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Abstract

We investigate an extension of the Standard Model (SM) with a U(1)′ gauge symmetry, which is

spontaneously broken by a complex scalar singlet and where the new gauge boson is a stable dark

matter candidate via a Z2 flavor symmetry. The possibility of generating a strongly first order

electroweak phase transition (EWPT) needed for the electroweak baryogenesis mechanism in this

model is studied using a gauge independent method. Our result shows a considerable parameter

space where both successful dark matter phenomenologies and a strongly first order EWPT can

be achieved.
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I. INTRODUCTION

With the discovery of the Higgs-like scalar at the CERN LHC [1, 3, 62, 63], the Higgs

mechanism [5] for spontaneous breaking of the gauge symmetry in the standard model (SM)

appears to be a correct description of nature. It opens a new era of direct probes of elec-

troweak symmetry breaking. It was observed by Kirzhnits and Linde [6] that spontaneously

broken symmetries are usually restored at the high temperature. Thus the broken elec-

troweak symmetry is expected to be restored in the early Universe. A transition occurred

about 10−10 second after the Big Bang. The dynamics of the electroweak phase transition

(EWPT), which are still open questions, are important in the attempts to explain the ob-

served matter-antimatter asymmetry of the Universe in terms of baryon number violation

in the electroweak theory and cosmological models of baryogenesis [7, 8]. In particular, the

condition that the baryon excess generated at the EWPT will not be washed out requires

a strong enough first order phase transition, which translates into an upper bound on the

Higgs boson mass. The 125 GeV Higgs boson will be too heavy to give rise to a first or-

der EWPT. Theoretically, dynamics of the EWPT are determined by the effective Higgs

potential at the finite temperature, which are tightly connected with the Higgs interactions

at the zero temperature. A strongly fist-order EWPT requires new Higgs interactions with

particles beyond the SM.

EWPT is one of the necessary conditions for a workable electroweak baryogenesis mecha-

nism of generating the matter-antimatter asymmetry, which results in the visible part of our

Universe. For the invisible part of our Universe, precisely cosmological observations have

confirmed the existence of the non-baryonic cold dark matter Ωh2 = 0.1186 ± 0.0031 [10],

which provides another evidence of the new physics beyond the SM. Much effort has been

employed to interpret the dark matter signals. Among various possible dark matter can-

didates that have been explored in the literature, the weakly interacting massive parti-

cle(WIMP) [11–13] stands out as the most interesting scenario. However the nature of the

dark matter and the way that the dark matter interacts with the ordinary matter are still

mysteries. The discovery of the Higgs boson opens up new ways of probing the dark mat-

ter. It is natural to consider the Higgs portal dark matter model [14–45] , in which dark

matter couples to the SM Higgs in the form ODMOHiggs, where OHiggs is the Higgs bilinear,

H†H , which is one of the lowest mass dimension and gauge invariant operators in the SM.
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ODM is the dark matter bilinear and can be written as φ†
DMφDM for the scalar dark matter,

1/Λχ̄DMχDM and(or) 1/Λχ̄DMiγ
5χDM for the fermonic dark matter, where Λ is roughly the

mass scale of the mediators for a O(1) coupling between the dark matter and the SM Higgs,

V †
µVµ for the vector dark matter.

In this paper we study the possibility of getting a strongly first order EWPT in the

framework of the Higgs portal vector dark matter model [41–45], which extends the SM

with a spontaneously broken U(1)′ gauge symmetry and a Z2 discrete flavor symmetry,

that stabilizes the new vector field as a dark matter candidate. A complex scalar singlet is

needed to break the U(1)′ gauge symmetry and gives the mass to the vector dark matter.

The scalar singlet is mixed with the SM Higgs via the quartic interaction. The strongly

first order EWPT is triggered by the same interaction in our model. For the effect of scalar

singlets on the EWPT, see [46–60]. Our study is new in the following two aspects:

• We treat the effective potential in a gauge invariant way. The critical temperature TC

and the energy scale v̄(T ) is gauge invariant;

• EWPT is closely related to the phenomenology of the vector dark matter in our model.

Our study shows that even though there are strong constraints on the model from the

exclusion limits of the dark matter direct detection experiments such as LUX [61], one can

still find the parameter space, where all the dark matter constraints can be satisfied and a

strongly first order EWPT can be generated.

The paper is organized as follows: In section II we give a brief introduction to the model.

Section III is the study of the dark matter phenomenology. We investigate the EWPT and

its correlation with the Higgs portal vector dark matter in section IV. The last part is the

concluding remarks.

