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Abstract. Strong first-order phase transitions in a dark sector offer a compelling explanation
for the stochastic gravitational wave background in the nano-Hertz range recently detected
by pulsar timing arrays (PTAs). We explore the possibility that such a phase transition at
the same time gives mass to a stable fermion that accounts for the observed dark matter
abundance and leads to testable effects in laboratory experiments. Concretely, we consider
a classically conformal dark sector with a hidden U(1)′ gauge symmetry that couples to the
Standard Model via kinetic mixing. Since the PTA signal requires a phase transition in
the MeV temperature range, spontaneous symmetry breaking gives rise to a sub-GeV dark
matter candidate that couples to the Standard Model via a dark photon mediator and obtains
its relic abundance via annihilations into electrons and dark Higgs bosons. Such a scenario is
tightly constrained by laboratory searches for dark photons and cosmological constraints on
the decays of dark Higgs bosons after the phase transition. We show that viable parameter
regions can be found both for the case that the dark Higgs bosons remain in equilibrium with
the Standard Model and that they decouple and only decay much later. In the latter case,
the parameter regions preferred by the PTA signal and the dark matter relic abundance can
be fully explored by future beam-dump experiments searching for missing energy.
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1 Introduction

So far, all evidence for the existence of dark matter (DM) is based on its gravitational effects,
while any other form of interactions – if present – has evaded detection. This raises the
question whether we can study the fundamental properties of DM particles using gravitational
interactions alone. A particularly promising avenue are stochastic gravitational wave (GW)
signals that arise from a strong first-order phase transition (FOPT) involving a scalar field
coupled to the DM particle [1–4]. Analogous to the Higgs mechanism in the Standard Model
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(SM), the vacuum expectation value (vev) of such a scalar field would then generate the mass
of the DM particle, thus providing a direct link between GW signals and DM properties [5–8].

The recent observation of a stochastic GW background in the nano-Hertz frequency
range by various pulsar timing array (PTA) collaborations, namely the North American
Nanohertz Observatory for Gravitational Waves (NANOGrav) [9], the European PTA (EPTA)
as well as the Indian PTA (InPTA) [10], the Chinese PTA (CPTA) [11], the Parkes PTA
(PPTA) [12], the MeerKAT PTA [13] and the International PTA (IPTA) [14], has created a
significant amount of interest in possible astrophysical origins, as well as cosmological sources
involving physics beyond the standard model (SM) of particle physics. Among the former are
in particular supermassive black hole (SMBH) binaries, while the latter possibilities encom-
pass inflation [15, 16], cosmic strings [17, 18] and FOPTs [19–28]. Many works have studied
these different sources and discussed the possible implications [29–35]. While the observed
PTA signal could plausibly originate from SMBH binaries, recent findings by the NANOGrav
collaboration [9] and N -body simulations [36] indicate a significant tension between the best
fit to the PTA data and the expected astrophysical parameter ranges for this scenario. This
discrepancy motivates us to hypothesise that at least part of the observed signal may be due
to a FOPT.

The possibility of accounting for the PTA signal through a delayed electroweak phase
transition was shown to be unfeasible in ref. [28]. If the PTA signal is instead interpreted
in terms of a FOPT in the dark sector, one can directly translate its frequency to the tem-
perature of the FOPT [37], which for nHz frequencies lies in the MeV range. Since the
temperature is closely related to the vev of the scalar field, and hence the mass of the dark
sector particles, one therefore expects new particles below the GeV scale. This mass region
has received a rapidly growing amount of interest in recent years for an entirely different
reason, namely in the context of DM physics. The reason is that it is possible for sub-
GeV DM particles to maintain the successes of thermal freeze-out, while evading the many
strong experimental constraints on heavier thermal relics, in particular from direct detection
experiments [38, 39].

As a result, recent years have brought rapid progress in the experimental programme to
search for sub-GeV dark sectors at high-intensity beam-dump experiments and low-threshold
scattering detectors [40–42]. Moreover, particles in this mass range can have a wide range of
astrophysical and cosmological implications, including signatures of DM annihilations [43, 44],
modifications of the expansion history of the universe [45, 46], and effects on the formation
and evolution of DM halos [47, 48]. A recent study [49] used the GAMBIT global fitting
framework [50] to perform a global fit of all of these constraints for scalar and fermionic sub-
GeV DM candidates interacting with SM particles via the exchange of a new U(1)′ gauge
boson that kinetically mixes with photons (called dark photon). The study identified large
viable regions of parameter space that can be targeted by future experiments. However, no
mechanism for generating the DM and dark photon masses was specified, even though the
presence of an additional scalar field may significantly change the phenomenology [51].

In the present work we connect the idea of sub-GeV DM to the PTA signal by considering
a dark Higgs boson which can obtain a vev that spontaneously breaks the gauge symmetry
and generates particle masses, see also ref. [26]. We assume furthermore that the dark sector
has an approximate conformal symmetry, i.e. that there are no dimensionful parameters in the
dark sector Lagrangian at high scales. At low scales, the Coleman-Weinberg mechanism [52–
55] then leads to dimensional transmutation, i.e. the spontaneous generation of a mass scale
through loop effects, which in turn triggers the dark Higgs mechanism. This set-up enables
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us to study the profound connection between DM and GW physics and ask the question: Can
the DM mass be generated through a FOPT that also produces the stochastic GW signal
observed by PTAs?

Nearly-conformal dark sectors have been studied in great detail in the context of GWs
from FOPTs [21, 24, 56–63]. It has been shown that the effective potential changes only
slowly with temperature, leading to potentially strong supercooling and a large energy release
during the FOPT. The resulting GW signal can be correspondingly large and provide a good
fit to the observed PTA signal in the nano-Hertz range. However, previous studies of such
dark sectors have typically assumed that all dark sector states are unstable and decay, such
that there is no viable DM candidate (see however ref. [64] for a notable exception based on
an SU(2) gauge group or ref. [65] where asymmetric DM produces the baryon asymmetry in
the SM). The model that we consider in the present work can therefore also be considered as
an extension of a nearly-conformal dark sector to include a stable particle which decouples
from thermal equilibrium and plays the role of DM.

Although the dark sector that we consider consists of three new particles, the assumption
of a conformal symmetry strongly reduces the freedom of the model. The dark sector itself
is characterised by only three parameters (the vev v, the gauge coupling g, and the Yukawa
coupling y), out of which two are tightly constrained by the PTA signal and the third by
the relic density requirement. A fourth parameter (the kinetic mixing κ) characterises the
interactions with SM particles, which determines the production and decay of the unstable
dark sector particles. It is therefore a priori far from clear that the model can provide a
viable explanation of all available data.

A particular challenge is to reproduce the observed DM relic abundance. It was shown
in ref. [8] that the simplest possibility, namely that the DM particles annihilate directly into
dark Higgs bosons, generically implies a dark sector mass scale around the electroweak scale
and thus GW signals in the mHz range potentially detectable with LISA. When instead
considering GWs in the nHz range, it becomes necessary to suppress the DM annihilation
rate in order to avoid depleting the density of DM particles. Here we consider two possibilities
to achieve this goal: forbidden annihilations with a kinematic threshold [66] and secluded
annihilations in a decoupled dark sector with non-negligible chemical potential [67].

We explore in detail the phenomenology of DM from a nearly conformal dark sector and
show that the model can simultaneously fit the PTA signal, reproduce the observed DM relic
abundance and satisfy all other observational constraints. We pay particular attention to
the cosmological evolution of the dark sector after the phase transition, which is complicated
by the fact that both the DM particle and the dark Higgs boson may depart from thermal
equilibrium. The minimal scenario, in which the dark Higgs boson can only decay via loops
involving dark photons, gives tight predictions for the masses and couplings of all particles,
leading to testable predictions for near-future beam-dump experiments. We also consider
an extended scenario, in which higher-dimension operators generate an additional tree-level
coupling to leptons and the constraints can be relaxed.

The remainder of this work is structured as follows. In section 2 we introduce the
model that we study and calculate the finite-temperature effective potential. The two main
constraints on the model, namely the GW signal and the DM relic density, are discussed in
sections 3 and 4, respectively. In section 5 we briefly review the various other constraints
on the model. We then present the results from extensive global fits of our model in sec-
tion 6. In section 7, we discuss our results and the potential impact of future measurements,
before concluding in section 8. Additional details on our calculations are provided in the
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appendices A, B and C.

2 Conformal Sub-GeV Dark Matter

We consider a classically conformal dark sector with a U(1)′ gauge symmetry. It comprises
a dark Higgs field Φ, the U(1)′ gauge boson A′

µ (called dark photon) and two left-handed
fermions χ1,2 which have opposite U(1)′ charge in order to keep the model free of anomalies.
We set the U(1)′ charges to QΦ = 1, Q1 = −1/2, Q2 = 1/2, such that the gauge-invariant
Lagrangian is given by

L = |DµΦ|2 −
1

4
F ′
µνF

′µν + χ̄1i /Dχ1 + χ̄2i /Dχ2 −
(y1
2
Φχ̄c

1χ1 +
y2
2
Φ∗χ̄c

2χ2 + h.c.
)
− V (Φ).

(2.1)

The covariant derivative reads Dµ = ∂µ+ igQA′
µ and χc denotes the charge conjugated field.

We assume for simplicity that the two fermions are mass-degenerate, i.e. y1 = y2 ≡ y. This
degeneracy could result for example from a symmetry under the exchange χ1 ↔ χc

2, making
our assumption technically natural.

The tree-level scalar potential respecting the conformal and U(1)′ symmetry is given by

V (Φ) = λ(Φ∗Φ)2 , (2.2)

where the normalisation of the quartic coupling constant λ is conventional. The conformal
symmetry of the classical theory is understood as the invariance of the action S =

∫
d4xL

under the set of operations xµ → αxµ, Φ(x) → α−1Φ(αx), A′
µ(x) → α−1A′

µ(αx) and χ(x) →
α−3/2χ(αx), where α > 0 is a scaling factor. This symmetry also forbids a bare fermion
mass term of the form mχχ̄

c
1χ2. The conformal symmetry is explicitly broken by radiative

corrections to the tree-level potential, which introduce a mass term m2Φ∗Φ.

2.1 Radiative and temperature-dependent corrections

The breaking of the conformal symmetry can be illustrated by expanding Φ = (ϕb+ϕ+iφ)/
√
2

around a (homogeneous and static) background field value ϕb. The leading-order radiative
corrections to the potential Vtree(ϕb) = λϕ4

b/4 at zero temperature are then given by the
usual Coleman-Weinberg potential [52]

VCW(ϕb) =
∑
a

ηaga
m4

a(ϕb)

64π2

[
log

m2
a(ϕb)

µ̄2
− Ca

]
, (2.3)

where the index a = {ϕ, φ,A′, χ1, χ2} runs over all fields that obtain masses for non-zero
background field values:1

m2
ϕ(ϕb) = 3λϕ2

b , m2
φ(ϕb) = λϕ2

b , m2
A′(ϕb) = g2ϕ2

b , mχ(ϕb) =
yϕb√
2
. (2.4)

1Note that while ϕ is a real scalar particle and the dark photon obtains a physical mass due to the
spontaneous ‘breaking’ of the U(1)′ symmetry for ϕb ̸= 0, the associated Goldstone mode is not given by φ –
which explains the appearance of a mass term in the true vacuum and hence the absence of a shift symmetry.
For technical reasons, this specific expansion of Φ is still useful for the underlying computation performed in
Landau gauge [68, 69].
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The internal degrees of freedom in eq. (2.3) are given by gϕ = 1, gφ = 1, gA′ = 3 and
gχ1 = gχ2 = 2, and bosons and fermions differ in their contributions by a sign ηϕ,φ,A′ = +1
and ηχ1,χ2 = −1. We employ the MS scheme, for which the renormalisation constants read
Cϕ,φ,χ1,χ2 = 3

2 and CA′ = 5
6 . Adding to this the tree-level potential and the contributions

from counter-terms, with renormalisation conditions that ensure mϕ(ϕb = 0) = 0 and define
the renormalised coupling λ at some energy scale Λ, we obtain the zero-temperature effective
potential at one-loop as

Veff(ϕb, T = 0) =
λ

4
ϕ4
b +

∑
a

ηaga
64π2

m4
a(ϕb)

[
log

(
ϕ2
b

Λ2

)
− 25

6

]
. (2.5)

This potential has a maximum at ϕb = 0 and a minimum at ϕb = v if the relation

λ =
∑
a

gaηa
48π2

m4
a(v)

v4

[
11− 3 log

(
v2

Λ2

)]
(2.6)

is satisfied. Since the coupling λ is scale-dependent, there will be one specific scale Λ for which
eq. (2.6) is satisfied. Identifying this scale with the vev of the background field, Λ = ⟨ϕb⟩ = v
yields

λ = 11
∑
a

gaηa
48π2

m4
a(v)

v4
=

11

48π2

(
10λ2 + 3g4 − y4

)
, (2.7)

which determines λ as a function of g and y. The emergence of a specific energy scale v
from a dimensionless coupling λ, ultimately because of a necessarily scale-dependent renor-
malisation condition, is referred to as dimensional transmutation. This breaks the conformal
symmetry present in the classical theory. Reinserting the above condition for λ into the
effective potential, we finally obtain

Veff(ϕb, T = 0) =
∑
a

gaηa
64π2

m4
a(v)

v4
ϕ4
b

[
log

(
ϕ2
b

v2

)
− 1

2

]
. (2.8)

The fact that this potential has a minimum at ⟨ϕb⟩ = v ̸= 0 implies that both the conformal
symmetry and the U(1)′ gauge symmetry are broken at zero temperature, and the various
particles obtain masses proportional to v, see eq. (2.4).

