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We study a scenario where the Standard Model is extended by a SU(2) gauge group in the dark sector.
The three associated dark gauge bosons are stabilized via a custodial symmetry triggered by an additional
dark SU(2) scalar doublet, thus making them viable dark-matter candidates. After considering the most
recent constraints for this model, we analyze the phase transition dynamics and compute the power
spectrum of the resulting stochastic gravitational-wave background. Finally, we find regions of the
parameter space yielding the observed dark-matter relic density while also leading to a strong enough phase
transition with an associated gravitational-wave signal reaching the sensitivity of a future space-based
gravitational-wave detector, such as LISA, DECIGO, BBO, TianQin, or Taiji.
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I. INTRODUCTION

The possibility to test models of new physics in
complementary ways allows to effectively narrow down
the possible theories which aim to solve the open problems
of the Standard Model (SM) of particle physics. For many
years, this complementarity involved a combination of
different astrophysical and collider observations. For a
decade, the observation of gravitational waves (GWs)
[1,2] added a precious source of information for this kind
of phenomenological approach. Indeed, scenarios of new
physics usually predict new particles which, throughout the
history of the Universe, might have contributed to phe-
nomena leading to the generation of GWs, possibly in the
range of observation of current or future experiments. In
particular, it has been demonstrated that a first-order phase
transition (FOPT) in the early Universe leads to a stochastic
gravitational-wave background [3,4] which could be
detected today by future space-based gravitational-wave
observatories such as LISA [5], DECIGO [6], BBO [7],
TianQin [8], or Taiji [9]. Within the frame of the SM, the

electroweak phase transition (PT) is a crossover [10], hence
the necessity to add beyond-SM ingredients to make it
first order.
In this paper we consider a theoretical model which

predicts dark matter (DM) candidates and at the same time
can lead to FOPTs, allowing to probe its parameter space
through GWs experiments. In this model, introduced in
[11] and further studied in [12–31], the DM candidates
appear in the form of massive gauge bosons of a non-
Abelian SUð2Þ group in the dark sector. Their stability is
ensured by a custodial symmetry in the dark scalar sector
which generates gauge boson masses through a mechanism
of spontaneous symmetry breaking. The scalar doublet
under the new SUð2Þ can interact with the Higgs doublet
via a quartic coupling, and the new physical scalar which is
generated after the symmetry breaking mixes with the
Higgs boson. In this way, the dark sector can communicate
with the SM other than through gravity, potentially leading
to observable signals.
Our analysis consists of the following steps. We will first

identify the allowed regions of the four-dimensional
parameter space of the model by combining theoretical
constraints, observables from the Higgs sector of the SM
and its precision tests in the electroweak sector, and
multiple astrophysical constraints, updating previous
analyses using the most recent experimental data.
Subsequently, we will study the scalar sector of the model
to determine the region of parameter space which can
induce FOPTs during cosmological evolution, with the
generation of GWs [32]. We will then evaluate whether the
GWs can be observable by future experiments, and in
which frequency range.
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This paper is structured as follows: in Sec. II we provide
a short description of the vector DM model from a dark
SUð2Þ gauge group; in Sec. III A the astrophysical and
cosmological constraints are described and quantitatively
discussed; in Sec. III B the theoretical and collider con-
straints are analyzed; in Sec. III C the quantum and finite-
temperature corrections to the scalar potential as well as the
cosmic phase-transition parameters needed to compute the
power spectrum of the subsequent generated stochastic
gravitational-wave background are provided; in Sec. IV we
show the combination of all constraints and the allowed
regions of parameter space, and determine the subregions
where a first-order phase transition is possible, and finally
compare the spectrum of predicted GWs with the reach of
different future space-based gravitational-wave detectors.

II. THE SUð2ÞD MODEL

For our study, we consider a minimal SM extension,
introduced in [11], providing non-Abelian gauge boson
DM candidates whose stability is guaranteed by a custodial
symmetry built in the new scalar sector, for which we will
describe here the main features.
In this model, the SM gauge sector is extended with a

new SUð2ÞD gauge group, where the D suffix stands for
“dark,” under which all SM particles transform as singlets.
The three gauge bosons Va

D acquire mass through a
mechanism of spontaneous symmetry breaking, in which
a new scalar boson ΦD, doublet under SUð2ÞD, acquires a
vacuum expectation value (VEV) vD. The gauge bosons
become then degenerate with mass mVD

¼ gDvD=2, where
gD is the coupling constant of SUð2ÞD. The ΦD is singlet
under the SM gauge group, and therefore its only possible
interaction with the SM is through a quartic portal coupling
with the Higgs boson. The Lagrangian of the new-physics
part of the model is

L ¼ −
1

4
FDμνF

μν
D þ ðDμΦDÞ†ðDμΦDÞ þ μ2DðΦ†

DΦDÞ
− λDðΦ†

DΦDÞ2 − λHDðΦ†
DΦDÞðΦ†ΦÞ; ð2:1Þ

where Fμν
D is the SUð2ÞD field strength; the covariant

derivative is Dμ ¼ ∂μ − igDTa
DV

a
D, with TD the dark iso-

spin. This Lagrangian is invariant under an SOð4Þ sym-
metry, which is broken to the custodial SOð3Þ symmetry by
the VEV of ΦD, ensuring the stability of the Va

D gauge
bosons, and making them viable dark matter candidates. An
enlarged fermionic sector could break such symmetry, lift
the degeneration between the dark vector bosons at loop
level, and allow for purely SM decay modes for one of the
Va
D [28,33].
Out of the 8 degrees of freedom in the scalar sector

(the components of the Higgs and dark scalar doublets),
six are Goldstone bosons which give mass to the elec-
troweak gauge bosons and to the three Va

D of SUð2ÞD.

