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Abstract. Theories of dynamical electroweak symmetry breaking predict a strong first order
cosmological phase transition: we compute the resulting signals, primordial black holes and
gravitational waves. These theories employ one SM-neutral scalar, plus some extra model-
dependent particle to get the desired quantum potential out of classical scale invariance. We
consider models where the extra particle is a scalar singlet, or vectors of an extended U(1) or
SU(2) gauge sector. In models where the extra particle is stable, it provides a particle Dark
Matter candidate with freeze-out abundance that tends to dominate over primordial black
holes. These can instead be DM in models without a particle DM candidate. Gravitational
waves arise at a level observable in future searches, even in regions where DM cannot be
directly tested.
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1 Introduction

The LIGO-VIRGO-KAGRA interferometers [1] and Pulsar Timing Arrays [2–5] confirmed
the expected existence of gravitational waves (GW). The observed signals seem likely due to
astrophysical sources. The observation of a Stochastic Background of GW (SWGB) produced
during the Big Bang would have a fundamental significance. SGWB are a unique probe of the
early Universe, as the Universe is transparent to GWs right from the wee moments of the Big
Bang, unlike other cosmic relics like photons and neutrinos. Although LIGO-VIRGO only set
an upper limit on SGWB [6–8], increased sensitivity in the nHz-kHz frequency range should
be reached by possible future observations such as SKA [9], GAIA/THEIA [10], MAGIS [11],
AION [12], AEDGE [13], µARES [14], LISA [15], TianQin [16], Taiji [17], DECIGO [18],
BBO [19], ET [20], CE [21]. GW searches at MHz-GHz higher frequencies are discussed [22–
25].

Among various cosmological mechanisms for producing a SGWB [26], cosmological
strong first-order phase transitions (FOPTs) (see e.g. [27]) offer plausible beyond the Stan-
dard Model (BSM) signals, up to high scales. Indeed the SM predicts two (electroweak and
QCD) phase transitions, none of which is of first-order [28, 29]. Therefore, the detection of a
GW signal compatible with a FOPT would be evidence of BSM physics. FOPTs develop by
the formation of bubbles that expand, collide and percolate. The violent collisions between
the bubble walls (and the motion of the surrounding thermal plasma) lead to the produc-
tion of stochastic GWs. The typical frequency of such gravitational waves is the red-shifted
Hubble rate during the phase transition, fpeak ∼ T0T/MPl, where T0 is the current CMB
temperature. A FOPT around the electroweak scale, T ∼ 100 GeV, would peak at f ∼
mHz [30] which is in the frequency sensitivity band of space-based GW experiments such as
LISA [15], whereas ground-based experiments such as LIGO-VIRGO [31, 32] and ET [20]
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around 100 Hz can probe FOPTs up to T ∼ 108 GeV [33], beyond the reach of collider
experiments.

A detectable GW signal arises if the phase transition is strongly first-order. This is
fulfilled by approximately scale-invariant theories [34], where scale symmetry is broken dy-
namically through the Coleman-Weinberg mechanism [35] after a significant amount of su-
percooling [36]. So, bubble collisions take place in the vacuum, enhancing the amplitude of
the corresponding GW signal [37–39].1

In this work we analyze the cosmological implications of such BSM phase transitions.
Besides an enhanced GW signal, a supercooled FOPT also leads to the formation of primor-
dial black holes (PBHs) via different mechanisms. Bubble collisions have been studied e.g.
in [58]. We focus on a mechanism suggested in [59–64] that recently received interest [65–
87, 87]. FOPTs proceed via the nucleation of bubbles of the broken phase in an initial
background of the symmetric phase [88–90]. In a supercooled regime, the energy density of
the Universe in the symmetric phase is dominated by the vacuum energy which acts as a
cosmological constant and leads to an inflationary period. In a nucleated bubble, instead,
such energy is quickly converted into radiation and the corresponding patch expands slower.
Since bubble nucleation is a stochastic phenomenon, and since, in a supercooled regime, re-
gions outside the nucleated bubbles dilute faster than those inside, a region where nucleation
happens later becomes over-dense and eventually collapses, if large enough, into a PBH.

The paper is organised as follows. In section 2 we present the basic framework and
summarise standard results about how gravitational waves and Primordial Black Holes are
later computed in specific models:

• In section 3 we consider a minimal model that realises dynamical electroweak symmetry
breaking by adding two scalars to the SM: a singlet s that acquires a vacuum expectation
value, and another singlet s′ (a possible DM candidate) with couplings that induce the
needed quantum effects.

• In section 4 we consider a model where s is doublet under an extra SU(2) group; its
vectors are stable and provide DM candidates.

• In section 5 we consider a model where s is charged under a U(1) gauge group, that we
identify as U(1)B−L such that there is no particle DM. Only Primordial Black Holes
provide viable Dark Matter candidates.

These different models provide similar signals. Conclusions and a summary of results are
given in section 6.

2 Formalism for dynamical electroweak symmetry breaking

Dimension-less scalar potentials with quartic couplings that run to negative values when
renormalized down to low energy lead to dynamical symmetry breaking [35] via a first-order
phase transition. This mechanism can induce the breaking of the electroweak symmetry. The
minimal implementation with just the Standard Model Higgs doublet H is excluded because
it predicts a too light Higgs boson, mh ≈ 7GeV [91]. This wrong prediction is avoided by

1See e.g. [40–52] for explorations of this mechanism in other BSM contexts. This has also been used in
the context of baryogenesis via leptogenesis [53–55], complementarity with collider searches [56] and of the
generation of the Planck scale [57].
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adding an extra scalar s neutral under the SM gauge group. The tree-level scalar potentials
have the form

Vtree(H, s) = VΛ + λH |H|4 + λS

4
s4 +

λHS

2
|H|2s2 + · · · (2.1)

where · · · denotes possible extra scalars. If the beta function of λS is positive, βλS
=

dλS/d lnµ > 0, the loop potential

Vloop(0, s) ≃ λS(s)
s4

4
≃ βλS

2

s4

4
ln

s2

w2e1/2
(2.2)

has a minimum at ⟨s⟩ = w, where w effectively is a free parameter. The s mass is loop
suppressed, ms = w

√
βλS

. The dimensionful constant VΛ ≈ βλS
w4/16 needs to be added

to eq. (2.1) such that the loop potential vanishes at its minimum, as required by the tiny
observed cosmological constant. A small negative value of λHS < 0 then leads to electroweak
dynamical symmetry breaking as