In figure 1 we show, for future reference, how the dark Higgs mass mϕ and the ratio
mχ/mϕ depend on g and y. Here, we have fixed v = 100MeV. The main observation is
that mϕ is independent of y in large parts of the parameter space, so the ratio mχ/mϕ is
determined primarily by the value of y. Furthermore, the dark photon is found to be the
heaviest dark sector particle throughout the relevant parameter space. These features will
help us to interpret the results of our global analyses in section 6. For too small gauge
couplings g ≲ 0.55, the phase transition cannot finish regardless of the specific value of y.
This is due to the potential barrier persisting for too long, resulting in the background field
being trapped in the false vacuum (see section 3).

At finite temperatures the effective potential receives additional corrections, given at
leading order by

VT (ϕb) =
T 4

2π2

∑
a

ηagaJb/f

(
m2

a(ϕb)

T 2

)
, (2.9)

where the thermal functions Jb/f for bosons/fermions are defined in ref. [70]. The finite-
temperature potential in eq. (2.9) suffers from infrared divergences for bosonic modes when
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Figure 1: Dark Higgs mass mϕ and DM mass ratio mχ/mϕ in dependence of the gauge
coupling g and the Yukawa coupling y, for a vev v = 100MeV.

T ≫ ma, leading to a breakdown of finite-temperature perturbation theory [71]. The resum-
mation of these modes is commonly done by “daisy resummation” [72]. Here we follow the
Arnold-Espinosa prescription [73], thus only resumming the Matsubara zero-modes, which
effectively leads to an additional contribution to the effective potential of the form

Vdaisy(ϕb) = − T

12π

∑
a=ϕ,φ,A′

L

ga

[
(m2

a(ϕb) + Πa(T ))
3/2 − (m2

a(ϕb))
3/2
]
, (2.10)

where a now only runs over the scalar fields ϕ and φ and the longitudinal component of the
dark photon A′

L. The one-loop thermal masses Πa in our model read

Πϕ =

(
λ

3
+

y2

12
+

g2

4

)
T 2 , Πφ =

(
λ

3
+

y2

12
+

g2

4

)
T 2 and ΠA′ =

5

12
g2T 2 . (2.11)

In total, the effective potential is thus given by

Veff(ϕb, T ) = Veff(ϕb, T = 0) + VT (ϕb, T ) + Vdaisy(ϕb, T ) . (2.12)

Since the thermal part of the potential induces terms of the form T 2ϕ2
b, the U(1)′ symmetry

is restored at high temperatures. Further, transitions between the ϕb = 0 and ϕb = v phase
are possible. Interestingly, these transitions can be strongly supercooled due to the weak,
logarithmic temperature dependence of the height of the potential barrier. This feature makes
classically conformal dark sectors particularly interesting in the context of GW signals from
strong FOPTs. In figure 2 we show the effective potential Veff(ϕb, T ) for the best-fit point
of the coupled dark sector scenario discussed in detail in section 6. The weak temperature
dependence of the potential barrier just mentioned is clearly visible. The barrier hence
persists for a large range of temperatures, leading to strong supercooling and eventually
strong GW signals.
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Figure 2: Effective potential and zoom-in on the potential barrier for the best-fit point
obtained for the coupled dark sector scenario with v = 173MeV (see table 1). For this
parameter point the nucleation of bubbles happens at Tnuc = 2.8MeV. The energy released
during the FOPT then reheats the universe to Treh = 16.8MeV.

2.2 Interaction terms

After spontaneous symmetry breaking, the dark Higgs boson generates mass terms for the
two Majorana fermions χ′

1,2 = χ1,2 + χc
1,2 with the following interaction Lagrangian:

Lint ⊃ −λvϕ3 − λ

4
ϕ4 + g2vA′

µA
′µϕ+

g2

2
ϕ2A′

µA
′µ +

∑
i

g

2
Qiχ̄′

iγ
µγ5χ′

iA
′
µ − y

2
√
2
ϕχ̄′

iχ
′
i .

(2.13)

Since the two fermions are assumed to be mass-degenerate, their mass terms and the interac-
tions with the dark Higgs boson can be written in a more economic form by defining a single
Dirac fermion [74]

χ =
1√
2

(
χ′
1 + iχ′

2

)
, (2.14)

such that L ⊃ −mχχ̄χ− y√
2
ϕχ̄χ. The interactions with the dark photon cannot be simplified

in this way, since the two Majorana fermions couple to the A′ with opposite sign. The sign of
Qi = ±1/2, however, does not enter in any of the processes that we consider in the remainder
of this work.2 For these processes, we can therefore also simplify the interaction with the
dark photon by introducing an effective interaction term L ⊃ g

2 χ̄γ
µγ5χA′

µ. We will use this
form in our subsequent calculations.

In principle, the dark sector introduced above does not require interactions with the
SM for the spontaneous breaking of the U(1)′ symmetry to occur. However, if the dark

2Note that such sign differences can only impact the interference terms between diagrams involving both χ1

and χ2. At tree-level, this would for example be the case for A′ and ϕ mediated χ1-χ2 scattering, respectively,
but in our calculations we anyway neglect scattering through A′ exchange because A′ is much heavier than ϕ.
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sector contributes significantly to the energy density of the universe at high temperatures, its
energy density must eventually be transferred to the SM plasma in order to recover the known
cosmological evolution at low temperatures [20]. In particular, the various massive particles
arising in the dark sector after symmetry breaking must annihilate or decay efficiently enough
into SM particles in order to not overclose the universe.

Thus, a portal coupling of the dark sector to the SM is required. The dark sector that
we have introduced in general permits for two such portals at the renormalisable level. First,
the dark Higgs field can couple to the SM Higgs field through a term λhϕH

2Φ2 in the scalar
potential. This term would however spoil the classically conformal symmetry of the dark
sector. In this work we therefore focus on the alternative possibility that the dark photon
couples to the photon Aµ via kinetic mixing:

L ⊃ κ

2
FµνF

′µν , (2.15)

where F ′
µν and Fµν denote the respective field strength tensors and κ is the kinetic mixing

parameter. Crucially, the kinetic mixing portal does not violate the conformal invariance
required to obtain strong supercooling.

If the dark photon mass is sufficiently light compared to the Z boson, we can neglect
the latter and obtain an effective interaction between A′

µ and the SM fermions:

Lint = −κeA′
µ

∑
f

qf f̄γ
µf , (2.16)

where the sum is over all SM fermions and qf denotes the respective electric charges.
For dark photon masses above the MeV scale, kinetic mixing allows for efficient decays

of the dark photon into electron-positron pairs, as well as efficient scattering of dark sector
particles off electrons and positrons in the plasma. In the parameter range of interest (10−7 <
κ < 10−3), we can therefore assume that the dark sector shares a common temperature with
the SM thermal bath before DM freeze-out. The FOPT in the dark sector therefore does not
only reheat the dark sector but also the SM bath, in contrast to the discussion in ref. [20]. The
dark fermion χ remains stable also in the presence of kinetic mixing and therefore constitutes
a potential DM candidate. In particular, it can annihilate into SM fermions via an off-shell
dark photon, and we will study the resulting relic abundance in detail in section 4.

On the other hand, kinetic mixing allows for decays of the dark Higgs bosons into SM
fermions via a loop involving two dark photons [75]. For heavy dark photons mA′ ≫ mϕ, the
corresponding decay width is given by

Γϕ→ff̄ =
27 e4κ4g2mϕ

128π5

m2
f

m2
A′

(2.17)

for a SM fermion with mass mf ≪ mϕ. If only decays into electrons are kinematically
allowed, one obtains approximately

τϕ ≈ 2500 s
( κ

10−4

)4 ( g

0.75

)2 mϕ

30MeV

( mA′

100MeV

)−2
. (2.18)

Hence the loop-induced Higgs decays are slow compared to the expansion of the universe
before Big Bang Nucleosynthesis (BBN) and therefore not sufficient to equilibrate the dark
and visible sectors at early times. The same is true for all other processes that do not involve
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the fermionic DM particle χ, such as ϕ → 4e or ϕ + e → 3e. In contrast to some recent
claims in the literature [25], we find that kinetic mixing alone is not sufficient to fully deplete
the energy density of the dark sector between the FOPT (which typically happens around
1MeV, see figure 2 and section 3) and BBN.

In the following, we will therefore also consider the possibility that additional interac-
tions are present that allow the dark Higgs boson to decay quickly into SM particles. The
simplest option would be to induce such decays via mixing of the dark Higgs boson with
the SM Higgs boson after spontaneous symmetry breaking. Such a mixing would however
also induce a dark Higgs boson mass after electroweak symmetry breaking, thus spoiling the
conformal symmetry of the model [21]. A simple alternative would be to consider an effective
coupling to photons, which is however tightly constrained by the combination of experimental
data and the observation of SN1987A [76, 77] and not viable in the mass range of interest.
Another possibility of increasing the dark Higgs decay width is to assume an extended elec-
troweak Higgs sector coupled to the dark Higgs through mass mixing [78]. Here we instead
consider an effective coupling of the dark Higgs bosons to electrons, yeffϕēe, for which su-
pernova constraints are weaker [79, 80]. A specific example for how such an interaction may
be generated is presented in appendix A. While such a higher-dimensional operator violates
scale-invariance, its effect on the dynamics of the phase transition is strongly suppressed
through the high scale of new physics responsible for this operator.

In the following, we will refer to the case of a dark Higgs boson with such an effective
coupling to electrons as coupled dark sector and the case where the dark Higgs boson can
decay only through dark photon loops as secluded dark sector.3 The different cosmological
history of these two cases is illustrated in figure 3. We emphasise that in the secluded dark
sector case, a non-negligible abundance of dark Higgs bosons remains after BBN, leading
to additional cosmological constraints. The impact of this assumption on the relic density
calculation is discussed in section 4, while section 5 considers other relevant constraints on
the two scenarios. The impact of these constraints on the allowed parameter space will be
the topic of section 6.

In summary, the dark sector that we have introduced is described by three independent
parameters, namely the gauge coupling g, the Yukawa coupling y and the vev v. The quartic
coupling λ can be calculated from these parameters following eq. (2.7). The dark sector
contains three new particles: a dark Higgs boson ϕ, a dark photon A′ and a Dirac fermion
DM candidate χ, with masses as given in eq. (2.4). Finally, we have introduced the kinetic
mixing parameter κ as a fourth independent parameter of our model.

For the following discussion, it will be convenient to consider two specific parameter
points, which are summarised in table 1. The first corresponds to the best-fit point of the
coupled dark sector scan presented in section 6.1. The second corresponds to the best-fit point
of the secluded dark sector scan after imposing an additional requirement on the lifetime of
the dark Higgs boson, see section 6.2. We will refer to these two points as Point A and Point
B in the following.

3We emphasise that our use of the term “secluded” differs somewhat from the one in ref. [27], which
considers the case that the dark sector is not in thermal contact with the SM during the FOPT. In our set-up,
the two sector are in thermal contact during the phase transition, but decouple subsequently.
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Figure 3: Cosmological history of the scenario with a coupled dark sector (left) and a
secluded dark sector (right). The main difference between them is that in the former case
the dark Higgs bosons are always in equilibrium with the SM thermal bath, whereas in the
latter case they decouple and decay during or after BBN. See table 1 for typical parameter
points for these scenarios.

Parameter g y δ κ v mA′ mϕ mχ Tp Treh α β/H
Unit - - - - MeV MeV MeV MeV MeV MeV - -

Point A 0.677 0.224 −0.322 2.29× 10−6 173 117 36.3 27.4 2.28 16.8 4.7× 103 33.7
Point B 0.601 0.234 6.48× 10−3 2.7× 10−4 692 416 114 115 1.21 55.9 9.48× 106 18.0

Table 1: Particle masses and phase transition properties for two specific parameter points.
The first corresponds to the best-fit point of the coupled dark sector scan presented in
section 6.1. The second corresponds to the best-fit point of the secluded dark sector scan after
imposing an additional requirement on the lifetime of the dark Higgs boson, see section 6.2.
The derived parameter δ = (mχ−mϕ)/mχ = 1−

√
6λ/y quantifies the relative mass difference

between the DM particle and the dark Higgs boson.

3 The GW signal detected by PTAs

Following the announcement of evidence for a GW background at nHz frequencies [10–13, 81],
various possible sources for this novel signal have been explored, the most prominent one being
SMBH binaries [9, 82]. Even though GW signals from SMBH binaries have been a subject
of research for the past decades [83–89], the predictions are still troubled by astrophysical
uncertainties. While it appears rather certain that there is some contribution to the observed
signal from SMBH binaries, it is far from clear whether this contribution is dominant [29, 36].
Arguably more exciting, the dominant source of the observed GW signal could then also be
of cosmological origin, such as a FOPT at temperatures of around 100MeV. In this work we
therefore allow for both options, leading to a combined signal of the form

h2Ωgw(f) = h2ΩBH
gw (f) + h2ΩPT

gw (f) . (3.1)

In the following two subsections we will briefly review the predictions for these two contri-
butions, before discussing the PTA likelihood employed in our global fit in section 3.3.