The remaining two correspond to physical states, the Higgs
boson h and a further CP-even scalarHD. These states arise
from the mixing between ϕ and ϕD, appearing in the
neutral components of the Higgs and dark doublet, respec-
tively, Φ−1=2 ¼ 1ffiffi

2
p ðϕþ vÞ and ΦD;−1=2 ¼ 1ffiffi

2
p ðϕD þ vDÞ in

unitary gauge, where v ≃ 246 GeV is the SM Higgs VEV.
The scalar mass matrix in the vacuum ðv; vDÞ,�

λHv2
λHD
2
vvD

λHD
2
vvD

λDv2D

�
is diagonalized by the rotation matrix�

cos θS
− sin θS

sin θS
cos θS

�
, where θS is the scalar mixing angle and

λH are the usual Higgs self-quartic coupling. In the absence
of further new particles, mixing between EW and dark
gauge sectors is forbidden because the scalar doublets
transform under only one of the two gauge groups.
The full model contains four free parameters from the

new sector. Following [28], we choose to identify them
with the dark gauge coupling, the VD mass, the HD mass,
and the scalar mixing angle,

gD;mVD
;mHD

; θS; ð2:2Þ

which can be easily associated to physical observables. The
conversion map between these parameters and the
Lagrangian ones is the following:

μ2H ¼ 1

2

�
m2

hcos
2θS þm2

HD
sin2θS

þ 1

2

g
gD

mVD

mW
ðm2

HD
−m2

hÞ sin 2θS
�
; ð2:3Þ

μ2D ¼ 1

2

�
m2

h sin
2 θS þm2

HD
cos2 θS

þ 1

2

g
gD

mVD

mW
ðm2

HD
−m2

hÞ sin 2θS
�
; ð2:4Þ

λH ¼ g2

8m2
W
ðm2

h cos
2 θS þm2

HD
sin2 θSÞ; ð2:5Þ

λD ¼ g2D
8m2

VD

ðm2
h sin

2 θS þm2
HD

cos2 θSÞ; ð2:6Þ

λHD ¼ ggD
8mWmVD

ðm2
HD

−m2
hÞ sin 2θS; ð2:7Þ

with the Higgs mass parameter μH, the Higgs mass
mh ≃ 125 GeV, the SUð2ÞL gauge coupling g, and the
W� boson mass mW .

III. TESTING THE MODEL

This model is a minimal extension of the SM, yet it can
be constrained from multiple different directions. In the
following, we will first consider the theoretical bounds
coming from ensuring that the scalar potential is bounded
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from below and from perturbative unitarity; then we will
discuss cosmological and astrophysical bounds associated
with the presence of a dark matter candidate; finally, we
will discuss how collider observables constrain modifica-
tions in the scalar sector.
From the numerical point of view, we have performed

random scans on the four free parameters of the model:
mVD

andmHD
logarithmically from 10 MeV to 100 TeV, gD

also logarithmically from 10−5 to 4π, and cos θS linearly
from 0 to 1. Given the vast range of the parameter space, we
have also performed dedicated scans selecting only points
satisfying one or all of the constraints discussed in the
following sections, in order to increase the density of valid
points for plotting purposes. Furthermore, we will be
almost always showing results in the fmVD

;mHD
g plane,

to allow for a direct comparison of various constraints in the
same projection of the parameter space, and also to avoid
presenting a too large number of figures, which might
disrupt the flow of the discussion. Other projections for
further investigation can be easily produced with the
information provided below.

A. Cosmological and astrophysical bounds

The model parameters can be constrained by requiring
that the relic density of the dark gauge bosons does not
exceed the measured value by the Planck experiment [34],
with a precision smaller than 1%:

ΩDMh2 ¼ 0.120� 0.001; ð3:1Þ

with h the dimensionless Hubble constant. The annihilation
processes which determine the relic density of the DM
candidates in this model are of two types: those involving
exclusively SM particles and/or HD in the final state and
those in which two Va

D annihilate into one Va
D and a scalar

[11]. Representative annihilation processes of the two kinds
are shown in Fig. 1.
Furthermore, the model can be tested against experi-

mental data from different direct detection (DD) experi-
ments, considering that the DM states can interact with
nuclei through the Higgs and HD boson.

Both relic density and direct detection constraints have
been computed using micrOMEGAs6 [35], which allows
testing the signal against data from multiple experiments,
such as LZ [36], PICO-60 [37], XENON1T [38], and
PandaX-4T [39], for DM masses ranging from few GeV to
10 TeV, or DarkSide-50 [40] and CRESST-III [41]. These
experiments are sensitive to DM masses down to a few
hundreds MeV, which is contained in the range of our scan.
The annihilation of DM into h and HD after they concen-
trate in the center of the Sun and the Earth also allows to set
bounds from the neutrinos arising from the subsequent
decays of the scalars. The predicted neutrino fluxes can be
computed and tested against IceCube (IC) data through
micrOMEGAs [42].
Indirect detection (ID) constraints are evaluated through

MADDM [43] using data from gamma-ray lines and gamma-
ray continuum from the Fermi-LAT analysis of dwarf
spheroidal galaxies [44] by imposing that the signal is
compatible with exclusion limits at 95% CL.
All of these constraints identify different allowed regions

in the parameter space, shown in Fig. 2 in the fmVD
;mHD

g
projection, where in all panels we impose that relic density
cannot be overabundant. The region delimited by mVD

