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Abstract: We propose an electroweakly interacting spin-1 dark matter (DM) model.

The electroweak gauge symmetry, SU(2)L×U(1)Y , is extended into SU(2)0×SU(2)1

×SU(2)2×U(1)Y . A discrete symmetry exchanging SU(2)0 and SU(2)2 is imposed. This

discrete symmetry stabilizes the DM candidate. The spin-1 DM particle (V 0) and its

SU(2)L partners (V ±) interact with the Standard Model (SM) electroweak gauge bosons

without any suppression factors. Consequently, pairs of DM particles efficiently annihilate

into the SM particles in the early universe, and the measured value of the DM energy

density is easily realized by the thermal freeze-out mechanism. The model also predicts a

heavy vector triplet (W ′± and Z ′) in the visible sector. They contribute to the DM annihi-

lation processes. The mass ratio of Z ′ and V 0 determines values of various couplings, and

constraints on W ′ and Z ′ restrict regions of the parameter space that are viable for DM

physics. We investigate the constraints from perturbative unitarity of scalar and gauge

couplings, the Higgs signal strength, W ′ search at the LHC, and DM direct detection ex-

periments. It is found that the relic abundance of V 0 explains the right amount of the DM

energy density for 3 TeV . mV 0 . 19 TeV.
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1 Introduction

Dark matter (DM) is a longstanding issue in both particle physics and cosmology. The

DM energy density is precisely measured by the Planck collaboration, Ωh2 = 0.120 ±
0.001 [1]. A popular scenario that explains this measured value is the thermal freeze-out

scenario [2], which utilizes a pair annihilation/creation of DM particles into/from particles

in the thermal bath in the early universe. This scenario requires interactions between DM

and Standard Model (SM) particles. Hence, models that utilize the freeze-out mechanism

are good targets of DM direct detection experiments. However, there are no significant DM
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signals at the experiments so far. The latest result by the XENON1T experiment gives

a strong upper bound on the DM-nucleon scattering cross section [3]. This result implies

that the DM-nucleon scattering processes mediated by the Z-boson and scalar mediators,

such as the SM Higgs boson, must be suppressed if the mass of DM is between O(10) GeV

and O(1) TeV.

Models that predict the suppression in those processes without suppressed DM-

mediator coupling are proposed. Fermionic DM models with pseudo-scalar couplings

are examples in spin-1/2 DM models [4–6]. The pseudo-Nambu-Goldstone (NG) boson

DM models are examples of spin-0 DM models [7–10]. In these models, the coupling

itself between DM and mediator particle is not suppressed, and thus DM is thermally

produced in the early universe through the annihilation into the SM particles via scalar

mediator exchanges.

In this paper, we propose a renormalizable model of spin-1 DM that does not require

Z and Higgs couplings to a DM particle to obtain the correct amount of the DM density

by the freeze-out mechanism.1 We extend the electroweak gauge symmetry in the SM,

SU(2)L×U(1)Y , into SU(2)0×SU(2)1×SU(2)2×U(1)Y and impose that the model is sym-

metric under exchanging of SU(2)0 and SU(2)2. This symmetry predicts a stable SU(2)L
triplet vector boson, V 0 and V ±. After the symmetry breaking, the charged vector boson,

V ±, gets slightly heavier than the neutral one, V 0, and thus V 0 is a DM candidate in our

model. The vector DM in our model can directly couple to the SM weak gauge bosons and

efficiently annihilate in the early universe even without the DM-Higgs coupling. The V 0-

V 0-Z coupling is automatically forbidden by the gauge symmetry. Therefore, the model

easily evades the constraint from the XENON1T experiment and has a large region of

viable parameter space.

There are many spin-1 DM models, but they are originated from a U(1) gauge sym-

metry [13–23] or an SU(2) gauge symmetry that is isolated from the SM electroweak sec-

tor [24–33]. Therefore, they rely on the scalar exchanges that require the mixing between

the SM Higgs and new scalar particles to obtain the measured value of the DM energy

density. The scalar mixing, however, is constrained from the direct detection experiments.

On the other hand, our model does not require the scalar mixing for the DM energy den-

sity. This is a different feature of our model from the other spin-1 DM models. Another

aspect of our model is that new spin-1 particles are predicted in the visible sector as well

as the dark sector. Those new spin-1 particles in the visible sector are regarded as W ′ and

Z ′. They play an important role in the DM annihilation processes. Moreover, the fermion

sector of our model is as simple as in the SM. We do not need to introduce new fermions

into the model to obtain the realistic mass spectra for the SM fermions.2

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

Some technical details are discussed in appendices. In section 3, we discuss constraints on

the model from perturbative unitarity, the mass ratio of Z ′ and V 0, W ′ and Z ′ searches

at the LHC, electroweak precision measurements, and the Higgs coupling measurements at

1Non-renormalizable models for the electroweakly interacting spin-1 DM are discussed in [11, 12].
2Non-abelian vector DM with an extended fermion sector are discussed in [26, 34–36].
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the LHC. After constraining the model parameters, we discuss the phenomenology of DM

in section 4. We start by discussing the mass difference 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 sum-

marized in table 1.3 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′,

respectively. The gauge transformation of two Higgs fields, Φ1 and Φ2 , are given by

Φ1 → U0Φ1U
†
1 , (2.1)

Φ2 → U2Φ2U
†
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

Φj = −εΦ∗jε, where ε =

(
0 1

−1 0

)
. (2.3)

Before imposing this constraint, Φ1 and Φ2 contain four complex degrees of freedom (eight

real degrees of freedom), respectively. After imposing this constraint, each field has four

real degrees of freedom as shown later in eq. (2.12). This constraint has nothing to do with

the dark matter stability.

We impose the following discrete symmetry.

qL → qL, uR → uR, dR → dR, (2.4)

`L → `L, eR → eR, (2.5)

H → H, Φ1 → Φ2, Φ2 → Φ1, (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)/
√

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 Φ1 and Φ2 divide scalar fields into the odd and even

sectors. All the SM particles are even under the discrete symmetry.