3.1 GW contribution from supermassive black hole binaries

The GW signal emitted by a population of inspiraling SMBHs can be calculated by integrating
the rate of SMBH merger events multiplied with the GW signal of a given merger over the
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cosmic evolution [85, 90]. The SMBH merger rate depends on the galaxy merger rate, the
mass distribution of the SMBH binaries and details of the binary evolution. The latter
depends on how the initial binding energy of the dual system is dissipated on a sub-Hubble
timescale. The mechanism of stellar scattering remains very difficult to model, and it is not
yet understood if this mechanism can give the SMBH merger rate required to fit the PTA
data. This is the so-called final parsec problem [91–94]. Depending on the astrophysical
modeling of the SMBH binary populations and their merger history, a wide range of signal
predictions have been obtained in the past. All of these, however, roughly follow a power-law
shape of the form

h2ΩBH
gw (f) =

2π2

3H2
100

A2

(
f

1 yr−1

)5−γ

yr−2 , (3.2)

where H100 ≡ H0/h = 100 km s−1Mpc−1 and H0 = 67.8 km s−1Mpc−1 is the present-day
Hubble rate. The amplitudes A range between 10−18 and 10−14 and slopes γ between 3
and 6, see ref. [9] and references in their table A1. We will assume that the SMBH binary
contribution follows the above power-law, and treat the parameters A and γ as nuisance
parameters constrained by a Gaussian likelihood with

µ(A,γ) =

(
−15.615
4.707

)
and cov(A,γ) =

(
0.279 − 0.003
−0.003 0.124

)
, (3.3)

as recommended by the NANOGrav collaboration [29] and used in their PTArcade [95] tool.

3.2 GW contribution from a supercooled phase transition

The GW signal from a supercooled FOPT depends on a number of relevant ingredients and
parameters.

Percolation We trace the minima of the effective potential in eq. (2.12) as a function of
temperature to identify possible vacuum transitions and then calculate the respective bubble
nucleation rates. To do so, we compute the Euclidean bounce action

S3(T ) =

∫
d3x

[(
∇ϕ̄b

)2
2

+ Veff(ϕ̄b, T )

]
, (3.4)

where ϕ̄b is the bounce solution of the O(3)-symmetric Klein-Gordon equation. The bubble
nucleation rate per unit time and volume is then determined by [96]

Γ(T ) = A(T ) exp

[
−S3(T )

T

]
, (3.5)

where we approximate A(T ) ≃ T 4 (see ref. [97] for further discussion). We then compute the
false vacuum fraction

Pf(T ) = exp

−4π

3

∫ Tc

T

dT ′ Γ(T ′)

H(T ′)T ′4

[∫ T ′

T

dT̃

H(T̃ )

]3 . (3.6)

Here Tc denotes the critical temperature, i.e. the point at which the minima of the potential
become degenerate, and the Hubble parameter H(T ) includes the contribution of the vacuum
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energy to the total energy density. In arriving at eq. (3.6) we used Ṫ ≃ −H(T )T , see ref. [71]
for a more detailed discussion, and assumed that the reheating of the dark sector within
the bubbles is instantaneous and that the bubble wall velocity is vw = 1 at all times. The
assumption of instantaneous reheating was explicitly checked in ref. [8] in a similar model
setup, and shown to hold due to the large intra-dark sector couplings. In appendix B we
discuss in detail why the assumption of large bubble wall speeds holds throughout our model
parameter space. Finally, we numerically solve Pf(Tp) = 0.71 for the percolation temperature
Tp [98], which we use to compute a number of thermodynamic quantities relevant for the
prediction of the GW signal. We label the parameter region where no solution can be found
as “False vacuum trapping”.

The mean bubble separation The first such quantity is the characteristic length scale [71]

RH∗ ≡
Hp

[n(Tp)]
1/3

with n(T ) = T 3

∫ Tc

T

dT ′

H(T ′)T ′4 Γ(T
′)Pf(T

′) , (3.7)

determined by describing the mean bubble separation at percolation. The characteristic
inverse time scale of the phase transition, i.e. the phase transition speed, is often estimated
from the temperature dependence of the bounce action, d(S3/T )/d log T |Tp

, which however
does not give a good approximation in the case of strong supercooling, because log Γ no
longer grows linearly with time [99]. We therefore determine the phase transition speed
directly from the mean bubble separation and define

β/H =
(8π)1/3vw

RH∗
. (3.8)

The length scale RH∗ also directly links to the quantities used in numerical simulations [100].
We therefore compute the mean bubble separation directly using eq. (3.7) but express our
results in terms of the quantity β/H in order to allow a direct comparison with the existing
literature on phase transitions. As the temperature dependence of the bounce action is only
very mild, β/H is very small throughout the studied parameter space.

Energy budgets In order to compute the kinetic energy fraction K setting the GW spec-
tral amplitude, we employ the prescription developed in ref. [101] and use the pseudo-trace
of the energy-momentum tensor of the effective potential Vi(T ) ≡ V (ϕi, T ) in both the true
vacuum (i = t) and the false vacuum (i = f)

θ̄i =
1

4

[
ρi(T )−

pi(T )

c2s,i(T )

]
≃ Vi(T )−

1

4
T∂TVi(T ) for c2s,i(T ) =

∂TVi(T )

T∂2
TVi(T )

≈ 1

3
. (3.9)

Here we used ρi(T ) = Vi(T ) − T∂TVi(T ) and pi(T ) = −Vi(T ). We have checked explicitly
that the approximation c2s ≈ 1/3 holds up to O(1%) within our allowed parameter regions
in both the symmetric and broken phase. The kinetic energy fraction is then given by

K = 0.6κ(α)
α

α+ 1
with α =

θ̄f(Tp)− θ̄t(Tp)

ρrad(Tp)
, (3.10)

where ρrad denotes the total energy density in radiation (SM and dark sector). For the
efficiency factor κ(α) we employ the fitting formula in the limit vw → 1 from the appendix
of reference [102]. Note that the factor 0.6 in the kinetic energy fraction accounts for the

– 12 –



Figure 4: GW parameters α and β/H as a function of g and y. The coupling values of the
parameter points A and B from table 1 are indicated by the red pentagon and the yellow
star, respectively. For concreteness, we have set v = 100MeV, but the results are almost
completely independent of the vev.

efficiency of producing kinetic energy in the bulk fluid motion with respect to the single
bubble case, as found in ref. [103]. Due to the high amount of supercooling, we find that
α ≫ 1, κ → 1 and K → 1 in the parts of model parameter space relevant in this work, thus
saturating to the strongest GW amplitudes that can possibly be reached by a FOPT.

Figure 4 shows the dependence of α and β/H on the model parameters y and g for a
fixed vev v = 100MeV. As the kinetic energy fraction K ≃ 1 is almost independent of α
for α ≫ 1, the region of parameter space with minimal β/H (i.e., the largest bubbles at
percolation) leads to the strongest GW signals. The vev v is the only dimensionful quantity
in the computation of α and β/H, neglecting a weak dependence on the number of degrees
of freedom of the plasma. The parameters α and β/H are hence almost independent of v,
whereas v sets the scale of the peak frequency, f0

p ∝ v. A naive dimensional analysis based
on eqs. (3.15, 3.16) and realising that PTAs probe nano-Hertz frequencies already indicates,
that v ≃ O(100MeV) is required to account for the observed signal.

GW signal As discussed in appendix B, the bubble walls will quickly reach a terminal, yet
highly relativistic, velocity. For that reason, the sound wave contribution to the GW spectrum
is expected to strongly dominate over the colliding bubble wall contributions (scaling with
1−κ) [104]. To determine the timescale on which sound waves contribute to the GW signal,
we introduce the factor

Ysw = min (1, τshHp) ≃ min

(
1,

√
Γ

K
RH∗

)
≃ min

(
1,

2√
3
RH∗

)
, (3.11)

where we assumed that this timescale is determined by the shock formation time, dependent
on the adiabatic index Γ = 4/3 and the kinetic energy fraction K ≈ 1. In addition to
sound waves, also turbulence driven by bulk fluid motion in the plasma could potentially
contribute to the GW spectrum. The effect of turbulence in cosmological phase transitions is
still not well understood. We neglect it in our analysis, assuming that it gives a subdominant
contribution that only changes the slope of the spectrum away from the peak [105, 106].
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We can hence use the template advertised in ref. [107], based on the simulations pre-
sented in ref. [103, 108], which we parameterise as

h2ΩPT
gw (f) = Rh2AswK

2Ysw (RH∗) S̃(f) , (3.12)

where the coefficient Asw ≈ 0.11 is determined by simulations. The spectral shape describes
a double broken power law

S(f) = N

(
f

f1

)3
[
1 +

(
f

f1

)2
]−1 [

1 +

(
f

f2

)4
]−1

, (3.13)

with the normalisation

S̃(f) =
1

π

(√
2 +

2 f2/f1
1 + f2

2 /f
2
1

)
S(f)

S(f2)
, (3.14)

and the two frequencies breaks

f1 ≃ 0.2

(
H∗,0
RH∗

)
, f2 ≃ 0.5∆−1

w

(
H∗,0
RH∗

)
. (3.15)

The dimensionless factor ∆w = |vw − cs| /max(vw, cs) parametrizes the sound shell thickness
and the redshift factor is given by

H∗,0 = 16.5 nHz

(
Treh

100MeV

)(greh
100

)1/2( 100

hreh

)1/3

. (3.16)

The redshift of the energy density given by

Rh2 =

(
areh
a0

)4(Hreh

H0

)2

h2 = Ωγh
2

(
h0
hreh

)4/3 greh
gγ

, (3.17)

where Ωγh
2 = 2.473 · 10−5 is the present radiation energy density [109]. The quantities greh

and hreh refer to the combined SM and DS effective energy and entropy degrees of freedom at
reheating, while gγ = 2 and h0 = 3.91. All computations presented in this subsection, from
the computation of the effective potential to the GW signal h2ΩPT

gw (f), are performed using
the publicly available code TransitionListener [110] which we adapted to use RH∗ to estimate
the characteristic GW frequency.

Reheating temperature The relevant scale for setting the characteristic frequency of the
signal in eq. (3.15) is the reheating temperature Treh ̸= Tp, Assuming instantaneous reheating
inside the bubbles and employing energy conservation, we infer Treh numerically from

π2

30
grehT

4
reh =

π2

30
gpT

4
p +∆V . (3.18)

A rough estimate of Treh is given by Treh ≃ (1 + α)1/4 Tp. For the case of strong supercooling
with α ≫ 1 one therefore finds a large hierarchy between Treh and Tp.

We note that BBN constraints imply that the reheating temperature must be larger
than a few MeV such that the SM neutrinos return to equilibrium with the thermal plasma
and the standard cosmological evolution is recovered [111, 112]. We do not implement these
constraints in detail but simply adopt the conservative bound Treh > 3MeV as a hard re-
quirement for the allowed parameter space. The preferred reheating temperatures found in
our scans are sufficiently far above this bound that its precise value does not matter for our
analysis.
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Figure 5: Gravitational wave spectra and NANOGrav 15 yr spectrograms for the two param-
eter points given in table 1. The best-fit SMBH contribution to the GW signal for these pa-
rameter points is given by power laws with amplitude and slope (log10A, γ) = (−15.67, 4.755)
and (−15.66, 4.756), respectively.

Maximal bubble size On top of the GW signal produced right after the phase transition,
a secondary contribution was recently identified as relevant in the limit of large, almost
Hubble-sized vacuum bubbles [113, 114]. This GW contribution is sourced by curvature
perturbations and appears at second order in cosmological perturbation theory. It can lead to
the production of a second, sharp peak in the GW spectrum at frequencies f < f0

p for β/H ≲
10. In the same limit of large vacuum bubbles, the formation of primordial black holes through
the so-called late-bloomer mechanism [115] becomes important. We checked explicitly that
the largest possible bubble size in our setup never crosses the necessary threshold for these
effects to become relevant. Likewise, our scenario evades potential additional constraints from
the CMB, ground-based GW observatories and lensing on such primordial black holes [114–
116].

3.3 Comparing the predicted GW signal with PTA data

In order to fit the produced signal to the GW spectrum observed by PTAs, we use the 15 yr
data set released by the NANOGrav collaboration [81]. Given that all PTA collaborations
found evidence for a GW signal with a compatible spectral amplitude and slope, we expect
no significant impact on our results from including additional data sets (see section 7). We
employ PTArcade [95] using the ceffyl [117] backend to compute the PTA likelihood LPTA

for a given GW spectrum. Note that the statistical biases described in ref. [20], which
required the use of the computationally more intensive backend code enterprise [118, 119]
are circumvented in the present analysis: The GW amplitudes that we consider always lie
within the prior bounds of the individual Fourier amplitudes of the Bayesian spectrograms
(“violins”) due to the SMBH binary contribution.