≲
mh=2 is therefore always excluded by the fact that it
predicts a too high relic abundance for any choice of gD
and θS.
In the whole remaining parameter space, configurations

of parameters which give a DM relic density compatible
with the Planck observed value [34] within 3σ can be
found. A few regions tend to accumulate solutions in our
uniform scan: the areas around mh ¼ mHD

, mVD
¼ mh=2,

and mHD
¼ 2mVD

. All of these areas lead to enhancement
in the annihilation or coannihilation cross sections due to
interferences and resonance contributions. The constraints
from DD, ID, and IC exclude large patches of the parameter
space, with the direct detection constraints being by far the
strongest. The areas which are not excluded are in all cases
the same which feature resonances and large interferences
between processes, but also those for which the set of
experiments for which data are available do not have
sensitivity, such as the region for very small mVD

for the
DD constraints. The higher density in the top-right corner

FIG. 1. Annihilation processes, involving SM particles or HD in the final states (top row) or VD and scalar particles in the final state
(bottom row). VSM and fSM respectively stand for massive vector and fermion SM particles.
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of all panels is due to the fact that the region with high VD
and HD masses leads to multiple contributions to the
reduction of the DM relic density and all the considered
experiments lose sensitivity in that region of the mass
parameter space.
It is illustrative to describe in the following some of the

main features which lead to patches of exclusions for the
different observables.
Considering direct detection, for sufficiently small mix-

ing angle θS, the contribution from the diagram involving
SM states in Fig. 1 is suppressed. DM annihilation and
DD cross section are thus uncorrelated in that limit. Then,
in principle, for small enough mixing angle, it should
be possible to find points yielding the observed relic
abundance while evading DD constraints for the whole
region mHD

< mVD
, including the empty region mHD

<
minðmVD

;mh=2Þ in the upper right panel of Fig. 2 [45].
However, for such a low mixing, the HD decay into SM
particles is more and more suppressed and the relic
abundance quickly increases above the measured exper-
imental value. For the same reason, if we just consider the
allowed points from DD, when gD becomes small, the cross

section would be too small almost anywhere to be detected,
with the exception of a region where the VD mass is
between ∼10 GeV and mh=2, and HD lighter than
∼2 GeV, where the sensitivity of LZ peaks [36] and the
lower limit on our gD scan is still giving a large enough
cross section which is excluded. However, by combining
DD limits with the requirement of having underabundant
relic density, all of the points in the lightHD area of the plot
become excluded because the coupling needed to achieve
the correct relic density would give a too high cross section
for direct detection, with the exception of the region with
very light DM which is outside the sensitivity of all
experiments, and for the region with high VD and HD
masses (top-right area of the plot).
For what concerns indirect detection, below mVD

∼
500 MeV the photon emitted by DM annihilation is too
soft regardless of the channel, Fermi-LAT loses all sensi-
tivity, and all points are allowed. To understand the feature
appearing when mHD

is between 200 MeV and 1 GeV is
physical, we refer to the first panel, third row, of Figs. 3 and
4 in [43], where the photon spectrum for different anni-
hilation channels is computed for two different DMmasses.

FIG. 2. Areas in the fmVD
;mHD

g projection of the parameter space which are allowed by astrophysical and cosmological constraints:
underabundant and exact relic density (top left), underabundant and allowed by direct detection experiments (top right), underabundant
and allowed by indirect detection from Fermi-LAT (bottom left), and underabundant and allowed by neutrino fluxes measured at
IceCube (bottom right).
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Below 200 MeV, the main decay channels are into up and
down quarks and, more suppressed, into electrons; while
the hadronic decays will lead to too soft photons because it
is kinematically not possible to produce pions at tree level,
the suppressed electron decays can produce enough pho-
tons only if the coupling strength is large enough, which
explains the low number of allowed points in that region,
especially for light DM masses. Above mHD

∼ 200 MeV,
two channels open for HD decays: muons and strange
quarks. The strange quarks will produce photons through
hadronization and pion production, but their energy is too
low to be detected. For muons, the number of photons
arising from this channel is much lower than other channels
and, as the DM mass decreases, the sensitivity of Fermi-
LAT also decreases. As mHD

increases various kinematic
thresholds for hadron production are crossed, leading to a
large number of photons and a larger exclusion rate.
Let us finally move to the constraints from IceCube. The

sensitivity of the experiment is limited to the neutrino
energy range 39 GeV to 4 × 105 GeV (see [42] and
references therein). Indeed, we have verified that below
a DM mass of 39 GeV there is no exclusion from this
observable. The regions with lower density of allowed
points in the higher mVD

region are due to an interplay of
effects which enter the neutrino flux at Earth, described by
Eq. (4) in [42]: they involve the capture rate in the Sun, the
annihilation cross section of the DM in the sun, and the BRs
of this process into SM final states (which depend on the
mass of HD); for example, decays into WþW−, ZZ, and tt̄,
when allowed, produce neutrinos with high energy within
the sensitivity reach of IceCube, and the masses of VD and
HD determine the annihilation cross section, and therefore
the number of produced neutrinos.
The combination of astrophysical and cosmological

bounds, shown in Fig. 3, leaves only the resonant areas,

the area delimited by mVD
≳mh and mHD

≳mh=2, and
the region with mVD

≲ 100 MeV where DD becomes
insensitive.

