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The Usual Story

1

• The WMAP and Planck space 
observatories measured the DM 
relic abundance to be Ωh2 = 0.12

• For a given particle physics model, 
the DM relic abundance can be 
calculated by solving the 
Boltzmann Equation

9

FIG. 5. Typical solutions to Eq. 19 with the boundary con-
dition Y (1) = Yeq(1). Departure from Yeq marks the onset
of freeze-out, which occurs at later times for higher →ωv↑.

of cosmic expansion, one can define the yield of DM as
Y → n/s where s is the entropy density of the universe.
During cosmic expansion n and s scale equivalently with
a
→3, allowing Eq. 1 to be rewritten as

dY

dt
= ↑↓ωv↔s

[
Y

2
↑ Y

2
eq

]
, Y → n/s (18)

with Yeq → neq/s. One can further adimensionalize this
equation with the parameterization of x → m/T . As-
suming the DM to be in thermal equilibrium with a
radiation-dominated universe, the Friedmann equations
give dx/dt = Hx and Eq. 18 becomes

dY

dx
= ↑

↓ωv↔s

Hx

[
Y

2
↑ Y

2
eq

]
, x →

m

T
. (19)

The Friedmann equations also yield the following expres-
sions for the Hubble parameter and entropy density:

H
2 =

8ε

3M2
Pl

g↑(T )
ε
2

30
T

4
, s =

2ε2

45
g↑s(T )T

3 (20)

with Planck mass MPl = 1.22 ↗ 1019 GeV. In these
expressions g↑ and g↑s give the total degrees of free-
dom in the universal plasma and entropy density, re-
spectively [30]. This study approximates these degrees
of freedom to be equal: g↑ = g↑s. The sum of Standard
Model and DM relativistic degrees of freedom gives the
total number of degrees of freedom in the plasma, that
is g↑ = gSM + g.
Typical solutions of the Boltzmann equation are dis-

played in Fig. 5 where Y = Yeq is taken as a bound-
ary condition for early times (small x). The universe
is dense and hot throughout these times, keeping the
DM yield near its thermal equilibrium value Yeq, while
self-annihilation decreases the number of DM particles.

Eventually the expansion of the universe “freezes out”
DM annihilation processes in that the number of DM
particles within a comoving volume becomes too low for
annihilation rates to significantly a!ect Y (x). The ap-
proximate time at which this occurs is denoted by xf .
With a boundary condition specified for some unique
Boltzmann equation, a characteristic freeze-out for the
system is determined. For x > xf , the DM comoving
abundance is said to be “frozen in” as the number of DM
particles per comoving volume remains relatively con-
stant after freeze-out. As long as freeze-out occurs well
into the past, the frozen-in DM abundance determines its
relic abundance as measured today: ”DMh

2 = 0.12 [5].
Here, h is determined by measurement of today’s value of
the Hubble parameter H0 = 100h km s→1 Mpc→1. With
knowledge of the frozen-in DM abundance, we expect to
find

”DM =
mY (xtoday)s0

ϑc,0
(21)

for nonrelativistic DM. Although Eq. 19 has no known
closed-form solutions, one can find approximations for
today’s yield Y (xtoday) for two types of DM relics. Hot
relics are models of DM wherein freeze-out occurs while
the species is still relativistic, that is xf ↘ 3. Mod-
els with nonrelativistic DM at freeze-out (xf ≃ 3) are
known as cold relics. The next section follows a standard
analysis that can be found in Ref. [84], for example.

The first simplifying assumption is made on the ther-
mally averaged annihilation cross section ↓ωv↔. It is ex-
pected that ωv ⇐ v

k/2 where k = 0 corresponds to s-
wave annihilation and k = 1 corresponds to p-wave an-
nihilation. As ↓v↔ ⇐ T

1/2, we parameterize the cross
section as

↓ωv↔ → ω0(T/m)k

= ω0x
→k

{
k = 0 ⇒⇑ s↑wave annihilation

k = 1 ⇒⇑ p↑wave annihilation
.

(22)

Our study assumes s-wave annihilation is the dominant
contribution and thus k = 0. This parameterization al-
lows Eq. 19 to be rewritten as

dY

dx
= ↑ϖx

→k→2
[
Y

2
↑ Y

2
eq

]
,

ϖ →
xω0s

H
=

[
ω0s

H

]

x=1
=

√
ε

45

g↑s
⇓
g↑

MPlmω0

(23)

where a new parameter ϖ has been defined which is ap-
proximately independent of x. To track the yield’s devia-
tion from its equilibrium value, we express the right-hand
side of Eq. 23 in terms of # → Y ↑ Yeq to find

dY

dx
= ↑ϖx

→k→2#(2Yeq +#) . (24)
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FIG. 5. Typical solutions to Eq. 19 with the boundary con-
dition Y (1) = Yeq(1). Departure from Yeq marks the onset
of freeze-out, which occurs at later times for higher →ωv↑.
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Larger annihilation cross section 
-> smaller relic abundance. 

For WIMP DM, the magic number is <σv> ~ 10-26 
cm3/s, target for indirect detection experiments

Enhanced Dark Matter Abundance in First-Order Phase Transitions
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We propose a novel scenario to obtain the correct relic abundance for thermally under-produced
dark matter. This scenario utilizes a strongly first-order phase transition at temperature TPT that
gives rise to dark matter mass m. Freeze-out in the broken phase can yield the desired abun-
dance in the entire region currently allowed by observational bounds and theoretical constraints for
102TPT ↭ m ↭ 104TPT. We show that the accompanying gravitational waves are strong enough
to be detected by many upcoming and proposed experiments. This, in tandem with dark matter
indirect searches, provides a multi-messenger probe of such models. Positive signals in the future
can help reconstruct the potential governing the phase transition and shed light on an underlying
particle physics realization.

I. INTRODUCTION

There are various lines of evidence for the existence
of dark matter (DM) in our universe [1]. However, the
nature of DM remains a major open problem at the in-
terface of cosmology and particle physics, and an im-
portant question concerns the relic abundance of DM
that is precisely inferred from cosmological measure-
ments [2–5]. An interesting and widely studied mech-
anism to address this question is thermal freeze-out in
a radiation-dominated universe. The correct relic abun-
dance can be obtained in this framework if the thermally
averaged DM annihilation rate →ωv↑ takes the nominal
value of 3 ↓ 10↑26 cm3 s↑1 at the time of freeze-out
(coined “WIMP miracle”). Indirect detection experi-
ments have put →ωv↑ under increasing scrutiny. For ex-
ample, Fermi-LAT’s results from observations of dwarf
spheroidal galaxies [6] and newly discovered Milky Way
satellites [7] have placed limits that rule out thermal
DM with a mass below 20 GeV in a model-independent
way [8] (barring special cases with p-wave annihilation
or coannihilation).
The correct relic abundance may be obtained for larger

and smaller values of →ωv↑ if DM does not drop out of
chemical equilibrium in a radiation-dominated universe.
An important such scenario is DM production in non-
standard thermal histories with an epoch of early mat-
ter domination (EMD) prior to big bang nucleosynthesis
(BBN) [9]. In the case with →ωv↑ < 3 ↓ 10↑26 cm3 s↑1,
which leads to thermal overproduction, entropy gener-
ation at the end of EMD can yield an acceptable relic
abundance from freeze-out during EMD [10–14] or pro-
duction at the end of EMD [15, 16]. In the thermally
under-produced case, where →ωv↑ > 3 ↓ 10↑26 cm3 s↑1,
the correct abundance can be obtained by a combina-
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tion of DM production and its residual annihilation at
the end of EMD [17, 18].