Figure 5 shows the GW spectrum of the parameter points A and B given in table 1.
The left panel shows the best-fit GW spectrum of the coupled dark sector scenario. In this
scenario a good fit to the PTA likelihood LPTA can be obtained by a strong (α = 4.69× 103)
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Figure 6: Amplitude and profile likelihood of the GW signal for y = 10−2. The colour coding
shows the amplitude of the GW signal for a fixed frequency of f = 10−8Hz corresponding
to the 5th PTA data bin. The unshaded region corresponds to the 2σ region of the PTA
likelihood LPTA obtained with PTArcade.

and slow (β/H = 33.7) phase transition at Tp = 2.28MeV. The right panel shows the best-fit
GW signal in the secluded dark sector case after additional selection requirements. As will
be explained in detail in section 6, this case requires a larger vev, which in turn shifts the
GW signal to a larger peak frequency. In order to still obtain a good fit, the phase transition
needs to be even stronger (α = 9.48× 106) and slower (β/H = 18.0), which is achieved by a
slightly lower gauge coupling g compared to the coupled dark sector scenario. Notably, the
combination of FOPT and SMBH signal give a much better fit to the GW spectrum than a
single power-law contribution from SMBH binaries in both the coupled (∆ logLPTA = 6.8)
and secluded (∆ logLPTA = 6.6) dark sector scenarios.

Figure 6 shows the dependence of the FOPT-induced GW signal on the model param-
eters g and v for a Yukawa coupling y = 0.01 and a fixed frequency of f = 10−8Hz, which is
close to the middle of the log-spaced Fourier frequency spectrum of the PTA. As shown in
figures 1 and 4, the dark Higgs bosons mass and the FOPT contribution to the GW signal
becomes virtually independent of the Yukawa coupling y for y ≲ 0.1 due to the suppressed
effect of fermion loops. The grey-shaded hatched regions correspond to a 2σ-excluded region
of parameter space. Note that in this plot we do not include a SMBH binary contribution.

As is visible in this figure, fitting the PTA data requires a specific combination of g
and v: The rising slope of the GW spectrum requires the peak frequency to be larger than
fpeak ≳ 10−8Hz, which places a lower bound on the vev of v ≳ 50MeV. Larger vevs shift
the signal to higher frequencies, which has to be compensated by a larger amplitude in order
to maintain a good fit. Since smaller values of g correspond to slower transitions (lower
β/H) and stronger supercooling (larger α), and thus larger GW amplitudes, the preferred
region of the PTA likelihood decreases in g with increasing v. Below this preferred region the
combination of a too-strong signal and a low peak frequency exceed the PTA data. Above,
the amplitude of the FOPT signal becomes too small, and an additional sizable contribution
from SMBH binaries is needed to explain the data. For v ≳ 700MeV, the peak frequency
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becomes too large to still be compensated by an increase in the peak amplitude, which
cannot become much larger than h2Ωpeak

GW ≃ 10−7 in our model (due to a lower bound on the
transition speed of β/H ≳ 10). We note that these maximal peak amplitudes are significantly
smaller than the currently strongest ∆Neff constraints on the energy density carried by the
GW background, cf. eq. (4.26) in ref. [120], such that we ignore this contribution in the
present work.

4 Relic density calculation

Generally speaking, there are two types of processes relevant for the calculation of the DM
relic density: processes connecting the dark sector with the SM, and processes within the dark
sector. The former include DM annihilation and creation (χχ̄ ↔ e+e−), dark Higgs decays
and inverse decays (ϕ ↔ e+e−) and DM scattering off electrons (χe± ↔ χe±), all of which
rely on off-shell dark photons and depend on the kinetic mixing parameter κ. The latter type
includes in particular the conversion of DM particles and dark Higgs bosons χχ̄ ↔ ϕϕ, as
well as the scattering process χϕ ↔ χϕ. In principle, there could also be processes involving
on-shell dark photons, but we will see that in the interesting regions of parameter space
mA′ ≫ mχ,mϕ, such that the dark photon contribution is strongly suppressed.

For the range of kinetic mixing parameters that we consider, the scattering of DM
particles off electrons is always efficient, i.e. much larger than the Hubble rate, as long as
electrons are relativistic and abundant in the plasma. We therefore assume that the SM and
dark sector particles share a common temperature T .4

The relic abundance of DM particles is then set by the processes that change the DM
number density, i.e. χχ̄ ↔ e+e− and χχ̄ ↔ ϕϕ. We provide the full cross sections in
appendix C. The freeze-out of DM annihilations into SM fermions can be calculated using
standard methods, since electrons and positrons are in thermal equilibrium with photons and
have negligible chemical potential in the relevant temperature range. For the annihilation
of DM particles into dark Higgs bosons, however, this only holds if the latter remain in
equilibrium with the SM heat bath during the freeze-out process. Since the loop-induced
decays are not sufficient to keep the dark Higgs bosons in chemical equilibrium with the SM
thermal bath, cf. the discussion around eq. (2.18), this leaves us with the two possibilities
introduced as coupled dark sector and secluded dark sector, respectively, in section 2.2. For
a given parameter point, the first option will always result in a smaller DM relic density
than the second. For all relic density calculations we use DarkSUSY [123], via the interface
to GAMBIT provided by DarkBit [124].

4.1 Coupled dark sector

If dark Higgs boson decays are fast compared to the expansion of the universe, we can assume
vanishing chemical potentials for the dark Higgs bosons. In this case, it is straight-forward

4 This includes also the assumption that ϕ follows the same thermal distribution as χ, and hence that
scattering of DM particles with dark Higgs bosons is very efficient in the temperature ranges of interest. In
the ‘forbidden’ annihilation regime with mϕ ≳ mχ [66] this is however typically not fully satisfied, which may
lead to an underestimation of the DM relic density by a factor of a few when solving the standard Boltzmann
equation [121, 122]. Two comments are in order, justifying our approach even in this regime: i) we expect a
much smaller effect than in the scenarios studied in ref. [121, 122], because in our case it is the DM particle χ
itself (not ϕ) that is efficiently kept in kinetic equilibrium with the heat bath; ii) solving the (numerically quite
challenging) full Boltzmann equations at phase-space level would only lead to logarithmic corrections of the
couplings needed to obtain the correct relic density, since Ωh2 depends exponentially on the DM annihilation
rate in the forbidden regime; this would hardly be visible in the best-fit regions constituting our main results.
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Figure 7: Relevant processes for the thermalisation and subsequent decoupling of SM elec-
trons, the DM particle χ and the dark Higgs boson ϕ in the secluded dark sector scenario.

to calculate the freeze-out of the annihilation process χχ̄ → ϕϕ. As long as mχ > mϕ,
the annihilations are very efficient because this hierarchy in our model implies large Yukawa
couplings y ≳ 0.3. The DM density will thus be strongly depleted before the DM particles
freeze out, such that the final relic abundance will be orders of magnitude below the observed
value. In order to match observations, it therefore becomes necessary to have mχ < mϕ,
such that annihilations are forbidden at zero temperature and Boltzmann-suppressed during
freeze-out [66].

4.2 Secluded dark sector

The evolution of a secluded dark sector is illustrated in figure 3, which we complement in
figure 7 with a more detailed description in terms of the underlying interaction processes.
At high temperatures, when the dark sector is still in equilibrium with the SM, the chemical
potential of all particle species vanishes (top panel). Once the process χχ̄ → e+e− has
dropped out of chemical equilibrium, there are no efficient number-changing processes in the
dark sector (middle panel),5 such that the sum of DM particles, DM antiparticles and dark
Higgs particles remains constant: Nχ +Nχ̄ +Nϕ = const. Introducing the number densities

5This necessarily holds if the dark sector decouples when already non-relativistic. Otherwise there might
still be efficient number-changing processes, such as 3ϕ → 2ϕ and χχ̄ → 3ϕ [125, 126], a detailed study of
which is left for future work. We note, however, that in such a case the dark sector would initially still behave
as if in chemical equilibrium with the SM, because the dark sector interactions would enforce a vanishing
chemical potential (while χe± ↔ χe± keeps kinetic equilibrium with the SM). However, the number-changing
processes are expected to become inefficient before the process χχ̄ → ϕϕ freezes out, see also ref. [127], such
that chemical potentials will eventually become non-negligible.
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nχ,ϕ, the SM entropy density s(T ) and the yields Yχ,ϕ = nχ,ϕ/s, this equation can also be
written as

Yχ + 1
2Yϕ = const . (4.1)

In practice, we determine this constant at the temperature T SM
f when the dark sector decou-

ples from the SM, i.e. at the freeze-out temperature of the process χχ ↔ e+e−.
For T < T SM

f , as long as the DM particles and the dark Higgs bosons are in equilibrium
with each other, detailed balance requires

Y 2
χ ⟨σv⟩χχ→ϕϕ = Y 2

ϕ ⟨σv⟩ϕϕ→χχ , (4.2)

where the brackets denote thermal averages. Together, eqs. (4.1) and (4.2) determine the
number densities of DM particles and dark Higgs bosons as a function of temperature, see
appendix C for further details. This, along with the thermally averaged cross sections, allows
us to determine the temperature T ϕ

f at which the dark sector interactions eventually freeze
out (bottom panel of figure 7). At this point, annihilation and production processes become

negligible, such that for T < Tϕ
f we find Yχ(T ) = Yχ(T

ϕ
f ) and Yϕ(T ) = Yϕ(T

ϕ
f ). For the

case of DM particles, this yield directly translates to the present-day yield Yχ,0. The dark
Higgs boson abundance, on the other hand, must eventually decay – leading to additional
constraints discussed in the next section.

While we refer to the appendix for a more detailed discussion, let us note that we can
distinguish two qualitatively different regimes for the evolution of a secluded dark sector.
For ∆m ≡ mϕ −mχ ≳ 0, the energy density of the dark sector is largely dominated by DM
particles at T = T SM

f , by a factor of roughly exp(∆m/T SM
f ), and any interactions between

DM particles and dark Higgs bosons will only further deplete the energy density of the latter
(because kinematics strongly favour ϕϕ → χχ over χχ → ϕϕ). Hence, the DM abundance
is, to a good approximation, determined primarily by the freeze-out of annihilations into SM
particles, Yχ,0 ≈ Yχ(T

SM
f ). If the DM particles are heavier (∆m ≲ 0), on the other hand, the

annihilation of DM particles into dark Higgs bosons in the temperature range T SM
f > T > T ϕ

f

will significantly deplete the initial abundance of DM particles.
For both the coupled and the secluded dark sector, we compare the calculated DM

relic density to the value Ωh2 = 0.120 ± 0.001 measured by Planck [109]. We note that, in
our relic density calculation, we have a sizeable theory uncertainty that is much larger than
the measurement uncertainty: for the coupled dark sector case, this is due to the effects
of early kinetic decoupling not included in our calculation. For the secluded dark sector,
the main uncertainty comes from the sudden freeze-out approximation for the ϕϕ → χχ
annihilations. We therefore include a factor of 2 uncertainty in the relic density prediction,
which is implemented as a Gaussian likelihood:

log2

(
Ωh2

0.12

)
= 0± 1 . (4.3)

Let us stress, however, that the relic density depends exponentially on the model parameters
in the critical regimes; this implies that even a factor 2 uncertainty in the relic density
calculation translates into quite modest shifts in the underlying parameters.

5 Constraints

The most prominent phenomenological features of the model that we study are the production
of GWs from a FOPT, which are constrained by the PTA and SMBH binaries likelihoods as
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discussed in section 3, and the freeze-out of DM, which is constrained by the observed relic
density as discussed in section 4. The same processes that are relevant for these features can
occur at other times in the cosmological history or under laboratory conditions, leading to
further constraints relevant for our model.

5.1 Cosmological constraints

For our study, we focus on dark sector particles in the mass range O(10− 100)MeV. If these
particles remain in chemical equilibrium with the SM thermal bath, their number densities
are strongly Boltzmann-suppressed during BBN and do not directly affect primordial element
abundances or the CMB. The only relevant effect in this case is a slight modification of the
Hubble rate during neutrino decoupling, which can change the helium abundance, effectively
imposing the bound mχ ≳ 10MeV [46]. This effect is implemented in AlterBBN [128], which
we use for the calculation of the primordial element abundances, see ref. [129] for a description
of the CosmoBit interface as well as ref. [76] for the implemented likelihoods of the primordial
element abundances.

If, on the other hand, the dark sector decouples from the SM thermal bath before or
during BBN, out-of-equilibrium annihilations or decays can change the cosmological history
in more complex ways [130, 131]. In particular the decays of decoupled dark Higgs bosons
are constrained by various observables that depend on the abundance, mass and lifetime of
dark Higgs bosons. If the dark Higgs bosons decay into electrons after neutrino decoupling,
the injected particles thermalise with the SM bath and increase the photon temperature,
which decreases both the baryon-to-photon ratio η (due to the entropy injection) and the
number of relativistic degrees of freedom Neff (by effectively reducing the relative neutrino
temperature).

In our analysis, we use AlterBBN to calculate the change of Neff due to DM annihilations
and dark Higgs boson decays during BBN, taking an initial value of 3.044 [132–135]. The
resulting value of Neff is then compared to the Planck likelihood [109].

Neff = 2.99± 0.17 (5.1)

which combines TT,TE,EE+lowE+lensing+BAO.