B. Theoretical and collider constraints

Requiring that the scalar potential is bounded from
below leads to specific conditions on the couplings of
the scalar fields defined in Eq. (2.1):

λH; λD ≥ 0; λHD ≥ −2
ffiffiffiffiffiffiffiffiffiffiffi
λHλD

p
: ð3:2Þ

Perturbative unitarity (PU) requires that the scattering
amplitudes for two-particle processes do not grow uncon-
trollably with energy. This imposes constraints on the
combinations of coupling constants derived from the
eigenvalues of the scattering matrix [46]:

PU ¼ jðaþ; a−; bþ; b−; λHDÞj < 8π; ð3:3Þ

where the parameters aþ, a−, bþ, and b− are defined in
terms of the couplings of the Higgs fields as follows:

a� ¼ 3ðλH þ λDÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðλH − λDÞ2 þ 4λ2HD

q
;

b� ¼ λH þ λD � jλH − λDj: ð3:4Þ

Electroweak precision observables (EWPO) serve as a
valuable method for parametrizing the impact of new
physics on electroweak measurements. These observables
are typically represented by the Peskin-Takeuchi parame-
ters S, T, and U [47,48]. The contributions of our model to
the S, T, and U parameters are [49]

FIG. 3. Combination of all astrophysical and cosmological constraints in the fmVD
;mHD

g projection.
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T̄ ¼ 3

16πs2W

�
cos2 θS

�
f1

�
m2

h

m2
W

�
−

1

c2W
f1

�
m2

h

m2
Z

��
þ sin2 θS

�
f1

�
m2

HD

m2
W

�

−
1

c2W
f1

�
m2

HD

m2
Z

��
−
�
f1

�
m2

h

m2
W

�
−

1

c2W
f1

�
m2

h

m2
Z

���
; ð3:5Þ

S̄ ¼ 1

2π

�
cos2 θS f2

�
m2

h

m2
Z

�
þ sin2 θS f2

�
m2

HD

m2
Z

�
− f2

�
m2

h

m2
Z

��
; ð3:6Þ

Ū ¼ 1

2π

�
cos2 θS f2

�
m2

h

m2
W

�
þ sin2 θS f2

�
m2

HD

m2
W

�
− f2

�
m2

h

m2
W

��
− S̄; ð3:7Þ

where f1ðxÞ and f2ðxÞ are loop functions defined by [50]:

f1ðxÞ ¼
x log x
x − 1

; ð3:8Þ

f2ðxÞ ¼

8>>>>>>>>>>>><
>>>>>>>>>>>>:

1
12

�
−2x2 þ 9xþ ðx − 3Þðx2 − 4xþ 12Þ þ 1−x

x f1ðxÞ

þ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið4 − xÞxp ðx2 − 4xþ 12Þ arctan

� ffiffiffiffiffiffi
4−x
x

q ��
; 0 < x < 4;

1
12

�
−2x2 þ 9xþ ðx − 3Þðx2 − 4xþ 12Þ þ 1−x

x f1ðxÞ

þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx − 4Þxp ðx2 − 4xþ 12Þ log
�

x−
ffiffiffiffiffiffiffiffiffiffi
ðx−4Þx

p
xþ

ffiffiffiffiffiffiffiffiffiffi
ðx−4Þx

p
��

; x ≥ 4:

ð3:9Þ

To constrain the parameter space of our model, the total
values of S, T, andU must be within the confidence level of
95% with respect to the measured ones [51].
Finally, we checked the consistency of the parameters of

our model by exploiting constraints from the Large Hadron
Collider (LHC). This has been done with the HiggsTools

software (HiggsBounds and HiggsSignals) [52], which enforces
bounds from direct searches for scalar particles, as well as
the compatibility of the predictions of the Higgs coupling
modification in our model with the corresponding mea-
surements at the LHC. The scalar mixing angle θS is
strongly constrained by the signal strength measurement to
jθj≲Oð0.1Þ, suppressing large deviations from SM-like
behavior, unless the new scalar is highly degenerate with
the SM Higgs.
Figure 4 displays the allowed regions in the mVD

;mHD

plane after imposing individual theoretical and collider
constraints on our model parameter space, where one can
see that PU and EWPO strongly limit the highest values
achievable for the HD mass [mHD

≲Oð104 GeVÞ].
It is illustrative here to describe the horizontal bands

appearing in the HiggsBounds results, which might look as
artifacts, while in fact they represent well identified
physical regions. These bands are horizontal because the
dominant parameters for the determination of the collider
constraints on the production and decay of the scalars of the

theory are the HD mass and the scalar mixing angle, while
the DM mass plays a subdominant role. Such bands are
then related to the sensitivity regions of the various searches
(both LEP and LHC) implemented in HiggsBounds and tend
to exclude more strongly a lighter HD, especially if the
Higgs boson can decay into it, and allow heavier HD
masses. The DM mass plays a more relevant role for
searches looking for invisible decays, visible in this
projection as different point densities for fixed HD mass,
and depending on the search there can be sensitivity in the
region where mVD

< mh=2, where the Higgs boson has a
further invisible decay which can be excluded by dedicated
LHC searches (see, e.g., [53,54]).
Figure 5 presents the combined effect of all theoretical

and collider constraints, showing the surviving parameter
points in green on the ðmVD

;mHD
Þ plane (left) and on the

ðmH; cos θSÞ plane (right). In the latter it is clearly visible
how the mixing angle is tightly constrained unless HD is
almost degenerate with the Higgs boson, and the sensitivity
areas of the aforementioned collider searches.