II. THE MODEL

We assume the dark matter is a vector boson, Vµ, which can be the gauge field of a U(1)′

gauge symmetry that is spontaneously broken. SM fields carry no U(1)′ charge. The only

field charged under the U(1)′ is a complex scalar singlet whose vacuum expectation value

(VEV) breaks the new gauge symmetry spontaneously and gives rise to a non-zero mass

of Vµ. The model has a Z2 reflect symmetry, under which Vµ is odd and all the SM fields
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are even, which makes Vµ a stable dark matter candidate. We list in Table. I charges of

particles under the Z2 reflect symmetry. We refer the reader to Ref. [45] for the discussion

of discrete symmetries in the vector dark matter model. The relevant Lagrangian can be

Particles Re[S] Im[S] Vµ SM particles

Z2 1 −1 −1 1

TABLE I: Charges of particles under the Z2 reflect symmetry.

written as

L = (DµH)†(DµH) + (D′
µS)

†(D′
µS)− V (H,S) (1)

where

D′
µ = ∂µ − igNQSVµ (2)

with gN being the gauge coupling of the U(1)′ and QS the U(1)′ hypercharge of the scalar

singlet. We take QS = 1. The Higgs potential is

V (H,S) = −µ2H†H − µ2
sS

†S + λ(H†H)2 + λ1(S
†S)2 + λ2(H

†H)(S†S) (3)

where H = (h+, (h+ iA+ v)/
√
2)Tand S = (s+ iρ+ vs)/

√
2. After imposing the conditions

of the global minimum, one has

v2 ≈ 2µ2
sλ2 − 4µ2λ1

λ2
2 − 4λ1λ

, v2s ≈
2µ2λ2 − 4µ2

sλ

λ2
2 − 4λλ1

, (4)

A and ρ are goldstone bosons eaten by W 3
µ and Vµ respectively. The mass matrix of the

CP-even scalars is

M2
even =

(

2λv2 λ2vvs

λ2vvs 2λ1v
2
s

)

(5)

which can be diagonalized by a 2× 2 orthogonal unitary matrix. Mass eigenvalues and the

mixing angle can be written as

m2
1,2 = (λv2 + λ1v

2
s)±

√

(λv2 − λ1v2s)
2 + (λ2vvs)2 , (6)

θ =
1

2
arctan

(

λ2vvs
λv2 − λ1v2s

)

. (7)
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Assuming ms is heavier, one has m2
s = m2

h + 2
√

(λv2 − λ1v2s)
2 + (λ2vvs)2, where mh is the

mass of the SM Higgs.

The scalar singlet decays into the new vector boson as well as SM fields via the mixing

with the SM Higgs, the decay rate can be written as

Γs =
∑

α=V,W,Z

f 2
αm

4
α

√

m2
s − 4m2

α

4(1 + δα)πv2sm
2
s

(

3− m2
s

m2
α

+
m4
s

4m4
α

)

θ(ms − 2mα)

+
∑

ψ=b,t

s2θm
2
ψ(m

2
s − 4m2

ψ)
3/2

8πv2m2
s

θ(ms − 2mψ) (8)

where sθ = sin θ, with θ the mixing angle between the SM Higgs and the scalar singlet,

fV = cos θ and fW,Z = (vs/v) sin θ, δV,Z = 1 and δW = 0. If ms < mh, s mainly decayes into

bb̄ and τ τ̄ .

Before proceeding to investigate the dark matter phenomenologies and the EWPT in this

model, let us comment on constraints on the mixing between the CP-even scalar singlet and

the SM-like Higgs from the LHC and electroweak precision observables(EWPO). Performing

a global χ2 fit to the current Higgs data from ATLAS [62] and CMS [63], one gets limit on

the mixing angle, | cos θ| ≥ 0.84 [58], at the 95% C.L. Similarly, by calculating the scalar

contributions to the weak gauge boson vacuum polarization, one gets impacts of EWPOs

to the model. We refer the reader to Ref. [58] for the ∆χ2 fit to the shifts in the oblique

parameters, which showed the allowed region in the cos θ-ms plane. We use these constraints

derived in Ref [58] directly in our following numerical analysis.