Here we propose an alternative scenario that can yield
the desired relic abundance for large values of →ωv↑. In-
stead of relying on a period of EMD, this scenario em-
ploys a first-order phase transition (FOPT) within the
standard thermal history. The DM particles remain light
at temperatures above that of the FOPT, denoted by
TPT, and hence stay in chemical equilibrium with the
thermal bath until then. The FOPT bumps the DM
mass to values m ↔ TPT, as a result of which DM par-
ticles undergo annihilation. For suitable values of TPT

one can obtain the correct DM relic abundance. Ad-
ditionally, the FOPT is expected to form gravitational
waves (GWs) that could be probed by upcoming detec-
tors. This allows us to test this scenario via its GW
signal in tandem with the current experimental bounds
and future projections from indirect DM searches.

Our main goal is to examine viability of the proposed
scenario and its observable signatures. Therefore we
remain agnostic to the specifics of underlying particle
physics realizations of this scenario. That said, our re-
sults for the GW signal fit well within models accom-
modating supercooled FOPTs such as classically con-
formal B ↗ L models [19–23], Peccei-Quinn axion mod-
els [24, 25], strongly coupled theories [26], and extra di-
mensional theories [27, 28]. Moreover, an increase in DM
mass after a FOPT may happen for any model with a
fermionic DM candidate that is charged under a sponta-
neously broken chiral gauge symmetry [29].

II. FREEZE-OUT AND ABUNDANCE
ENHANCEMENT

The following Boltzmann equation provides the dy-
namics of the particle number (proper/physical) den-
sity n of DM as it evolves in a Friedmann-Lemâıtre-
Robertson-Walker spacetime:

dn

dt
= ↗3Hn↗ →ωv↑

[
n
2
↗ n

2
eq

]
. (1)
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The Parameter Space

2

• <σv> is constrained by DM indirect 
detection experiments

• Available parameter space is 
closing due to indirect searches 
(“visible”) and theoretical bounds 
(“unitarity”)

• The WIMP window is very narrow
• Sub-10 GeV thermal relic is 

already in tension with indirect 
detection -> nonstandard 
cosmological history 

11

FIG. 9: Bounds on the generic thermal WIMP window
(s-wave 2 ! 2 annihilation, standard cosmological history),
assuming WIMP DM is 100% of the DM. Shown is the con-
servative bound calculated in this work from data (Visibles),
and the unitarity bound [50]. The remaining WIMP window
is the orange line, and the white space is unprobed. Thermal
relic cross section is the dashed line [4].

lower than the mass of their progenitor particle; other-
wise the portion of DM energy split into each mediator’s
final states will be unequal [121, 122], introducing extra
model dependence to the calculation.

Note that 2 ! 3 bremsstrahlung processes can be
the dominant DM annihilation mode in the scenario
the 2 ! 2 annihilation mode is suppressed [123–138].
Bremsstrahlung can lift helicity suppression for direct
annihilation for Majorana DM to neutrinos, but the an-
nihilation rate is generally still not su�ciently large to
produce a thermal relic cross section.

3. Invisibles and Sub-Dominant Density

When the limit on the total cross section is below
the thermal-relic prediction, the WIMP is nominally ex-
cluded. There are two other possible interpretations.

First, the fraction below the limit can be interpreted as
the fraction required to proceed to invisible final states.

Second, the strength of the limit below the relic line
can also be used to set a bound on sub-dominant WIMP
content. For standard indirect detection analyses for
WIMP DM, the annihilation cross section and the den-
sity are often considered as independent, and are related
to the astrophysical flux F as

F =
h�vi

8⇡m2
�

Z
⇢
2

�d`, (14)

FIG. 10: Bounds on the generic thermal WIMP window
(s-wave 2 ! 2 annihilation, standard cosmological history),
assuming sub-dominant WIMP content. Shown is the con-
servative bound calculated in this work from data (Visibles),
and the unitarity bound [50]. Thermal relic cross section is
the dashed line [4].

where ⇢� is the DM density, and ` is the line of sight.
The upper limit is obtained from upper limits on F , i.e.,

h�vi < h�vlimiti ⌘ F
8⇡m2

�R
⇢2�d`

. (15)

For sub-dominant WIMP DM, if the WIMP density is
completely determined by the annihilation cross section,
they are no longer independent, as

⇢WIMPh�vWIMPi = ⇢�h�v�i, (16)

where h�v�i ⇠ 3⇥ 10�26 cm3
/s is the thermal relic cross

section. The annihilation flux from the sub-dominant
WIMP is then

F =
h�vWIMPi

8⇡m2
�

Z
⇢
2

WIMP
d`

=
h�vWIMPi

8⇡m2
�

Z ✓
�v�⇢�

h�vWIMPi

◆2

d` (17)

=
h�v�i

2

h�vWIMPi

1

8⇡m2
�

Z
⇢
2

�d`.

Therefore, an upper limit on the flux implies

h�v�i
2

h�vWIMPi
< h�vlimiti, (18)

which provides a lower limit on the sub-dominant WIMP
cross section,

h�vWIMPi >
h�v�i

2

h�vlimiti
. (19)

Can models with lower cross sections yield the observed DM abundance?
Leane, Slatyer, Beacom, Ng 2018

Overabundant, this work 



Basic Idea

• Annihilation Today (probed by indirect detection) ≠ Annihilation at 
Freeze Out (sets the relic abundance)
• Idea: Have the DM annihilate efficiently early on, set the relic 
abundance, then a phase transition happens, after the phase 
transition the annihilation cross section is suppressed

3

Early 
Universe

Freeze-out Today

large <σv>
Sets the abundance

small <σv>
evades bounds

Dark Phase Transition



Dark Photons

• Dark Sector:  Dirac fermion ψ, dark photon A′, dark Higgs Φ.  The 
dark photon has a kinetic mixing with the SM gauge boson

4

constraints and define representative benchmark scenarios in Sec. 4. We then study the GW signal
associated with the dark Higgs phase transition, including both heavy and light DM regimes. We
conclude in Sec. 5.