C. Phase transitions and gravitational waves

1. Loop corrections to scalar potential

The tree-level potential is corrected at one-loop order in
perturbation theory by the Coleman-Weinberg potential,
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which in the Landau gauge and in the MS renormalization
scheme reads as [55]

V1ðϕ;ϕDÞ ¼
1

64π2
X
i

nim4
i

�
ln
m2

i

μ2
− Ci

�
; ð3:10Þ

where the sum ranges over the fields i ¼ W�; Z; t;ϕ;
ϕD;Gj; Gj

D; VD, j∈ f0;þ;−g, with G and GD the SM
and dark Goldstone bosons respectively (as usual, we retain
only the top quark contribution and neglect all of the other
lighter fermions). The numbers of bosonic and fermionic

FIG. 5. Combination of all collider and theoretical constraints in the fmVD
;mHD

g (left) and fmHD
; cos θSg (right) projections.

FIG. 4. Allowed areas in the fmVD
;mHD

g projection of the SUð2ÞD model parameter space allowed by theoretical and collider
constraints. From top left to bottom right: perturbative unitarity, EW precision tests, HiggsBounds and HiggsSignals.
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degrees of freedom are counted by ni and explicitly given
by nW� ¼ 6;nZ ¼ 3;nVD

¼ 9;nt ¼−12;nϕ ¼ nϕD
¼ nGj ¼

nGj
D
¼ 1. The constants Ci are peculiar to the renormaliza-

tion scheme and in the MS are Ci ¼ 3=2 for scalars,
fermions, and Ci ¼ 5=6 for vector bosons. Finally, the
renormalization scale can be chosen to be μ ¼ v.
The field-dependent masses in the scalar sector corre-

spond to the eigenvalues of the mass matrix,

M2
S ¼

 
−μ2H þ 3λHϕ

2þ λHD
2
ϕ2
D λHDϕϕD

λHDϕϕD −μ2Dþ 3λDϕ
2
Dþ λHD

2
ϕ2

!
;

ð3:11Þ

and to the Goldstone field-dependent masses,

m2
G ¼ −μ2H þ λHϕ

2 þ λHD

2
ϕ2
D;

m2
GD

¼ −μ2D þ λDϕ
2
D þ λHD

2
ϕ2; ð3:12Þ

while the field-dependent top quark and gauge boson
masses are given by

m2
t ¼

y2t
2
ϕ2; m2

W� ¼ g2

4
ϕ2;

m2
Z ¼ g02 þ g2

4
ϕ2; m2

VD
¼ g2D

4
ϕ2
D; ð3:13Þ

where yt, g0, g, and gD are the top Yukawa coupling, the
Uð1ÞY , the SUð2ÞL, and the SUð2ÞD gauge couplings,
respectively.
To change the renormalization prescription one can add

finite counterterms to the Coleman-Weinberg potential.
Indeed, it is often convenient to directly use physical
parameters as input values. For this purpose, one can
enforce the VEVs, the scalar masses, and the portal
coupling to their tree-level values by including a counter-
term potential,

Vctðϕ;ϕDÞ ¼ δμ2Hϕ
2 þ δλHϕ

4 þ δμ2Dϕ
2
D þ δλDϕ

4
D

þ δλHDϕ
2ϕ2

D; ð3:14Þ

in which the coefficients are fixed by the following
renormalization conditions:

∂Vct

∂ϕ

				
VEV

¼ −
∂V1

∂ϕ

				
VEV

; ð3:15Þ

∂Vct

∂ϕD

				
VEV

¼ −
∂V1

∂ϕD

				
VEV

; ð3:16Þ

∂
2Vct

∂ϕ2

				
VEV

¼ −
�
∂
2V1jGi¼0

∂ϕ2
þ 1

32π2
X
i

�
∂m2

Gi

∂ϕ

�2

ln
m2

ϕIR

μ2

�				
VEV

;

ð3:17Þ
∂
2Vct

∂ϕ2
D

				
VEV

¼ −
�
∂
2V1jGi

D¼0

∂ϕ2
D

þ 1

32π2
X
i

�
∂m2

Gi
D

∂ϕD

�2

ln
m2

ϕDIR

μ2

�				
VEV

;

ð3:18Þ
∂
2Vct

∂ϕ∂ϕD

				
VEV

¼ −
∂
2V1

∂ϕ∂ϕD

				
VEV

; ð3:19Þ

where VEV corresponds to the vacuum ðϕ;ϕDÞ ¼ ðv; vDÞ
and the infrared regulators m2

ϕIR and m2
ϕDIR

prevent the
singularities arising from the Goldstone boson contribu-
tions. Following [56], we adopt the choice m2

ϕIR ¼ m2
h and

m2
ϕDIR

¼ m2
HD

. The counterterms are explicitly given by

δλH ¼ 1

8v3
ð∂ϕV1 − ∂

2
ϕ2V1vÞjVEV; ð3:20Þ

δλD ¼ 1

8v3D
ð∂ϕD

V1 − ∂
2
ϕ2
D
V1vDÞjVEV; ð3:21Þ

δλHD ¼ −
∂
2
ϕϕD

V1

4vvD

				
VEV

; ð3:22Þ

δμ2H ¼ 1

4v
ð∂2

ϕ2V1v − 3∂ϕV1 þ ∂
2
ϕϕD

V1vDÞjVEV; ð3:23Þ

δμ2D ¼ 1

4vD
ð∂2

ϕ2
D
V1vD − 3∂ϕD

V1 þ ∂
2
ϕϕD

V1vÞjVEV; ð3:24Þ

where the derivatives are evaluated at the tree-level vacuum.
The one-loop finite-temperature contributions to the

effective potential are given by [57]

