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We consider a dark electroweak phase transition, during which a baryon asymmetry in the dark neutrons
and an equal lepton asymmetry in the dark Dirac neutrinos can be simultaneously induced by the
CP-violating reflection of the dark fermions off the expanding dark Higgs bubbles. The Yukawa couplings
for generating the ordinary Majorana neutrino masses can partially convert the dark lepton asymmetry to an
ordinary baryon asymmetry in association with the ordinary sphaleron processes. The dark neutron can
have a determined mass to serve as a dark matter particle. By further imposing a proper mirror symmetry,
the Majorana neutrino mass matrix can have the form of a linear seesaw, while its Dirac CP phase can
provide a unique source for the required CP violation.
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I. INTRODUCTION

To realize a baryogenesis mechanism for dynami-
cally generating the cosmic baryon asymmetry [1], a
CPT-invariant theory of particle interactions should
match the Sakharov conditions: baryon number non-
conservation, C and CP violation, and departure from
equilibrium [2]. Kuzmin, Rubakov, and Shaposhnikov [3]
pointed out the standard model (SM) could fulfill all
of these conditions. In principle, the SM can provide a
so-called electroweak baryogenesis mechanism [4]. This
SM electroweak baryogenesis depends only on the SM
parameters, in particular, the Kobayashi-Maskawa (KM)
[5] CP violation in the quark sector and the mass of the
Higgs boson [6]. Unfortunately, the KM CP violation is
highly suppressed by the Jarlskog determinant [7], while
the light Higgs boson mass for the strongly first-order
electroweak phase transition [6] has been ruled out
experimentally.
On the other hand, the discovery of neutrino oscillation

indicates that three flavors of neutrinos should be massive
and mixed, while the cosmological observations imply the
neutrino masses should be in a sub-eV range [1]. We can
resort to the famous seesawmechanism [8–11] for naturally
understanding the small neutrino masses. Because of the
sphaleron processes [3], these seesaw models can also
accommodate a leptogenesis mechanism [12] to produce
the baryon asymmetry. Alternatively, others tried to con-
nect the baryon asymmetry and the neutrino mass by the
electroweak baryogenesis from the interactions involving
the neutrinos [13]. Although this attempt failed in some
simple models with heavy neutral fermions [13,14], it could
succeed in a late neutrino mass framework [15].

The existence of dark matter (DM) poses another big
challenge to the SM. It is very intriguing that the dark and
baryonic matter contribute comparable energy densities in
our Universe although their properties are so different [1].
This coincidence can be elegantly explained if the DM relic
is due to a DM asymmetry and is related to the generation
of the baryon asymmetry [16–31]. For example, we can
consider a dark world parallel to our visible world and then
transplant the baryogenesis mechanism in the visible world
to the dark world. In the presence of a proper mirror
symmetry [31], the parameters in the dark world can be
stringently constrained by those in the visible world. So, the
dark and baryonic matter can have an equal number density,
and hence the DM mass can become predictive as the
nucleon mass is known. We can also construct some
models to produce the baryon asymmetry and the DM
asymmetry from the decays of same particles [29,30]. The
related interactions even can be fully responsible for the
neutrino mass generation [27].
In this paper, we shall propose a novel scenario to solve

the coincidence problem between the baryonic and dark
matter. Specifically, we shall consider a dark electroweak
symmetry breaking, during which the phase transition is
strongly first order so that the CP-violating reflection of the
dark fermions off the expanding dark Higgs bubbles can
simultaneously create a baryon asymmetry in the dark
neutrons and an equal lepton asymmetry in the dark Dirac
neutrinos. The Yukawa couplings for generating the ordi-
nary Majorana neutrino masses can participate in the
production of the dark baryon and lepton asymmetries
besides the conversion of the dark lepton asymmetry to an
ordinary lepton asymmetry. When we further impose a
proper mirror symmetry, the Majorana neutrino mass
matrix can have the form of a linear seesaw [32], while
its DiracCP phase can give a unique source for the required
CP violation.*peihong.gu@sjtu.edu.cn
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II. THE MODEL