3A model with a similar gauge group is studied in [37] but with different matter contents and with

different gauge charge assignments.
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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 - 13

`L
1
2 1 1 2 1 - 12

eR
1
2 1 1 1 1 -1

H 0 1 1 2 1 1
2

Φ1 0 1 2 2 1 0

Φ2 0 1 1 2 2 0

Table 1. The matter and Higgs fields and their gauge charges in the model. The generation indices

for the matter fields are implicit.

The discrete symmetry under exchanging SU(2)0 and SU(2)2 is inspired by the de-

construction [38, 39] of models in extra dimension on S1/Z2. Using the deconstruction

approach, such models are expressed by moose diagrams [40]. The Z2 symmetry is realized

by identifying two sites. Some models with the gauge symmetry G =SU(2)0×SU(2)1 ×
· · ·×SU(2)2N with identifying SU(2)j and SU(2)2N−j are equivalent to the models in extra

dimension on S1/Z2 upto 2N Kaluza-Klein (KK) modes. The SU(2) sector in our model

corresponds to the case for N = 1. The similar approach was taken in studying a U(1)

vector dark matter model [16].

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

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

where H̃ = εH∗. The gauge symmetry forbids Φ1 and Φ2 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 added only

one extra SU(2), there would be two possibilities. One possibility is that the extra SU(2)

is isolated and does not mix with the SU(2)L gauge field. In this case, the dark SU(2)

gauge bosons do not couple to the SM weak gauge bosons, and the model is the Higgs

portal type. This is not our concern. The other possibility is to mix the extra SU(2) gauge

field with the SU(2) gauge field in the SM. It is expected by the mixing that the dark

SU(2) gauge bosons couple to the SM weak gauge bosons. In this case, however, we need an

exchanging symmetry under these two SU(2) gauge field to stabilize the dark matter. Since

the SM left-handed fermions feel SU(2)L gauge symmetry, the symmetry exchanging the

two SU(2) fields requires two types of the fermions; one is the doublet fields under an SU(2),

the others are doublet under the other SU(2). Some linear combinations of them are the

SM left-handed fermions, and the other linear combinations are extra fermions. Therefore,

if we add only one extra SU(2), then the symmetry to stabilize the dark matter requires

to double the fermion fields compared to the SM. On the other hand, by considering two

extra SU(2) gauge symmetries, we can realize the simple Yukawa interaction terms without

extending the fermion sector as in eq. (2.8). This is a distinctive feature of this model from

other SU(2) dark matter models.
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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
BµνB

µν −
2∑
j=0

3∑
a=1

1

4
W a
jµνW

aµν
j

+DµH
†DµH +

1

2
trDµΦ†1D

µΦ1 +
1

2
trDµΦ†2D

µΦ2 − Vscalar, (2.9)

where

Vscalar =m2H†H +m2
Φtr
(

Φ†1Φ1

)
+m2

Φtr
(

Φ†2Φ2

)
+ λ(H†H)2 + λΦ

(
tr
(

Φ†1Φ1

))2
+ λΦ

(
tr
(

Φ†2Φ2

))2

+ λhΦH
†Htr

(
Φ†1Φ1

)
+ λhΦH

†Htr
(

Φ†2Φ2

)
+ λ12tr

(
Φ†1Φ1

)
tr
(

Φ†2Φ2

)
. (2.10)

Some coupling constants in the Higgs potential are common because of the discrete sym-

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

the global minimum.

〈H〉 =

(
0
v√
2

)
, 〈Φ1〉 = 〈Φ2〉 =

1√
2

(
vΦ 0

0 vΦ

)
. (2.11)

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

H =

 iπ+
3

v+σ3−iπ0
3√

2

 , Φj =

vΦ+σj+iπ
0
j√

2
iπ+
j

iπ−j
vΦ+σj−iπ0

j√
2

 . (2.12)

From the stationary condition, we find

m2 =− λv2 − 2λhΦv
2
Φ, (2.13)

m2
Φ =− λhΦ

2
v2 − (λ12 + 2λΦ)v2

Φ. (2.14)

2.2 Gauge sector

After the electroweak symmetry breaking, the gauge boson mass terms are given by

(
W+

0µ W
+
1µ W

+
2µ

)
M2

C


W−µ0

W−µ1

W−µ2

+
1

2

(
W 3

0µ W
3
1µ W

3
2µ Bµ

)
M2

N


W 3µ

0

W 3µ
1

W 3µ
2

Bµ

 , (2.15)
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where

M2
C =

1

4


g2

0v
2
Φ −g0g1v

2
Φ 0

−g0g1v
2
Φ g2

1(v2 + 2v2
Φ) −g1g0v

2
Φ

0 −g1g0v
2
Φ g2

0v
2
Φ

 , (2.16)

M2
N =

1

4


g2

0v
2
Φ −g0g1v

2
Φ 0 0

−g0g1v
2
Φ g2

1(v2 + 2v2
Φ) −g1g0v

2
Φ −g1g

′v2

0 −g1g0v
2
Φ g2

0v
2
Φ 0

0 −g1g
′v2 0 g′2v2

 . (2.17)

After diagonalizing these mass matrices, we find the following mass eigenstates,

γ,W±, Z, V 0, V ±, W ′±, Z ′, (2.18)

where γ, W±, and Z are identified as the SM electroweak gauge bosons. V 0 and V ± are

odd under the discrete symmetry and are given by

V 0 =
W 3

0µ −W 3
2µ√

2
, (2.19)

V ± =
W±0µ −W

±
2µ√

2
. (2.20)

The details, such as linear combinations for other gauge fields, are discussed in appendix A.

The masses of dark matter V 0 and its charged partner V ± are given by

m2
V ± = m2

V 0 =
g2

0v
2
Φ

4
≡ m2

V , (2.21)

at the tree level. At the loop level, the mass difference is generated, and mV ± becomes

slightly heavier than mV 0 as we discuss in section 4.1. Therefore, V 0 is a dark matter

candidate in our model.