VTðϕ;ϕDÞ ¼
T4

2π

X
i

niJB=F

�
m2

i

T2

�
; ð3:25Þ

where the thermal bosonic and fermionic functions JB=F are
defined as

JB=Fðy2Þ ¼
Z

∞

0

dx x2 ln
�
1 ∓ e−

ffiffiffiffiffiffiffiffiffi
x2þy2

p �
: ð3:26Þ

It is customary to deal with IR divergences arising from
the zero bosonic Matsubara mode in the high-temperature
limit by considering the so-called daisy resummation [58].
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This procedure amounts to adding the leading-order thermal
correction or Debye mass ΠiT2 to the field-dependent mass
m2

i in V1 and VT [59]. For the scalar sector it consists in the
shifts

μ2H → μ2H þ cHT2;

μ2D → μ2D þ cDT2; ð3:27Þ
where

cH ¼ 1

16
ðg02 þ 3g2 þ 4y2t Þ þ

λH
2
þ λHD

6
; ð3:28Þ

cD ¼ 3

16
g2D þ λD

2
þ λHD

6
; ð3:29Þ

with the SM contribution taken from [60].
The thermal corrections also affect the longitudinal

components of the gauge bosons. The mass of the WL is
simply obtained by shifting m2

WðϕÞ with the Debye mass
ΠWL

T2 ¼ 11
6
g2T2, while those of the neutral EW bosons,

ZL and γL, are given by

m2
ZL

¼ 1

2

�
m2

ZðϕÞ þ
11

6

g2

cos2θW
T2 þ Δ

�
; ð3:30Þ

m2
γL ¼ 1

2

�
m2

ZðϕÞ þ
11

6

g2

cos2θW
T2 − Δ

�
ð3:31Þ

with

Δ2 ¼
�
ϕ2

4
þ 11

6
T2

�
2

ðg02 − g2Þ2 þ g02g2

4
ϕ4: ð3:32Þ

These relations above are obtained from the diagonalization
of the thermally corrected mass matrix of the ðW3; BÞ
gauge fields. Finally, the contribution to the longitudinal
part of the dark gauge boson VDL

is ΠVDL
T2 ¼ 5

6
g2DT

2 [22].

2. The phase transition

A couple of parameters capture most of the information
related to a first-order phase transition which proceeds
through the nucleation of bubbles of true vacuum. The
strength of the transition is characterized by the vacuum
energy Δϵ released during the nucleation process. The
corresponding dimensionless parameter, α, is obtained by
normalizing this vacuum energy to the energy density of
the plasma in the symmetric phase ρrad [61]:

α≡ Δϵ
ρrad

				
T¼T�

; Δϵ≡ ϵjfalse vacuum − ϵjtrue vacuum ð3:33Þ

with ϵ ¼ Veff − T
4
∂Veff
∂T , T� the temperature at which GWs

are generated (T� ≃ Tn, where Tn is the nucleation temper-
ature), and ρrad ¼ π2

30
geffðTÞT4, where geffðTÞ is the effec-

tive number of relativistic degrees of freedom at the

temperature T. The inverse time duration of the phase
transition, β, is usually normalized by the Hubble param-
eter H� ≡HðT�Þ [62]:

β

H�
¼ T

dðS3=TÞ
dT

				
T¼T�

; ð3:34Þ

where S3 is the three-dimensional Euclidean action com-
puted for an Oð3Þ-symmetric critical bubble. A large β=H�
means that we can safely neglect the Hubble expansion of
the Universe during the phase-transition process.

3. The gravitational waves

A single bubble cannot generateGWs, because its quadru-
pole moment vanishes due to its spherical symmetry. One of
the key ingredients for a stochastic GW background to be
generated is the collisions between these bubbles of true
vacuum which clearly break the aforementioned spherical
symmetry [63]. For bubbles evolving in a thermal plasma,
additional contributions to the GW signal come from the
metric perturbation induced by the perturbed plasma: sound
waves [64,65], and magnetohydrodynamic (MHD) turbu-
lence [66]. In the former case, subsonic and supersonic
bubbles, respectively, create compression waves beyond the
bubble wall and rarefaction waves behind it. When acoustic
waves from different bubbles overlap, the induced shear
stress of the metric generates gravitational waves. Finally,
bubble collision is also responsible for the turbulent motion
of the fully ionized plasma and these MHD turbulences
source a GW background.
The power spectrum h2ΩGW of the stochastic GW back-

ground from a cosmic phase transition thus arises from three
contributions [67]: h2ΩGW ≃ h2Ωcol þ h2Ωsw þ h2Ωturb. In
ourmodel, we find that the dominant contribution is given by
sound waves [68–70]:

h2ΩGWðfÞ ≃ h2ΩswðfÞ ¼ h2Ωpeak
sw SswðfÞ; ð3:35Þ

with

h2Ωpeak
sw ¼ 1.23 × 10−6

�
H�
β

��
κswα

1þ α

�
2
�
100

g�

�
1=3

vwϒ;

SswðfÞ ¼
�

f
fsw

�
3
�

7

4þ 3ðf=fswÞ2
�

7=2
; ð3:36Þ

where κsw is the efficiency factor for the conversion of the
vacuum energy into the bulk motion of the plasma and fsw is
the sound-wave peak frequency.1 The suppression factor for
a radiation-dominated Universe is defined as [73,74]

1Note that the perturbative treatment of cosmic phase tran-
sitions may suffer from uncertainties due to gauge or renorm-
alization-scale dependence that could potentially lower the
resulting GW signal strength [71,72].
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ϒ ¼ 1 −
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2τshH þ 1
p ; ð3:37Þ

where τsh is the time after which sound waves do not source
the GW production and where ϒ ≃ τshH when τshH ≪ 1,
thus when this time is much smaller than a Hubble time.