III. DARK MATTER PHENOMENOLOGY

In order to determine the relic density of the dark matter and the source function of

cosmic-ray particles derived from the dark matter annihilation in the Galactic halo, which

is relevant to the dark matter indirect detection, one needs to the calculate the the dark

matter annihilation. The results are given by

σ(VµVµ → f̄f) =
c2θs

2
θ

18πŝ

(

m2
Vmf

vsvh

)2
(ŝ− 4m2

f)
3/2

√

ŝ− 4m2
V

T × P , (9)

σ(VµVµ → GG) =
c2θs

2
θ

9(1 + δG)πŝ

(

m2
Vm

2
G

vsvh

)2
√

ŝ− 4m2
G

ŝ− 4m2
V

(

3− ŝ

m2
G

+
ŝ2

4m4
G

)

T × P , (10)

σ(VµVµ → ss) ≈ c4θm
4
V [6c

2
θλ1v

2
s + (ŝ−m2

s)]
2

72πsv4s [(ŝ−m2
s)

2 +m2
sΓ

2
s]

√

ŝ− 4m2
s

ŝ− 4m2
V

∗ T , (11)
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σ(VµVµ → sh) ≈ m4
V [−6c3θsθλ1v

2
s + c4θλ2vsvh + cθsθ(ŝ−m2

s)]
2

36πŝ3/2v4s [(ŝ−m2
s)

2 +m2
sΓ

2
s]

√

F(ŝ, m2
s, m

2
h)

ŝ− 4m2
V

T . (12)

with

T = 3− ŝ

m2
V

+
ŝ2

4m2
V

, P =
(m2

h −m2
s)

2 + (mhΓh −msΓs)
2

[(ŝ−ms)2 +m2
sΓ

2
s][(ŝ−m2

h)
2 +m2

hΓ
2
h]

. (13)

where ŝ is the Lorentz invariant Mandelstam variable, mh,s and Γh,s are masses and decay

widths of h and s respectively, mf and mG are the masses of fermions and vector bosons in

the final states, and F(x, y, z) ≡ x2 + y2 + z2 − 2xy − 2yz − 2xz. The thermal average of

the total annihilation cross section can be expressed in terms of a total integral [70]

〈σv〉 = 1

8m2
V TK

2
2(m/T )

∫ ∞

4m2

V

σ(ŝ− 4m2
V )

√
ŝK1(

√
ŝ/T )dŝ (14)

where K1(x) and K2(x) are modified Bessel functions. The present density of the vector

dark matter is simply given by ρV = mV s̃0Y∞, where s̃0 = 2889.2 cm−3 and Y∞ is the

solution to the Boltzmann equation:

−s̃Ẏ = −〈σv〉
(

Y 2 − (Y eq)2
)

, (15)

where s̃ is the entropy density. Given the observed dark matter relic density, one may reduce

one free parameter of the model. Points in Fig. 1 and 2 show the parameter space which

give a correct dark matter relic abundance.

A dark matter is detectable through its scattering on atomic nuclei on the earth, by

production at particle colliders or through detection of its annihilation radiation in our

galaxy. Here we focus on the dark matter direct detection in the deep underground labora-

tories, which registers the interaction of through-going dark matter. The dark matter-quark

effective Hamiltonian in our model can be written as

Heff = cθsθ
2m2

V

vs
VµV

µ

(

1

m2
s

− 1

m2
h

)

mq

v
q̄q . (16)

Parameterizing the nucleonic matrix element as 〈N |
∑

qmq q̄q|N〉 = fNmN , where mN is the

proton or neutron masses and fN is the nucleon form factor, the cross section for the dark

matter scattering elastically from a nucleus is given by

σ =
c2θs

2
θµ

2

π

[

mVmpfp
vvs

(

1

m2
h

− 1

m2
s

)]2

(17)

where µ = mVmp/(mV +mp), which is the reduced mass of the dark matter and the proton,

with mp being the proton mass. We refer to [11–13] for explicit values of fp.
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FIG. 1: Spin independent dark matter nucleon scattering cross section as the function of

the dark matter mass. We set ms = 320 GeV and vs = 1 TeV. All the points in blue color

give the correct dark matter relic density. The red solid line is the limit of LUX.

For mV < mW , the dark matter pair annihilate mostly into quark and lepton pairs, the

amplitude of which is suppressed by the Yukawa couplings. As a result the dark matter relic

abundance formV < mW will be too large to be consistent with the dark matter observations.

For mW < mV < mh, the dominate channels are V V → W+W− and V V → ZZ. When

mV gets even bigger, V V → hh, hs, ss are no longer kinematically forbidden and become

dominant annihilation channels. We plot in Fig. 1 the spin independent dark matter nucleon

scattering cross section as the function of the dark matter mass by setting ms = 320 GeV

and vs = 1 TeV. All the points in the blue curve give a correct dark matter relic density.