2.3 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

(
σ3 σ1 σ2

) 2λv2 2vvΦλhΦ 2vvΦλhΦ

2vvΦλhΦ 8v2
ΦλΦ 4v2

Φλ12

2vvΦλhΦ 4v2
Φλ12 8v2

ΦλΦ


σ3

σ1

σ2

 . (2.22)

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

hD is odd under the discrete symmetry.σ3

σ1

σ2

 =

 cosφh − sinφh 0
1√
2

sinφh
1√
2

cosφh
1√
2

1√
2

sinφh
1√
2

cosφh − 1√
2


 h

h′

hD

 . (2.23)
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If we choose the mass eigenvalues and the mixing angle (mh,mh′ ,mhD , φh) as input pa-

rameters, then the quartic couplings in the Higgs potential are given by

λ =
m2
h cos2 φh +m2

h′ sin
2 φh

2v2
, (2.24)

λhΦ =− sinφh cosφh

2
√

2vvΦ

(m2
h′ −m2

h), (2.25)

λΦ =
m2
h sin2 φh +m2

h′ cos2 φh +m2
hD

16v2
Φ

, (2.26)

λ12 =
m2
h sin2 φh +m2

h′ cos2 φh −m2
hD

8v2
Φ

. (2.27)

2.4 Model parameters

The Lagrangian in the electroweak sector contains the following parameters.(
g0, g1, g

′, m2, m2
Φ, λ, λΦ, λhΦ, λ12

)
. (2.28)

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

(e, mZ , v, mh, mZ′ , mV , mh′ , mhD , φh) , (2.29)

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

v =
(√

2GF

)−1/2
. (2.30)

The first four parameters are already measured, and thus we have five free parameters in

this model. The relation between the gauge couplings and the masses of the gauge bosons

is discussed in appendix A. The derivation of eq. (2.30) is discussed in appendix C.

The analytical expression of the relations between eqs. (2.28) and (2.29) is complicated.

In the following analysis, we numerically obtain the parameters in eq. (2.28) from a given set

of parameters in eq. (2.29). However, in some limits, these relations can be simplified. Here

we briefly show approximated expressions of some couplings for vΦ � v that is typically

realized for mZ′ � mZ . The approximate expressions help to understand the qualitative

features of the model.

We introduce gW as

gW ≡
(

2

g2
0

+
1

g2
1

)−1/2

. (2.31)

We find gW ' 0.65 for vΦ � v numerically, namely gW is approximately the SU(2)L gauge

coupling in the SM. Using gW , mZ′ , and mV , we can obtain g0, and g1 as

g0 '
√

2gW
mZ′

mV

1√
m2
Z′

m2
V
− 1

, (2.32)

g1 ' gW
mZ′

mV
. (2.33)
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The mass ratio of Z ′ and V is given by

m2
Z′

m2
V

'1 +
2g2

1

g2
0

. (2.34)

This equation shows that mZ′ > mV . Using these approximations, we obtain the masses

of W and W ′ as

m2
W '

g2
W v

2

4
, (2.35)

m2
W ′ 'm2

Z′ . (2.36)

The gauge boson couplings to the fermions are given by

gWuLdL = gW`LνL(≡ gWfLfL) 'gW , (2.37)

gW ′uLdL = gW ′`LνL(≡ gW ′fLfL) '− gW

√
m2
Z′

m2
V

− 1, (2.38)

gZqLqL = gZ`L`L = gZνLνL '
e

sZcZ

(
t3 − s2

ZQ
)
, (2.39)

gZ′qLqL = gZ′νL`L = gZ′νLνL '− t
3gW

√
m2
Z′

m2
V

− 1, (2.40)

gZqRqR = gZ`R`R = gZνRνR '−
esZ
cZ

Q, (2.41)

gZ′qRqR = gZ′`R`R = gZ′νRνR =O
(
v2

v2
Φ

)
, (2.42)

where t3 = 1
2

(
−1

2

)
for up-type (down-type) fermions, Q is the QED charge of the fermions,

cZ =
√

1− s2
Z , and sZ is given as a solution of

s2
Zc

2
Z =

v2e2

4m2
Z

. (2.43)

We can see that the W ′ and Z ′ couplings to the SM fermions are controlled by the mass ratio

of Z ′ and V . If mZ′ and mV are degenerated, then those couplings are suppressed while

g0 becomes very large. Therefore, we expect that the values of W ′ and Z ′ couplings to the

SM fermions are comparable to those of the W couplings in the region where perturbation

works. We discuss this point further in section 3.2.

Using gW and the masses of the gauge bosons, we find that the triple gauge couplings

are given by

gWWZ ' gW ′W ′Z ' gV −V +Z ' gW
mW

mZ
' gSM

WWZ , (2.44)

gWWZ′ ' gW
m2
W

m2
Z′

√
m2
Z′

m2
V

− 1, (2.45)

gWW ′Z ' gW
mWmZ

m2
W ′

√
m2
Z′

m2
V

− 1, (2.46)

– 8 –



J
H
E
P
0
7
(
2
0
2
0
)
1
3
6

gW ′W ′Z′ ' gW
1√

m2
Z′

m2
V
− 1

(
2−

m2
Z′

m2
V

)
, (2.47)

gWW ′Z′ = gW+V −V 0 = gW−V +V 0 ' gW , (2.48)

gV −W ′+V 0 = gW ′−V +V 0 ' gV −V +Z′ ' gW
1√

m2
Z′

m2
V
− 1

. (2.49)

We emphasize that V 0 and V ± couple to W and Z without any suppression factors, see

eqs. (2.44) and (2.48). Therefore, DM pairs can annihilate into the SM gauge bosons

through these couplings, gV −V +Z and gW±V ∓V 0 . This is a distinctive feature of our vector

DM model.