H =
1√
2

(
0
h

)
, ⟨h⟩ = v ≃ w

√
−λHS

2λH
(2.3)

in the unitary gauge. Here λH ≈ 0.126 is the SM Higgs quartic, up to small corrections.
During the Big Bang, s acquires a thermal mass such that the universe initially remains
trapped in the false vacuum at s = h = 0. This super-cooling starts at the temperature Teq

such that the potential energy becomes more important than the thermal energy

π2g∗T
4
eq

30
= VΛ

(2.4)

with g∗ ≈ 106.75 the number of SM degrees of freedom. Next the temperature and thereby
the thermal mass drops, and super-cooling can end via a first order phase transition that
happens when nucleation becomes faster than the expansion rate. At this point the energy
VΛ stored in the potential gets released. We will focus on large enough couplings such that
reheating is fast, so that the universe reheats up to temperature

TRH ≃ Teq ≃ w

(
15βλS

8π2g∗

)1/4

. (2.5)

Extra particles are needed to get the desired βλS
> 0 running of λS , leading to a variety of

models of dynamical electroweak symmetry breaking. Three models will be described and
computed in sections 3, 4, 5. In this section we describe the model-independent common
formalisms.

2.1 Computing the thermal potential

At finite temperature T , the potential of generic scalars ϕ receives an additive thermal con-
tribution VT given at leading order by the standard expression

VT (ϕ, T ) =
T 4

2π2

∑
b

JB

(
m2

b(ϕ)

T 2

)
+

T 4

2π2

∑
f

JF

(
m2

f (ϕ)

T 2

)
(2.6)

where ‘b’ and ‘f’ stand for all bosons and fermions present in the theory. The sums run over
all field-dependent masses m2

b,f(ϕ). The thermal integrals JB and JF are

JB/F

(
y2
)
=

∫ ∞

0
dxx2 ln

[
1∓ exp

(
−
√
x2 + y2

)]
. (2.7)
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These functions have the small-field expansion

JB(y
2) ≃ −π4

45
+

π2

12
y2 − π

6
y3 +

y4

32
ln

y2

aB
+ · · · ,

JF (x
2) ≃ 7π4

360
− π2

24
y2 − y4

32
ln

y2

aF
+ · · ·

(2.8)

with aB = (4π)2e3/2−2−γE = 16aF . The quadratic term dominates at small field values, so
that positive squared thermal masses trap scalars at the local minimum ⟨s⟩ = ⟨h⟩ = 0 of VT .
For example, the SM contribution to the Higgs thermal mass is

M2
hT =

(
3

16
g22 +

1

16
g2Y +

1

4
y2t +

1

2
λH

)
T 2. (2.9)

The thermal mass of s arises from its model-dependent couplings needed to have the running
λβS

> 0. The quartic terms in JB,F imply that the quartic couplings get renormalised
around T . The bosonic function JB also contains to a cubic term, relevant in tunnelling
computations.

2.2 Computing the phase transition

Following the standard tunnelling formalism, the space-time density of bubble nucleation
rate at finite temperature is

γ ≈ T 4

(
S3

2πT

)3/2

e−S3/T (2.10)

where S3 is the action of the dominant O(3)-invariant thermal bounce. In our computations
the tunnelling action S3 is numerically computed from the thermal potential, that includes
the full JB,F functions, plus higher-order ‘daisy’ contributions.

The following analytic approximation allows to understand the main features. The
finite-temperature potential along the s direction can be approximated as

V ≃ m2

2
s2 − k

3
s3 − λ

4
s4 + · · · (2.11)

with roughly constant λ = −λS(T ) ≃ βλS
ln(w/T ) > 0. This coupling runs larger at lower

T , facilitating the phase transition. Indeed the bounce action corresponding to the potential
of eq. (2.11) can be approximated as (see e.g. [83])

S3 ≈
27πm3

2k2
1 + e−λ̃−1/2

1 + 9λ̃/2
, λ̃ = λ

m2

k2
. (2.12)

In the limit of negligible cubic coupling, k = 0, the action reduces to S3 ≃ 6πm/λ. After
crossing λ = 0, the running coupling λ becomes larger at lower temperature. So S3/T tends
to increase at lower T proportionally to 1/ ln(w/T ). Super-cooling is ended by nucleation
at low enough Tnuc provided that large enough couplings make tunnelling faster than the
Hubble rate. The nucleation temperature Tnuc is defined as

γ(Tnuc) ≈ H4(Tnuc). (2.13)

The Hubble rate is approximated as

H2 =
ρrad + VΛ

3M̄2
Pl

, ρrad =
π2

30
g∗T

4 (2.14)
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with ρrad ≪ VΛ during super-cooling. As a consequence the relative amount of released
energy in a super-cooled phase transition is large α ≈ VΛ/ρrad ≫ 1, giving large gravitational
wave signals.2 The inverse duration of the phase transition is approximated as β = d ln γ/dt
evaluated at the nucleation time tnuc. It is convenient to introduce the dimensionless ratio [93]

β

H
= − d ln γ

d lnT

∣∣∣∣
T=Tnuc

≃ −4 +
d

d lnT

(
S3

T
− 3

2
ln

S3

T

)
T=Tnuc

(2.16)

so that the phase transition happens in H/β Hubble times. The duration of the phase tran-
sition gets longer, up to a fraction of Hubble time, in the regime where Tnuc is much smaller
than the mass scales of the problem. This happens because d(S3/T )/d lnT ∝ ln−2(w/T ) de-
creases at T ≪ w, where the approximation of eq. (2.11) gets more accurate.3 As discussed
later in section 2.4, a substantial amount of primordial black holes forms in this regime, near
to the critical boundary where nucleation becomes too slow for ending super-cooling. If T
gets smaller than ΛQCD, super-cooling is ended by QCD effects [36, 43].