2 The model

We consider a gauge Abelian extension of the SM in which the associated dark photon mixes
kinetically with the SM hypercharge gauge boson and couples to a SM-neutral Dirac fermion,
associated with the DM. The Abelian gauge symmetry spontaneously breaks (SSB) at some point
in the early Universe leading the dark photon to acquire a mass via a phase transition in the dark
sector. In the symmetric phase, the relevant part of the zero-temperature tree-level Lagrangian
reads as,

!L = →1

4
F →
µωF

→µω → ω

2cW
F →
µωB

µω + ε̄(iDµϑ
µ →mε)ε +Dµ”

ϑDµ”→ V (”) (1)

where Bµ is the SM hypercharge gauge boson and A→
µ denotes the massless dark photon gauge

field, Dµ ↑ ϖµ → igDQDA→
µ is the covariant derivative in the dark sector with gD and QD the

dark gauge coupling and the charge of the field, ε is the Dirac DM fermionic candidate with a
”-independent mass mε, ω is a dimensionless constant that parametrizes the kinetic mixing and

cW ↑ cos ϱW = g/
√
g2 + g→2, with ϱW the weak mixing angle, g and g→ the SU(2)L and U(1)Y gauge

couplings, respectively. We include for completion the dark Higgs sector kinetic term and potential,
which we leave generic at the moment, though leading to SSB and providing a mass m2

A→ = g2DQ
2
!v

2
!

to the dark photon. We assume for simplicity no mixing between the dark Higgs and the SM
Higgs, and take Q! = Qε = 1. In the case that the electroweak symmetry is also unbroken, an
additional orthogonal rotation remains related to the inability of distinguishing between the two
massless gauge bosons, rendering the mixing angle a free parameter [9]. Note that the interactions
of the neutrally electromagnetic gauge bosons with the fermion currents are gDA→

µJ
µ
D, gZµJ

µ
Z and

eAµJ
µ
EM , with Zµ = cWW 3

µ → sWBµ and Aµ = sWW 3
µ + cWBµ, and Jµ

D, J
µ
Z and Jµ

EM , the dark,
weak and electromagnetic currents, respectively.

One can easily remove the kinetic mixing term by a proper shift in either A→
µ or Bµ [10]. As

mentioned before, in the symmetric phase for the dark sector, the mixing angle remains a free
parameter. Thus in the following we consider that SSB has already taken place. In particular,
shifting Bµ = B̂µ + ϑA→

µ, and canonically normalizing Â→
µ = A→

µ/
√
1→ ϑ2 with ϑ = ω/cW , one can

write a canonically well normalized kinetic term for the dark photon and hypercharge as,

!L ↓ →1

4
F̂ →
µωF̂

→µω → 1

4
B̂µωB̂

µω +DµH
†DµH +

1

2
m2

A→(1→ ϑ2)Â→
µÂ

→µ (2)

where here Dµ = ϖµ → igW a
µT

a → ig→Y Bµ is the SU(2)L ↔U(1)Y covariant derivative. We see then
that via the shift in the hypercharge field Bµ, we’ve introduced now a mass mixing between the
well-normalized fields Â→

µ and B̂µ, once the dark and Electroweak SM symmetries are spontaneously
broken. Assuming that SSB in the dark sector takes place at a lower scale than the Electroweak
symmetry breaking scale (v = 246 GeV), as it will turn out for our supercooled phase transition,
the neutral EW gauge bosons W 3

µ , Bµ will mix with the dark photon. The mass mixing matrix in

the basis (W 3
µ , B̂µ, Â→

µ) takes the form,

M =





g2v2

4 →gg→v2

4 →gg→v2

4 ϑ
√
1→ ϑ2

. g→2v2

4
g→2v2

4 ϑ
√
1→ ϑ2

. . m2
A→(1→ ϑ2) + g→2v2

4 ϑ2(1→ ϑ2)



 . (3)

2

• Small kinetic mixing, and/or heavy mediator leads to small 
annihilation cross section today

• Overabundant when inferred from indirect detection

an o!-shell s-channel dark photon, ωω̄ → A→↑ → ff̄ , in which f denotes the SM fermions. The
corresponding annihilation cross section scales as g2Dε

2m2
ω/m

4
A→ . In this work, we neglect resonant

annihilation through an on-shell dark photon. We calculate the thermal average annihilation cross
section. We compute the s-channel processes mediated by the neutral state ϑ1,2 (as defined in
Sec 2), taking the non-relativistic limit which is appropriate for DM annihilation today. Assuming
for simplicity massless SM fermions,

↑ϖv↓ =
g2g2Dm

2
ω

ϱc2W

∑

f




(

gω,1gV 1,f

m2
1 ↔ 4m2

ω

+
gω,2gV 2,f

m2
2 ↔ 4m2

ω

)2

+

(
gω,1gA1,f

m2
1 ↔ 4m2

ω

+
gω,2gA2,f

m2
2 ↔ 4m2

ω

)2


 (11)

where the vectorial, axial and DM couplings take the form,

gV 1,f = QfsW c2Wς
√
1↔ ς2xa ↔ (xb + sWς

√
1↔ ς2xa)

(
T3

2
↔ s2WQf

)
(12)

gV 2,f = QfsW c2Wς
√
1↔ ς2xb + (xa ↔ sWς

√
1↔ ς2xb)

(
T3

2
↔ s2WQf

)
(13)

gA1,f = (xb + sWς
√
1↔ ς2xa)

(
T3

2

)
(14)

gA2,f = (↔xa + sWς
√
1↔ ς2xb)

(
T3

2

)
(15)

gω,1 =
√
1↔ ς2xa (16)

gω,2 =
√
1↔ ς2xb (17)

with Qf the SM fermion EM charge and T3 its weak isospin third component. The resulting cross
section is strongly suppressed by the mediator masses and by the small kinetic mixing parameter
as expected. This suppression directly translates into a small annihilation rate both today and at
the time of thermal freeze-out, if the symmetry breaking pattern is assumed to be identical to that
at zero temperature.

As we will discuss in the next section, the combination of g2Dε
2/m4

A→ is constrained by direct
detection experiments. For example, for mω = 100 GeV, the current bound implies g2Dε

2/m4
A→ ↭

10↓19 (GeV)↓4. Such a small annihilation rate leads to an ine”cient depletion of DM in the
early Universe and consequently to a relic abundance far exceeding the observed value. For the
parameters choice above, the predicted DM abundance is approximately seven orders of magnitude
larger than the measured one. This overabundance motivates considering a modified thermal
history, in which the dark Higgs phase transition plays a central role in determining the final DM
relic density.