Couplings of physical scalar bosons to the gauge bosons are

gWWh '
2m2

W

v
cosφh ' gSM

WWh cosφh, (2.50)

gWW ′h '
2m2

W

v

(
− cosφh

√
m2
Z′

m2
V

− 1 +
mW

mV

mZ′

mV
sinφh

)
, (2.51)

gZZh '
2m2

Z

v
cosφh ' gSM

ZZh cosφh, (2.52)

gZZ′h '
2mWmZ

v

(
− cosφh

√
m2
Z′

m2
V

− 1 +
mW

mV

mZ′

mV
sinφh

)
, (2.53)

gV 0V 0h ' gV +V −h '
gWmZ′√
m2
Z′

m2
V
− 1

sinφh, (2.54)

gV 0V 0h′ ' gV +V −h′ '
gWmZ′√
m2
Z′

m2
V
− 1

cosφh. (2.55)

Note that gWWh is the same as the SM prediction for cos φh = 1. This gWWh coupling

is already measured by the ATLAS and CMS experiments, and the measured value is

consistent with the SM value. Accordingly, we take small φh in the following analysis. For

a small φh limit, the V 0 coupling to h is suppressed. However, as we mentioned already,

the annihilation processes of DM pairs into the SM particles do not need to rely on the

DM-Higgs coupling. Therefore, we can obtain the right amount of DM energy density

however small |φh| we take.

3 Constraints

3.1 Perturbative unitarity

We obtain the constraints on g0, g1, and scalar quartic couplings from the perturbative

unitarity conditions for two-particle scattering processes in the high energy regime.

First, we consider two-to-two scalar bosons scattering processes in the high energy limit

and derive the constraints on the scalar quartic couplings. In our derivation, we assume that
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these quartic couplings are much larger than the other couplings, such as gauge couplings.

This model contains 12 scalars and there are 76 two scalar particle channels. We obtain

the following conditions.

|λ| ≤ 4π, (3.1)

|λhΦ| ≤ 4π, (3.2)

|λΦ| ≤ π, (3.3)

|λ12| ≤ 2π, (3.4)

|3λΦ − λ12| ≤ π, (3.5)∣∣∣∣3λ+ 4(3λΦ + λ12)±
√

(3λ− 4(3λΦ + λ12))2 + 32λ2
hΦ

∣∣∣∣ ≤ 8π. (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. [41] is

applicable. We find that

gj <

√
16π√

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

3.2 The mass ratio of Z′ and V

We find in section 2.4 that the mass ratio of Z ′ 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 mZ′ ∼ mV , and we can not

treat g0 as a small perturbation. For mZ′ � mV , we can see from eqs. (2.33) and (2.38) that

g1 and gW ′fLfL become large. This is also bad for the perturbative calculation. Moreover,

the decay width of W ′ and Z ′ becomes larger for the larger gW ′fLfL .

For vΦ � v and |φ| � 1, we find

Γ(W ′ → ff̄) ' Nc

48π
mW ′g

2
WfLfL

(
m2
Z′

m2
V

− 1

)
, (3.8)

Γ(W ′ →WZ) ' 1

192π
mW ′g

2
WfLfL

(
m2
Z′

m2
V

− 1

)
, (3.9)

Γ(W ′ →Wh) ' 1

192π
mW ′g

2
WfLfL

(
m2
Z′

m2
V

− 1

)
, (3.10)

where Nc = 3 for quarks and 1 for leptons. Here we take VCKM = 1 for simplicity. If

W ′ cannot decay into the non-SM particles kinematically, then the total width of W ′ is

given by

ΓW ′ 'mW ′
25

96π
g2
W

(
m2
Z′

m2
V

− 1

)
. (3.11)
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mZ′/mV g0 g1 ΓW ′/mW ′ |gW ′fLfL/gWfLfL |

1.02 4.53 0.661 0.00148 0.207

1.05 3 0.680 0.00358 0.321
√

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

Table 2. The values of g0, g1, ΓW ′/mW ′ , and gW ′fLfL/gWfLfL given ratios of mZ′ and mV .

We show some values of g0, g1, ΓW ′/mW ′ , and |gW ′fLfL/gWfLfL | for given ratios of mZ′

and mV in table 2. We find that we cannot treat g0 as a small perturbation for mZ′ ' mV .

We obtain a lower bound on the ratio of masses of Z ′ and V as mZ′/mV & 1.02 from the

perturbativity condition for g0 shown in eq. (3.7). Similarly, the perturbativity for g1 gives

an upper bound on mZ′/mV . We find mZ′/mV < 6.97. The total width also gives an

upper bound on mZ′/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 ′ > ΓW ′ . This gives the upper

bound on mZ′ for a given value of mV , and we find that mZ′ < 5.45mV . We also find that

ΓW ′/mW ′ < 0.1 is satisfied for mW ′ . 2mV .

3.3 W ′ and Z′ 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 ′ and Z ′, and they couple to the SM particles.

The W ′ and Z ′ couplings to SM particles are determined by the ratio of mZ′ and mV

as discussed in section 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 ′ and Z ′ at the LHC is qq̄ → W ′/Z ′.

The branching fraction to two fermions is larger than two bosons, see eqs. (3.8)–(3.10).

Therefore, the main search channel of W ′ and Z ′ are pp→W ′ → `ν and pp→ Z ′ → ``. The

former gives the stronger constraint on the mass of W ′, and we focus on that process here.

The ATLAS experiment searches the pp→W ′ → `ν process and finds the lower bound

on mW ′ as 6 TeV for the Sequential Standard Model (SSM) [42].4 The W ′ couplings to

the SM fermions in our model are different from those in the SSM. We recast the bound

and obtain the lower bound on mW ′ for a given coupling ratio of gW ′fLfL and gWfLfL .

The result is shown in figure 1. Here we assume that the K factor is 1.3. We find that

mW ′ & 7 TeV for gW ′fLfL/gWfLfL & 1.42. Since the ATLAS experiment does not give the

bound for mW ′ > 7 TeV, we cannot obtain the bound on mW ′ for gW ′fLfL/gWfLfL & 1.42.

4The CMS experiment also searches the same channel but gives a weaker bound on mW ′ , mW ′ >

5.2 TeV [43].
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Figure 1. The solid curve shows the lower bound on mW ′ for a given gW ′fLfL coupling obtained

by recasting the result in ref. [42]. The dashed curve shows the prospect at the ATLAS experiment

with 14 TeV with 3000 fb−1 [44].

Similarly, we also recast the prospect of W ′ search at the ATLAS experiment with 14 TeV

with 3000 fb−1 [44]. Other channels give weaker bound than this `ν channel.