The probability that a point still is in the false vacuum phase at time t is ℘(t) = e−I(t),
where (see e.g. [79, 80, 82])

I(t) =
4π

3

∫ t

tc

dt′γ(t′)a3(t′)r3(t, t′) =
4π

3

∫ Tc

T

dT ′γ (T ′)

T ′4H (T ′)

(∫ T ′

T

dT̃

H(T̃ )

)3

. (2.18)

where nucleation starts at tc ≲ teq and r(t′′, t′) =
∫ t′′

t′ dt vwall/a is the radius at time t′′ of
a bubble formed at time t′. The percolation temperature Tperc is approximatively defined
as I(Tperc) = 0.34 meaning that 34% of the comoving volume has been converted into the
true minimum [50, 94, 95]. While in most of the parameter space Tperc ≈ Tnuc, Primordial
Black Hole formation will occur when the phase transition has a long duration β/H ≲ 8,
such that Tperc ≲ Tnuc. The phase transition completes provided that the comoving volume
Vfalse ∝ a(t)3℘(t) remaining in the false vacuum decreases [50, 94]

dVfalse

dt

∣∣∣∣
t∼tperc

< 0 i.e. 3 +
dI(T )

d lnT

∣∣∣∣
T∼Tperc

< 0. (2.19)

2The parameter α, quantifying the strength of the transition, varies in definition across the literature,
with primary interpretations focusing on latent heat and the trace anomaly [92]. It is generally defined as
either the ratio of the transition’s latent heat to the radiation energy density in the plasma, ρrad, or via the
stress-energy tensor’s trace and ρrad. These conceptualisations converge in the formula [93]:

α =
1

ρrad

(
∆V − n

∂∆V

∂ lnT

)∣∣∣∣
T=Tn

, (2.15)

where ∆V = Veff(⟨ϕ⟩false, T ) − Veff(⟨ϕ⟩true, T ) represents the free energy density difference between the two
phases, and n assumes values of 1 or 1/4, corresponding to the definitions based on latent heat and trace
anomaly, respectively.

3We do not need to expand the decay rate density up to higher second order in Taylor series in the time
difference from the nucleation time tn,

γ(t) = γ(tnuc)exp[β(t− tnuc) + β2(t− tnuc)
2 + · · · ], (2.17)

because, in the considered phase transitions during super-cooling, the second order coefficient β2 negligibly
arises by expanding the logarithmic dependence of S3/T on T/w ≈ e−H(t−tnuc)Tnuc/w ≫ 1.
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2.3 Gravitational waves from the phase transition

The gravitational wave spectrum generated from first-order phase transitions is dominated by
three contributions: the collision of true vacuum bubbles, Ωcol h

2; the propagation of sound
waves within the plasma, Ωsw h2; and magnetohydrodynamic turbulence effects, Ωturb h

2, as
discussed in [96]. Bubble collisions dominate in our scenario, as supercooling leads to a large
energy release α ≫ 1, The resulting Ωcol h

2 is approximated as [92, 93, 97–101]

Ωcol h
2 = 1.67 10−5

(
β

H

)−2 (κcol α

1 + α

)2 (100

g⋆

)1/3

∆col(vwall)Scol(f). (2.20)

The gravitational wave energy density Ωcol achieves its maximal α-independent value at
α ≫ 1. The coefficient κcol is the efficiency associated to collisions of scalar shells (see
e.g. [94]). In view of α ≫ 1, we assume κcol ≈ 0.95 [65]. The function of the wall velocity
vwall in eq. (2.20) is [50]

∆col(vwall) =
0.48 v3wall

1 + 5.3 v2wall + 5 v4wall
. (2.21)

meaning that larger vwall leads to stronger GW signals. In view of α ≫ 1 we can assume
highly relativistic bubbles, vwall ≃ 1 [50, 65, 102]. The spectral shape Si(f) in eq. (2.20) is
[98–101]

Scol(f) =

[
cl

(
f

fcol

)−3

+ (1− cl − ch)

(
f

fcol

)−1

+ ch

(
f

fcol

)]−1

(2.22)

where cl = 0.064 and ch = 0.48. Scol equals unity at the peak frequency fcol given by

fcol = 1.65× 10−5Hz Ξcol(vwall)
β

H

TRH

100GeV

( g⋆
100

)1/6
for TRH ≫ Tnuc (2.23)

with [92, 93, 97]

Ξcol(vwall) =
0.35

1 + 0.069 vwall + 0.69 v4wall
. (2.24)

Big Bang Nucleosynthesis (BBN) and Cosmic Microwave background (CMB) data pro-
vide a bound on the energy density of extra radiation (in this case, of gravitational waves).
Such bound is usually presented in terms of an effective number of extra neutrinos [103]

∆Neff = 4.4
ρGW

ργ

∣∣∣∣
0

= 1.8 105
∫ ∞

fmin

df

f
ΩGW(f)h2 ≈ 105Ωpeak

GW h2 (2.25)

where we can approximate fmin ≈ 0. The current bound ∆Neff ≲ 0.28 [104] could be
improved by 1 or 2 orders of magnitude with future CMB experiments such as [105–108].

2.4 PBH formation from strong first-order phase transition

A first order phase transition can lead to formation of black holes [68, 73, 79, 80] in different
ways. In particular, due to the stochastic nature of nucleation, there is a probability that some
regions remain for a longer time in the false vacuum while the space around them gets filled
by true vacuum. Re-heating in the true vacuum leads to radiation, so that its energy density
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ρtrue dilutes, while the energy density in the false vacuum is ρfalse ≃ VΛ. Thus regions in the
false vacuum become relatively denser as quantified by δ ≡ ρfalse/ρtrue−1. Following [80, 81]
we assume that a primordial black hole forms when the density contrast exceeds the critical
value δc ≈ 0.45 [109] in a region in the false vacuum (approximated as roughly-spherical) with
radius larger than roughly the Hubble parameter. For small perturbations, this value for δc
indeed coincides with the one at the horizon-crossing time, and it does not differ much from
that even for the larger perturbations of interest for PBH formation [110]. It may however
mildly vary depending on the perturbation profile [111]. We ignore this issue, since the power
spectrum induced by phase transitions does not have sharp features.

According to [80] the resulting probability that a Hubble patch forms a PBH in a
supercooled first-order phase transition, with α ≳ 100 and inverse duration β/H ≲ 10, is
analytically approximated by

Pcoll ≈ exp

[
− a

(
β

H

)b

(1 + δc)
c β/H

]
. (2.26)

where a = 0.5646, b = 1.266 and c = 0.6639. The collapse probability does not depend on
α in the limit of strong supercooling α ≫ 1 where the residual initial radiation energy is
negligible. The collapse probability crucially depends on the duration of the phase transition
β/H, as a small enough β/H (i.e. a long enough duration) allows Hubble-sized late-blooming
regions. The resulting fraction of the density of PBH with respect to the density of dark
matter is

fPBH ≡ ρPBH

ρDM
≈ Pcoll

2.2× 10−11

Teq

140GeV
. (2.27)

where Pcoll is given in eq. (2.26), and Teq is the temperature at which vacuum and radiation
have the same density, eq. (2.4). So fPBH ∼ 1 roughly corresponds to β/H ∼ 8. This value
is realized when the couplings of the model are mildly small and the tunnelling is near to
being too slow for the phase transition to complete, such that the nucleation temperature is
low.

