leading diagrams at the parton-level. The following Parton-level e↵ective

interactions are relevant to the DM-nucleon cross section,

L
e↵ =

X

q=u,d,s

cqV
0µ

V
0
µ mq q̄q +

X

Q=c,b,t

cQV
0µ

V
0
µ mQQ̄Q, (4.4)
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Same

Same

Wino 
V ± (mZ0,W 0 = 1.5mV )
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→ less production rate than Wino case 
    due to the interference btw W(Z) and W’(Z’) 

V +
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LLP search is not relevant  
for TeV scale V-particles

4 DM phenomenology

4.1 Mass di↵erence and its implication for collider physics

At the tree level, V
0 and V

± have the same mass. However, the mass di↵erence is generated at

the loop level, and thus V
± is slightly heavier than V

0. The mass di↵erence is given by

�mV ⌘ mV ± � mV 0 =
q

m
2
V + ⇧V +V �(m2

V ±) �
q

m
2
V + ⇧V 0V 0(m2

V 0)

'
⇧V +V �(m2

V ) � ⇧V 0V 0(m2
V )

2mV
, (4.1)

where ⇧V +V � and ⇧V 0V 0 are the self-energies of V
± and V

0, respectively. We calculate �mV at

the one-loop level by using FormCalc [38]. In v� � v limit, we find

�mV '
m

3
WGF
p

2⇡

✓
1 �

mW

mZ

◆
' 168 MeV. (4.2)

This result is consistent with the result in [37]. We have also checked it numerically by using

LoopTools [38], without taking v� � v limit.

This small mass di↵erence is the same as the mass di↵erence between the charged and neutral

components of Wino (W̃ ) in the MSSM. Wino is SU(2)L triplet fermions. The charged Wino

decays into the neutral Wino, but its lifetime is long due to the small mass di↵erence. Thus, Wino

is being searched in the long-lived particle searches at the LHC. Our DM candidate, V
0, and its

partner, V
±, has the same properties as the Wino. The decay rate of V

± and the mass di↵erence

of V
± and V

0 are exactly equal to those of Wino. Therefore, the long-lived particle search is also a

useful tool to find V
± in our model. The only di↵erence of V from W̃ is the production rate of the

charged particles. Figure 2 shows the production cross sections of V
± and W̃

± at the LHC with
p

s = 13 TeV. We find that the production cross section of V
±,0 depends on mW 0 and mZ0 as well

as mV . It is also found that the production cross section of V
±,0 is smaller than the production

cross section of Wino because of the interference between the diagrams exchanging W and W
0 (Z

and Z
0) in the s-channel. Therefore, the constraint on mV from the long-lived particle search is

weaker than that on the Wino, mW̃ & 460 GeV [39]. Once we require V
0 to explain the measured

value of the DM energy density, then mV & 3 TeV is required as we will see in the following.

Therefore, our model is consistent with the results of the long-lived search if the whole of DM in

our universe is explained by V
0.
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[M. Aaboud, et al [ATLAS Collabolation] (2018)]

Wino case:



requires the extension of the fermion sector to obtain a realistic fermion mass spectra from the

Yukawa interaction terms. By considering two extra SU(2) gauge symmetries, we can realize the

simple Yukawa interaction terms without extending the fermion sector. This is a distinctive feature

of this model from other SU(2) dark matter models.

2.1 Bosonic sector

We briefly describe the electroweak sector and the related scalar sector. More details are

discussed in Appendices. The Lagrangian for those two sectors is given by

L ��
1

4
Bµ⌫B

µ⌫
�

2X

j=0

3X

a=1

1

4
W

a
jµ⌫W

aµ⌫
j

+ DµH
†
D

µ
H +

1

2
trDµ�†

1Dµ�1 +
1

2
trDµ�†

2Dµ�2

� Vscalar, (2.9)

where

Vscalar =m
2
H

†
H + m

2
�tr

⇣
�†
1�1

⌘
+ m

2
�tr

⇣
�†
2�2

⌘

+ �(H†
H)2 + ��

⇣
tr
⇣
�†
1�1

⌘⌘2
+ ��

⇣
tr
⇣
�†
2�2

⌘⌘2

+ �h�H
†
Htr

⇣
�†
1�1

⌘
+ �h�H

†
Htr

⇣
�†
2�2

⌘
+ �12tr

⇣
�†
1�1

⌘
tr
⇣
�†
2�2

⌘
. (2.10)

Some coupling constants in the Higgs potential are common because of the discrete symmetry.