3.4 Electroweak precision measurements

For mW ′/Z′ � mW/Z limit, it is easy to obtain the electroweak precision parameters, Ŝ, T̂ ,

W , and Y , introduced in [45]. At the tree level, we find that

Ŝ = T̂ = Y = 0,

W =
2g2

1

g2
0 + 2g2

1

m2
W

m2
W ′
. '

(
1−

m2
V

m2
Z′

)
m2
W

m2
W ′
. (3.12)

The constraint is given as W = (−0.3± 0.6)× 10−3. We find that this constraint is much

weaker than the constraint from the W ′ search at the LHC experiment.

3.5 Higgs signal strength

Among the three scalar fields, only H contributes to the Yukawa interaction terms, and

thus the h couplings to the fermions are equal to those in the SM times cos φh. As we have

shown in eq. (2.50), gWWh for vΦ � v is approximately given by the SM coupling times

cosφh. Thus the Higgs signal strengths are given by

κF = cosφh, κV ' cosφh. (3.13)
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We can constrain φh from the measurement of the Higgs couplings. We use the result from

the ATLAS experiment [46],

κV = 1.05± 0.04, (3.14)

κF = 1.05± 0.09, (3.15)

with the linear correlation between them is observed as 44%, and obtain |φh| < 0.3. We

consider 0 ≤ |φh| < 0.3 in the following discussions.

4 DM phenomenology

4.1 Mass difference and its implication for collider physics

At the tree level, V 0 and V ± have the same mass. However, the mass difference is generated

at the loop level, and thus V ± is slightly heavier than V 0. The mass difference is given by

δmV ≡ mV ± −mV 0 =
√
m2
V + ΠV +V −(m2

V ±)−
√
m2
V + ΠV 0V 0(m2

V 0)

'
ΠV +V −(m2

V )−ΠV 0V 0(m2
V )

2mV
, (4.1)

where ΠV +V − and ΠV 0V 0 are the self-energies of V ± and V 0, respectively. We calculate

δmV at the one-loop level by using FormCalc [47]. In vΦ � v limit, we find

δmV '
m3
WGF√

2π

(
1− mW

mZ

)
' 168 MeV. (4.2)

This result is consistent with the result in [48]. We have also checked it numerically by

using LoopTools [47], without taking vΦ � v limit.

This small mass difference is the same as the mass difference 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

difference. 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 difference 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 difference 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
√
s = 13 TeV. We find that

the production cross section of V ±,0 depends on mW ′ and mZ′ 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 ′ (Z and

Z ′) 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 [49]. 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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Figure 2. The production cross section of V ± and W̃± from proton collisions at
√
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 mZ′,W ′ = 1.5mV (mZ′,W ′ = 1.3mV ).

4.2 Direct detection

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

are even under the discrete symmetry. The spin-independent vector DM-nucleon scattering

cross section is given by

σNSI =
1

π

(
mN

mN +mV

)2

|fNV |2, (4.3)

where mN is the nucleon mass (N = p, n) and fNV is the effective coupling of DM-nucleon

interactions.

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

effective interactions are relevant to the DM-nucleon cross section,

Leff =
∑

q=u,d,s

cqV
0µV 0

µmq q̄q +
∑

Q=c,b,t

cQV
0µV 0

µmQQ̄Q, (4.4)

where mq and mQ are light and heavy quark masses, respectively. The couplings, cq and

cQ, in our model are

cq = cQ =
m2
V√

2vvΦ

sinφh cosφh

(
1

m2
h′
− 1

m2
h

)
. (4.5)
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Figure 3. The leading diagrams mediated by h and h′.

To obtain the effective coupling of the DM-nucleon interactions, fNV , we use the

nucleon matrix elements,

〈N |mq q̄q|N〉 ≡ mNf
(N)
Tq , (q = u, d, s), (4.6)

〈N |αs
π
GaµνG

aµν |N〉 = −8

9
mN

(
1−

∑
q

f
(N)
Tq

)
. (4.7)

where Gaµν and αs are the SU(3)c field strength tensor and coupling constant, respectively.

The numerical values of the mass fractions for the nucleon, f
(N)
Tq (N = p, n), are obtained

by lattice simulations, and we take the default values of micrOMEGAs [50].

fpTu = 0.0153, fnTu = 0.011

fpTd = 0.0191, fnTd = 0.0273

fpTs = fnTs = 0.0447.

(4.8)

For light quarks (q = u, d, s), we can obtain the contribution to the effective coupling fNV
using nucleon matrix elements of the mass operators. For the heavy quarks (Q = c, b, t),

the leading contribution is loop diagrams (figure 3 right). The operator mQQ̄Q equals

− αs
12πG

a
µνG

aµν in the matrix element, so the matrix elements of the heavy quark mass

operators are given by

〈N |mQQ̄Q|N〉 =
2

27
mN

(
1−

∑
q

f
(N)
Tq

)
, (Q = c, b, t). (4.9)

Using these matrix elements, the effective coupling fNV is given by

fNV
mN

=
∑
q

cqf
N
Tq +

2

27

∑
Q

cQ(1−
∑
q

fNTq)

=
m2
V√

2vvΦ

sinφh cosφh

(
1

m2
h′
− 1

m2
h

)(
2

9
+

7

9

∑
q

f
(N)
Tq

)
. (4.10)
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Finally, we obtain the spin-independent nucleon-vector DM cross section as follows.

σNSI =
1

2π

m4
Nm

4
V

(mN +mV )2

1

v2v2
Φ

sin2 φh cos2 φh

(
1

m2
h′
− 1

m2
h

)2
2

9
+

7

9

∑
q=u,d,s

fNTq

2

' g2
0

32πv2

m4
N

m4
h

sin2(2φh)

2

9
+

7

9

∑
q=u,d,s

fNTq

2

' 10−44 × g2
0 sin2(2φh) [cm2]. (4.11)

Here we assumed that mV � mN , and also mh′ � mh in the last two lines of eq. (4.11).

This cross section is proportional to sin2(2φh), and thus the large |φh| region is severely

constrained from the direct detection experiments. The direct detection limit on the DM-

nucleon cross section for TeV scale DM is around 10−45 cm2 [3]. For g0 = 1, we find

φh . 0.15. This upper bound can be stronger than the bound from the Higgs signal

strength. If φh is smaller than ∼ 0.01, the higher-order diagrams dominate in the DM-

nucleon SI scattering process so that σNSI ∼ 10−47cm2 [51–53] .