PBH can explain all DM, fPPH = 1, in the mass range (see [112] for a review)

10−16M⊙ ≲ MPBH ≲ 3× 10−12M⊙. (2.28)

PBH form with mass roughly given by the mass within the sound horizon volume at bubble
collision time,

MPBH ≈ F
4π

3

( cs
H

)3
ρlaterad

∣∣∣∣
tcoll

≈ M⊙

(
20

g⋆(Teq)

)1/2(0.14GeV

Teq

)2

(2.29)

where g⋆ ≈ 100, M⊙ ≈ 2 × 1030 kg is the solar mass, cs ≃ 1/
√
3 is the sound speed, and

F ≲ 1 is a numerical factor which depends on the details of the gravitational collapse [113].
ρlaterad is the false vacuum energy in a late-patch [80]. The DM range in eq. (2.28) roughly
corresponds to equilibrium temperatures 50TeV ≲ Teq ≲ 10PeV.

Spin of the primordial black holes

It is interesting to assess the small initial spin of the PBH since mechanisms for its growth
have been explored [114–116]. The spin of the PBH is parameterized by the dimensionless
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Kerr parameter a∗, with variance approximated by [84, 86, 117–119]

⟨a2∗⟩1/2 ≃
4.0 10−3

√
1− γ2

1 + 0.036 [21− 2 log10 (fPBH/10−7)− log10 (MPBH/1015g)]
. (2.30)

The parameter γ typically lies in the range 0.81−1; we assume a reference value γ = 0.96 [118–
120]. In general, γ is inversely proportional to the spectral width σ of power spectrum
[84, 121], taking into account all scales. In our case, scales smaller than the horizon do
not contribute to the creation of PBHs. This leads to a monotonically increasing functional
dependence of the PBH abundance on σ. The assumed value of γ should be realistic in the
physically relevant domain, where the PBH abundance constraints are satisfied [84, 121]. In
our scenario, the scalar avoids a phase where its quanta dominate the energy density: it
quickly transfers its energy to the SM radiation, opening the phase when PBHs are formed.

3 Minimal model with singlet scalar DM

We now start to compute the signals of various models. We start from a minimal model of
dynamical electroweak symmetry breaking, that involves two extra scalars s and s′ besides
the Standard Model Higgs doublet H. Assuming, for simplicity, that the theory is separately
invariant under s → −s and s′ → −s′, the discrete symmetry Z2 ⊗ Z′

2 allows the scale
invariant potential

Vtree = VΛ + λH |H|4 + λS

4
s4 +

λS′

4
s′4 +

λHS

2
|H|2s2 + λHS′

2
|H|2s′2 + λSS′

4
s2s′2. (3.1)

A constant term VΛ is added such that V = 0 at its minimum. Effects due to the explicit
breaking of the scale symmetry are Planck-suppressed. The scalar s′ has been introduced
such that the couplings λS and λHS run with β functions

βλS
≃

λ2
SS′

2(4π)2
, βλHS

≃ λSS′λHS′

(4π)2
(3.2)

that can make them negative at lower energy, inducing dynamical symmetry breaking. This
theory admits multiple symmetry-breaking patterns depending on which combination of cou-
plings crosses zero first. Following [122] we define a parameter R that controls which effective
running coupling turns negative first:

λeff
S (s) =

βλS

2
ln

s2

e1/2w2
, λeff

HS(s) =
βλHS

2
ln

Rs2

w2
. (3.3)

We are interested in the phase where s and h acquire vacuum expectation values, ⟨s⟩ =
w ≫ ⟨h⟩ = v = 246.2 GeV. This phase happens for R ≲ 1 when couplings cross the
critical boundary λHS = −2

√
λHλS while λHS is negative. The standard Gildener- Weinberg

approximation applies atR ≪ 1, such that λHS has a roughly constant value. Phenomenology
remains viable when R is mildly smaller than 1 and multi-phase effects (encoded in the
running of λHS) become relevant [122, 123].

As the Higgs mass is known to be mh ≈ 125.1GeV, we use as free parameters the masses
of s and s′ and R. The various couplings are then approximated in terms of our parameters
as [122]

λSS′ ≈ (4π)2m2
s

m2
s′

, λHS′ ≈ −
(4π)2m2

h

m2
s′ lnR

, w ≃
√
2m2

s′

4πms
. (3.4)
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Benchmark points A B C D

Scalon mass ms in TeV 59.5 200 103 104

DM mass ms′ in PeV 0.84 2.72 12.7 114

Equilibrium temperature Teq in TeV 59 190 890 7996
Nucleation temperature Tnuc in GeV 0.3 2.7 47 2600
Percolation temperature Tperc in GeV 0.1 1.1 29 2580
Duration of the phase transition β/Hn 6.5 6.6 6.7 6.9

PBH mass MPBH/M⊙ 2.5 10−12 2.4 10−13 1.1 10−14 1.4 10−16

PBH abundance fPBH = ρPBH/ρDM ≈ 1 ≈ 1 ≈ 1 ≈ 1
Tuning ∆ = d ln fPBH/d lnms,(s′) 935 (970) 966 (1004) 1008 (1052) 1061 (1115)

PBH spin
〈
a2∗
〉1/2

0.00111 0.00107 0.00102 0.00096

GW abundance Ωpeak
col h2 1.31 10−8 1.29 10−8 1.24 10−8 1.19 10−8

GW frequency fpeak
col in Hz 7 10−8 6.3 10−7 1.1 10−5 6.3 10−4

Table 1. Benchmark points. The first two rows, together with lnR = −10, define the parameter
values. The other rows show the resulting predictions. Fig. 1 illustrates the associated gravitational
waves, and fig. 2 illustrates the associated PBH mass and abundance.

Furthermore, s′ is a stable DM candidate in the phase with ⟨s′⟩ = 0. The s′ relic abundance
can match the DM abundance in two different ways: at moderately large coupling via freeze-
out at Tdec ≈ ms′/25; at small coupling via super-cooling [124]. We focus on the first regime.
The re-heating temperature TRH of eq. (2.5) is TRH ≈ 0.07ms′ , a factor of 2 larger than Tdec.
So this freeze-out regime is realized. The s-wave DM annihilation cross section σ0 and the
spin-independent direct detection cross section are [122]

σ0 ≃
λ2
SS′ + 4λ2

HS′

64πm2
s′

, σSI ≃
64π3f2

Nm4
N

m6
s′

(3.5)

with fN ≈ 0.3 and mN ≈ 0.946GeV. The cosmological DM abundance is reproduced
when σ0 ≈ 1/M2 with M ≈ 23TeV. Current bounds on direct detection are satisfied for
ms′ ≳ 2TeV [122, 125]. Then indirect detection bounds are satisfied [112].

