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We consider models with the U(1)X gauge symmetry, which is spontaneously broken by dark
Higgs mechanism. We discuss patterns of the electroweak phase transition and detectability
of gravitational waves (GWs) when strongly first order phase transition (1stOPT) occurs. It is
pointed out that the collider bounds on the properties of the discovered Higgs boson exclude a
part of parameter space that could otherwise generate detectable GWs. We find that GWs pro-
duced from multi-step PT can be detected at future observations such as LISA and DECIGO if
the dark photon mass is mX ≳ 25 GeV with the U(1)X gauge coupling being gX ≳ 0.5. In addi-
tion, we show that most of the parameter regions can be covered by precision measurements of
various Higgs boson couplings and direct searches for the singlet scalar boson at future collider
experiments. Furthermore, we expect the complementarity of the detection of GW observations
from the strongly 1stOPT, collider bounds and dark photon searches in the models of the dark
gauge symmetry.
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1. Introduction
In models extended from the standard model (SM) Higgs sector, strongly first order phase

transition (1stOPT) can be realized. We emphasize that the nature of electroweak phase transition
(EWPT) can be probed by exploring the Higgs sector at ongoing and future experiments. Models
predicting significant deviations in various Higgs boson couplings can be tested at the LHC [2] as
well as at future lepton colliders including, the International Linear Collider (ILC) [3], the Compact
Linear Collider (CLIC) [4] and the Future Circular Collider of electrons and positrons (FCC-ee) [5].

On the cosmological side, the strongly 1stOPT that occurs in the early Universe produces
stochastic gravitational waves (GWs). In future, planned space-based interferometers such as
LISA [6], DECIGO [7] and BBO [8] will survey GWs in the millihertz to decihertz range, which
is the typical frequency of GWs from the 1stOPT at the electroweak scale.

Among various extensions of the Higgs sector, we here focus on a model with gauged dark
U(1)X symmetry including the U(1) gauge kinetic mixing term. In general, U(1) extended models
are also testable at various experiments for the dark photon search.

2. Model with dark U(1)X gauge symmetry
We consider a model with a dark sector where the U(1)X Abelian gauge symmetry is spon-

taneously broken by the so-called dark Higgs mechanism. We introduce a complex scalar S with
U(1)X -charge QX and the U(1)X gauge field (dark photon) X0

µ . In generic, there appears the gauge
kinetic mixing term between the U(1)X gauge boson X0

µ and the hypercharge U(1)Y gauge boson
Bµ [9], and the Lagrangian is given by (e.g. Ref. [10])

L =−1
4

Xµν X µν − ε
2

XµνBµν + |DµS|2 −V0 (2.1)

where Xµν = ∂µX0
ν − ∂νX0

µ and B0
µν = ∂µB0

ν − ∂νB0
µ , and the covariant derivative is defined as

Dµ = ∂µ + igX QX X0
µ . Here, the Higgs potential is given by

V0 =−µ2
Φ|Φ|2 −µ2

S |S|2 +λΦ|Φ|4 +λS|S|4 +λΦS|Φ|2|S|2. (2.2)

We normalize the U(1)X charge of S, QS ≡ QX(S); QS = 1. Since the viable parameter range for ε
is too small to affect PT [10], we focus on the rest six parameters, i.e. µ2

Φ,µ2
S ,λΦ,λS, λΦS and gX .

After the EW symmetry breaking, the two Higgs multiplets can be expanded as Φ=(w+, 1√
2
(vΦ+

ϕΦ+ iz0))T ,S = 1√
2
(vS+ϕS+ ix0), where vΦ and vS are the corresponding vacuum expectation val-

ues (VEVs). The Nambu-Goldstone modes w±, z0 and x0 are absorbed by the gauge bosons W±
µ , Z0

µ
and X0

µ . The mass of X0
µ is mX = gX |QS|vS (see also Ref. [11]). The interaction basis state (ϕΦ, ϕS)

is diagonalized to their mass eigenstate (h, H) through the rotation matrix with cθ ≡ cosθ and sθ ≡
sinθ . We take vΦ(= 246 GeV), mh(= 125 GeV), mH , θ , gX and mX as input parameters. The tree-
level interactions of h and H with the SM gauge bosons V (=W±

µ , Z0
µ ) and with the SM fermions F

are given by LΦVV,ΦFF = (hcθ −Hsθ ){(2m2
W/vΦ)W+

µ W−µ +(m2
Z/vΦ)Z0

µZ0µ −∑F(mF/vΦ)F̄F}.
The couplings of h is normalized by the corresponding SM ones are universally given by