We now consider the impact of a phase transition in the early Universe on the DM relic abun-
dance. In order to keep the discussion as model independent as possible, we do not specify the
microscopic dynamics responsible for the phase transition and instead focus on its macroscopic
e!ects on the thermal history. We further assume that the dynamics driving the phase transition
does not directly a!ect the DM number density other than through the phase transition. Before
the phase transition, the Universe is in the unbroken (symmetric) phase of the dark U(1)D gauge
symmetry, in which the dark photon is massless. DM annihilation takes place at temperatures for
which the gauge symmetry remains unbroken. In this symmetric phase, kinetic mixing between
the massless dark photon and the SM hypercharge gauge boson induces an e!ective mixing angle,
allowing the dark sector, including dark fermions ω and the scalar field responsible for symmetry
breaking, to remain in thermal equilibrium with the SM plasma.

4



A Dark Phase Transition
• What if the dark Higgs undergoes a phase transition?
• The early Universe is in the symmetric phase, dark photons are 

massless
• The annihilation is dominated by
• The annihilation cross section is  
• If the dark Higgs phase transition happens after the freezeout, 

5

We compute the thermally averaged annihilation cross section in the non relativistic limit, which
is appropriate for thermal freeze out. Since the dark Higgs phase transition has not yet occurred, the
U(1)D gauge symmetry remains unbroken at these temperatures and the dark photon is massless.
Once the temperature drops below the DM mass mω, annihilation is dominated by the t- and u-
channel processes ωω̄ → A→A→, with a thermally averaged cross section given by

↑εv↓ = g4D
16ϑm2

ω

+ . . . , (18)

where . . . represent subdominant terms from other annihilation channels. The dark photon remains
in thermal equilibrium with the SM plasma through kinetic mixing interactions. DM thermal freeze
out occurs at a temperature TF ↔ mω/30, and the resulting relic abundance is approximately

!Dh
2 =

2.5↗ 10↑10 GeV2

↑εv↓ , (19)

which is determined by the dark gauge coupling gD and the DMmassmω. After DM has fallen out of
thermal equilibrium and its abundance has frozen out, the U(1)D gauge symmetry is spontaneously
broken through a first order phase transition. As a consequence, the dark photon acquires a
non-zero mass, mA→ > mω, and the t- and u- channel annihilation processes into dark photons
become kinematically forbidden. After the phase transition, the DM annihilation cross section
is strongly suppressed, which would suggest an overabundant relic if one extrapolated from late
time annihilation rates probed by indirect detection experiments. However, the relic abundance is
already determined by the DM evolution in the symmetric phase. Moreover, such dark Higgs phase
transitions are typically supercooled in the region of parameter space relevant for our scenario,
as we will demonstrate explicitly in the next section. In this case, the vacuum energy released
during the transition dominates over the radiation energy density, which can be quantified by the
ϖ parameter, ϖ = ϱvac/ϱrad. In the supercooled region, ϖ ↘ 1, so that the completion of the phase
transition reheats the Universe and injects a substantial amount of entropy. The entropy injection
associated with the supercooled phase transition dilutes the DM abundance. The dilution factor
is given by the ratio of comoving entropies before and after reheating, (Trh/Tp)3, where Tp is the
percolation temperature at which true vacuum bubbles become infinitely connected, and Trh is the
reheating temperature. Using energy conservation during reheating Trh = Tp(1 + ϖ)1/4, with ϖ he
usual strength parameter of the phase transition, the resulting dilution factor becomes
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The final relic density is thus given by the freeze-out value divided by ”.

4 Phenomenological Constraints and Signals

We now discuss the experimental and cosmological constraints relevant for the model. One con-
straint to the model comes from direct detection searches of DM. We calculate the spin-independent
DM–proton and DM–neutron scattering cross sections, which proceed via t-channel exchange of
the neutral mediators ς1,2. The corresponding cross sections are given by,
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We compute the thermally averaged annihilation cross section in the non relativistic limit, which
is appropriate for thermal freeze out. Since the dark Higgs phase transition has not yet occurred, the
U(1)D gauge symmetry remains unbroken at these temperatures and the dark photon is massless.
Once the temperature drops below the DM mass mω, annihilation is dominated by the t- and u-
channel processes ωω̄ → A→A→, with a thermally averaged cross section given by

↑εv↓ = g4D
16ϑm2

ω

+ . . . , (18)

where . . . represent subdominant terms from other annihilation channels. The dark photon remains
in thermal equilibrium with the SM plasma through kinetic mixing interactions. DM thermal freeze
out occurs at a temperature TF ↔ mω/30, and the resulting relic abundance is approximately
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which is determined by the dark gauge coupling gD and the DMmassmω. After DM has fallen out of
thermal equilibrium and its abundance has frozen out, the U(1)D gauge symmetry is spontaneously
broken through a first order phase transition. As a consequence, the dark photon acquires a
non-zero mass, mA→ > mω, and the t- and u- channel annihilation processes into dark photons
become kinematically forbidden. After the phase transition, the DM annihilation cross section
is strongly suppressed, which would suggest an overabundant relic if one extrapolated from late
time annihilation rates probed by indirect detection experiments. However, the relic abundance is
already determined by the DM evolution in the symmetric phase. Moreover, such dark Higgs phase
transitions are typically supercooled in the region of parameter space relevant for our scenario,
as we will demonstrate explicitly in the next section. In this case, the vacuum energy released
during the transition dominates over the radiation energy density, which can be quantified by the
ϖ parameter, ϖ = ϱvac/ϱrad. In the supercooled region, ϖ ↘ 1, so that the completion of the phase
transition reheats the Universe and injects a substantial amount of entropy. The entropy injection
associated with the supercooled phase transition dilutes the DM abundance. The dilution factor
is given by the ratio of comoving entropies before and after reheating, (Trh/Tp)3, where Tp is the
percolation temperature at which true vacuum bubbles become infinitely connected, and Trh is the
reheating temperature. Using energy conservation during reheating Trh = Tp(1 + ϖ)1/4, with ϖ he
usual strength parameter of the phase transition, the resulting dilution factor becomes
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The final relic density is thus given by the freeze-out value divided by ”.
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We now discuss the experimental and cosmological constraints relevant for the model. One con-
straint to the model comes from direct detection searches of DM. We calculate the spin-independent
DM–proton and DM–neutron scattering cross sections, which proceed via t-channel exchange of
the neutral mediators ς1,2. The corresponding cross sections are given by,
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We compute the thermally averaged annihilation cross section in the non relativistic limit, which
is appropriate for thermal freeze out. Since the dark Higgs phase transition has not yet occurred, the
U(1)D gauge symmetry remains unbroken at these temperatures and the dark photon is massless.
Once the temperature drops below the DM mass mω, annihilation is dominated by the t- and u-
channel processes ωω̄ → A→A→, with a thermally averaged cross section given by