IV. COMBINED RESULTS AND DISCUSSION

The combination of all theoretical, cosmological, astro-
physical, and collider bounds is presented in the fmVD

;mHD
g

projection of the parameter space in Fig. 6, where we show
both points which lead to an underabundantDM relic density
(meaning that other DM components must exist) and those
for which the gauge boson DM of the SUð2ÞD model is
sufficient to explain the entire observed abundance. Notice
that the difference in the density of allowed but just under-
abundant points and allowed pointswith exact relic density is
justmeant to represent graphically the proportion of the latter
with respect to the former. Indeed, by (largely) increasing the
number of scanned points, it would be possible to fill the
allowed areas with points with exact relic density, but this
would be computationally extremely expensive and beyond
the scope of this analysis.
The distribution of points precisely identifies specific

regions of the parameter space: they span a range delimited
by mh=2≲mHD

≲mVD
and cluster on three narrow regions

characterized bymHD
≃mh ormVD

≃mh=2 ormHD
≃ 2mVD

.
The mVD

≃mh=2 or mHD
≃ 2mVD

values make the DM
annihilation processes with a resonant scalar in the
s-channel effective, thus reducing the relic density even

for small gD (within the scanned range). When the two
scalars are almost degenerate, on the other hand, their
mixing can be large, and therefore both scalars can decay to
the same channels as the SM Higgs boson.
Next, we analyze the phase transition dynamics for each

point in Fig. 6 (in addition to a refined scan, see below)
via the COSMOTRANSITIONS package [75]. Our results are
shown in Fig. 7, which is a projection of the scanned
parameter space. It indicates which values of the DM
mass mVD

and the dark Higgs mass mHD
lead to a strong

FOPT. We can identify three main regions, as in Fig. 6. One
corresponds tomVD

≃mh=2, while another one is identified
by the condition mVD

≃mHD
=2. Points with symmetry

nonrestoration are found in the latter region: the minimum
of the potential is at ð0; v0DÞ at high temperature, instead of
(0,0) because the coefficient cD in Eq. (3.29) is negative,
therefore preventing the symmetry to be restored as the
temperature increases. Finally, the last region is broader and
corresponds tomVD

∈ ½4×102;103�GeV, with jmHD
−mhj≲

mh=2GeV. We find that the strong FOPTs are obtained in
this region and that some of these points lead to the
observed DM relic density. We then make a refined scan
in this strong FOPT region to find more such points. The
combined results of the general and refined scan are shown
in the upper-left panel in Fig. 7. We also show each PT
step contribution in the remaining panels. We then immedi-
ately see that the strongest phase transitions are obtained
for the PT step ϕ → ϕϕD, from the double-step FOPT
O → ϕ → ϕϕD, where in this notation O corresponds to
the origin (0,0), ϕ corresponds to a phase along the ϕ axis,

FIG. 6. Points in the fmVD
;mHD

g projection of the parameter space with underabundant relic density and satisfying all theoretical,
collider, and astrophysical constraints. Highlighted in dark blue color are the points which reconstruct the measured relic density
within 3σ.
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and ðv0; 0Þ and ϕϕD correspond to a phase in the plane,
ðv00; v00DÞ. The reason why, although this strong FOPT
region contains points with different PT patterns
(O → ϕD → ϕϕD, O → ϕ → ϕϕD, and O → ϕϕD, only
the second one yields α ≥ 1), is the following: This is
because, as in [76], PT starting from the origin are found to
be weaker. Moreover, the transition ϕD → ϕϕD cannot be
arbitrarily strong as the value of the VEValong the ϕ axis is
bounded by v ≃ 246 GeV. However, for the transition
ϕ → ϕϕD, a large vDðTnÞ necessarily leads to a large α,
as the latter is proportional to vDðTnÞ=Tn, with Tn∼
102 GeV. Indeed these strong FOPTs come from the point
with vDðT ¼ 0Þ∈ ½103; 2 × 103� GeV. Finally, note that the
two points in the upper-right corner of the lower-left panel

give rise to a PT step along the direction ϕ → ϕD. Actually
the full pattern for these two points is a triple-step FOPT
O → ϕ → ϕD → ϕϕD, from which the PT step ϕ → ϕD
yields a strong enough GW to be detected. However, these
two points lead to an underabundant DM, h2ΩDM ∼ 0.01.
Next, in the left panel in Fig. 8, we show the correlation

between the phase-transition parameters α and β=H�. As
expected, we obtain that the slower the phase transition
(smaller β=H�), the stronger (larger α) it is. Moreover, we
find that in the present model, the DM abundance is not
correlated to the PT strength, as we obtain the correct DM
relic density for a large range of values of α. In the right
panel, the relevant temperatures for the study of phase
transitions, namely Tc and Tn, are displayed, with the color

FIG. 7. Projection of the parameter space on the plane spanned by mVD
and mHD

. The upper-left panel shows the full results of our
scan, while the other panels only show the results for a specific PT step. The color code, for each panel, represents the PT strength α.