As PBH provide a second DM candidate, we will also consider the possibility that s′

is unstable, such that s′ no longer is DM, and acquires more visible collider signals. Desta-
bilization of s′ happens if the Z2 symmetry is broken either spontaneously by λSS′ < 0, or
explicitly. For example, s or s′ might linearly couple to right-handed neutrinos allowing to
generate neutrino masses [126].

The thermal potential is approximated by eq. (2.11) with

m2 =

(
λSS′

2
+ 2λHS

)
T 2

12
, k =

λ
3/2
SS′ + 4λ

3/2
HS

2
√
2

T

4π
, λ = βλS

ln
w

T
(3.6)

The phase transition is ended by nucleation if S3/T ∼ 16
√
6π3λ

−3/2
SS′ / ln(w/T ) > 4 lnMPl/T ,

implying a not too small coupling λSS′ [127]. While this rough estimate qualitatively explains
the main results, gravitational wave and primordial black holes are more precisely computed
numerically.
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Figure 1. Gravitational wave spectrum as a function of frequency f at the benchmark points A, B, C,
D listed in table 1. The predicted gravitational wave signals (colored curves) fall within the sensitivity
curves of possible future gravitational wave detectors (dashed shaded regions). The upper axis shows
the mass of the corresponding primordial black holes. The gray hatched curve indicates the expected
but significantly uncertain astrophysical foreground.

3.1 Primordial Black Holes as DM

We start the analysis by focusing in table 1 on some benchmark point in parameter space, all
with lnR = −10, and with ms, ms′ selected such that nucleation happens after a significant
amount of super-cooling. Then, all points predict significant comparable amount of GW,
ΩGW ∼ 10−8. As shown in fig. 1 the GW frequency spectra mostly differ by position of
the peak, given by eq. (2.23). The peak frequency is lower at larger values of ms,s′ ≫ v,
which remains compatible with generating the weak scale v thanks to small enough values of
λHS . Fig. 1 also shows the expected sensitivity reaches of possible future GW observatories,
broadly classified as:

• Ground-based interferometer detectors at higher f : aLIGO/aVIRGO (red dashed) [31,
32, 128], AION [12] (orange solid), Einstein Telescope (ET) [20, 129] (blue solid),
Cosmic Explorer (CE) [21, 130] (blue dashed). LIGO-VIRGO provide the only
existing bound [8]. We also show the projected sensitivity at the end of the next
advanced LIGO-VIRGO phase [31, 32, 128].

• Space-based interferometers: LISA [15, 131] (pink solid), BBO [19, 132] (green dashed),
DECIGO/U-DECIGO[18, 133] (green solid), AEDGE [13, 134] (orange dashed), µ-
ARES [14] (magenta dashed). These probe the mHz frequency range in which PBH
from a supercooled FOPT can explain all the DM abundance.

• Lower frequencies are probed by recast of astrometry proposals GAIA/THEIA [10]
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Figure 2. Prediction of the A, B, C, D benchmark points of table 1 for the primordial black holes
mass and for their cosmological abundance fPBH in units of the DM abundance. The colored regions
with solid borders are excluded. Dashed curves indicate future experimental sensitivities. Diagonal
dotted lines represent different values of PBH spin.

(brown dashed), and by pulsar timing arrays: SKA [9] (purple), EPTA [135, 136]
(purple dashed), NANOGrav [2] (blue shaded region).

The GW signals are above the expected astrophysical backgrounds, shown by the hatched
curve in fig. 1. This is obtained summing the different expected sources, and is subject to
an uncertainty by about an order of magnitude. We have not taken into account that future
observatories are expected to be able to partially subtract the astrophysical backgrounds.
These issues have been studied in many papers. For a short summary and a list of references
see e.g. [137].

Next, fig. 2 illustrates the predicted mass of abundance of Primordial Black Holes at
the benchmark points. We choose points within the mass range where PBH can be all of
DM, and fixed the parameters ms,s′ such that PBH match the cosmological DM abundance,
fPBH = 1. In this region the PBH abundance has a strong sensitivity to model parameters,

∆ ≡ ∂ ln fPBH

∂ lnms,s′
∼ 1000. (3.7)

Table 1 shows precise sensitivity values at the benchmark points. A similar sensitivity arises
in theories where PBH are produced via enhanced primordial inhomogeneities (altought
specific models can be more tuned).

Fig. 2 also depicts existing constraints on fPBH (see [138–141] for details on constraints):

• Hawking evaporation of PBH is relevant at lower MPBH and implies constraints using
data from CMB [142], EDGES [143], Integral [144, 145], Voyager [146], 511 keV [147],
EGRB [148].
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• Micro-lensing observations from HSC [149], EROS [150], Icarus [151], including a PBH
hint of PBH from OGLE [152]. The dashed curve shows the micro-lensing future sen-
sitivity of the NGRST [153].

• The range MPBH ∼ M⊙ is constrained by LIGO-VIRGO-KAGRA (LVK) observations
of PBH-PBH mergers [154–160]. Future GW interferometers like ET and LISA are ex-
pected to reach the sensitivities depicted as dashed curves [161–166]. PBH are expected
to accrete leading to extra constraints adopted from [167, 168].

3.2 General parameter space of the model

We next move from the benchmark points to explore the full parameter space of the model.
We show plots as function of the DM mass ms′ and of the dilaton mass ms at fixed values of
lnR, focusing on two values:

• lnR = −10, in the Gildner-Weinberg regime;

• lnR = −1/2, where λHS is as small as allowed by its running and multi-phase effects
become relevant [122].

Fig. 3 shows contour levels of the nucleation temperature and of the inverse duration β/H
of the phase transition. Interesting values are obtained in a region ranging from too large
non-perturbative couplings down to too small couplings, where the phase transition is ended
in a too rapid way by QCD rather than by nucleation [81, 169]. Fig. 4 shows, in the same
plane, contour values of the PBH masses. Fig. 5 shows contour values of the PBH abundance.
As it is exponentially sensitive to parameter values, the figures focuses on a small portion of
the parameter space where the PBH abundance is around the DM abundance. In this region,
PBH can drive a small-scale clustering of particle DM, thereby enhancing indirect detection
signals.

Next, we overlay various main results in fig. 6.
Assuming that s′ is stable, we here show its relic freeze-out abundance: it matches the

cosmological DM abundance along the green curve, and gets larger above the green curve.
Furthermore, the PBH abundance matches the DM abundance along the red curve, and gets
larger above. In general, the abundances of the two DM candidates (PBH and s′) should be
summed. The plot shows that s′ particle DM dominates over PBH in most of the allowed
parameter range (unshaded region in fig. 6). The portion around ms ∼ 200GeV where
fPBH ∼ 1 has MPBH ∼ 10−5M⊙, above the mass range where PBH can be all DM. Assuming
instead that s′ is unstable, PBH provide DM in a different portion of the parameter space,
along the red curve.