For the baryon-to-photon ratio η, we proceed in the opposite direction. We assume that
this value is fixed at late times through CMB measurements, as ηCMB = 6.117 · 10−10, and
then numerically solve the Boltzmann equation for the dark Higgs boson energy density as
well as the Friedmann equation, allowing for an intermediate period of matter domination
followed by sizable entropy injection, see ref. [76] for details. As result of this calculation we
obtain the initial value ηBBN needed to reach the CMB value after entropy injection. This
value is then used as an input parameter for AlterBBN and affects the primordial element
abundances. The shift between ηCMB and ηBBN is found to give the strongest bound on the
dark Higgs abundance for dark Higgs lifetimes of the order of 103 s, while for shorter lifetimes
the change of Neff has a larger effect [130].

For τϕ > 104 s, on the other hand, strong constraints come from the photodisintegration
of light nuclei [136]. At these times, the energy injected by dark Higgs boson decays is no
longer efficiently converted into low-energy photons via electromagnetic cascades. Instead,
it may dissociate the light nuclei formed during BBN, in particular deuterium. We study
the effect of photodisintegration using the public code ACROPOLIS [76, 137], which takes as
input the predicted abundances from AlterBBN and calculates the further evolution.
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For even longer lifetimes, dark Higgs boson decays are strongly constrained by mea-
surements of CMB spectral distortions (τϕ ≳ 107 s) and the CMB power spectra (τϕ ≳
1012 s) [138]. We find that the allowed parameter regions in our scans correspond to lifetimes
τ ≪ 107 s, and hence do not expect these constraints to be relevant for us.

5.2 Direct and indirect detection constraints

In the model that we consider, both annihilations of DM particles into SM fermions and an-
nihilations into dark Higgs bosons proceed via p-wave and are therefore strongly suppressed
in the non-relativistic limit [42]. As a result, there are no relevant constraints on DM annihi-
lations from either CMB observations or astrophysical systems, which are highly relevant for
sub-GeV DM models with s-wave annihilation [49]. For the same reason, late-time DM an-
nihilations cannot affect the light element abundances. We note that the process χχ̄ → ϕA′

would in principle be observable [139], but is kinematically forbidden in the parameter regions
of interest.

Dark photon exchange gives rise to the scattering of DM particles off SM fermions via
the effective interaction

Leff =
1

Λ2
χ̄γµγ5χf̄γµf . (5.2)

The resulting scattering cross section is momentum-suppressed in the non-relativistic limit. In
combination with the general difficulties of detecting the scattering of sub-GeV DM particles,
this suppression renders constraints from direct detection experiments irrelevant for the model
that we consider. We therefore do not include any direct detection likelihoods in our analysis.

5.3 Dark photon searches

In the entirety of the parameter space considered, we have g ≫ κ. The dark photon thus
predominantly decays into DM particles. Hence, we include constraints on invisibly decaying
dark photons from LSND [140, 141], MiniBooNE [142], NA64 [143] and BaBar [144] as
implemented in ref. [49]. LSND and MiniBooNE are beam dump experiments in which neutral
mesons are produced from proton beams dumped onto a dense target. The neutral mesons
can then decay into photons and dark photons, which eventually decay into DM particles.
A downstream detector looks for these DM particles through DM-electron or DM-nucleon
scattering. The number of signal events, s ∝ κ4g2, is calculated using BdNMC [145]. The
signal prediction is passed onto a Poisson likelihood with n observed and b SM background
events.

In NA64, an electron beam is dumped onto a fixed target, possibly producing dark
photons via dark bremsstrahlung. We then look for events with missing energies taken
away by the dark photons (which for the gauge couplings that we consider decay essentially
immediately to invisible DM particles). The predicted number of missing energy events,
s ∝ κ2 is used to calculate a Poisson likelihood as discussed before.

BaBar looks for invisibly decaying dark photons produced along with mono-energetic
photons in e+e− collisions. We use a likelihood function that reproduces limits from ref. [144]
on the kinetic mixing parameter as a function of the dark photon mass. This likelihood
excludes κ > 10−3 in the entire dark photon mass range under consideration, while NA64
gives even stronger bounds for mA′ ≲ 300MeV. For g < 1, the constraints from LSND and
MiniBooNE are found to be subleading. This is also expected to hold true for the recent
MicroBooNE result [146], which is difficult to reinterpret and hence not included in our
analysis.
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5.4 Dark matter self-interactions

The DM particles in this model undergo self-interactions in the form of both particle-particle
and particle-antiparticle scattering mediated by dark photon and dark Higgs boson exchange.
Self-interactions can be studied in astrophysical systems on a wide range of scales from
satellite galaxies to galaxy clusters. The most stringent constraints come from galaxy clusters
that have characteristic velocities of order 103 km/s. Thus, standard astrophysical systems
only probe the scattering cross sections in the non-relativistic limit.6 In our model, self-
interactions are dominated by a velocity-independent term in the non-relativistic limit. We
also safely remain within the Born regime, (g2/4π)mχ ≪ mϕ, where cross sections can be
calculated perturbatively [149]. These cross sections are given by

σχχ→χχ =
y2

256πv2

(
3− 4

m2
χ

m2
ϕ

)2

(5.3)

σχχ̄→χχ̄ =
y2

128πv2

(
7− 4

m2
χ

m2
ϕ

+ 16
m4

χ

m4
ϕ

)
, (5.4)

and constraints on an isotropic, velocity-independent cross-section can be directly applied.
The Bullet Cluster consists of a small subcluster passing through a larger main clus-

ter [150–153]. Scatterings of DM particles from the subcluster of those from the main cluster
can lead to ejection of particles from the subcluster. The fraction of mass lost by the sub-
cluster can then be used to constrain the self-interaction cross- section [154–156]. The mass
loss is determined from the observed subcluster mass-to-light ratio (MLR) and an assumed
initial MLR. We treat the initial MLR as a nuisance parameter and calculate a marginalised
likelihood for the DM parameters. For the initial subcluster MLR, we use a Gaussian prior
centered around the measured main cluster MLR, see ref. [49] for details.

6 Results

As discussed in section 4, our analysis considers two phenomenologically distinct cases. First,
we consider a dark sector that remains in thermal equilibrium with the bath of SM particles
throughout the phase transition and the freeze-out of DM. We refer to this scenario as the
coupled dark sector setup, as opposed to the secluded dark sector scenario, in which the dark
sector decouples from chemical equilibrium with the SM bath after the phase transition but
before DM freeze-out. The main difference between the two cases is that the latter features
a population of decoupled dark Higgs bosons that decay during or after BBN, leading to
additional constraints on the model (see section 5). As we will see, the two scenarios therefore
favor different regions of model parameter space.

Before presenting our main results, let us briefly review the model parameters and their
ranges. The dark sector coupling g can in principle vary by orders of magnitude up to the
perturbativity bound g <

√
4π. In practice, however, only a narrow range of g yields the

strong FOPT needed to fit the PTA signal, see the discussion in section 3.3. In our scans
we therefore restrict ourselves to 0.3 ≤ g ≤ 1. For the same reason, we require the dark
Higgs vev to lie in the range 10MeV < v < 1GeV. As discussed in section 3, we do not

6We note in passing that DM around supermassive black holes may form dense spikes where relativistic
velocities can be reached [147, 148], providing an opportunity to probe DM self-interactions in a different
regime.
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consider values of the vev larger than 1GeV, for which the FOPT would have to be very
slow (β/H < 10) in order to fit the PTA signal. The upper bound on v also ensures that
mϕ < 200MeV, so that we do not have to consider decays of the dark Higgs boson into
muons and pions.

The DM mass turns out to be quite tightly constrained by the relic density requirement.
For the case of a coupled dark sector, we vary 0.15 < y < 0.45, which corresponds roughly to
0.5 ≲ mχ/mϕ ≲ 1, i.e. the regime of forbidden annihilations. For the secluded dark sector, on
the other hand, we find mχ ≈ mϕ (see appendix C), such that it turns out to be convenient
to introduce the parameter

δ =
mχ −mϕ

mχ
, (6.1)

which we vary in the range 10−3 ≤ δ ≤ 0.1.
Values of the kinetic mixing parameter larger than 10−3 are robustly excluded by ex-

periments, while values smaller than 10−7 are completely irrelevant for phenomenology, such
that we choose these two values as upper and lower bound for the sampling range of κ respec-
tively. For the secluded dark sector, somewhat larger values of κ are required to sufficiently
deplete the dark sector, such that we restrict our scan ranges to 10−5 ≤ κ ≤ 10−3.

The exploration of the parameter space is done with the GAMBIT global fitting frame-
work, using Diver with a population size of 38,000 and a convergence threshold of 10−5. We
have checked that these settings are sufficient to ensure that the scans converge. The results
of all scans along with relevant GAMBIT configuration files and example plotting scripts are
available on Zenodo [157].

We will start by discussing the less involved coupled scenario, before going over to the
more constrained secluded dark sector scenario.

6.1 Coupled dark sector

Let us start the discussion of our results with a brief summary of the main features of the
coupled dark sector scenario. As pointed out in section 3, for sufficiently small values of the
Yukawa coupling y, the GW signal mainly depends on two parameters: the gauge coupling g
and the vev v. We already showed in figure 6 that the PTA observations hence favor specific
combinations of g and v, while the DM relic density depends on the process χχ̄ → ϕϕ and
hence on the Yukawa coupling y. The kinetic mixing parameter κ plays no significant role in
the coupled dark sector scenario, as it does not modify the effective potential (see section 2)
and thermal equilibrium between the dark and visible sectors is established through the
assumed effective interactions between dark Higgs bosons and electrons (see appendix A).

The allowed parameter regions for the coupled dark sector are shown in figure 8 in terms
of the profile likelihood ratio with respect to the best-fit point (called point A in table 1).
In the top row we consider the g – v plane, which is directly constrained by the PTA signal.
The gauge coupling g determines the amount of supercooling before the breaking of the U(1)′

symmetry, while the vev v sets the overall temperature scale and hence the frequency range.
As shown in figure 6, gauge couplings g ≃ 0.57–0.75 can give rise to sufficiently large bubbles
(or equivalently, sufficiently slow phase transitions) to account for the peak amplitude of the

PTA signal (h2Ωpeak
GW ≃ 10−8), while vevs v ≃ 60–900MeV are required in order for the signal

to peak in the correct frequency range (fpeak ≃ 10−8Hz).
The top-right panel of figure 8 also shows the g – v parameter plane, but now the shading

indicates the speed of the phase transition β/H instead of the likelihood ratio as in the top-
left panel. In addition, we use a black line to show the parameter region favoured by fitting
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Figure 8: Allowed parameter regions determined through a global analysis of the coupled
dark sector scenario in terms of the profile likelihood (blue shading). In the top-left panel,
dashed lines indicate constant values of the dark photon mass mA′ = gv. In the top-right
panel, we instead shade the allowed parameter region according to the speed of the phase
transition, parametrised by β/H. The black solid line indicates the parameter region pre-
ferred by PTA data alone when neglecting any potential SMBH contribution, see figure 6. In
the bottom-left panel we indicate the additional constraints that define the allowed regions
of parameter space.

the FOPT signal to PTA data alone, neglecting also any potential SMBH contribution (see
figure 6). We find typical values in the range β/H ≃ 15–45, corresponding to significant
supercooling and large bubble sizes. The percolation temperature at the best-fit point is
around Tp ∼ 2MeV and therefore about two orders of magnitude smaller than the vev. For
a given value of v, the lower bound on g stems from the requirement not to produce a GW
signal larger than the one observed by PTAs, which is strongly disfavoured and hence gives
a sharp boundary. For large values of g, on the other hand, the GW signal from a FOPT is
too weak to explain the PTA signal, so an additional SMBH binary signal is needed. As the
latter is described by a broad distribution of spectra with amplitudes varying over several
orders of magnitude, the upper limit on g is softer and is more scattered beyond the shown
2σ PTA contour.

With both g and v being determined through the PTA data, also the mass of the dark
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photon is determined to lie in the rangemA′ ≃ 50–600MeV. The dark Higgs mass in principle
depends on all three parameters g, v and y, see figure 1, but for y4 ≪ g4 the dependence on
y is very weak and we find approximately mϕ ≈ 0.46g2v = 0.46gmA′ . Hence the dark Higgs
boson mass is roughly in the range mϕ ≃ 20–170MeV.

Let us now turn to the Yukawa coupling y, which determines the DM mass via mχ =
yv/

√
2 and the DM relic abundance. For y ≳ 0.65g2, the DM particle would be heavier than

the dark Higgs boson. Given the large Yukawa coupling required, the annihilation process
χχ̄ → ϕϕ would then be extremely efficient and strongly deplete the DM relic abundance.
To reproduce the observed DM relic abundance, it therefore becomes necessary to consider
the case mχ < mϕ, such that annihilations into dark Higgs bosons are forbidden in the non-
relativistic limit. In this case, the DM relic abundance depends roughly exponentially on
the ratio (mϕ − mχ)/Tf, with the freeze-out temperature Tf. Smaller DM masses therefore
correspond to a larger DM relic abundance. In practice, we find that the observed DM relic
abundance implies a mass ratio mχ/mϕ between 0.7 and 0.9, see the bottom-left panel of
figure 8. This, in turn, determines the Yukawa coupling to y ≈ 0.15–0.3, with a tight positive
correlation with g, see the bottom-right panel of figure 8. This correlation results from the
requirement mχ ≈ 0.75mϕ, which translates to y ≈ 0.5g2.