FIG. 8. The left panel shows the correlation between the PT strength α and the normalized inverse PT duration β=H�. The color bar
indicates the DM abundance. The right panel shows the correlation between the critical temperature Tc and the nucleation one Tn, with
the PT strength α for the color code.

PHASE TRANSITIONS AND GRAVITATIONAL WAVES IN A … PHYS. REV. D 112, 095004 (2025)

095004-11



code indicating the PT strength α. Along the oblique line,
we have Tn ≃ Tc, which means that the PT occurs as soon
as the new minimum in the potential becomes more stable
than the current phase. It therefore results in a small value
of α. By contrast, the more Tn deviates from the line
Tn ¼ Tc, the slower is the phase transition, and as shown in
the left panel, the bigger the PT strength α. This shows that
α and the ratio Tn=Tc are negatively correlated: the smaller
Tn=Tc (larger α), the larger the amount of supercooling.
Then, in Fig. 9, we show how the portal coupling λHD is

correlated to the masses mVD
and mHD

. We can first notice
that, in most of the parameter space leading to FOPTs,
jλHDj is small: jλHDj ≲ 6 × 10−3, and we have mHD

≲
155 GeV. Furthermore, a stronger FOPT, thus a smaller
value of Tn=Tc, is preferred for mVD

∈ ½4 × 102; 103� GeV

and a moderate mass splitting jmHD
−mhj≲mh=2 GeV, as

already stated when describing Fig. 7. The refined scan
yields points in the hockey-stick region bounded by
λHD ∈ ½−10−4; 2 × 10−5�, where a lot of them both provide
the observed DM relic density, as well as a strong enough
FOPT to be detectable. In addition, we find that such strong
FOPTs require gD ∈ ½0.6; 1�.
Figure 10 shows the peak of the GW power spectrum

h2Ωpeak
GW from FOPTs and the corresponding frequency fpeak

of this spectrum at its peak. The darker points indicate those
giving the correct DM abundance. The power-law-inte-
grated sensitivity curves [77] of LISA, DECIGO, BBO,
TianQin, and Taiji for an observation time of 4 years and
signal-to-noise ratio equal to 10, are displayed and we see
that a significant number of points can potentially be

FIG. 9. The left panel shows the correlation between the portal coupling λHD and the DM mass mVD
, while the right panel shows the

correlation between λHD and the dark Higgs mass mHD
. For both panels, the color bar shows the value of the ratio Tn=Tc.

FIG. 10. Peak of the GW signal h2Ωpeak
GW as a function of the peak frequency fpeak. Darker points are those yielding the observed DM

relic density. The power-law integrated sensitivity curves of LISA, DECIGO, BBO, TianQin, and Taiji are also shown.
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detected by these five GW detectors. Moreover, a large part
of these points also provide a DM abundance that matches
the Planck observations. These dark-color points are
essentially from the refined scan, which focuses on strong
FOPTs. This is why points with a weaker GW signal,
h2Ωpeak

GW ≲ 10−22, arising from the more general scan, are
less populated than the dark points; the refined scan mostly
provides points with h2Ωpeak

GW ≳ 10−22.
Finally, in Fig. 11, we show the values of the four free

parameters of this model that can account for the observed
DM relic density, as constrained by the Planck mission.
These are depicted by blue points. Those points which, in
addition, lead to a GW signal reaching the sensitivity of
LISA are depicted in orange. As in Figs. 7–11 presents
results from both the general and refined scans combined.
The latter has been identified when describing Fig. 7 and
correspond to a region of the parameter space leading to
strong FOPTs. In order to clearly highlight points from this
refined scan, we add an enlarged box containing only
points from the latter in the left panel of Fig. 11. Regarding
the right panel, points from the refined scan lie in the range
gD ∈ ½0.6; 1�, with cos θ ≃ 1. We can then clearly see that
the most interesting points, the orange ones, mostly come
from this refined scan. They are approximately obtained
for mVD

∈ ½500; 900� GeV, mHD
∈ ½mh=2; 125 GeV�, gD ∈

½0.65; 0.85� GeV, and cos θ ≃ 1.

V. CONCLUSIONS

In this paper we have discussed the possibility to
generate gravitational waves during a first-order phase
transition in a scenario where the Standard Model is

extended by a new SUð2Þ gauge group. In this scenario,
none of the SM particles transform under this SUð2Þ, but
the SM Higgs doublet can interact with the scalar doublet
which generates the new gauge boson masses through a
quadrilinear term in the scalar potential. This also induces a
mixing between the Higgs boson and the physical scalar
degree of freedomwhich is left after spontaneous symmetry
breaking. The custodial symmetry of the scalar sector
noticeably implies that the new massive gauge bosons
are stable, and therefore are dark matter candidates. We
have tested this model against the most recent experimental
data from collider and astrophysical observables and
determined the allowed regions of its four-dimensional
parameter space. In these regions we found we could obtain
the observed DM abundance and that strong first-order
phase transitions are possible. We have then shown that the
resulting power spectrum of the generated stochastic
gravitational-wave background is well within the sensitiv-
ity range of different gravitational-wave detectors such as
LISA, DECIGO, BBO, TianQin, or Taiji. We have thus
shown how gravitational waves can provide a precious
complementary way to probe scenarios of new physics,
enhancing their discovery potential or at least narrow down
their parameter space.
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