κ ≡ ghVV

gSM
hVV

=
ghFF

gSM
hFF

= cθ . (2.3)
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Figure 1: (Left) Types of multi-step PT on the (mH ,θ) plane for the benchmark point mX = 200 GeV and
gX = 2. Parameter sets predicting one-step PT with 1st order are marked with blue closed square, one-step
PT with 2nd order with blue open square, two-step PT where both transitions are 1st order with green closed
star, two-step PT where the latter one is 1st order with green closed triangle, and two-step PT where the
former one is 1st order with green open triangle. The gray plots are insensitive at future GW observations.
The colored regions are excluded by perturbative unitarity (black), vacuum stability (brown). The black lines
show the combined exclusion limit obtained by κZ measurement (orange) and direct searches for H (gray).
The black dashed lines and dotted lines show the expected accuracy of κ measurements at HL-LHC (14 TeV,
3 ab−1) and ILC (250 GeV, 2 ab−1).
Figure 2: (Right) The six benchmark points are blobbed on the (mX ,gX )-plane. The solid lines show the
cases of vS=50 GeV (blue), 100 GeV (orange), 200 GeV (green) from the top. The gray plots in the small gX
region shows that any parameters on the (mH ,θ) cannot reach to the sensitivity of future GW observations.

3. Numerical results

In Fig. 1, various types of multi-step PT that predict first order EWPT are marked with colored
plots. The gray plots are insensitive at future GW observations, LISA [20] and DECIGO [7]. We
find that there are still detectable regions satisfying the current collider constraints shown below.

The measurements of the Higgs boson decay into weak gauge bosons give constraints on the
hVV couplings as κZ = 1.03+0.11

−0.11 and κW = 0.91+0.10
−0.10 from the ATLAS and CMS combination

of the LHC Run-I data (68% CL) [12]. In our numerical analysis, we take the 68% CL bound
κZ > 0.92 as the lower bound on the mixing angle, namely |θ | ≤ 23.1◦. The exclusion limits from
the direct searches for the H boson at the LEP and LHC Run-II are examined in Ref. [13]. We will
show that a large portion of the model parameter space where strongly 1stOPT and detectable GW
signals are possible is excluded by the collider bounds on the Higgs bosons discussed above.

The expected accuracy of the measurements of the Higgs boson couplings are also displayed in
Fig. 1 as follows. The high-luminosity (HL)-LHC with

√
s = 14 TeV and L = 3 ab−1 can constrain

∆κV with an accuracy of 2% [2]. Future e+e− colliders can considerably ameliorate the precision.
The stage of the ILC with

√
s = 250 GeV and L = 2 ab−1 can limit ∆κW to 1.8% and ∆κZ to

0.38% [14]. In addition, the limit obtained from direct searches for the H-boson at future colliders
are discussed in Ref. [15] for the small mass region and in Ref. [16] for the large mass region.
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In Fig. 2, our numerical results about the EWPT and GW signals for the six benchmark points
are defined. Scanning the parameter region with the collider bounds on the Higgs boson properties
into consideration, we have found that GW signals are detectable only for larger dark photon mass,
say mX ≳ O(25− 100) GeV. As shown in Ref. [17], the recent data from LHCb [18] and LHC
Run-II [19] give constraints on ε , which is roughly smaller than 10−2 at least, for the mass regions
10.6 GeV < mX < 70 GeV and 150 GeV < mX < 350 GeV, respectively. It is also shown that the
mass region 20 GeV < mX < 330 GeV can be constrained at future lepton colliders in Ref. [17].
We expect that 1stOPT with such a heavy dark photon will be tested by synergy between future
GW observations and dark photon searches.

4. Conclusions
We have comprehensively explored models with a dark photon whose mass stems from spon-

taneous U(1)X gauge symmetry breaking by the nonzero VEV of the dark Higgs boson S in light
of the patterns of PT and the detectability of GWs from strongly 1stOPT as well as various col-
lider and theoretical bounds. After imposing these constraints on the model parameter space, we
have found that GWs produced from multi-step PT can be detected at future observations such as
LISA and DECIGO, if the dark photon mass is mX ≳ 25 GeV with the U(1)X gauge coupling being
gX ≳ 0.5. We have found that the parameter regions predicting detectable GWs are covered by the
measurement of κ at future colliders including the HL-LHC and ILC.
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