Fig. 6 also shows that significant GW signals arise in the white allowed region (see
also [170]). Each future GW experiment would probe the region in parameter space above
the indicated curve, up to the allowed boundary where fPBH ≈ 1. We do not study the
region of parameter space where QCD (rather than nucleation) ends the phase transition.
More in detail, fig. 7 shows how the various possible GW experiments cover the parameter
space, by being sensitive to different frequencies. As a specific example, fig. 8 shows that the
expected Signal-to-Noise Ratio at LISA can reach large values. However, we here neglected
the astrophysical foregrounds, expected with the spectrum illustrated in fig. 1. It’s difficult
to anticipate how much foregrounds will limit the sensitivity to primordial GW, as some
foregrounds can be partially subtracted.
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Figure 3. Contour levels of the nucleation temperature Tnuc (red dashed curves) and of the inverse
duration of the phase transition β/H. A significant amount of PBH are produced at β/H ≲ 8.

Figure 4. Contour-levels of the mass of produced primordial black holes.

Figure 5. Contour levels of the cosmological abundance of Primordial Black Holes.
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Figure 6. Summary plot for the minimal model. The right panel assumes a larger mixed quartic
λHS, while in the left panel λHS is so small that its running leads to multi-phase effects. The cosmo-
logical relic abundance of particle (of Primordial Black Hole) DM is over-abundant above the green
(red) curve. Gravitational waves appear detectable above the curves indicated as LISA and ET. The
shaded regions are excluded by DM direct detection (purple); Higgs h → ss decays (beige); bounds on
Higgs/dilaton mixing (orange); too large quartic couplings (pink).

3.3 Particles as DM

If s′ is stable, in most of the parameter space the DM abundance is dominated by its relic
freeze-out abundance rather than by primordial black holes. It is then interesting to explore
the gravitational waves signals that arise under the assumption that thermal relic particle
DM makes all the cosmological DM abundance. Since the spectrum of gravitational waves
produced from bubble collisions is roughly universal, eq. (2.22), gravitational waves can be
characterised by their peak frequency and abundance. Fig. 9 shows the predictions for such
two quantities for different values of the DM mass (squared points).

4 Model with SU(2) vector DM

As a second model, we add to the SM a complex scalar S doublet under an extra ‘dark’
SU(2)X gauge group with gauge coupling gX [124]. The dimension-less potential is

Vtree = VΛ + λH |H|4 + λS |S|4 + λHS |HS|2. (4.1)

In the unitary gauge the scalars can be expanded as

S =
1√
2

(
0
s

)
, H =

1√
2

(
0
h

)
. (4.2)
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Figure 7. GW are observable inside the bands. Only zoomed in for LISA and CE GW detectors on
the left and showing all GW detectors on the right. The arrows show the range of the parameter space
that will see a signal in LISA after 4 years of running.

The relevant one-loop β functions is

βλS
≃ 1

(4π)2
9 g4X
8

(4.3)

while, in this model, λHS only gets multiplicatively renormalized, and can be approximated
as constant. The SU(2)X vectors acquire a mass MX = gXw/2 and are stable DM candi-
dates [171]. Like in the previous model, we again use as free parameters the dilaton mass ms

and the DM mass MX . The other couplings are then approximated in terms of them as [122]

gX ≃ 4π
√
2ms

3MX
, λHS ≃ −

8π2m2
hm

2
s

9M4
X

, w ≃
3M2

X

2
√
2πms

. (4.4)

The mixing angle between the Higgs and the scalaron is

sin 2θ =
v2
√

8λH |λHS |
m2

s −m2
h

. (4.5)

The s-wave cross-sections for DM annihilations XX ↔ ss plus semi-annihilations XX ↔ Xs
and for DM direct detection are [171]

σ0 =
65g4X

6912πM2
X

=
260π3m4

s

2187M8
X

, σSI ≃
64π3f2

Nm4
N

81M6
X

. (4.6)

The cosmological DM abundance is again reproduced when σ0 ≈ 1/(23TeV)2. We restrict
our analysis to the regime where gX ∼ 1 is large enough that super-cooling is ended by
nucleation, rather than by QCD. Then TRH = (136/64g∗)

1/4MX/π ≈ MX/8.5 is again larger
than the DM decoupling temperature.
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Figure 8. Expected Signal-Noise Ratio. at LISA as function of the dilaton ms for different fixed values
of the DM mass ms′ , and neglecting astrophysical foregrounds. A SNR ≳ 10 allows GW detection.

The above discussion shows that, up to order unity factors, the physics is qualitatively
similar to the minimal singlet model of section 3. So the analysis proceeds in parallel:
the main results are summarised by the left panel of fig. 10, which is similar to fig. 6 for the
minimal singlet model. Predictions for gravitational waves under the assumption that particle
DM matches the cosmological DM density [45, 171] are shown in fig. 9 (circle points). The
squared points show the predictions of the minimal s′ model discussed in the previous section.
The predictions of the two models are qualitatively similar, up to order order unity factors,
because different models share the following common feature: DM induces the running and
the thermal potential for dynamical symmetry breaking.

The phase transition in the non-scale-invariant version of the model was studied in [172].

5 Model with U(1)B−L gauge group

Finally, we consider a similar model where the dark gauge group is now an Abelian U(1)
factor. Unlike in the SU(2) model, the U(1) vector is not a stable DM candidate, as long
as no extra symmetry is added to forbid its kinetic mixing with the hyper-charge U(1)Y
vector. Furthermore, the extra U(1) needs not to be dark, as the SM field content allows for
a possible U(1)B−L extra gauge symmetry. We identify U(1) with U(1)B−L and denote as
gB−L its gauge coupling, and as Z ′ its vector. To break U(1)B−L, the scalar S must have a
non-vanishing charge qS under U(1)B−L. The case qS = 2 is often considered, such that S
can also provide mass to the right-handed neutrinos via a Yukawa coupling. The following
considerations largely depend only on the product qSgB−L. The scalar potential is

Vtree = VΛ + λH |H|4 + λS |S|4 + λHS |HS|2. (5.1)
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Figure 9. Predicted peak frequency and abundance of gravitational waves as function of the particle
DM mass, assuming that it reproduces the cosmological DM abundance, in the two models of section 3
and 4.