We assume that the Higgs fields obtain the following vacuum expectation values at the global

minimum.

hHi =

0

@ 0

vp
2

1

A , h�1i = h�2i =
1
p

2

0

@v� 0

0 v�

1

A . (2.11)

The component fields of these Higgs fields at this vacuum are given by

H =

0

@ i⇡
+
3

v+�3�i⇡0
3p

2

1

A , �j =

0

@
v�+�j+i⇡0

jp
2

i⇡
+
j

i⇡
�
j

v�+�j�i⇡0
jp

2

1

A . (2.12)

From the stationary condition, we find

m
2 = � �v

2
� 2�h�v

2
�, (2.13)

m
2
� = �

�h�

2
v
2
� (�12 + 2��)v2�. (2.14)
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Bounded from Below(BFB) conditions

※ We find all the BFB conditions are automatically satisfied  
    by using the the expressions of scalar quartic couplings

(a) φ = 0, or φ = π
2

In this case, we obtain

λhΦ

2
+
√
λλΦ > 0. (1.17)

(b) 0 < φ < π
2

If λhΦ ≥ 0, Eq. (1.16) is automatically satisfied. Thus we focus on the case where
λhΦ < 0. We obtain

(1.16) ⇔

√

λ

(
λΦ +

λ12

2
sin 2φ

)
>

|λhΦ|
2

(cosφ+ sinφ) , (1.18)

⇔ λ

(
λΦ +

λ12

2
sin 2φ

)
>

λ2
hΦ

4
(1 + sin 2φ) , (1.19)

⇔ λλΦ − λ2
hΦ

4
−
(
λ2
hΦ

4
− λλ12

2

)
sin 2φ > 0. (1.20)

If
λ2
hΦ
4 − λλ12

2 < 0, we obtain

λλΦ − λ2
hΦ

4
> 0. (1.21)

Using Eq. (1.17) and λhΦ < 0, we can show that Eq. (1.21) is automatically

satisfied. If
λ2
hΦ
4 − λλ12

2 ≥ 0, on the other hand, we obtain the following inequality.

λ

(
λΦ +

λ12

2

)
− λ2

hΦ

2
> 0. (1.22)

As we discussed above, Eq. (1.22) should be required only for λhΦ < 0, not for
λhΦ ≥ 0. If we consider large positive λhΦ ($ λ,λΦ,λ12), for example, Eq. (1.22)
may give the wrong bound on λhΦ.

In the end, we obtain the following bounded from below conditions.! "
λ > 0, (1.23)

λΦ > 0, (1.24)

λΦ +
λ12

2
> 0, (1.25)

λhΦ

2
+
√

λλΦ > 0, (1.26)





λhΦ ≥ 0,
or

λhΦ < 0 and λ
(
λΦ + λ12

2

)
− λ2

hΦ
2 > 0.

(1.27)

# $
3

BFB conditions in our model2.3 Physical scalars

There are 12 scalars in the model, and 9 of them are would-be NG bosons. The three remaining

neutral scalars are physical, and their mass terms are given by

L �
1

2

⇣
�3 �1 �2

⌘

0

BBB@

2�v
2 2vv��h� 2vv��h�

2vv��h� 8v
2
��� 4v

2
��12

2vv��h� 4v
2
��12 8v

2
���

1

CCCA

0

BBB@

�3

�1

�2

1

CCCA
. (2.22)

After diagonalizing this mass matrix, we obtain the mass eigenstates, h, h
0, and hD, where hD is

odd under the discrete symmetry.