↑εv↓ = g4D
16ϑm2

ω

+ . . . , (18)

where . . . represent subdominant terms from other annihilation channels. The dark photon remains
in thermal equilibrium with the SM plasma through kinetic mixing interactions. DM thermal freeze
out occurs at a temperature TF ↔ mω/30, and the resulting relic abundance is approximately
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which is determined by the dark gauge coupling gD and the DMmassmω. After DM has fallen out of
thermal equilibrium and its abundance has frozen out, the U(1)D gauge symmetry is spontaneously
broken through a first order phase transition. As a consequence, the dark photon acquires a
non-zero mass, mA→ > mω, and the t- and u- channel annihilation processes into dark photons
become kinematically forbidden. After the phase transition, the DM annihilation cross section
is strongly suppressed, which would suggest an overabundant relic if one extrapolated from late
time annihilation rates probed by indirect detection experiments. However, the relic abundance is
already determined by the DM evolution in the symmetric phase. Moreover, such dark Higgs phase
transitions are typically supercooled in the region of parameter space relevant for our scenario,
as we will demonstrate explicitly in the next section. In this case, the vacuum energy released
during the transition dominates over the radiation energy density, which can be quantified by the
ϖ parameter, ϖ = ϱvac/ϱrad. In the supercooled region, ϖ ↘ 1, so that the completion of the phase
transition reheats the Universe and injects a substantial amount of entropy. The entropy injection
associated with the supercooled phase transition dilutes the DM abundance. The dilution factor
is given by the ratio of comoving entropies before and after reheating, (Trh/Tp)3, where Tp is the
percolation temperature at which true vacuum bubbles become infinitely connected, and Trh is the
reheating temperature. Using energy conservation during reheating Trh = Tp(1 + ϖ)1/4, with ϖ he
usual strength parameter of the phase transition, the resulting dilution factor becomes
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The final relic density is thus given by the freeze-out value divided by ”.

4 Phenomenological Constraints and Signals

We now discuss the experimental and cosmological constraints relevant for the model. One con-
straint to the model comes from direct detection searches of DM. We calculate the spin-independent
DM–proton and DM–neutron scattering cross sections, which proceed via t-channel exchange of
the neutral mediators ς1,2. The corresponding cross sections are given by,

εωp =
g2Dg

2µ2
ωp

ϑc2Wm4
1m

4
2

(
(2gV 1,u + gV 1,d)gω,1m

2
2 + (2gV 2,u + gV 2,d)gω,2m

2
1

)2
(21)

5

The relic abundance is set at the symmetric phase, 
rather than at the broken phase

No 𝜖 or 𝑚!
"  dependance



Further Dilution from the Phase 
Transition

• The phase transition is generically strongly supercooled
• Vacuum energy release reheats the plasma and injects entropy
• Entropy injection dilutes n/s: another reduction of the relic 

density

6



Phenomenology
• For a given DM mass, calculate the dark gauge coupling by 

requiring the right relic abundance

• Require the dark sector to be in thermal equilibrium with the SM

• Dark photon mass to be slightly above the dark matter mass, so 
that the                           is kinematicaly suppressed in the broken 
phase, and the annihilation is dominated by                         

• With the dark gauge coupling, kinetic mixing, and mass of DM, and 
dark photon, the direct detection is easily within the current limit

7

We compute the thermally averaged annihilation cross section in the non relativistic limit, which
is appropriate for thermal freeze out. Since the dark Higgs phase transition has not yet occurred, the
U(1)D gauge symmetry remains unbroken at these temperatures and the dark photon is massless.
Once the temperature drops below the DM mass mω, annihilation is dominated by the t- and u-
channel processes ωω̄ → A→A→, with a thermally averaged cross section given by

↑εv↓ = g4D
16ϑm2

ω

+ . . . , (18)

where . . . represent subdominant terms from other annihilation channels. The dark photon remains
in thermal equilibrium with the SM plasma through kinetic mixing interactions. DM thermal freeze
out occurs at a temperature TF ↔ mω/30, and the resulting relic abundance is approximately

!Dh
2 =

2.5↗ 10↑10 GeV2

↑εv↓ , (19)

which is determined by the dark gauge coupling gD and the DMmassmω. After DM has fallen out of
thermal equilibrium and its abundance has frozen out, the U(1)D gauge symmetry is spontaneously
broken through a first order phase transition. As a consequence, the dark photon acquires a
non-zero mass, mA→ > mω, and the t- and u- channel annihilation processes into dark photons
become kinematically forbidden. After the phase transition, the DM annihilation cross section
is strongly suppressed, which would suggest an overabundant relic if one extrapolated from late
time annihilation rates probed by indirect detection experiments. However, the relic abundance is
already determined by the DM evolution in the symmetric phase. Moreover, such dark Higgs phase
transitions are typically supercooled in the region of parameter space relevant for our scenario,
as we will demonstrate explicitly in the next section. In this case, the vacuum energy released
during the transition dominates over the radiation energy density, which can be quantified by the
ϖ parameter, ϖ = ϱvac/ϱrad. In the supercooled region, ϖ ↘ 1, so that the completion of the phase
transition reheats the Universe and injects a substantial amount of entropy. The entropy injection
associated with the supercooled phase transition dilutes the DM abundance. The dilution factor
is given by the ratio of comoving entropies before and after reheating, (Trh/Tp)3, where Tp is the
percolation temperature at which true vacuum bubbles become infinitely connected, and Trh is the
reheating temperature. Using energy conservation during reheating Trh = Tp(1 + ϖ)1/4, with ϖ he
usual strength parameter of the phase transition, the resulting dilution factor becomes
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= (1 + ϖ)3/4. (20)

The final relic density is thus given by the freeze-out value divided by ”.

4 Phenomenological Constraints and Signals

We now discuss the experimental and cosmological constraints relevant for the model. One con-
straint to the model comes from direct detection searches of DM. We calculate the spin-independent
DM–proton and DM–neutron scattering cross sections, which proceed via t-channel exchange of
the neutral mediators ς1,2. The corresponding cross sections are given by,
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where µωi = mωmi/(mω +mi), with i = p, n denotes the reduced mass of the of the DM–nucleon
system. Note that as expected, only the vectorial couplings to SM matter fields appear. From
these expressions we obtain the spin independent DM-nucleon scattering cross section,

ωωN =
Zωωp + (A→ Z)ωωn

A
(23)

where Z is the atomic number and A the atomic mass of the medium in which the DM scatters o!.
Another constraint comes from precision electroweak measurements, which imply ϑ ↭ 10→2 for

a light dark photon mass mA→ su”ciently away from the Z-mass, with the bound becoming weaker
for mA→ ↑ mZ [5]. These bounds may be relaxed in the presence of sizable invisible decay widths,
though they nonetheless restrict the viable parameter space.