In the unitary gauge the scalars can be expanded as

S =
s√
2
, H =

1√
2

(
0
h

)
. (5.2)

At one loop, the λS quartic runs as

βλS
≃ 6(qSgB−L)

4

(4π)2
. (5.3)

We use as free parameters ms and MZ′ , in order to proceed in parallel with the previous mod-
els (although Z ′ is now not a DM candidate). The other parameters are then approximated
in terms of ms and MZ′ as

qSgB−L ≃
√

2

3

2πms

MZ′
, λHS ≃ −

8π2m2
hm

2
s

3M4
Z′

, w ≃
√

3

2

M2
Z′

2πms
. (5.4)

At the minimum ⟨s⟩ = w the U(1)B−L Z ′ vector acquires mass MZ′ = qSgB−Lw and
decays quickly. In this model no particle DM candidate is present, and only primordial
black holes can provide DM. Furthermore, electroweak precision data imply MZ′/gB−L ≳
7TeV [173, 174] up to corrections due to kinetic mixing with hypercharge. The re-heating
temperature is TRH = Tinfl = MZ′(45/64π4g∗)

1/4 ≈ MZ′/11. The s thermal potential is
VT ≈ 3T 4 JB(q

2
Sg

2
B−Ls

2/T 2)/2π2, leading in eq. (2.11) to the thermal mass m = qSgB−LT/2,
and to the cubic k = 3(qSgB−L)

3T/4π. The right-handed panel of fig. 10 summarises our
results for this model. PBH have the DM abundance along the red curve, and their mass
falls in the region where PBH can be DM in the green region. This is compatible with
Tnuc ≳ GeV, such that super-cooling is ended by nucleation. Again, gravitational waves
arise at a detectable ΩGW ∼ 10−8 level. Such conclusions agree with a previous study [81].

6 Discussion and Conclusion

We investigated various models of dynamical breaking of the electroweak symmetry. A
common feature is that an extra scalar s, neutral under the SM gauge group, is added
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Figure 10. Summary plots for the models based on an extra dark SU(2) (left) or U(1)B−L model
(right). The curves mostly have the same color coding as in the summary plot for the minimal model,
fig. 6 The cosmological relic abundance of particle (of Primordial Black Hole) DM is over-abundant
above the green (red) curve. The shaded regions are excluded by DM direct detection (purple); bounds
on precision data (orange); too large quartic couplings (pink). We omit the sub-leading bounds from
h → ss and h/s mixing. We also show contour curves of Tnuc (red dashed) and of β/H (black solid).
Stochastic gravitational waves are observed in the regions inside the dashed curves, at the indicated
possible future detectors.

to the Higgs sector. Some extra particle is needed to mediate quantum corrections to the
s potential such that s acquires a vacuum expectation value. Different models introduce
different particles: the minimal model employs one extra scalar s′; other models employ
vectors of an extended U(1) or SU(2) gauge group.

In all cases the cosmological phase transition is strongly first order, leading to Gravita-
tional Waves (at a level detectable by realistic future observatories) and to Primordial Black
Holes (at a level that, in a part of the parameter space, can account for the Dark Matter
relic density of the universe). The PBH mass depends on the parameters of the model and
can fall in the range where PBH can be all of DM; this parameter space can be tested by
GW signals.

In the minimal model, this is illustrated by the examples in fig. 2. Fig. 1 shows that such
a range leads to detectable GW with µHz-mHz frequencies, while the new s and s′ particles
are too heavy to give signals at current particle colliders. The model already contains one
possible DM candidate, as the scalar s′ can be stable. In this case, the s′ thermal freeze-out
relic abundance dominates over the black hole abundance. The regime of particle DM is
realized when particles have lighter TeV-scale mass, leading to collider signals mostly from
s/Higgs mixing, direct detection signals, and GW with lower frequency in the µHz-nHz range.

A similar situation is encountered in the SU(2) model, where the SU(2) vectors are
stable DM candidates.
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The vector present in the U(1) model can instead decay via a kinetic mixing with
hyper-charge and/or because SM fermions are charged under it (the U(1) can be identified
as U(1)B−L). Primordial black holes can have appropriate mass and abundance to explain
Dark Matter.

Primordial black holes and gravitational waves in the same frequency range can also
be generated by different theories, where inflation produces large curvature perturbations at
small scales, see e.g. [175]. The GW spectral shapes arising from second-order tensor pertur-
bations are different from those produced due to bubble collisions during phase transitions.
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jolàs, F. Rompineve, JHEP 04 (2020) 195
[arXiv:1912.07587].

[39] A. Ghoshal, A. Salvio, JHEP 12 (2020) 049
[arXiv:2007.00005].

[40] J. Jaeckel, V.V. Khoze, M. Spannowsky, Phys.
Rev. D 94 (2016) 103519 [arXiv:1602.03901].

[41] R. Jinno, M. Takimoto, Phys. Rev. D 95 (2017)
015020 [arXiv:1604.05035].

[42] L. Marzola, A. Racioppi, V. Vaskonen, Eur.
Phys.J. C 77 (2017) 484 [arXiv:1704.01034].

[43] S. Iso, P.D. Serpico, K. Shimada, Phys. Rev.
Lett. 119 (2017) 141301 [arXiv:1704.04955].

[44] W. Chao, W.-F. Cui, H.-K. Guo, J.
Shu, Chin.Phys.C 44 (2020) 123102
[arXiv:1707.09759].

[45] I. Baldes, C. Garcia-Cely, JHEP 05 (2019) 190
[arXiv:1809.01198].

[46] T. Prokopec, J. Rezacek, B. Swiezewska, JCAP
02 (2019) 009 [arXiv:1809.11129].

[47] V. Brdar, A.J. Helmboldt, J. Kubo, JCAP 02
(2019) 021 [arXiv:1810.12306].

[48] C. Marzo, L. Marzola, V. Vaskonen, Eur.
Phys.J. C 79 (2019) 601 [arXiv:1811.11169].

[49] T. Hasegawa, N. Okada, O. Seto, Phys. Rev. D
99 (2019) 095039 [arXiv:1904.03020].

[50] J. Ellis, M. Lewicki, V. Vaskonen, JCAP 11
(2020) 020 [arXiv:2007.15586].

[51] A. Chikkaballi, K. Kowalska, E.M. Sessolo,
JHEP 11 (2023) 224 [arXiv:2308.06114].

[52] A. Ahriche, S. Kanemura, M. Tanaka, JHEP 01
(2024) 201 [arXiv:2308.12676].

[53] P. Huang, K.-P. Xie, JHEP 09 (2022) 052
[arXiv:2206.04691].

[54] A. Dasgupta, P.S.B. Dev, A. Ghoshal, A.
Mazumdar, Phys. Rev. D 106 (2022) 075027
[arXiv:2206.07032].