4.3 Relic abundance

The model contains two DM candidates, V 0 and hD. In this paper, we treat V 0 as the DM

candidate by assuming hD is always heavier than V 0.

We calculate the thermal relic abundance of V 0 by using micrOMEGAs [50]. The model

file is generated by FeynRules [54]. Since the mass difference of V ± and V 0 is tiny, the

coannihilation processes, which are automatically calculated in micrOMEGAs, are relevant.

All the masses of the new particles are proportional to vΦ, hence the large mass difference

among the new particles requires large couplings. To avoid large couplings and to keep

working within the perturbative regime, we keep the mass ratio of the new particles to the

DM mass within O(1).

The vector DM can interact with the SM weak gauge bosons even in a limit of vanishing

the scalar mixing φh. We start by investigating the relic abundance with very small φh and

show that the vector DM can explain the measured value of the DM energy density. We

also discuss the case for |φh| ∼ O(0.1) to see the impact of φh on the forthcoming direct

detection experiments.

4.3.1 Very small |φh| case

Figure 4 shows the DM relic abundance in an mV -mZ′ plane for the very small |φh|. We

take φh = 0.001 here, and the same result is obtained for much smaller φh. This is because

the hidden vector bosons, V 0 and V ±, efficiently annihilate into visible vector bosons and

do not need to rely on h and h′ exchanging processes. The other new particle masses are

fixed as mhD = 1.2 mV and mh′ = 1.4 mV . The result is insensitive to the choice of mhD

and mh′ , mhD = 1.2 mV and mh′ = 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
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Figure 4. The contours show the DM relic abundance as a function of the masses of the DM and

Z ′. Here, φh = 0.001, mhD
= 1.2 mV and mh′ = 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 [42].

The prospect at the HL-LHC is also shown by the dashed curve [44]. In the larger black-shaded

region, g0 is beyond the perturbative unitarity bound, see table 2. In the black-shaded region in

the left-top corner, ΓW ′ > mW ′ .

relic: the narrow W ′ width region (mZ′ . 2 mV ), the V ′-resonant region (mZ′ ' 2 mV ),

and the wide W ′ width region (mZ′ & 2 mV ).

For the narrow W ′ width region, pairs of the dark vector bosons mainly annihilate into

visible massive gauge bosons including W ′± and Z ′. In this region, we find mV & 4.2 TeV

from the constraint on the W ′ search by the ATLAS experiment [42]. It is possible to test

this case for mV . 5.8 TeV by the W ′ search at the HL-LHC [44]. For the larger mV , we

can avoid the constraint from the W ′ and Z ′ search because it requires heavier W ′ and

Z ′ to obtain the measured value of the DM energy density. However, it also requires the

larger g0, and thus the perturbative unitarity of g0 gives the upper bound on mV .

In the V ′-resonant region, which looks like a horn in the figure, the main

(co)annihilation channel is V 0V ± → qq̄ via W ′ exchange in the s-channel. In this region,

g0 and g1 are less than O(1), and the perturbative unitarity is easily satisfied.

In the wide W ′ width region, pairs of the dark matter particles mainly annihilate

into W± and Z because the processes with a W ′± or a Z ′ in final states are kinematically

forbidden in this region. The masses of W ′ and Z ′ are larger than the dark matter particles,
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and thus W ′ and Z ′ are almost decoupled from the annihilation processes. As a result, mV

is almost fixed around 3 TeV if we demand Ωh2 = 0.12. This region is similar to the Wino

DM model and SU(2)L triplet scalar DM models [48, 55]. In those models, DM mainly

annihilates into W± and Z, and the mass of the DM is fixed by requiring the thermal relic

to explain the measured value of the DM energy density.

4.3.2 For |φh| ∼ O(0.1)

We discuss the case for |φh| ' O(0.1) to see the effects of φh to the thermal relic abundance

and the direct detection experiments. In this regime, the scalar quartic couplings can be

large with large mh′ as can be seen from eqs. (2.24)–(2.27). The annihilation processes into

h and h′, which are proportional to the quartic couplings, are efficient, and φh dependence

is visible.

Figure 5 shows the value of φh that is required to obtain the measured value of the DM

energy density. Comparing to figure 4, the viable region that explains the right amount of

DM relic abundance is extended. The larger φh requires the heavier mZ′ . This is because

h and h′ contribute to the annihilation of pairs of DM particles for larger φh, and the

contributions of W ′ and Z ′ have to be smaller. On the other hand, the region with the

larger φh is excluded by the constraint on the SM Higgs couplings as we discussed in

section 3.5. As a result, we can constrain the value of mZ′ for a given mV .

We discuss the lighter and heavier Z ′ regions in detail. The left panel in figure 6 is

for the heavier Z ′ region. It shows that the constraint from the XENON1T experiment is

stronger than the one from the Higgs coupling measurements. We find that the XENONnT

experiment [56] can cover most of the parameter space for φh & 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 mh′ . The right

panel in figure 6 is for the lighter Z ′ region. The XENONnT covers the large region of

the parameter space. The HL-LHC is also useful to test the model for mW ′ < 5.7 TeV.

The W ′ search at the collider experiment is independent of φh, therefore the XENONnT

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

The smaller φh region is degenerate in figures 5 and 6. We magnify those regions in

figure 7. The values of mZ′ that are required to obtain the right amount of DM energy

density are shown in the mV -φh 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 ′

search at the HL-LHC is a powerful tool to seek this region. The former will give an upper

bound on φh 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 ′ decay width can

be as large as mV , but in most of the region it satisfies 0.1 < ΓW ′/mW ′ < 0.2. The right

panel in figure 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 φh. For mV . 6 TeV, we can test

this model from the W ′ search. We find that the perturbative unitarity of scalar quartic

couplings gives the upper limit on mV , mV . 19 TeV.
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Figure 5. The contours show φh that reproduce the measured value of the DM relic abundance.

Here, mhD
= 1.2 mV and mh′ = 1.4 mV . In the gray shaded region, this model cannot explain

the whole abundance. The pink region (φh > 0.3) is constrained by the measurement of the Higgs

signal strength [46]. In the black shaded region, g0 is beyond the perturbative unitarity bound.