With the observationally favored region of parameter space precisely determined, let
us briefly discuss the corresponding thermal history of the dark sector, taking for concrete-
ness the values of the best-fit point. The spontaneous breaking of the U(1)′ symmetry and
the breaking of conformal symmetry occur through the nucleation of vacuum bubbles at a
temperature of 2.8MeV, which subsequently percolate at 2.3MeV. A sizeable reheating of
the combined plasma of dark sector and SM particles then increases the temperature of the
plasma back to 16.8MeV. At this temperature, the dark sector states are all non-relativistic
(mA′ = 117MeV, mχ = 27MeV, mϕ = 36MeV) and thus their number density becomes
exponentially suppressed due to the rapid decays of dark Higgs bosons into electron-positron
pairs and the efficient conversion of dark sector states into each other. DM freeze-out happens
at Tf = 1.2MeV at parameter point A (corresponding to xf = mχ/Tf ≈ 22), roughly at the
same temperature as the freeze-out of neutron-proton conversion processes, which marks the
beginning of BBN. However, at this point the abundance of all dark sector states is already
so strongly suppressed that it does not affect any of the subsequent cosmological evolution.
At the best-fit point, we find Neff = 3.023, only slightly different from the standard value.

To conclude the discussion of the coupled dark sector, we point out that the model in
principle permits for a second way to set the DM relic abundance, namely via the process
χχ̄ → A′∗ → e+e−. This process is expected to dominate for mχ < 0.7mϕ when forbidden
annihilations become strongly suppressed. However, experimental upper bounds on the ki-
netic mixing parameter κ imply that the annihilation cross section can never be large enough
to reproduce the observed DM relic abundance via freeze-out, since the dark photon mass is
well above the resonance at mA′ ≈ 2mχ [49]. For example, for the best-fit values of g and v
and a DM mass of 20 MeV (instead of 27 MeV), the observed DM relic abundance could be
reproduced for κ ∼ 2× 10−3. The null result from NA64, however, imposes the upper bound
κ ∼ 2× 10−4 for mA′ ≈ 120MeV and therefore rules out this possibility. While the parame-
ters g, y and v can hence be inferred from observations, the kinetic mixing κ remains largely
unconstrained in the coupled dark sector scenario and can potentially be unobservably small.
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6.2 Secluded dark sector scenario

We now turn to the case of a secluded dark sector, in which the kinetic mixing of the dark
photon is the only portal coupling connecting the two sectors. Since the kinetic mixing is
irrelevant for the FOPT, the discussion of the GW signal and the PTA likelihood is essentially
identical to the previous case. As before, in particular, the dark sector particle masses in the
new phase are significantly larger than the relevant temperature scales, such that all dark
sector particles are non-relativistic after reheating.

Nevertheless, immediately after the phase transition, the Boltzmann suppression is mild
enough that the DM particles remain in equilibrium with the SM thermal bath via the an-
nihilation process χχ̄ → e+e−, governed by the kinetic mixing parameter κ. As the universe
continues to cool down, this process becomes inefficient and the dark sector chemically de-
couples from the SM bath. As discussed in section 4, the energy density that remains in
the dark sector depends sensitively on the chemical decoupling temperature and hence on κ.
At the same time, the parameter κ determines the dark Higgs boson lifetime, which in the
absence of other interactions can only decay via dark photon loops. In contrast to the case of
the coupled dark sector, the phenomenology therefore depends sensitively on κ, which should
be as large as possible to ensure that the dark sector is depleted and the dark Higgs bosons
decay sufficiently early.

We show our main results in figure 9. The top-left panel again shows that the com-
bination of gauge coupling g and vev v are mainly determined through the PTA likelihood
(cf. figures 6 and 8). Note however, that the best-fit vev v ≃ 370MeV is now considerably
higher than the 170MeV found in the equilibrium case. The correspondingly smaller cou-
pling g means, in comparison, that the phase transition is more strongly supercooled (larger
α) and slower (smaller β/H). This leads to a stronger GW signal, which still gives a good fit
to the PTA data if the peak frequency is also shifted to larger values, see figure 5. We find
that the likelihood of the best-fit point is very similar for the case of a coupled dark sector
and a secluded dark sector.

The reason for this shift is explained in the top-right panel of figure 9, which shows the
allowed parameter regions in the κ –mA′ plane. We can clearly see that large values of κ are in
conflict with the NA64 bound unless increasing the dark photon mass and hence the vev. The
best-fit region corresponds to mA′ ≈ 200–700MeV and κ ≈ (1–4) · 10−4. Correspondingly,
also the DM and dark Higgs boson masses are larger than in the coupled dark sector case.
As can be seen in the bottom-left panel of figure 9, both the dark Higgs boson mass and the
DM mass is typically around 20–200MeV in the allowed parameter region.

Indeed, as explained in section 4, in the secluded dark sector case the DM mass must
be very slightly heavier than the dark Higgs boson mass, leading to an allowed parameter
region in the range 0.001 ≤ δ ≤ 0.01 in terms of the relative mass difference δ defined in
eq. (6.1). For smaller (or even negative) values of δ, the DM particles would end up carrying a
significant fraction of the energy density of the dark sector, exceeding the observed DM relic
abundance. Larger values of δ, on the other hand, would lead to a very efficient depletion
of DM through annihilations into dark Higgs bosons and therefore too little DM. We note
that the best-fit point corresponds to a DM Yukawa coupling y ≈ 0.26, slightly larger than
in the coupled dark sector case. Again, this legitimises a posteriori our argument that one
can approximately ignore the Yukawa coupling in the effective potential, such that the PTA
likelihood mainly determines g and v.

We highlight the difference between the two scenarios in the bottom-right panel of
figure 9 in terms of |δ| and κ. For the coupled dark sector, κ is largely unconstrained,
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Figure 9: Allowed parameter regions determined through a global analysis of the secluded
dark sector scenario in terms of the profile likelihood (blue shading). In the top-left panel,
dashed lines indicate constant values of the dark photon mass mA′ = gv. As in figure 8, we
explicitly indicate relevant experimental constraints beyond those from the PTA GW signal.

while δ ≈ −0.33. For the secluded dark sector, κ must be as large as possible (without
violating bounds from dark photon searches), while δ ≈ 10−3. While the secluded dark
sector case requires significant tuning of the ratio of dark Higgs boson and DM mass, it
has the appealing advantage that it makes testable predictions for laboratory experiments,
namely that κ should be just below current exclusion limits. Indeed, these two statements are
tightly connected: If the experimental bound on κ were weaker, the dark sector energy density
could be depleted more efficiently before chemical decoupling, and less tuning in δ would be
required to reproduce the observed DM abundance. The coupled dark sector scenario, on the
other hand, is able to explain both the DM relic abundance and the PTA signal for a wide
range of kinetic mixing parameters at the expense of requiring additional dark Higgs boson
decay channels, which are difficult to probe experimentally (see appendix A).

In figure 10, we take a closer look at the abundance of dark Higgs bosons and their role
in the early universe. The two most relevant parameters in this context are the dark Higgs
boson lifetime τϕ and the relative abundance of dark Higgs bosons fϕ = Ω̃ϕ/ΩDM which
we parametrise in terms of the would-be abundance Ω̃ϕ of dark Higgs bosons for τϕ → ∞,
i.e. if the dark Higgs bosons were to survive to the present day. We emphasise, that this
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Figure 10: Allowed parameter regions for the dark Higgs boson lifetime τϕ and relative
would-be abundance fϕ = Ω̃ϕ/ΩDM in terms of the profile likelihood (blue shading) and the
largest ratio of decoupling temperature and dark Higgs decay temperature found for a given
point in the τϕ – fϕ plane (red to green shading). The exclusion limit shown in the bottom
panels is taken from ref. [130].

parametrisation only makes sense if the dark Higgs bosons have chemically decoupled from
all other particle species before they start decaying, an assumption that we will examine
shortly.

As argued in section 4, since for mχ > mϕ the dark Higgs bosons are the dominant
component of the dark sector, their abundance is determined by the chemical decoupling of
the dark sector from the SM bath. In the non-relativistic limit, this decoupling is determined
by the parameter combination κ2g2m2

χ/(m
2
A′ − 4m2

χ)
2, see appendix C. The top-left panel

of figure 10 shows that indeed smaller values of this parameter correspond to a larger dark
Higgs boson abundance.

The dark Higgs lifetime τϕ, on the other hand, is determined primarily by the kinetic
mixing parameter κ, which is less precisely determined than g and v and furthermore enters
to the fourth power, see eq. (2.17). In the top-right panel of figure 10 we confirm this expected
scaling. We find that the allowed region of parameter space corresponds to 10 s ≤ τϕ ≤ 104 s,
implying that the dark Higgs bosons decay during or after BBN. The lower bound on τϕ is
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a direct consequence of the upper bound on κ observed already in figure 9.

To understand the upper bound on τϕ, we show in the bottom-left panel of figure 10
the allowed parameter regions in terms of the dark Higgs abundance and lifetime. These are
the two parameters that are directly constrained by cosmological observations, in particular
of primordial element abundances and the CMB. For τϕ ≪ 104 s, however, these bounds are
actually quite weak compared to other constraints imposed on the parameter space. For
example, at τϕ = 100 s, values as large as fϕ ∼ 104 would be allowed [130], while the viable
region of parameter space due to other constraints corresponds to fϕ < 500. This picture
however changes for τϕ ≳ 104 s, when constraints from photodisintegration become relevant.
Indeed, already for τϕ = 2 · 104 s the bound is approximately fϕ ≲ 1, incompatible with
the predictions of our model. Hence BBN constraints effectively impose τϕ < 104 s, which
translates to the lower bound κ > 10−4.

Having determined the relevant region of parameter space, let us briefly examine the
thermal history for the best-fit point of the secluded dark sector scenario, see the right
panel of figure 3. The U(1)′ breaking succeeds through the nucleation of bubbles at 2.5MeV
which percolate at 1.9MeV. Compared to the coupled dark sector case, we have stronger
supercooling and correspondingly larger reheating. Indeed, after the FOPT the combined
bath of SM particles and dark sector reheats to 32.8MeV, which is still well below the masses
of the dark sector states (mA′ = 235MeV, mχ = 68.6MeV, mϕ = 68.4MeV). The dark sector
decouples chemically from the SM bath at temperatures around 5.3MeV, corresponding
to xf ≈ 13. The χχ̄ → ϕϕ conversion processes then remain efficient until the universe
has reached a temperature of around T ϕ

f ≈ 30 keV. Decays of the dark Higgs boson start
becoming relevant when Γϕ > H(T ), which is the case for approximately T < Tdecay ≈ 60 keV.

At face value, the best-fit point therefore does not satisfy our requirement T ϕ
f > Tdecay,

which is needed for the consistency of our relic density calculation. While it is likely still
possible to reproduce the correct DM relic abundance for some value of δ, finding the allowed
parameter regions would require solving computationally expensive coupled Boltzmann equa-
tions. We explore this issue further in the bottom-right panel of figure 10, where we use colour
shading to show the largest ratio T ϕ

f /Tdecay that we found for a given point in the τϕ – fϕ

plane, indicating points with T ϕ
f > Tdecay (T ϕ

f < Tdecay) in green (red) . We observe that

T ϕ
f ≳ Tdecay holds for a small region with τϕ ≳ 103 s, i.e. close to the upper bound on τϕ

from photodisintegration. This observation implies that viable parameter regions can be
found that satisfy all requirements simultaneously – without changing the qualitative picture
presented in figure 9 (see appendix C for a more detailed discussion).

To conclude this discussion, we point out that the energy density of the dark Higgs
bosons is completely negligible when they decay. Even at the most extreme point (fϕ = 1000
and τϕ = 103 s), the energy density of dark Higgs bosons is only around 10−2 of the radiation
energy density. Hence, the universe does not enter an early period of matter domination and
the amount of entropy injection is completely negligible. For this reason, we do not have to
include a dilution factor for the GW signal and the DM abundance.

6.3 Secluded dark sector without DM

In our analysis of the secluded dark sector, we found that the observed DM relic abundance
implies substantial tuning of δ and a very late decoupling of χχ → ϕϕ annihilations. If,
instead, we relax the constraint on the abundance of χ and only require that it must not
exceed the observed DM abundance, much larger regions of parameter space open up. In
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particular, δ ≫ 10−3 then becomes possible, such that the DM annihilations into dark Higgs
bosons efficiently deplete the DM abundance before BBN, leaving a decoupled abundance of
decaying dark Higgs bosons.

In this case the main constraint on the DM mass comes from the requirement that the
Yukawa coupling y must be small enough to not spoil the strong FOPT. Even though the χ
particles in this case do not account for the dominant form of DM, they play a crucial role
for the cosmological evolution: They facilitate the transfer of the energy density stored in
the Higgs field after the FOPT to the SM via the reaction chain ϕϕ → χχ → e+e− without
the need for a dimensionful portal coupling that could spoil the conformal symmetry of the
dark sector at the classical level.

We emphasise that even in this case the role of the fermion χ is crucial to deplete
the energy density of the dark sector. Without it, the annihilation of dark Higgs bosons
into SM fermions would have to proceed via two off-shell dark photons, leading to cross
sections suppressed proportional to κ4/m8

A′ . The same is true for the semi-annihilation
process ϕ+ e → 3e.