[55] D. Borah, A. Dasgupta, I. Saha, JHEP 11
(2022) 136 [arXiv:2207.14226].

[56] A. Dasgupta, P.S.B. Dev, T. Han, R. Pad-
han, S. Wang, K. Xie, JHEP 12 (2023) 011
[arXiv:2308.12804].

[57] A. Ghoshal, D. Mukherjee, M. Rinaldi, JHEP
05 (2023) 023 [arXiv:2205.06475].

[58] M.Y. Khlopov, R.V. Konoplich, S.G. Rubin,
A.S. Sakharov, arXiv:hep-ph/9807343.

[59] K. Sato, M. Sasaki, H. Kodama, K. Maeda,
Prog.Theor.Phys. 65 (1981) 1443.

[60] H. Kodama, M. Sasaki, K. Sato, K. Maeda,
Prog.Theor.Phys. 66 (1981) 2052.

[61] K. Maeda, K. Sato, M. Sasaki, H. Kodama,
Phys. Lett. B 108 (1982) 98.

[62] K. Sato, H. Kodama, M. Sasaki, K. Maeda,
Phys. Lett. B 108 (1982) 103.

[63] S.W. Hawking, I.G. Moss, J.M. Stewart, Phys.
Rev. D 26 (1982) 2681.

[64] H. Kodama, M. Sasaki, K. Sato, Prog. Theor.
Phys. 68 (1982) 1979.

[65] M. Lewicki, V. Vaskonen, Phys.Dark Univ. 30
(2020) 100672 [arXiv:1912.00997].

[66] A. Ashoorioon, A. Rostami, J.T. Firouz-
jaee, Phys. Rev. D 103 (2021) 123512
[arXiv:2012.02817].

[67] K. Kawana, K.-P. Xie, Phys. Lett. B 824 (2022)
136791 [arXiv:2106.00111].

[68] J. Liu, L. Bian, R.-G. Cai, Z.-K. Guo, S.-
J. Wang, Phys. Rev. D 105 (2022) L021303
[arXiv:2106.05637].

[69] T.H. Jung, T. Okui, arXiv:2110.04271.

[70] K. Hashino, S. Kanemura, T. Takahashi, M.
Tanaka, Phys. Lett. B 838 (2023) 137688
[arXiv:2211.16225].

[71] P. Huang, K.-P. Xie, Phys. Rev. D 105 (2022)
115033 [arXiv:2201.07243].

[72] K. Kawana, P. Lu, K.-P. Xie, JCAP 10 (2022)
030 [arXiv:2206.09923].

[73] K. Kawana, T.H. Kim, P. Lu, Phys. Rev. D 108
(2023) 103531 [arXiv:2212.14037].

[74] M. Kierkla, A. Karam, B. Swiezewska, JHEP
03 (2023) 007 [arXiv:2210.07075].

[75] M. Kierkla, B. Swiezewska, T.V.I. Tenka-
nen, J. van de Vis, JHEP 02 (2024) 234
[arXiv:2312.12413].

[76] K. Hashino, S. Kanemura, T. Takahashi, Phys.
Lett. B 833 (2022) 137261 [arXiv:2111.13099].

[77] S. He, L. Li, Z. Li, S.-J. Wang, Sci.China
Phys.Mech.Astron. 67 (2024) 240411
[arXiv:2210.14094].

[78] T.C. Gehrman, B. Shams Es Haghi, K. Sinha,
T. Xu, JCAP 10 (2023) 001 [arXiv:2304.09194].

[79] M. Lewicki, P. Toczek, V. Vaskonen, JHEP 09
(2023) 092 [arXiv:2305.04924].

[80] Y. Gouttenoire, T. Volansky, In-
Spire:Gouttenoire:2023naa.

[81] Y. Gouttenoire, Phys. Lett. B 855 (2024)
138800 [InSpire:Gouttenoire:2023pxh].

– 20 –

http://arxiv.org/abs/hep-th/0612165
http://arxiv.org/abs/1912.06139
http://arxiv.org/abs/1912.07587
http://arxiv.org/abs/2007.00005
http://arxiv.org/abs/1602.03901
http://arxiv.org/abs/1604.05035
http://arxiv.org/abs/1704.01034
http://arxiv.org/abs/1704.04955
http://arxiv.org/abs/1707.09759
http://arxiv.org/abs/1809.01198
http://arxiv.org/abs/1809.11129
http://arxiv.org/abs/1810.12306
http://arxiv.org/abs/1811.11169
http://arxiv.org/abs/1904.03020
http://arxiv.org/abs/2007.15586
http://arxiv.org/abs/2308.06114
http://arxiv.org/abs/2308.12676
http://arxiv.org/abs/2206.04691
http://arxiv.org/abs/2206.07032
http://arxiv.org/abs/2207.14226
http://arxiv.org/abs/2308.12804
http://arxiv.org/abs/2205.06475
http://arxiv.org/abs/hep-ph/9807343
http://arxiv.org/abs/1912.00997
http://arxiv.org/abs/2012.02817
http://arxiv.org/abs/2106.00111
http://arxiv.org/abs/2106.05637
http://arxiv.org/abs/2110.04271
http://arxiv.org/abs/2211.16225
http://arxiv.org/abs/2201.07243
http://arxiv.org/abs/2206.09923
http://arxiv.org/abs/2212.14037
http://arxiv.org/abs/2210.07075
http://arxiv.org/abs/2312.12413
http://arxiv.org/abs/2111.13099
http://arxiv.org/abs/2210.14094
http://arxiv.org/abs/2304.09194
http://arxiv.org/abs/2305.04924
http://inspirehep.net/search?ln=en&ln=en&p=Gouttenoire:2023naa&of=hb&action_search=Search&sf=&so=d&rm=&rg=25&sc=0
http://inspirehep.net/search?ln=en&ln=en&p=Gouttenoire:2023naa&of=hb&action_search=Search&sf=&so=d&rm=&rg=25&sc=0
http://inspirehep.net/search?ln=en&ln=en&p=Gouttenoire:2023pxh&of=hb&action_search=Search&sf=&so=d&rm=&rg=25&sc=0


[82] I. Baldes, M.O. Olea-Romacho, JHEP 01
(2024) 133 [arXiv:2307.11639].

[83] A. Salvio, JCAP 12 (2023) 046
[arXiv:2307.04694].

[84] I.K. Banerjee, U.K. Dey, JHEP 07 (2024) 006
[arXiv:2311.03406].
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[158] G. Hütsi, M. Raidal, V. Vaskonen, H. Veermäe,
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