Consistency of the thermal history requires that the dark sector was in thermal equilibrium
with the SM plasma prior to DM freeze-out. Requiring the interaction rate for processes such as
ϖϖ ↓ SMSM to exceed the Hubble expansion rate leads to a lower bound on the kinetic mixing.
Roughly speaking, the interaction rate scales as ↔ ϑ2ϱEMϱDmϖ, where ϱEM = e2/4ε, which
translates into the approximate condition

ϑgD ↫ 10→7

√
mω

GeV
. (24)

In addition, kinetic mixing in the presence of a non-vanishingmA→ and of EWSB, leads to the mixing
described in the previous paragraphs for the neutral gauge bosons of the dark and EW sectors.
The dark Higgs decays, via o!-shell gauge bosons, to SM fermions as: ς ↓ φ↑φ↑ ↓ ff̄f ↓f̄ ↓, with
φ = φ2µ,φ1µ, and we must demand that these decays happen at times earlier than Big Bang
nucleosynthesis (BBN), in order not to disrupt the well-measured primordial abundances of the
early Universe.

We now introduce some representative benchmark scenarios for this framework, summarized in
Table 1. We first consider DM mass in the range mω = 10, 30, 100, and 1000 GeV, spanning the
region where direct detection constraints vary significantly and are particularly stringent around
mω ↗ 30 GeV. For each benchmark point, we first determine the dark gauge coupling gD by
requiring that the correct DM relic abundance is obtained, using Eq. (19). When computing the
relic abundance, we fix the ϱ parameter, which controls the amount of entropy dilution associated
with the dark Higgs phase transition to ϱ = 10. Larger values of ϱ lead to stronger dilution and
therefore require smaller values of gD. The relic abundance is diluted by a factor of (1+ϱ)3/4 ↗ ϱ3/4

for ϱ ↑ 1. As a result, to get the observed relic density implies that the dark gauge coupling rescales
as as gD ↓ gDϱ3/16. For instance, taking ϱ = 10 as the reference value, increasing ϱ to 103 (104)
reduces the required value of the dark gauge coupling by a factor of approximately 2.4(3.6). The
kinetic mixing ϑ is chosen to be the minimum value required to keep the dark sector in thermal
equilibrium with the SM in the early Universe. Using Eqs. (24) and (19), this yields ϑ ↗ 9↘ 10→6

for ϱ = 10. For larger supercooling, the reduced value of gD increases the minimum kinetic mixing
ϑ required for thermalization by the same factor. As discussed in Sec 3, achieving the observed
relic density in this scenario requires the dark Higgs phase transition to occur after DM freeze-
out. We therefore choose the phase transition temperature to be roughly T↑ ↔ TF /3 ↔ mω/100.
The dark photon mass mA→ is taken to be slightly above the DM mass mω. The hierarchy of
mA→ > mω ↑ T↑ implies a large hierarchy between the dark photon mass and the phase transition
temperature, indicating a strongly first-order transition accompanied by significant supercooling.
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We compute the thermally averaged annihilation cross section in the non relativistic limit, which
is appropriate for thermal freeze out. Since the dark Higgs phase transition has not yet occurred, the
U(1)D gauge symmetry remains unbroken at these temperatures and the dark photon is massless.
Once the temperature drops below the DM mass mω, annihilation is dominated by the t- and u-
channel processes ωω̄ → A→A→, with a thermally averaged cross section given by

↑εv↓ = g4D
16ϑm2

ω

+ . . . , (18)

where . . . represent subdominant terms from other annihilation channels. The dark photon remains
in thermal equilibrium with the SM plasma through kinetic mixing interactions. DM thermal freeze
out occurs at a temperature TF ↔ mω/30, and the resulting relic abundance is approximately

!Dh
2 =

2.5↗ 10↑10 GeV2

↑εv↓ , (19)

which is determined by the dark gauge coupling gD and the DMmassmω. After DM has fallen out of
thermal equilibrium and its abundance has frozen out, the U(1)D gauge symmetry is spontaneously
broken through a first order phase transition. As a consequence, the dark photon acquires a
non-zero mass, mA→ > mω, and the t- and u- channel annihilation processes into dark photons
become kinematically forbidden. After the phase transition, the DM annihilation cross section
is strongly suppressed, which would suggest an overabundant relic if one extrapolated from late
time annihilation rates probed by indirect detection experiments. However, the relic abundance is
already determined by the DM evolution in the symmetric phase. Moreover, such dark Higgs phase
transitions are typically supercooled in the region of parameter space relevant for our scenario,
as we will demonstrate explicitly in the next section. In this case, the vacuum energy released
during the transition dominates over the radiation energy density, which can be quantified by the
ϖ parameter, ϖ = ϱvac/ϱrad. In the supercooled region, ϖ ↘ 1, so that the completion of the phase
transition reheats the Universe and injects a substantial amount of entropy. The entropy injection
associated with the supercooled phase transition dilutes the DM abundance. The dilution factor
is given by the ratio of comoving entropies before and after reheating, (Trh/Tp)3, where Tp is the
percolation temperature at which true vacuum bubbles become infinitely connected, and Trh is the
reheating temperature. Using energy conservation during reheating Trh = Tp(1 + ϖ)1/4, with ϖ he
usual strength parameter of the phase transition, the resulting dilution factor becomes
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= (1 + ϖ)3/4. (20)

The final relic density is thus given by the freeze-out value divided by ”.

4 Phenomenological Constraints and Signals

We now discuss the experimental and cosmological constraints relevant for the model. One con-
straint to the model comes from direct detection searches of DM. We calculate the spin-independent
DM–proton and DM–neutron scattering cross sections, which proceed via t-channel exchange of
the neutral mediators ς1,2. The corresponding cross sections are given by,
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an o!-shell s-channel dark photon, ωω̄ → A→↑ → ff̄ , in which f denotes the SM fermions. The
corresponding annihilation cross section scales as g2Dε

2m2
ω/m

4
A→ . In this work, we neglect resonant

annihilation through an on-shell dark photon. We calculate the thermal average annihilation cross
section. We compute the s-channel processes mediated by the neutral state ϑ1,2 (as defined in
Sec 2), taking the non-relativistic limit which is appropriate for DM annihilation today. Assuming
for simplicity massless SM fermions,

↑ϖv↓ =
g2g2Dm

2
ω

ϱc2W

∑

f




(

gω,1gV 1,f

m2
1 ↔ 4m2

ω
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gω,2gV 2,f

m2
2 ↔ 4m2

ω

)2

+

(
gω,1gA1,f

m2
1 ↔ 4m2

ω

+
gω,2gA2,f

m2
2 ↔ 4m2

ω

)2


 (11)

where the vectorial, axial and DM couplings take the form,

gV 1,f = QfsW c2Wς
√
1↔ ς2xa ↔ (xb + sWς

√
1↔ ς2xa)

(
T3

2
↔ s2WQf

)
(12)

gV 2,f = QfsW c2Wς
√
1↔ ς2xb + (xa ↔ sWς

√
1↔ ς2xb)

(
T3

2
↔ s2WQf

)
(13)

gA1,f = (xb + sWς
√
1↔ ς2xa)

(
T3

2

)
(14)

gA2,f = (↔xa + sWς
√
1↔ ς2xb)

(
T3

2

)
(15)

gω,1 =
√
1↔ ς2xa (16)

gω,2 =
√
1↔ ς2xb (17)

with Qf the SM fermion EM charge and T3 its weak isospin third component. The resulting cross
section is strongly suppressed by the mediator masses and by the small kinetic mixing parameter
as expected. This suppression directly translates into a small annihilation rate both today and at
the time of thermal freeze-out, if the symmetry breaking pattern is assumed to be identical to that
at zero temperature.