7 Discussion and outlook

The best-fit points obtained in our analyses account for the PTA signal while complying
with all available cosmological, astrophysical and laboratory constraints. In this section we
discuss how the preferred parameter regions can be tested with future experiments and GW
observations and emphasise the importance of improved theory predictions.

The upcoming IPTA data release will combine the data sets collected by the individual
collaborations and is expected to establish decisive evidence in favor of a GW background, i.e.
a detection of of the Hellings-Downs correlation with significance above 5σ [158]. Moreover,
this data release may provide new information on the anisotropy of the GW amplitude
over the celestial sphere (see ref. [159] for recent results by the Meerkat collaboration) or
on individual sources of continuous GW signals [160–162], both of which would favour an
astrophysical origin of the PTA signal. While the current status is inconclusive, any future
update should be included into global fits in order to study the impact on the preference for
or against a FOPT interpretation of the signal.

At the same time, improved constraints on the GW spectrum could shed further light
on its possible origin. In the coupled dark sector case, the peak frequency and amplitude of
the GW signal can vary significantly, so that we expect the model to provide a good fit also
to future measurements. In the secluded dark sector case, on the other hand, the vev has to
be quite large in order for the model to satisfy cosmological constraints on out-of-equilibrium
dark Higgs boson decays. This leads to the clear prediction that the GW signal extends
beyond the currently measured frequency range, see figure 5. If such a rise is not seen in
future data [163, 164], this would disfavour the secluded dark sector case.

Furthermore, it will be essential to improve our understanding of the SMBH binary con-
tribution to the GW spectrum. In the present work, we have used a rather simple likelihood
for the amplitude A and slope γ of the signal, see section 3.1. This choice of likelihood also
affects the best-fit parameter regions for A and γ found in our scans. This is illustrated in
figure 11, which shows the allowed parameter regions for the two parameters without PTA
likelihood as given in eq. (3.3) (yellow ellipses), when fitting the PTA likelihood with only
an SMBH contribution and no dark sector (grey contours) and when including also a FOPT
contribution (blue shading). In the latter case we consider the coupled dark sector case
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Figure 11: Allowed parameter regions for the two parameters characterising the slope (γ)
and amplitude (A) of the SMBH contribution to the GW signal (see section 3.1). The yellow
dashed lines indicate the allowed parameter regions without considering PTA data, i.e. based
on expectations from astrophysical models and simulations, cf. eq. (3.3). The blue shaded
regions correspond to the allowed parameter regions found in our analysis. For comparison
we show with grey contours the preferred values and best-fit point in the case that the PTA
signal is fitted by SMBH binaries alone, still using the likelihood from eq. (3.3) but setting
the FOPT contribution to zero.

for concreteness, but the corresponding plot for the secluded dark sector case looks almost
identical. When trying to fit the PTA data with an SMBH contribution alone, we find a
significant shift in the allowed parameter region relative to the astrophysical expectation,
indicating the underlying tension. When including a FOPT contribution, on the other hand,
the only impact of the PTA data on the preferred parameter regions is to disfavour values of
A and γ that would imply a too large GW signal (upper right corner).

An interpretation of the observed GW signal purely in terms of SMBH binaries without
contribution from a FOPT is disfavoured by the combined constraint on A and γ that we
impose, cf. eq. (3.3), motivated by astrophysical models of SMBH populations [29]. The
NANOGrav collaboration has shown that the SMBH signal can only account for a fraction
of the observed GW signal when assuming typical population properties [9]. Recently, also N -
body simulations including an on-the-fly treatment of dynamical friction on SMBH mergers
have been performed, coming to the conclusion that there might be a need for either a
yet unexplained black hole-host galaxy mass relationship or alternatively new physics [36].
Intriguingly, our best-fit GW spectra (see figure 5) match the missing power needed to explain
the observed, unexpectedly high GW amplitudes at frequencies above 3 nHz – which SMBHs
cannot account for due to their scarcity.

The model that we consider can also be further constrained by future searches for
invisibly decaying dark photons at Belle II [165] and fixed-target experiments, see figure 12.
Upcoming runs of the NA64 experiment using muon beams [166], as well as the proposed
fixed-target experiment LDMX [167] will significantly improve the bound on the kinetic
mixing parameter κ for sub-GeV dark photons. In fact, for the secluded dark sector, the
entire allowed range of κ found in our analysis will be probed by LDMX. A null result would
hence rule out the case of a secluded dark sector and instead prefer the coupled dark sector
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Figure 12: Projected sensitivities of searches for invisibly decaying photons at Belle II, as
well as for the proposed LDMX and NA64µ experiments in the mA′ –κ parameter plane of
the secluded dark sector model. The colour shading indicates the ratio T ϕ

f /Tdecay; ratios
smaller than unity indicate that our relic density calculation may be unreliable.

case, where κ may be much smaller. In this case, the most promising avenue is to study the
implications of the assumed effective coupling of the dark Higgs boson to electrons [168, 169],
for example through probes of lepton-flavor violation (see appendix A and recent work on
leptophilic axion-like particles [170–173]).

Also future cosmological probes may provide valuable additional information for de-
termining the origin of the nHz GW signal. Stronger bounds on ∆Neff from CMB-S4 [174]
would place an upper bound on the amplitude of the GW background itself and tighten
bounds on changes in the neutrino temperature and the baryon-to- photon ratio due to DM
annihilations and dark Higgs boson decays. However, even if CMB-S4 confirms an SM value
of Neff, this could be accommodated in our model for a large enough vev, corresponding to
large DM mass. Finally, future probes of the spectral shape of the CMB black-body spectrum
could give relevant constraints on the interpretation of the PTA signal, as recently argued in
ref. [175].

At the same time, further insights into the models under consideration may also come
from theoretical developments. Our calculation of the bubble nucleation rate, for example, is
subject to considerable uncertainties and depends on arbitrary gauge choices. Over the past
decade, a rigorous effective field theory approach for the resummation of infrared-divergent
modes has been developed, allowing for a more accurate computation of phase transition
properties than the daisy-improved potential that we have implemented [176, 177]. This
so-called dimensional reduction approach has recently been shown to also been applicable
to the case of strong supercooling [178], even though it is based on a high-temperature
expansion. Nevertheless, it was shown in ref. [179] that using dimensional reduction instead
of the conventional calculation only leads to negligible shifts in the inferred regions of allowed
parameter space.

Furthermore, we also anticipate methodological advances in the description of strong
supercooling [114, 115, 180, 181], the determination of the bubble wall velocity [182] and
the extraction of GW spectra from numerical simulations of phase transitions with large and
fast bubbles including turbulence [108, 183]. A better understanding of these effects may
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lead to shifts in the preferred region of parameter space, even in the absence of new data.
Alternatively, in the absence of a more accurate description, it could be interesting to include
additional nuisance parameters in our analysis to parametrise theoretical uncertainties and
study how these translate into larger allowed parameter regions. A similar comment applies
to the relic density calculation: A detailed treatment of the coupled Boltzmann equations for
dark Higgs bosons and DM, fully taking into account the effects of kinetic decoupling [121,
122] and number-changing processes [125–127] would be desirable in order to accurately
determine the preferred values of the DM mass in our set-up.

8 Conclusions

The stochastic gravitational wave background measured by various pulsar timing arrays
(PTAs) such as NANOGrav offers a tantalising glimpse of unknown astrophysics and the
very early universe. In this work we explored the possibility that the gravitational wave
signal arises dominantly from a first-order phase transition in a classically conformal dark
sector. We demonstrated that the phase transition in the dark sector – consisting of a dark
Higgs boson, a dark photon and a fermionic dark matter candidate charged under a new
U ′(1) symmetry – can be strong enough to fit the PTA data, while simultaneously giving
mass to the dark matter particle, which subsequently obtains its relic abundance through
interactions with dark photons and dark Higgs bosons.

The nano-Hertz frequencies and the peak amplitude of order h2ΩGW ∼ O(10−8) of
the PTA data require the mass scale of the dark sector particles to be around O(100MeV)
and the phase transition to be strongly supercooled, with transition temperatures around
T ∼ O(1MeV). Therefore a significant amount of energy is present in the dark sector after the
phase transition, which can impact the subsequent cosmological evolution if it is not efficiently
transferred to the Standard Model before the beginning of Big Bang Nucleosynthesis (BBN).

We have studied two ways in which the energy density of the dark sector is depleted
after the phase transition, which we dubbed coupled and secluded dark sector, respectively.
For the coupled scenario we assumed efficient decays of the dark Higgs boson into electrons,
arising from higher-dimensional operators. In the secluded scenario, the energy density is
transferred to the SM through a kinetic mixing of the dark and SM photon. Laboratory
constraints on the kinetic mixing parameter however make it impossible to fully deplete
the abundance of dark Higgs bosons before BBN, so that a sizable population of particles
remains that decay out of equilibrium via loop-induced processes. These decays can impact
various cosmological observables, such as the number of relativistic degrees of freedom and
the primordial element abundances.

We performed global fits for both scenarios including all relevant cosmological and
laboratory constraints, identifying viable regions of parameter space that can fit the PTA
data and reproduce the dark matter (DM) relic density. We find that in the coupled dark
sector case the vev and the dark gauge coupling are dominantly constrained by the PTA
likelihood, while the DM mass is constrained by the relic density requirement. Since the dark
sector remains in chemical equilibrium through the effective electron coupling, the kinetic
mixing parameter remains unconstrained. This also ensures that the dark sector particles are
Boltzmann suppressed during BBN such that the standard cosmological history is recovered.

On the other hand, the secluded dark sector – without the effective electron coupling
– requires as large kinetic mixing as possible, i.e. as allowed by laboratory searches for dark
photons, to deplete the dark sector energy density through annihilations of the dark matter
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particles into electrons before the dark sector decouples. After decoupling from the Standard
Model, the DM particles and dark Higgs bosons continue to annihilate into each other.
To reproduce the observed DM relic abundance, it is necessary for the DM particles to be
slightly heavier than the dark Higgs bosons (at the permille-level), such that most of the DM
particles annihilate into dark Higgs bosons, which subsequently decay into electrons. The
strongest constraints on this scenario derive from the potential photodisintegration of light
nuclei, which implies a dark Higgs boson lifetime τϕ < 104 s. In view of current laboratory
constraints on the kinetic mixing parameter, the only way to achieve such small lifetimes is
through dark Higgs boson masses that are somewhat larger than in the coupled sector case.
The decoupled sector scenario therefore also requires a larger peak amplitude, in order to
maintain a good fit to the PTA data, and hence stronger supercooling.

Future searches for dark photons such as Belle II and NA64µ will provide the possibility
to fully test the secluded sector scenario by searching for dark photons. For the coupled sector
case, on the other hand, studying the implications of (potentially flavour-violating) coupling
of dark Higgs boson to electrons will be more relevant [168, 169]. At the same time, the
upcoming third IPTA data release is expected to improve our understanding of the nature
and the exact spectral shape of the nano-Hertz gravitational wave signal. This will be an
important step towards understanding its origin, and in particular to disentangle the leading
explanations in terms of merging supermassive black holes or dark sector phase transitions
– or a combination thereof, as studied in this work.
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A A simple model for effective electron couplings

Effective couplings to electrons can be generated by introducing two heavy vector-like leptons
E and L that carry the same charge under the SM gauge group as the right-handed electron
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eR and the left-handed lepton doublet ℓL, respectively, as well as the same charge under the
U(1)′ as the dark Higgs boson. The Lagrangian for these new fermions, excluding the gauge
interactions, is then given by

L ⊃ mEĒLER+mLL̄LLR+yRϕĒLeR+yLϕ
†ℓ̄LLR+yLEL̄LERH+yELĒLLRH

†+h.c. (A.1)

If the masses mE,L are sufficiently large, the vector-like fermions can be integrated out to
give the effective interaction

1

Λ2
ϕ†ϕℓ̄LeRH + h.c. (A.2)

Once the electroweak symmetry and the U(1)′ symmetry are broken, one then obtains the
effective interaction yeffϕēe with yeff = vhvϕ/(2Λ

2). This interaction gives rise to sufficiently
fast decays of the dark Higgs boson, provided that Λ < 100 – 1000 TeV.

If the vector-like leptons couple to all lepton families, they would generate the decay
µ → eϕ, which is tightly constrained by experiments [185], implying Λ > 1000 TeV if the
dark Higgs boson is long-lived and even stronger bounds on Λ if the dark Higgs decays
promptly into an e+e− pair. We therefore need to assume that the vector-like leptons couple
dominantly to the first generation, in which case experimental bounds on Λ are significantly
relaxed.

The effective coupling of the dark Higgs to electrons can also be constrained by observa-
tions of supernova SN1987A, in analogy to the case of axion-like particles [186]. However, to
accurately calculate the cooling due to dark Higgs boson emission, it is necessary to consider
also the production of DM particles and dark photons via kinetic mixing [187], which con-
tribute to the trapping of dark Higgs bosons. To complicate matters further, the temperature
inside the supernova may be sufficient to restore the symmetry in the dark sector, such that
the decay ϕ → e+e− would be forbidden in the supernova core. A detailed study of these
interesting effects is beyond the scope of the present work.