The red solid line is the exclude limit given by the LUX [61]. One can conclude that the

Higgs portal dark matter model may survive only at the nearby of the resonance of the

scalar singlet.

We plot in the left panel Fig. 2 the coupling λ2 as the function of the dark matter mass

by setting λ1 = 0.1 and vs = 1 TeV. All the points in the figure give a correct dark matter

relic density. Points in blue color satisfy the constraint of the LUX, while points in grey

are excluded by the LUX. One can see that the dark matter direct detection puts strong

constraint on the coupling λ2. It is worth to mention that the constraint changes as the

initial inputs vary. In the right panel of Fig. 2, we show the scattering plots in the λ2−mV

plane, where each point satisfies all the dark matter constraints. We have set vs and λ1 as

free parameters varying in ranges: vs ∈ [100, 2000] GeV and λ1 ∈ (0, 2), when making the

plot.
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FIG. 2: λ2 as the function of the dark matter mass. All the points give the correct dark

matter relic density. Points in gray color are excluded by the LUX (left panel), points in

blue (left panel) and magenta color (right panel) are allowed by the LUX.

IV. ELECTROWEAK PHASE TRANSITION

In this section we study the electroweak phase transition in the Higgs portal vector dark

matter model. The Lagrangian was given in Eq. (1) and (3). Fields contributing to the

effective potential are the Higgs field, Goldstone bosons, gauge bosons, new scalar singlet,

vector dark matter and the top quark. Field dependent mass squares are given in Table. II.

Thermal masses of the SM Higgs, the scalar singlet and the vector dark matter are given by

Πh =

(

3g2 + g′2

16
+

λ

2
+

λ2

12
+

h2
t

4

)

T 2 , (18)

Πs =

(

g2N
4

+
λ1

3
+

λ2

6

)

T 2 , (19)

ΠL
V =

2

3
g2NT

2 . (20)

The effective potential, which is critical for the EWPT, can be written as

Veff = V0 + VCW + VT , (21)

where VCW, known as Coleman-Weinberg potential, contains the one-loop contributions to

the zero temperature effective potential, VT includes the finite temperature contributions.

Both VCW and VT receive contributions from particles that couple to the Higgs. A particle’s

contribution to the effective potential is determined by its multiplicity, its fermion number

and its mass in the presence of a background Higgs field.
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scalars masses gauge fields masses fermions masses

φ −µ2
h + 3λh2 + 1

2λ2s
2 W

g2

4 h
2 t

h2
t

2 h
2

χ −µ2
h + λh2 + 1

2λ2s
2 Z g2+g′2

4 h2

ϕ −µ2
s + 3λ1s

2 + 1
2λ2h

2 γ 0

ρ −µ2
s + λ1s

2 + 1
2λ2h

2 V g′′2s2

TABLE II: Field-dependent masses of various particles.

The Coleman-Weinberg effective potential can be expressed in terms of the field depen-

dent masses

VCW =
1

64π2

∑

i

(−1)2sinim
4
i (h, s, ξ)

[

log
m2
i (h, s, ξ)

µ2
− Ci

]

, (22)

where µ is the renormalization scale, fixed to be v0, which is the tree level VEV of the SM

Higgs at the zero temperature, the sum is over all fields that interact with the scalar fields,

ni and si are the number of degrees of freedom and the spin of the i-th particle. Ci equals to

5/6 for gauge bosons and 3/2 for scalars and fermions. We calculate the effective potential

in Rξ gauge.

The temperature dependent effective potential can be calculated using standard tech-

niques. It receives two contributions: the one-loop contribution and the bosonic ring contri-

bution, which depends on thermal masses. Imposing renormalization conditions preserving

the tree level values of VEVs and working in the Rξ gauge, the fields-dependent part can be

written as

VT =
T 4

2π2

{

∑

i∈B

niJB

[

m2
i (h, s, ξ)

T 2

]

−
∑

j∈F

njJF

[

m2
j (h)

T 2

]

−
∑

k∈G

nkJB

[

m2
k(h, s, ξ)

T 2

]

}

,(23)

where the first term is contributions of bosons, the second term is contributions of fermions

and the third term is contributions of ghosts. The explicit expression of functions JB(F )(x)

can be found in Ref. [9]. The ring contribution can be written as

V ring
T =

T

12π

∑

i

ni
{

(m2
i (h, s, ξ))

3/2 − (M2
i (h, s, T, ξ))

3/2
}

. (24)

Thermal masses are given as M2
i (h, s, T, ξ) = m2

i (h, s, ξ)+Πi(T
2), with Πi(T

2) given in Eqs.