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 the fermion sector to realize the realistic fermion mass spectra through

the Yukawa interactions. Since the dark matter candidate in this model couples to the

electroweak gauge bosons, we do not need to rely on the Higgs portal couplings. These two

features are distinctive of our model from other spin-1 dark matter models. Our model

predicts spin-0 and spin-1 dark matter candidates, and the heavier one decays into the

lighter one. In this paper, we focus on the spin-1 dark matter candidate.

The model predicts a heavy vector triplet (W ′± and Z ′) in the visible sector. We found

that the W ′ searches at the LHC give a strong constraint. That has already excluded some

regions of the parameter space that can explain the measured value of the dark matter

energy density by the freeze-out mechanism.

There are three scenarios that the model predicts the right amount of the dark matter

relic abundance. The first scenario is that the heavy vector triplet is slightly heavier than
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the dark matter but has almost degenerate mass. In this case, pairs of dark matter particles

can annihilate into a heavy triplet and a SM particle. This process is efficient, and the

measured value of dark matter energy density is explained for mV & 4 TeV. The upper

bound on the mass of the dark matter is imposed by the perturbative unitarity bound of

the gauge couplings, mV . 19 TeV. The HL-LHC can test this scenario up to 6 TeV. The

second scenario is for mW ′ ' 2mV that utilizes the W ′ resonance in the (co)annihilation

processes of pairs of dark matter particles. In this case, the gauge couplings are well in the

perturbative regime. The third scenario is for mW ′ � mV . In this scenario, the mass of the

dark matter is almost uniquely determined with the assumption that the relic abundance

explains the full of the dark matter energy density, mV ' 3 TeV. This last scenario is

similar to other SU(2)L-triplet dark matter models. The mass of the W ′ is bounded by the

condition that ΓW ′ < mW ′ , and we find mW ′ . 15 TeV in the small scalar mixing limit.

Although we do not need to rely on the Higgs portal interactions in this model, it

predicts the signal for the direct detection experiments, and thus we also discussed the

effects of the scalar mixing. We found that the perturbative unitarity bounds for the scalar

quartic couplings give a stronger constraint on the mixing. We also found that the model

is testable at the XENONnT experiment if |φh| & 0.03.

Since our dark matter interacts with the electroweak gauge bosons and is much heavier

than them, the Sommerfeld enhancement is expected to give significant effects [57–61]. It

may alter our results for the relic abundance. The effect is also important to test this

model by the indirect detection experiments. We leave this to further study.
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A Some details in the gauge sectors

The mass eigenstates are given by
V ±µ

W±µ

W ′±µ

 =


ω0
V ω1

V ω2
V

ω0
W ω1

W ω2
W

ω0
W ′ ω

1
W ′ ω

2
W ′



W±0µ

W±1µ

Wµ
2µ

 =


1√
2

0 − 1√
2

sinφ±√
2

cosφ±
sinφ±√

2
cosφ±√

2
− sinφ±

cosφ±√
2



W±0µ

W±1µ

Wµ
2µ

 , (A.1)


V 0
µ

Aµ

Zµ

Z ′±µ

 =


ω0
V ω1

V ω2
V ωBV

ω0
γ ω1

γ ω2
γ ωBγ

ω0
Z ω1

Z ω2
Z ωBZ

ω0
Z′ ω

1
Z′ ω

2
Z′ ω

B
Z′




W 3

0µ

W 3
1µ

W 3
2µ

Bµ

 =


1√
2

0 − 1√
2

0

e
g0

e
g1

e
g0

e
g′

ω0
Z ω1

Z ω0
Z ωBZ

ω0
Z′ ω

1
Z′ ω

0
Z′ ω

B
Z′




W 3

0µ

W 3
1µ

W 3
2µ

Bµ

 , (A.2)
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where

e =

(
2

g2
0

+
1

g2
1

+
1

g′2

)−1/2

, (A.3)

ω0
Z = ω2

Z =
eg1√

g2
0 + 2g2

1g
′
cosφ0 +

g0√
2(g2

0 + 2g2
1)

sinφ0, (A.4)

ω1
Z =

eg0√
g2

0 + 2g2
1g
′
cosφ0 −

√
2g1√

g2
0 + 2g2

1

sinφ0, (A.5)

ωBZ =− e
√
g2

0 + 2g2
1

g0g1
cosφ0, (A.6)

ω0
Z′ = ω2

Z′ =
g0√

2(g2
0 + 2g2

1)
cosφ0 −

eg1√
g2

0 + 2g2
1g
′
sinφ0, (A.7)

ω1
Z′ =−

√
2g1√

g2
0 + 2g2

1

cosφ0 −
eg0√

g2
0 + 2g2

1g
′
sinφ0, (A.8)

ωBZ′ =
e
√
g2

0 + 2g2
1

g0g1
sinφ0. (A.9)

Here we introduce φ± and φ0 that satisfy

1

4

(
g2

1(v2 + 2v2
Φ) −

√
2g0g1v

2
Φ

−
√

2g0g1v
2
Φ g2

0v
2
Φ

)(
cosφ± − sinφ±
sinφ± cosφ±

)

=

(
cosφ± − sinφ±
sinφ± cosφ±

)(
m2
W 0

0 m2
W ′

)
, (A.10)

1

4

 g2
0g

2
1g
′2

e2(g2
0+2g2

1)
v2 −

√
2g0g3

1g
′

e(g2
0+2g2

1)
v2

−
√

2g0g3
1g
′

e(g2
0+2g2

1)
v2 (g2

0+2g2
1)2v2

Φ+2g4
1v

2

(g2
0+2g2

1)

(cosφ0 − sinφ0

sinφ0 cosφ0

)

=

(
cosφ0 − sinφ0

sinφ0 cosφ0

)(
m2
Z 0

0 m2
Z′

)
. (A.11)

We find

cos2 φ± =
m2
V ± −m

2
W

m2
W ′ −m2

W

. (A.12)