0
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�1

�2

1
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0
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cos �h � sin �h 0

1p
2
sin �h

1p
2
cos �h

1p
2

1p
2
sin �h

1p
2
cos �h �

1p
2

1

CCCA

0

BBB@

h

h
0

hD

1

CCCA
. (2.23)

If we choose the mass eigenvalues and the mixing angle (mh, mh0 , mhD , �h) as input parameters,

then the quartic couplings in the Higgs potential are given by

� =
m

2
h cos2 �h + m

2
h0 sin2

�h

2v2
, (2.24)

�h� = �
sin �h cos �h

2
p

2vv�
(m2

h0 � m
2
h), (2.25)

�� =
m

2
h sin2

�h + m
2
h0 cos2 �h + m

2
hD

16v
2
�

, (2.26)

�12 =
m

2
h sin2

�h + m
2
h0 cos2 �h � m

2
hD

8v
2
�

. (2.27)

2.4 Model parameters

The Lagrangian in the electroweak sector contains the following parameters.

�
g0, g1, g

0
, m

2
, m

2
�, �, ��, �h�, �12

�
. (2.28)

Instead of them, we can use the following parameters as inputs,

(e, mZ , v, mh, mZ0 , mV , mh0 , mhD , �h) , (2.29)

where e is the QED coupling constant, and v is related to the Fermi constant as

v =
⇣p

2GF

⌘�1/2
. (2.30)
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Enhancement factor 
in mZ’/mV ~1

Figure 4: The contours show the DM relic abundance as a function of the masses of the DM and Z
0. Here,

�h = 0.001, mhD = 1.2 mV and mh0 = 1.4 mV . The measured value of the DM energy density is shown by

the thick-solid contour. The DM is overabundant in the region above the thick-solid contour. The region

filled by the hatched pattern is excluded by the ATLAS experiment [32]. The prospect at the HL-LHC

is also shown by the dashed curve [34]. In the larger black-shaded region, g0 is beyond the perturbative

unitarity bound, see Tab. II. In the black-shaded region in the left-top corner, �W 0 > mW 0 .

4.3.1 Very small |�h| case

Figure 4 shows the DM relic abundance in an mV -mZ0 plane for the very small |�h|. We take

�h = 0.001 here, and the same result is obtained for much smaller �h. This is because the hidden

vector bosons, V
0 and V

±, e�ciently annihilate into visible vector bosons and do not need to rely

on h and h
0 exchanging processes. The other new particle masses are fixed as mhD = 1.2 mV

and mh0 = 1.4 mV . The result is insensitive to the choice of mhD and mh0 , mhD = 1.2 mV and

mh0 = 1.4 mV . We find three viable regions of parameter space for the explanation of the measured

value of the DM energy density [1] as a thermal relic: the narrow W
0 width region (mZ0 . 2 mV ),

the V
0-resonant region (mZ0 ' 2 mV ), and the wide W

0 width region (mZ0 & 2 mV ).

19
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    in heavier mV region

New channels

※ Ωh2-contours are degenerated for �h . 0.001
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Viable Region: Perturbativity of g0 and g1
Table II: The values of g0, g1, �W 0/mW 0 , and gW 0fLfL/gWfLfL given ratios of mZ0 and mV .

mZ0/mV g0 g1 �W 0/mW 0 |gW 0fLfL/gWfLfL |

1.02 4.53 0.661 0.00148 0.207

1.05 3 0.680 0.00358 0.321
p

2 1.30 0.916 0.0348 1

4.63 0.938 3 0.711 4.52

5.45 0.932 3.53 1 5.36

6.97 0.93 4.53 1.66 6.90

We show some values of g0, g1, �W 0/mW 0 , and |gW 0fLfL/gWfLfL | for given ratios of mZ0 and mV in

Tab. II. We find that we cannot treat g0 as a small perturbation for mZ0 ' mV . We obtain a lower

bound on the ratio of masses of Z
0 and V as mZ0/mV & 1.02 from the perturbativity condition

for g0 shown in Eq. (3.7). Similarly, the perturbativity for g1 gives an upper bound on mZ0/mV .

We find mZ0/mV < 6.97. The total width also gives an upper bound on mZ0/mV because the

total width is proportional to the imaginary part of the one-loop diagrams while the mass is at

the tree level. Therefore, our calculation based on the perturbation is valid only for the region

where mW 0 > �W 0 . This gives the upper bound on mZ0 for a given value of mV , and we find that

mZ0 < 5.45mV . We also find that �W 0/mW 0 < 0.1 is satisfied for mW 0 . 2mV .