As we will discuss in the next section, the combination of g2Dε
2/m4

A→ is constrained by direct
detection experiments. For example, for mω = 100 GeV, the current bound implies g2Dε

2/m4
A→ ↭

10↓19 (GeV)↓4. Such a small annihilation rate leads to an ine”cient depletion of DM in the
early Universe and consequently to a relic abundance far exceeding the observed value. For the
parameters choice above, the predicted DM abundance is approximately seven orders of magnitude
larger than the measured one. This overabundance motivates considering a modified thermal
history, in which the dark Higgs phase transition plays a central role in determining the final DM
relic density.

We now consider the impact of a phase transition in the early Universe on the DM relic abun-
dance. In order to keep the discussion as model independent as possible, we do not specify the
microscopic dynamics responsible for the phase transition and instead focus on its macroscopic
e!ects on the thermal history. We further assume that the dynamics driving the phase transition
does not directly a!ect the DM number density other than through the phase transition. Before
the phase transition, the Universe is in the unbroken (symmetric) phase of the dark U(1)D gauge
symmetry, in which the dark photon is massless. DM annihilation takes place at temperatures for
which the gauge symmetry remains unbroken. In this symmetric phase, kinetic mixing between
the massless dark photon and the SM hypercharge gauge boson induces an e!ective mixing angle,
allowing the dark sector, including dark fermions ω and the scalar field responsible for symmetry
breaking, to remain in thermal equilibrium with the SM plasma.
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Get the right relic abundant for DM that is naively 
overabundant by 8-11 orders of magnitude



GW signal

• GW signal is determined by 𝛼, 𝛽, TPT, and vW
• Phase Transition temperature. Require the phase transition 

happens after the freezeout,  𝑇#$~
$!"
%
~
&#
'((

• Typically, large 𝛼 (𝑚)* > 𝑚𝜓 ≫ 𝑇#$), ( +
+,'

-
 is saturated)

• With large 𝛼, 𝑣. → 1 

• Only one free parameter, the duration of the phase transition / 
mean bubble separation
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GW signal
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Figure 1: GW spectra generated by the dark Higgs first-order phase transition for the benchmark scenarios
BMA–BMD listed in Table 1. Each panel corresponds to a di!erent DM mass and model parameters as
specified in the table. The GW signal is computed assuming a supercooled phase transition with phase
transition temperature T→ → mω/100, ω parameter ω = 10, bubble wall velocity vw = 1. The blue solid,
red dashed, and green dotted curves correspond to di!erent values of the mean bubble separation R→H→ =
10↑1, 10↑2, and 10↑3 respectively. Projected sensitivity curves for future GW observatories, including
THEIA [17], µAres [18], LISA [19–21], Taiji [22], TianQin [23], DECIGO [24, 25], and BBO [26, 27] are
shown for comparison

cooled transitions are expected to accelerate to ultra-relativistic velocities. We therefore take the
bubble wall velocity to be vw = 1. Following the formalism of Ref. [16], we compute the resulting
GW spectra for our benchmark scenarios. The corresponding GW signals are shown in Fig. 1,
where we also overlay the projected sensitivities of upcoming GW experiments. We fix ω = 10
in the calculation. The signal increases moderately with stronger supercooling and is enhanced
by approximately 20% in the limit ω ↑ ↓. The values of R→H→ and ω used for the figures are
those expected for a supercooled phase transition [13,14]. Note that, for fixed mω, as one decreases
the bubble separation R→H→, the GW spectra peak decreases and shifts towards larger frequency
values. On the other hand, for fixed R→H→, larger values of the DM mass mω shift all of the GW
spectra to larger frequencies. The latter is a consequence of how we are relating the phase transition
temperature to the DM mass. As we see from Fig. 1, many of the upcoming and planned GW
experiments should be able to probe these DM scenarios for di!erent DM masses.

We now briefly comment on the scenario in which the DM is light, with mass mω ↔ O(1)
GeV. This regime is particularly well motivated, as light DM has attracted considerable attention
in recent years. One of the strongest constraints on DM with masses below or around the GeV
scale comes from late time annihilation into electromagnetically charged particles, which injects
energy into the primordial plasma after recombination and modifies the ionization history, leaving
observable signatures in the CMB. CMB observations typically constrain the velocity-averaged

8

9GW signal can be probed by upcoming experiments
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Lighter DM, 1 – 10 GeV

• In this mass range, the thermal relic is under serious 
pressure

• The canonical 3×10/-0 cm3s-1 is excluded from direct 
detection, and a dark phase transition provides a way to 
suppress the late time annihilation

• Phase Transition temperature, 10 – 100 MeV, which pushes 
the GW into the nano-Hz frequency bands

10



GW signal – Viable Fit to NANOGrav

11

• Reasonable fit for 5 GeV, and 10 
GeV DM

• For 5 GeV, the peak frequency is 
within the observable band of 
Nanograv. Signal is slightly on the 
higher end for low frequencies and 
slightly on the lower end for high 
frequencies

• For 10 GeV, the peak frequency is 
higher, so the signal is slightly on 
the lower end for lower frequencies

• Lighter DM, can not fit the high 
frequencies

• Heavier DM, peak frequency is too 
high

PH, A. Medina, and C. Wagner, 2602.16822

A Dark phase transition link relic abundance, 
CMB safety, and nano-Hz GWs 



Conclusion

• Propose a mechanism to suppress late-time annihilation, which suggests 
overabundant dark matter

• Before the phase transition, dark photon is massless, the dominant 
annihilation channel is 

• After the phase transition, dark photon is massive, and the dominant 
annihilation channel is instead

• GW signal is potentially testable by future GW experiments or PTA 
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Early 
Universe