One can always choose cosφ± > 0 as a convention, and thus

cosφ± =

√
m2
V ± −m

2
W

m2
W ′ −m2

W

, sinφ± =

√
m2
W ′ −m2

V ±

m2
W ′ −m2

W

. (A.13)

We also find

m2
W =

1

8

{
g2

1v
2 + (g2

0 + 2g2
1)v2

Φ −
√
−4g2

0g
2
1v

2v2
Φ +

[
g2

1v
2 + (g2

0 + 2g2
1)v2

Φ

]2}
, (A.14)

m2
W ′ =

1

8

{
g2

1v
2 + (g2

0 + 2g2
1)v2

Φ +

√
−4g2

0g
2
1v

2v2
Φ +

[
g2

1v
2 + (g2

0 + 2g2
1)v2

Φ

]2}
. (A.15)
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For vΦ � v, the mixing angles are given by

cosφ± =
g0√

g2
0 + 2g2

1

+O(v−2
Φ ) ' mV

mZ′
, (A.16)

sinφ± =

√
2g1√

g2
0 + 2g2

1

+O(v−2
Φ ) '

√
1−

m2
V

m2
Z′
, (A.17)

cosφ0 = 1 +O(v−4
Φ ), (A.18)

sinφ0 =

√
2g0g

3
1g
′

e(g2
0 + 2g2

1)2

v2

v2
Φ

+O(v−4
Φ ). (A.19)

B Would-be NG bosons

The mass matrices for the gauge bosons are given by

M2
C = QtWQW , M2

N = QtZQZ , (B.1)

where

QW =
1

2

g0vΦ −g1vΦ 0

0 g1v 0

0 −g1vΦ g0vΦ

 , (B.2)

QZ =
1

2

g0vΦ −g1vΦ 0 0

0 g1v 0 −g′v
0 −g1vΦ g0vΦ 0

 . (B.3)

In the Rξ gauge, the mass terms are given by

−
(
π+

1 π+
3 π+

2

)
ξQWQ

t
W

π−1π+
3

π−2

− 1

2

(
π0

1 π
0
3 π

0
2

)
ξQZQ

t
Z

π0
1

π0
3

π0
2

 . (B.4)

The eigenvectors of the mass matrices are

QtWQW ~ωX =m2
X~ωX , (B.5)

QWQ
t
W ~ωπX =m2

X~ωπX , (B.6)

QtZQZ~ωX =m2
X~ωX , (B.7)

QZQ
t
Z~ωπX =m2

X~ωπX . (B.8)

Multiplying QW to eq. (B.5) and comparing it with eq. (B.6), one can find that QW ~ωX ∝
~ωπX . Note that (QW ~ωX)t(QW ~ωX) = ~ωtXQ

t
WQW ~ωX = m2

X and ~ωtπX~ωπX = 1. Similar

relations are also found in the neutral sector. Finally, we find

QW ~ωX =mX~ωπX , (B.9)

QZ~ωX =mX~ωπX . (B.10)
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These relations are useful to obtain the Fermi constant and some relation among couplings.

For example, we use

g1vω
1
X =2mXω

3
πX

(B.11)

to obtain the Fermi constant.

The mixing angles for the charged NG-bosons are given by

(
~ωπV± ~ωπW ~ωπW ′

)
=

ω
1
πV±

ω1
πW

ω1
πW ′

ω3
πV±

ω3
πW

ω3
πW ′

ω2
πV±

ω2
πW

ω2
πW ′

 =


1√
2

sinφπ√
2

cosφπ√
2

0 cosφπ − sinφπ
− 1√

2

sinφπ√
2

cosφπ√
2

 , (B.12)

where sinφπ and cosφπ satisfy

1

4

(
g2

1v
2 −

√
2g2

1vvΦ

−
√

2g2
1vvΦ (g2

0 + 2g2
1)v2

Φ

)(
cosφπ − sinφπ
sinφπ cosφπ

)
=

(
cosφπ − sinφπ
sinφπ cosφπ

)(
m2
W 0

0 m2
W ′

)
.

(B.13)

Comparing eqs. (B.12) and (B.9), we find

cosφπ =
g1v

2mW
cosφ±, (B.14)

sinφπ =
g1v

2mW ′
sinφ±. (B.15)

The mixing angles for the neutral NG-bosons are given by

(
~ωπV 0 ~ωπZ ~ωπZ′

)
=

ω
1
πV 0

ω1
πZ

ω1
πZ′

ω3
πV 0

ω3
πZ

ω3
πZ′

ω2
πV 0

ω2
πZ

ω2
πZ′

 =


1√
2

sinφπ0√
2

cosφπ0√
2

0 cosφπ0 − sinφπ0

− 1√
2

sinφπ0√
2

cosφπ0√
2

 , (B.16)

where sinφπ0 and cosφπ0 satisfy

1

4

(
(g2

1 + g′2)v2 −
√

2g2
1vvΦ

−
√

2g2
1vvΦ (g2

0 + 2g2
1)v2

Φ

)(
cosφπ0 − sinφπ0

sinφπ0 cosφπ0

)
=

(
cosφπ0 − sinφπ0

sinφπ0 cosφπ0

)(
m2
Z 0

0 m2
Z′

)
.

(B.17)

Comparing eqs. (B.16) and (B.10), we find

cosφπ0 =
v

2mZ
(g1ω

1
Z − g′ωBZ ), (B.18)

sinφπ0 = − v

2mZ′
(g1ω

1
Z′ − g′ωBZ′). (B.19)

C Fermi constant

The Fermi constant is defined by the muon decay, µ → νµeν̄e. There is a W ′ exchanging

diagram as well as the W -exchanging diagram. We have to add both contributions. We
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can simplify the calculation by using the relation between the mixing angles in the gauge

sector and NG-boson sector. The Fermi constant is given by

√
2GF ≡

∑
X=W,W ′

gXν̄µgXēνe
4m2

X

=
∑

X=W,V,W ′

(g1ω
1
X)2

4m2
X

=
∑

X=W,V,W ′

(ω3
πX

)2

v2

=
1

v2
. (C.1)

In the last line, we used that
∑

X ω
j
πXω

k
πX

= δjk. Therefore, we find

√
2GF =

1

v2
. (C.2)
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