3.3 W 0
and Z 0

searches at the LHC

New heavy vector bosons are being searched by the ATLAS and CMS experiments. Our model

predicts the heavy vector bosons, W
0 and Z

0, and they couple to the SM particles. The W
0 and Z

0

couplings to SM particles are determined by the ratio of mZ0 and mV as discussed in Sec. 2.4. The

couplings to the fermions and the SM vector bosons can be as large as the SU(2)L gauge coupling

in the SM, and the former is larger than the latter. Therefore, the main production process of

W
0 and Z

0 at the LHC is qq̄ ! W
0
/Z

0. The branching fraction to two fermions is larger than two

bosons, see Eqs.(3.8)–(3.10). Therefore, the main search channel of W
0 and Z

0 are pp ! W
0
! `⌫

and pp ! Z
0
! ``. The former gives the stronger constraint on the mass of W

0, and we focus on

that process here.

The ATLAS experiment searches the pp ! W
0
! `⌫ process and finds the lower bound on mW 0

as 6 TeV for the Sequential Standard Model (SSM) [32].2 The W
0 couplings to the SM fermions in

2 The CMS experiment also searches the same channel but gives a weaker bound on mW 0 , mW 0 > 5.2 TeV [33].
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Gauge coupling unitarity

→ degenerate limit:  g0 >>1

→ mZ’ >> mV region:  g1 >>1

[K. Hally, H. E. Logan, T. Pilkington (2012)]

contains 12 scalars and there are 76 two scalar particle channels. We obtain the following conditions.

|�|  4⇡, (3.1)

|�h�|  4⇡, (3.2)

|��|  ⇡, (3.3)

|�12|  2⇡, (3.4)

|3�� � �12|  ⇡, (3.5)
����3� + 4(3�� + �12) ±

q
(3� � 4(3�� + �12))

2 + 32�
2
h�

����  8⇡. (3.6)

Second, we can derive the upper bounds on the gauge couplings from vector-vector to scalar-

scalar scattering processes. In our model, one of g0 and g1 can be larger than the other in most of

the region of the parameter space, and thus the result in Ref. [31] is applicable. We find that

gj <

s
16⇡
p

6
' 4.53. (j = 0, 1) (3.7)

3.2 The mass ratio of Z 0
and V

We find in Sec. 2.4 that the mass ratio of Z
0 and V is important to determine the model

parameters and couplings. Although the mass ratio is a free parameter, there is a viable range.

It can be seen from Eq. (2.32) that g0 becomes very large for mZ0 ⇠ mV , and we can not treat

g0 as a small perturbation. For mZ0 � mV , we can see from Eqs. (2.33) and (2.38) that g1 and

gW 0fLfL become large. This is also bad for the perturbative calculation. Moreover, the decay width

of W
0 and Z

0 becomes larger for the larger gW 0fLfL .

For v� � v and |�| ⌧ 1, we find
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where Nc = 3 for quarks and 1 for leptons. Here we take VCKM = 1 for simplicity. If W
0 cannot

decay into the non-SM particles kinematically, then the total width of W
0 is given by

�W 0 'mW 0
25
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✓
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◆
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11

Table II: The values of g0, g1, �W 0/mW 0 , and gW 0fLfL/gWfLfL given ratios of mZ0 and mV .
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6.97 0.93 4.53 1.66 6.90

We show some values of g0, g1, �W 0/mW 0 , and |gW 0fLfL/gWfLfL | for given ratios of mZ0 and mV in

Tab. II. We find that we cannot treat g0 as a small perturbation for mZ0 ' mV . We obtain a lower

bound on the ratio of masses of Z
0 and V as mZ0/mV & 1.02 from the perturbativity condition

for g0 shown in Eq. (3.7). Similarly, the perturbativity for g1 gives an upper bound on mZ0/mV .

We find mZ0/mV < 6.97. The total width also gives an upper bound on mZ0/mV because the

total width is proportional to the imaginary part of the one-loop diagrams while the mass is at

the tree level. Therefore, our calculation based on the perturbation is valid only for the region

where mW 0 > �W 0 . This gives the upper bound on mZ0 for a given value of mV , and we find that

mZ0 < 5.45mV . We also find that �W 0/mW 0 < 0.1 is satisfied for mW 0 . 2mV .