(18), (19) and (20).
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We first study the zero temperature vacuum structures, which influence the electroweak

phase transition at the finite temperature. The critical points are found by solving the

minimization conditions

∂V0

∂h

∣

∣

∣

∣

h0

=
∂V0

∂s

∣

∣

∣

∣

s0

= 0 , (25)

which has at most nine solutions: (0, 0), (±v, ±vs), (0,±
√

µ2
s/λ1) and (±

√

µ2/λ, 0). There

are four distinct critical points left after using the reflection symmetries to eliminate the

redundant negative partners of these solutions. We take (v, vs) as the physical electroweak

vacuum, where the scalar masses are given in the Eq. (6). The requirement of the vacuum

stability may be summarized by the condition that this point is the global minimum. A

naive calculation turns out that it always be true, if the solutions given in Eq. (4) are

positive. The requirement can be written as the inequalities

λ(λ1) > 0 , 4λλ1 − λ2
2 > 0 , 2µ2λ1 − µ2

sλ2 > 0 , 2µ2
sλ− µ2λ2 > 0 . (26)

which put constraints on the parameter space of the potential. On the other hand, the

vacuum stability and perturabativity [69] of the SM Higgs at the high energy scale also

constrain the parameter space.

We now derive conditions on the parameters such that the condition for a strongly first

order EWPT obtains. Before doing so, we comment on the issue of gauge dependence of

the EWPT. The root of the problem lies in the lack of gauge-invariant definition of the

free energy. Although the problem has not been solved yet, there are some possible ways

out. A gauge independent condition for a strongly first order EWPT can be obtained in

perturbative theory by using a gauge invariant source term jΦ†Φ [64] in the generating

functional. Another approach is working with a source term jΦ, that is not gauge invariant,

and consistently implementing the Nielsen’s identity [65] and doing ~-expansion [66] with

the effective potential, so as to erase the gauge parameter order by order. In this paper we

follow the approach given in Ref.[66] to calculate the condition for the strongly first order

EWPT.

The key point of the gauge independent perturbative analysis of EWPT is that the

effective potential at the minimum is gauge invariance as stated by the Nilsen identity. One

first expands φmin as a series in ~

φmin = φ0 + ~φ1(T, ξ) + ~
2φ2(T, ξ) + · · · (27)
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where φ0 is the minimum of the tree-level effective potential. Substituting it into the effective

potential and expanding in ~, one has [66, 67]

Veff(φmin, T ) ≈ V0(φ0) + ~V1(φ0, T ) + ~
2

(

V2(φ0, T, ξ)−
1

2
φ2
1(T, ξ)

∂2V0

∂φ2
|φ0
)

+ · · · (28)

where Vi(φ, T, ξ) is the effective potential at the order ~
i. The right hand side of eq. (28)

is gauge independent at each order in ~ by the Nilsen identity. So one may calculate the

gauge-independent critical temperature order by order using eq. (28). In our following

analysis we neglect terms proportional to ~
2 for simplicity, because we are not aware of any

computation of high order corrections to the effective potential in an arbitrary gauge.

The requirement of an initially produced baryon asymmetry not to be washed out, implies

roughly a requirement on ∆Esph/TC , that can be translated into the bound: φ(TC)/TC ≥ 1.0.

Although φ(TC) is gauge dependent, one can obtain the sphaleron rate by evaluating the

temperature-dependent effective action of the sphaleron where only the gauge independent

O(T 2) terms are included. To this approximation, the theory contains a gauge invariant

sphaleron energy scale v̄(T ), and the condition for a strongly first order EWPT turns out

to be [66, 68]

v̄(TC)

TC
≥ 1.0 , (29)

which is quoted as the criteria in our analysis of the EWPT.

In the spirit of maintaining gauge independence, the effective potential, in which only the

gauge independent O(T 2) terms are included, can be written as

V (h, s, T ) =
1

2

[

Πh − µ2
h

]

h2 +
1

2

[

Πs − µ2
s

]

s2 +
1

4
λh4 +

1

4
λ1s

4 +
1

4
h2s2 , (30)

where Πh and Πs are the thermal masses of the SM Higgs and scalar singlet respectively.