Freeze-out Today

large <σv>
Sets the abundance

small <σv>
evades bounds

Dark Phase Transition

We compute the thermally averaged annihilation cross section in the non relativistic limit, which
is appropriate for thermal freeze out. Since the dark Higgs phase transition has not yet occurred, the
U(1)D gauge symmetry remains unbroken at these temperatures and the dark photon is massless.
Once the temperature drops below the DM mass mω, annihilation is dominated by the t- and u-
channel processes ωω̄ → A→A→, with a thermally averaged cross section given by

↑εv↓ = g4D
16ϑm2

ω

+ . . . , (18)

where . . . represent subdominant terms from other annihilation channels. The dark photon remains
in thermal equilibrium with the SM plasma through kinetic mixing interactions. DM thermal freeze
out occurs at a temperature TF ↔ mω/30, and the resulting relic abundance is approximately

!Dh
2 =

2.5↗ 10↑10 GeV2

↑εv↓ , (19)

which is determined by the dark gauge coupling gD and the DMmassmω. After DM has fallen out of
thermal equilibrium and its abundance has frozen out, the U(1)D gauge symmetry is spontaneously
broken through a first order phase transition. As a consequence, the dark photon acquires a
non-zero mass, mA→ > mω, and the t- and u- channel annihilation processes into dark photons
become kinematically forbidden. After the phase transition, the DM annihilation cross section
is strongly suppressed, which would suggest an overabundant relic if one extrapolated from late
time annihilation rates probed by indirect detection experiments. However, the relic abundance is
already determined by the DM evolution in the symmetric phase. Moreover, such dark Higgs phase
transitions are typically supercooled in the region of parameter space relevant for our scenario,
as we will demonstrate explicitly in the next section. In this case, the vacuum energy released
during the transition dominates over the radiation energy density, which can be quantified by the
ϖ parameter, ϖ = ϱvac/ϱrad. In the supercooled region, ϖ ↘ 1, so that the completion of the phase
transition reheats the Universe and injects a substantial amount of entropy. The entropy injection
associated with the supercooled phase transition dilutes the DM abundance. The dilution factor
is given by the ratio of comoving entropies before and after reheating, (Trh/Tp)3, where Tp is the
percolation temperature at which true vacuum bubbles become infinitely connected, and Trh is the
reheating temperature. Using energy conservation during reheating Trh = Tp(1 + ϖ)1/4, with ϖ he
usual strength parameter of the phase transition, the resulting dilution factor becomes

” =

(
Trh

Tp

)3

= (1 + ϖ)3/4. (20)

The final relic density is thus given by the freeze-out value divided by ”.

4 Phenomenological Constraints and Signals

We now discuss the experimental and cosmological constraints relevant for the model. One con-
straint to the model comes from direct detection searches of DM. We calculate the spin-independent
DM–proton and DM–neutron scattering cross sections, which proceed via t-channel exchange of
the neutral mediators ς1,2. The corresponding cross sections are given by,

εωp =
g2Dg

2µ2
ωp

ϑc2Wm4
1m

4
2

(
(2gV 1,u + gV 1,d)gω,1m

2
2 + (2gV 2,u + gV 2,d)gω,2m

2
1

)2
(21)

5

an o!-shell s-channel dark photon, ωω̄ → A→↑ → ff̄ , in which f denotes the SM fermions. The
corresponding annihilation cross section scales as g2Dε

2m2
ω/m

4
A→ . In this work, we neglect resonant

annihilation through an on-shell dark photon. We calculate the thermal average annihilation cross
section. We compute the s-channel processes mediated by the neutral state ϑ1,2 (as defined in
Sec 2), taking the non-relativistic limit which is appropriate for DM annihilation today. Assuming
for simplicity massless SM fermions,

↑ϖv↓ =
g2g2Dm

2
ω

ϱc2W

∑

f




(

gω,1gV 1,f

m2
1 ↔ 4m2

ω

+
gω,2gV 2,f

m2
2 ↔ 4m2

ω

)2

+

(
gω,1gA1,f

m2
1 ↔ 4m2

ω

+
gω,2gA2,f

m2
2 ↔ 4m2

ω

)2


 (11)

where the vectorial, axial and DM couplings take the form,

gV 1,f = QfsW c2Wς
√

1↔ ς2xa ↔ (xb + sWς
√

1↔ ς2xa)

(
T3

2
↔ s2WQf

)
(12)

gV 2,f = QfsW c2Wς
√

1↔ ς2xb + (xa ↔ sWς
√

1↔ ς2xb)

(
T3

2
↔ s2WQf

)
(13)

gA1,f = (xb + sWς
√

1↔ ς2xa)

(
T3

2

)
(14)

gA2,f = (↔xa + sWς
√

1↔ ς2xb)

(
T3

2

)
(15)

gω,1 =
√

1↔ ς2xa (16)

gω,2 =
√

1↔ ς2xb (17)

with Qf the SM fermion EM charge and T3 its weak isospin third component. The resulting cross
section is strongly suppressed by the mediator masses and by the small kinetic mixing parameter
as expected. This suppression directly translates into a small annihilation rate both today and at
the time of thermal freeze-out, if the symmetry breaking pattern is assumed to be identical to that
at zero temperature.

As we will discuss in the next section, the combination of g2Dε
2/m4

A→ is constrained by direct
detection experiments. For example, for mω = 100 GeV, the current bound implies g2Dε

2/m4
A→ ↭

10↓19 (GeV)↓4. Such a small annihilation rate leads to an ine”cient depletion of DM in the
early Universe and consequently to a relic abundance far exceeding the observed value. For the
parameters choice above, the predicted DM abundance is approximately seven orders of magnitude
larger than the measured one. This overabundance motivates considering a modified thermal
history, in which the dark Higgs phase transition plays a central role in determining the final DM
relic density.

We now consider the impact of a phase transition in the early Universe on the DM relic abun-
dance. In order to keep the discussion as model independent as possible, we do not specify the
microscopic dynamics responsible for the phase transition and instead focus on its macroscopic
e!ects on the thermal history. We further assume that the dynamics driving the phase transition
does not directly a!ect the DM number density other than through the phase transition. Before
the phase transition, the Universe is in the unbroken (symmetric) phase of the dark U(1)D gauge
symmetry, in which the dark photon is massless. DM annihilation takes place at temperatures for
which the gauge symmetry remains unbroken. In this symmetric phase, kinetic mixing between
the massless dark photon and the SM hypercharge gauge boson induces an e!ective mixing angle,
allowing the dark sector, including dark fermions ω and the scalar field responsible for symmetry
breaking, to remain in thermal equilibrium with the SM plasma.
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section is strongly suppressed by the mediator masses and by the small kinetic mixing parameter
as expected. This suppression directly translates into a small annihilation rate both today and at
the time of thermal freeze-out, if the symmetry breaking pattern is assumed to be identical to that
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