3.3 W 0
and Z 0

searches at the LHC

New heavy vector bosons are being searched by the ATLAS and CMS experiments. Our model

predicts the heavy vector bosons, W
0 and Z

0, and they couple to the SM particles. The W
0 and Z

0

couplings to SM particles are determined by the ratio of mZ0 and mV as discussed in Sec. 2.4. The

couplings to the fermions and the SM vector bosons can be as large as the SU(2)L gauge coupling

in the SM, and the former is larger than the latter. Therefore, the main production process of

W
0 and Z

0 at the LHC is qq̄ ! W
0
/Z

0. The branching fraction to two fermions is larger than two

bosons, see Eqs.(3.8)–(3.10). Therefore, the main search channel of W
0 and Z

0 are pp ! W
0
! `⌫

and pp ! Z
0
! ``. The former gives the stronger constraint on the mass of W

0, and we focus on

that process here.

The ATLAS experiment searches the pp ! W
0
! `⌫ process and finds the lower bound on mW 0

as 6 TeV for the Sequential Standard Model (SSM) [32].2 The W
0 couplings to the SM fermions in

2 The CMS experiment also searches the same channel but gives a weaker bound on mW 0 , mW 0 > 5.2 TeV [33].

12

 characterize the phenomenology in vector sectormZ0/mV

<latexit sha1_base64="o4TEB6knIPGtvgDtSxdEpRgIcZw="></latexit>

mZ0 ⇠ mW 0 (v ⌧ v�)

<latexit sha1_base64="x8hZUmYFi+hlP0lQs/kqLzdCsSQ="></latexit>

※

Viable Region: W’ physics

mZ’ >> mV region is constrained from the W’ physics

Viable Region: Perturbativity of g0 and g1
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We show some values of g0, g1, �W 0/mW 0 , and |gW 0fLfL/gWfLfL | for given ratios of mZ0 and mV in

Tab. II. We find that we cannot treat g0 as a small perturbation for mZ0 ' mV . We obtain a lower

bound on the ratio of masses of Z
0 and V as mZ0/mV & 1.02 from the perturbativity condition

for g0 shown in Eq. (3.7). Similarly, the perturbativity for g1 gives an upper bound on mZ0/mV .

We find mZ0/mV < 6.97. The total width also gives an upper bound on mZ0/mV because the

total width is proportional to the imaginary part of the one-loop diagrams while the mass is at

the tree level. Therefore, our calculation based on the perturbation is valid only for the region

where mW 0 > �W 0 . This gives the upper bound on mZ0 for a given value of mV , and we find that

mZ0 < 5.45mV . We also find that �W 0/mW 0 < 0.1 is satisfied for mW 0 . 2mV .

3.3 W 0
and Z 0

searches at the LHC

New heavy vector bosons are being searched by the ATLAS and CMS experiments. Our model

predicts the heavy vector bosons, W
0 and Z

0, and they couple to the SM particles. The W
0 and Z

0

couplings to SM particles are determined by the ratio of mZ0 and mV as discussed in Sec. 2.4. The

couplings to the fermions and the SM vector bosons can be as large as the SU(2)L gauge coupling

in the SM, and the former is larger than the latter. Therefore, the main production process of

W
0 and Z

0 at the LHC is qq̄ ! W
0
/Z

0. The branching fraction to two fermions is larger than two

bosons, see Eqs.(3.8)–(3.10). Therefore, the main search channel of W
0 and Z

0 are pp ! W
0
! `⌫

and pp ! Z
0
! ``. The former gives the stronger constraint on the mass of W

0, and we focus on

that process here.