The sphaleron rate can be obtained from the effective action in Eq. (30) by performing path

integral over the Higgs field. The temperature dependent vacuum expectation value can be

written as

v̄(T ) =

√

v20 +
2λ2Πs − 4λ1Πh

4λλ1 − λ2
2

(31)

Notice that v̄(T ) minimizes V (h, s, T ) only for Πh < µ2
h.

As stated in eq. (28), we calculate the gauge-independent critical temperature, by in-

serting the tree level minimas into the one-loop temperature-dependent effective potential,
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FIG. 3: v̄(TC)/TC as the function of the critical temperature. Points in red color give a

correct dark matter relic density and satisfy the LUX constraint in the meanwhile. Points

in gray are inconsistent with the constraint of dark matter observables.

at which point the gauge dependence cancels. The critical temperature can be obtained by

requiring the following degeneracy condition

Veff(h1, s1, TC) = Veff(h2, s2, TC) , (32)

where (h1, s1) = (0,
√

µ2
s/λ1) and (h2, s2) = (246, vs).

For the numerical analysis, we set vs, λ1 and λ2 as free parameters varying in the following

ranges vs ∈ [100 GeV, 2 TeV], λ1 ∈ (0, 2] and λ2 ∈ (0, 1], the mass and VEV of the SM

Higgs are set to be 125 GeV and 246 GeV respectively, the dark matter mass is set to be

near ms/2, where ms is the mass of the scalar singlet at the zero temperature. All the

other physical parameters can be obtained using these inputs. In Fig. 3, we plot v̄(TC)/TC

as the function of the critical temperature. Points in red color correspond to cases where

the dark matter relic densities are consistent with the experimental observation within three

standard deviations, and the LUX exclusion limits are satisfied. One can see that the critical

temperature lies in the range [40, 200] GeV. For the points that satisfy all the constraints

of dark matter observables the critical temperature roughly lies in the range[110, 150]. It

is obvious that there are parameter space where both strongly first order EWPT and the

correct dark matter phenomenologies can be achieved. It should be mentioned that the

barrier of the effective potential in this model comes from the thermal loop corrections.
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of the coupling λ2 (right panel). All the points in red color give a correct dark matter relic

density and satisfy the LUX constraint in the meanwhile. The points in gray color are

excluded by the LUX.

In Fig. 4, we plot v̄(TC)/TC as the the function of the dark matter mass (left panel)

and the coupling λ2 (right panel). Points in red color (in reversed triangle symbol) satisfy

all the dark matter constraints. Points in gray color (in cross symbol) are excluded by the

LUX. For a light dark matter the quartic coupling, λ2, is constrained to be very small to

give a correct dark matter relic density, which decreases the barrier of the effective potential

induced by the same quartic coupling. As a result, one can not get a strongly first order

EWPT in this case. For a much heavy dark matter, one may have a large quartic coupling,

λ2, which can be O(1), but the extra scalar will be too heavy and will decouple when EWPT

happens. It should be mentioned that the gauge invariant EWPT method provided by [66]

somehow underestimates the critical temperature, which means the strength of the EWPT

is overestimated. One needs to include higher order corrections to the effective potential to

get a more accurate result. Unfortunately, we are not aware of any computation of high

order corrections to the effective potential in an arbitrary gauge. Here we only give a rough

estimation on the strength of the EWPT. From Fig. 4, (φC/TC)max ≈ 1.5. We leave the

study of the impact on the EWPT from the next leading order thermal corrections at O(~2)

to a future work. Since the model we studied may not be the only new physics beyond the

SM, we will not consider constraints of the oblique parameters on the model in this paper.
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V. CONCLUDING REMARKS

The discovery of the SM Higgs makes the EWPT realistic. However the dynamic of the

EWPT and its possible signatures are still unknown. In this paper we have explored the pa-

rameter space of the Higgs portal vector dark matter model which can lead to strongly first

order EWPT as required by the electroweak baryogenesis. We have studied the parameter

space of the Higgs portal vector dark matter constrained by the LUX and the parameter

space for a strongly first order EWPT. Our result shows that there are considerable parame-

ter space where both successful dark matter phenomenologies and the first order EWPT can

be achieved. Our research are new in two aspects: (1) we perform a totally gauge invariant

treatment of the EWPT; (2) the model is closely related to the Higgs portal vector dark

matter, which is distinctive compared with other Higgs portal dark matter scenarios, since

the dark matter mass in our model is totally induced by the spontaneously broken of the

U(1)′ gauge symmetry. The collider signatures of the model, which is interesting but beyond

the scope of this study, will be shown in somewhere else.
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