Finally, we note that the explicit mass terms for the vector-like leptons break the con-
formal symmetry in the dark sector. Loops involving these heavy fermions may therefore
reintroduce a mass term for the dark Higgs boson. Moreover, there may be loop contribu-
tions to both kinetic mixing and Higgs mixing. A detailed study of how the dark sector that
we consider may arise from possible UV completions is left for future work.

B Estimating the bubble wall velocity

The bubble wall velocity depends on the friction exerted on the bubble walls by the particles
that become massive as they cross from the false to the true vacuum. Since our model also
includes a gauge boson A′, which obtains its mass in the phase transition, splitting radiation
gives rise to additional friction in the bubble walls [188, 189], which grows with the Lorentz
factor γ = 1/

√
1− v2w of the bubble wall. This friction term prevents the walls from running

away, i.e. they cannot accelerate to ultra-relativistic velocities before collision.

A more detailed computation of the bubble wall velocity is quite challenging, since
model-dependent out-of-equilibrium effects have to be taken into account. However, recently
it was shown that for deflagration and hybrid solutions, assuming local thermal equilibrium
(LTE) gives a good approximation to full model-dependent calculations of the wall velocity
[190]. Here we make use of the LTE approximation, using the code provided in ref. [191] for
the calculation, and illustrate the resulting wall velocity in figure 13.
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Figure 13: Bubble wall velocities calculated in the LTE approximation as a function of g
and y. The coupling values of the parameter points A and B from table 1 are indicated by the
red pentagon and the yellow star, respectively. For concreteness, we have set v = 100MeV,
but the result is almost completely independent of the vev.

For detonations, however, there exist no stable solutions in the LTE approximation,
since the pressure is a monotonically decreasing function of vw [191]. We thus employ the
recently published code WallGo [182] to compute out-of-equilibrium effects for the wall ve-
locity. Implementing our model in WallGo, we verified that around the best-fit points of our
scans the inclusion of out-of-equilibrium effects only results in a sub-percent level deviation
from the LTE approximation of the bubble wall velocity shown in figure 13.

We conclude that the bubble walls in our model are relativistic but not ultra-relativistic
when they collide, such that sound waves are indeed expected to give the dominant contri-
bution to the GW signal, as assumed in eq. (3.12).

C Dark matter freeze-out in a secluded dark sector

Here we describe in detail our treatment of a secluded dark sector as described in section 4.2
(see also figure 7). In this situation, the ‘hidden’ interactions χχ ↔ ϕϕ are more efficient
than annihilation and creation processes χχ ↔ e+e− that keep the DM particles in chemical
equilibrium with the SM. In other words, those two processes freeze out at different temper-
atures T ϕ

f and T SM
f , respectively, with T ϕ

f < T SM
f . As explained in the following, this allows

us to obtain the final relic density of χ and ϕ in two steps.

In the first step, we compute T SM
f along with the would-be DM relic density Ω̃χh

2 if
one were to completely ignore the χχ ↔ ϕϕ processes, using the standard numerical routines
available in DarkSUSY. We note that until chemical decoupling from the SM, T ≲ T SM

f , both
χ and ϕ are in full chemical equilibrium and hence follow Maxwell-Boltzmann distributions.
At these temperatures, the ratio of their abundances is thus given by

Yχ
Yϕ

=
Y eq
χ

Y eq
ϕ

= 2 (1− δ)−3/2e−δx , (C.1)

– 36 –



where x ≡ mχ/T and δ ≡ 1 − mϕ/mχ as introduced in eq. (6.1). Here, the leading factor
of 2 takes into account that the DM particles have 2 spin d.o.f. while the dark Higgs bosons
only have 1.

In the second step, we estimate by how much the relic abundance Ω̃χh
2 is changed due

to the χχ ↔ ϕϕ processes happening after freeze-out from the SM, during T SM
f > T > T ϕ

f .
To do so, we observe that detailed balance in this regime implies the following two conditions:

Yχ + 1
2Yϕ = const , (C.2)

Y 2
χ ⟨σv⟩χχ→ϕϕ = Y 2

ϕ ⟨σv⟩ϕϕ→χχ , (C.3)

where the factor 1/2 arises because ϕ is its own antiparticle. Note that the first equation

assumes that dark Higgs boson decays are not (yet) efficient for T > Tϕ
f . We can evaluate

the above two conditions at both T SM
f and T ϕ

f to find the final DM relic abundance Ωχh
2,

making use of eq. (C.1) at T = T SM
f as well as Ωχh

2/Ω̃χh
2 = Yχ(T

ϕ
f )/Yχ(T

SM
f ). We thus

arrive at our central result

Ωχh
2 ≃ Ω̃χh

2 ×
1 + 1

2
gϕ
gχ
(1− δ)3/2eδx

SM
f

1 + 1
2

√
r(xϕf )

, (C.4)

where we introduced

r ≡
⟨σv⟩χχ→ϕϕ

⟨σv⟩ϕϕ→χχ

(C.5)

as a measure of how ‘forbidden’ one direction of the reaction is with respect to the other.
Neglecting decay, the abundance of the dark Higgs bosons follows in full analogy as

Yϕ = (Yχ)xSM
f

(
1 +

1

2

gϕ
gχ

(1− δ)3/2eδx
SM
f

)( √
r

1 + 1
2

√
r

)
xϕ
f

. (C.6)

While Ωχh
2 should be compared to the observed DM abundance of ΩDMh2 = 2Ωχh

2 =
0.12 [109], a primordial abundance of decaying dark Higgs bosons is subject to the constraints
discussed in section 5.1.

The missing piece left to evaluate in our central result for the relic density, eq. (C.4), is

the quantity r(xϕf ). For this, we first note that

(σv)χχ→ϕϕ

(σv)ϕϕ→χχ

=
1

2

1

4

√
s− 4m2

ϕ√
s− 4m2

χ

, (C.7)

where the first factor (1/2) takes into account that only the ϕ particles are self-conjugate,
while the second factor (1/4) arises due to the different spin d.o.f.. Using the standard
expressions for the thermally averaged cross section [192], we then obtain

r ≡
⟨σv⟩χχ→ϕϕ

⟨σv⟩ϕϕ→χχ

=
mχK2

2(mϕ/T )

mϕK2
2(mχ/T )

∫
ds̃ (σv)χχ→ϕϕ

√
s̃− 1(2s̃− 1)K1

(
2
√
s̃mχ

T

)
∫
ds̃ϕ (σv)ϕϕ→χχ

√
s̃ϕ − 1(2s̃ϕ − 1)K1

(
2
√

s̃ϕmϕ

T

) (C.8)

≈ (1− δ)3K2
2[x(1− δ)]

8K2
2[x]

∫
ds̃

√
s̃− 1(2s̃− 1)K1

[
2
√
s̃x
]

∫
ds̃

√
s̃− 1 (2s̃(1− δ)−2 − 1)K1

[
2
√
s̃x
] , (C.9)
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where s̃ ≡ s/(4m2
χ), s̃ϕ ≡ s/(4m2

ϕ) = s̃(1 − δ)−2 and all integrations are restricted to s̃ ≥
max(1, (1 − δ)2). The last step holds for s-wave, σv ≈ const., but is straight-forward to
generalise for other partial waves. In our numerical implementation we update DarkSUSY
to evaluate eq. (C.9) at dark sector freeze-out, which we estimate from the usual freeze-out
condition n2

χ ⟨σv⟩χχ→ϕϕ = n2
ϕ ⟨σv⟩ϕϕ→χχ ∼ nχH. Using the above conditions, in other words,

we numerically solve

Yχ(x
SM
f )

1 + 1
2
gϕ
gχ
(1− δ)3/2eδx

SM
f

1 + 1
2

√
r(xϕf )

⟨σv⟩χχ→ϕϕ (x
ϕ
f ) = H(xϕf )/s(x

ϕ
f ) (C.10)

to obtain xϕf = mχ/T
ϕ
f .

In figure 14 we show how the final DM relic density as well as the would-be scalar relic
density (assuming no decay) scale with the mass splitting δ. In the ‘forbidden’ regime with
mχ < mϕ (and thus δ < 0), the relic density is as expected hardly affected by the presence
of the dark-sector interactions χχ ↔ ϕϕ: even for very small (positive) values of δ, there
is simply not sufficient energy density stored in the scalars at SM freeze-out, cf. eq. (C.1),
that could subsequently be converted to DM particles. This abruptly changes as mχ > mϕ,
allowing DM particles to annihilate very efficiently into ϕ, after decoupling from the SM,
while the reverse process is kinematically inhibited. This results in an exponential drop in
the DM relic density for small negative values of δ. The figure also shows that the dark sector
decouples significantly later than the SM in our scenario, xϕf ≫ xSMf ∼ 12, which justifies our
treatment of the DM freeze-out process as consisting of two distinct steps. As also expected,
χχ ↔ ϕϕ remains in equilibrium most efficiently as δ → 0, in which case we can encounter
freeze-out as late as xϕf ≲ 104 in the most extreme case.

We stress that the above derivation, and in particular the calculation of r̄, strongly relies
on the fact that both χ and ϕ remain in kinetic equilibrium during the freeze-out process.
In fact, deviations of the velocity distributions from the Maxwellian shape may in general
strongly impact relic density calculations in ‘forbidden’ DM scenarios, making it necessary to
move beyond Boltzmann equations based on number densities alone [121, 122]. We estimate
that kinetic decoupling of χ from the SM happens approximately when electrons start to
become Boltzmann suppressed, i.e. T ∼ me. This temperature is only slightly larger than
the decoupling temperature T ϕ

f , which is of the order of 50–200 keV (for the parameters of
our best-fit regions). Concerning the assumption that ϕ is kept in local equilibrium with χ,
we refer to the discussion in the main text, cf. footnote 4.

We also point out that a high-precision determination of the relic density would involve
coupled Boltzmann equations for the two abundances Yχ and Yϕ [127]. While this would
have the advantage of also being able to treat dark Higgs boson decays, such a system of
coupled Boltzmann equations would be computationally much more expensive, and harder to
smoothly integrate into the GAMBIT scanning framework. Our eq. (C.4), in contrast, presents
an estimate of the impact of ϕ ↔ χ conversions after freeze-out from the SM that is both fast
to compute and sufficiently accurate for our purposes. The biggest concern in this respect is
our rough estimate of the dark sector decoupling temperature, cf. eq. (C.10), combined with
the fact that we find the final relic density to depend approximately linearly on the resulting
value of xϕf for 0 < δ ≪ 1. However, since the relic density depends exponentially on δ in this
regime, as very clearly visible in figure 14, even an O(1) uncertainty in the determination of
Ωχh

2 would not have a drastic impact on the shape of the best-fit regions that we show in
the main text.
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Figure 14: Top. DM relic density (solid black line) in the secluded dark sector scenario as
a function of the mass splitting δ, with the other model parameters set to the values of Point
B in table 1. The corresponding would-be relic density of the scalar particles ϕ, neglecting
their eventual decay, is given by the solid blue line. The dotted black line shows the DM relic
density that would result if one were to neglect the χχ ↔ ϕϕ interactions. Bottom. Value of
x = mχ/T indicating the freeze-out of these number-changing dark-sector interactions. All
curves are computed using DarkSUSY.

Related to this discussion, the above treatment of the dark sector relic density assumes
that the dark Higgs bosons do not decay before decoupling from the DM particles. The
problematic parameter regions in this respect, with T ϕ

f < Tdecay, are highlighted with a
red color scale in the bottom-left panel of figure 10. As already stressed in the main text,
however, significant parts of our scan results do not face this problem. We show these
parameter regions in figure 15. This figure is the same as figure 9, except that all points
with T ϕ

f < Tdecay have been removed. We find that this affects as expected points with large
κ, which correspond to larger Γϕ and hence larger Tdecay, as well as points with small v and

small δ, which correspond to late decoupling and hence small T ϕ
f . As a result, the best-fit

point shifts to larger vev and larger δ, see point B in table 1. Overall, we stress that we
still find qualitatively very similar results compared to figure 9. The main difference is an
apparently strongly constrained value of κ ∼ 10−4 – which however is just an artifact of the
ad hoc procedure of removing all parameter points with small dark Higgs boson lifetimes. In
particular, the top-right panel of figure 15 does not imply that the secluded sector scenario
cannot be probed by direct searches for dark photons (see also section 7).

We conclude this appendix by reporting, for completeness, the full annihilation cross
sections that enter in the relic density calculations discussed above:

(σv)χχ̄→e+e− =
g2κ2e2(s− 4m2

χ)(2m
2
e + s)

24πs((m2
A′ − s)2 + Γ2

A′m2
A′)

s

2
(
s− 2m2

χ

)√1− 4m2
e

s
. (C.11)
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Figure 15: Same as figure 9 in the main text, but including only points with T ϕ
f > Tdecay,

i.e. for which the dark Higgs bosons decay only after DM decoupling.

(σv)χχ̄→ϕϕ =
y2

32πsv2
s

2
(
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Here, as in all expressions above, v =
√
s(s− 4m2

χ)/(s− 2m2
χ) denotes as usual the velocity

of one of the DM particles in the rest frame of the other.7

7For reference, the relative velocity of the DM particles in the centre-of-mass frame is thus given by
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