The ATLAS experiment searches the pp ! W
0
! `⌫ process and finds the lower bound on mW 0

as 6 TeV for the Sequential Standard Model (SSM) [32].2 The W
0 couplings to the SM fermions in

2 The CMS experiment also searches the same channel but gives a weaker bound on mW 0 , mW 0 > 5.2 TeV [33].
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Gauge coupling unitarity

→ degenerate limit:  g0 >>1

→ mZ’ >> mV region:  g1 >>1

[K. Hally, H. E. Logan, T. Pilkington (2012)]

contains 12 scalars and there are 76 two scalar particle channels. We obtain the following conditions.
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2 + 32�
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����  8⇡. (3.6)

Second, we can derive the upper bounds on the gauge couplings from vector-vector to scalar-

scalar scattering processes. In our model, one of g0 and g1 can be larger than the other in most of

the region of the parameter space, and thus the result in Ref. [31] is applicable. We find that

gj <

s
16⇡
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6
' 4.53. (j = 0, 1) (3.7)

3.2 The mass ratio of Z 0
and V

We find in Sec. 2.4 that the mass ratio of Z
0 and V is important to determine the model

parameters and couplings. Although the mass ratio is a free parameter, there is a viable range.

It can be seen from Eq. (2.32) that g0 becomes very large for mZ0 ⇠ mV , and we can not treat

g0 as a small perturbation. For mZ0 � mV , we can see from Eqs. (2.33) and (2.38) that g1 and

gW 0fLfL become large. This is also bad for the perturbative calculation. Moreover, the decay width

of W
0 and Z

0 becomes larger for the larger gW 0fLfL .
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where Nc = 3 for quarks and 1 for leptons. Here we take VCKM = 1 for simplicity. If W
0 cannot

decay into the non-SM particles kinematically, then the total width of W
0 is given by
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Figure 5: The contours show �h that reproduce the measured value of the DM relic abundance. Here,

mhD = 1.2 mV and mh0 = 1.4 mV . In the gray shaded region, this model cannot explain the whole

abundance. The pink region (�h > 0.3) is constrained by the measurement of the Higgs signal strength [36].

In the black shaded region, g0 is beyond the perturbative unitarity bound.

from the Higgs coupling measurements. We find that the XENONnT experiment [47] can cover

most of the parameter space for �h & O(0.01). The constraint from the perturbative unitarity

gives a stronger constraint than one from the XENON1T experiment. However, this constraint

highly depends on the choice of mh0 . The right panel in Fig. 6 is for the lighter Z
0 region. The

XENONnT covers the large region of the parameter space. The HL-LHC is also useful to test the

model for mW 0 < 5.7 TeV. The W
0 search at the collider experiment is independent of �h, therefore

the XENONnT experiment and the HL-LHC is complementary to each other.

The smaller �h region is degenerate in Figs. 5 and 6. We magnify those regions in Fig. 7. The

values of mZ0 that are required to obtain the right amount of DM energy density are shown in

the mV -�h plane. The left panel shows the lighter mV region. We find that the combination

of the DM direct detection at the XENONnT experiment and the W
0 search at the HL-LHC is
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Figure 6: Combined results in the mV -mZ0 plane. The gray shaded region cannot explain the whole

abundance and the black shaded region is theoretically forbidden. The orange region is already constrained

by the XENON2018 and the dotted line shows the prospect by XENONnT (20 ton·year). In the purple

region, some of the Higgs quartic couplings are non-perturbative. The red shaded region is constrained by

ATLAS and the red dashed line shows the prospect. In the left panel, the green line shows the value of

�W 0/mW 0 , and �W 0 > mW 0 in the green shaded region. In the right panel, g0 is beyond the perturbative

unitarity bound in the blue shaded region.

a powerful tool to seek this region. The former will give an upper bound on �h that is almost

independent of mV . The latter, on the other hand, is sensitive for 3 TeV . mV . 3.9 TeV. For the

lighter mV , mV . 3 TeV, the W
0 decay width can be as large as mV , but in most of the region it

satisfies 0.1 < �W 0/mW 0 < 0.2. The right panel in Fig. 7 is for V that is heavier than 4 TeV. The

direct detection experiment is important in this region as well to determine the value of �h. For

mV . 6 TeV, we can test this model from the W
0 search. We find that the perturbative unitarity

of scalar quartic couplings gives the upper limit on mV , mV . 19 TeV.

5 Conclusions

We constructed a model of spin-1 dark matter that has the electroweak gauge interaction. The

electroweak gauge symmetry is extended into SU(2)0⇥SU(2)1⇥SU(2)2⇥U(1)Y , and the discrete

symmetry under the exchanging of SU(2)0 and SU(2)2 is imposed. It is not necessary to extend
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Figure 5: The contours show �h that reproduce the measured value of the DM relic abundance. Here,

mhD = 1.2 mV and mh0 = 1.4 mV . In the gray shaded region, this model cannot explain the whole

abundance. The pink region (�h > 0.3) is constrained by the measurement of the Higgs signal strength [36].

In the black shaded region, g0 is beyond the perturbative unitarity bound.

from the Higgs coupling measurements. We find that the XENONnT experiment [47] can cover

most of the parameter space for �h & O(0.01). The constraint from the perturbative unitarity

gives a stronger constraint than one from the XENON1T experiment. However, this constraint

highly depends on the choice of mh0 . The right panel in Fig. 6 is for the lighter Z
0 region. The

XENONnT covers the large region of the parameter space. The HL-LHC is also useful to test the

model for mW 0 < 5.7 TeV. The W
0 search at the collider experiment is independent of �h, therefore

the XENONnT experiment and the HL-LHC is complementary to each other.

The smaller �h region is degenerate in Figs. 5 and 6. We magnify those regions in Fig. 7. The

values of mZ0 that are required to obtain the right amount of DM energy density are shown in

the mV -�h plane. The left panel shows the lighter mV region. We find that the combination

of the DM direct detection at the XENONnT experiment and the W
0 search at the HL-LHC is
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Figure 6: Combined results in the mV -mZ0 plane. The gray shaded region cannot explain the whole

abundance and the black shaded region is theoretically forbidden. The orange region is already constrained

by the XENON2018 and the dotted line shows the prospect by XENONnT (20 ton·year). In the purple

region, some of the Higgs quartic couplings are non-perturbative. The red shaded region is constrained by

ATLAS and the red dashed line shows the prospect. In the left panel, the green line shows the value of

�W 0/mW 0 , and �W 0 > mW 0 in the green shaded region. In the right panel, g0 is beyond the perturbative

unitarity bound in the blue shaded region.

a powerful tool to seek this region. The former will give an upper bound on �h that is almost

independent of mV . The latter, on the other hand, is sensitive for 3 TeV . mV . 3.9 TeV. For the

lighter mV , mV . 3 TeV, the W
0 decay width can be as large as mV , but in most of the region it

satisfies 0.1 < �W 0/mW 0 < 0.2. The right panel in Fig. 7 is for V that is heavier than 4 TeV. The

direct detection experiment is important in this region as well to determine the value of �h. For

mV . 6 TeV, we can test this model from the W
0 search. We find that the perturbative unitarity

of scalar quartic couplings gives the upper limit on mV , mV . 19 TeV.

5 Conclusions

We constructed a model of spin-1 dark matter that has the electroweak gauge interaction. The

electroweak gauge symmetry is extended into SU(2)0⇥SU(2)1⇥SU(2)2⇥U(1)Y , and the discrete

symmetry under the exchanging of SU(2)0 and SU(2)2 is imposed. It is not necessary to extend
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Figure 5: The contours show �h that reproduce the measured value of the DM relic abundance. Here,

mhD = 1.2 mV and mh0 = 1.4 mV . In the gray shaded region, this model cannot explain the whole

abundance. The pink region (�h > 0.3) is constrained by the measurement of the Higgs signal strength [36].

In the black shaded region, g0 is beyond the perturbative unitarity bound.

from the Higgs coupling measurements. We find that the XENONnT experiment [47] can cover

most of the parameter space for �h & O(0.01). The constraint from the perturbative unitarity

gives a stronger constraint than one from the XENON1T experiment. However, this constraint

highly depends on the choice of mh0 . The right panel in Fig. 6 is for the lighter Z
0 region. The

XENONnT covers the large region of the parameter space. The HL-LHC is also useful to test the

model for mW 0 < 5.7 TeV. The W
0 search at the collider experiment is independent of �h, therefore

the XENONnT experiment and the HL-LHC is complementary to each other.

The smaller �h region is degenerate in Figs. 5 and 6. We magnify those regions in Fig. 7. The

values of mZ0 that are required to obtain the right amount of DM energy density are shown in

the mV -�h plane. The left panel shows the lighter mV region. We find that the combination

of the DM direct detection at the XENONnT experiment and the W
0 search at the HL-LHC is
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φh contours: (3/3)
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