The fields including the Higgs scalars and the chiral
fermions are classified in an SUð3Þc × SUð2ÞL ×Uð1ÞY
ordinary sector (OS), an SUð3Þ0c × SUð2Þ0R × Uð1Þ0Y dark
sector (DS), and a messenger sector (MS):

OS∶ ϕdðþ1Þ;ϕuð−1Þ;ϕeðþ3Þ;ϕνð−3Þ;
qLð0Þ; dRðþ1Þ; uRðþ1Þ; lLð0Þ; eRðþ3Þ;

DS∶ ϕ0
dð−1Þ;ϕ0

uðþ1Þ;ϕ0
eð−3Þ;ϕ0

νðþ3Þ;
q0Rð0Þ; d0Lð−1Þ; u0Lð−1Þ; l0Rð0Þ; e0Lð−3Þ;

MS∶ Σð0Þ; χðþ2Þ; ν0Lð−3Þ: ð1Þ

Here the numbers in the parentheses describe a Peccei-
Quinn symmetry Uð1ÞPQ [33–35] for an invisible axion
[36–39]. We also assume that the dark hypercharges and the
baryon or lepton numbers of the dark fields are opposite to
the ordinary ones, while the ½SUð2ÞL × SUð2Þ0R�-bidoublet
Higgs scalar Σ, the gauge-singlet Higgs scalar χ, and the
gauge-singlet fermions ν0L carry the lepton numbers þ2,
þ1, and −1, respectively. The relevant Lagrangian is

LY ⊃ −ȳdq̄L ~ϕddR − ȳuq̄LϕuuR − ȳel̄L ~ϕeeR − ȳνl̄Lϕνν
0c
L

− ȳ0dq̄
0
R
~ϕ0
dd0L − ȳ0uq̄0Rϕ

0
uu0L − ȳ0el̄0R ~ϕ

0
ee0L − ȳ0ν l̄0Rϕ

0
νν

0
L

− fl̄LΣl0R − ðμ1ϕ†
dϕu þ μ2ϕ

†
eϕd þ μ3ϕ

†
νϕuÞχ

− ðμ01ϕ0†
dϕ

0
u þ μ02ϕ

0†
eϕ0

d þ μ03ϕ
0†
νϕ0

uÞχ� − ρ1ϕ
†
dΣϕ0

u

− ρ2ϕ
†
uΣϕ0

d − ρ3ϕ
†
eΣϕ0

ν − ρ4ϕ
†
νΣϕ0

e þ H:c:; ð2Þ

where the lepton number is only allowed to be softly
broken.
After the Higgs singlet χ develops its vacuum expect-

ation value (VEV) for breaking the Uð1ÞPQ symmetry, we
can define the dark and ordinary Higgs doublets:

ϕ0 ¼
P

i¼d;u;e;νhϕ0
iiϕ0

iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i¼d;u;e;νhϕ0

ii2
q ; ϕ ¼

P
i¼d;u;e;νhϕiiϕiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i¼d;u;e;νhϕii2
q ; ð3Þ

and then get the terms for the fermion mass generation:

L ⊃ −ydq̄L ~ϕdR − yuq̄LϕuR − yel̄L ~ϕeR − yν l̄Lϕν0cL

− y0dq̄
0
R
~ϕ0d0L − y0uq̄0Rϕ

0u0L − y0el̄0R ~ϕ
0e0L − y0ν l̄0Rϕ

0ν0L
− fl̄LΣl0R − ρϕ†Σϕ0 þ H:c: with yi ¼ riȳi;

y0i ¼ r0iȳ
0
i; ρ ¼

X
i;j;k

rir0jρk;

ri ¼
hϕii
hϕi ; r0i ¼

hϕ0
ii

hϕ0i : ð4Þ

The other linear combinations of the ordinary Higgs
scalars are simply assumed heavy enough so that they

can safely escape from the experimental constraints.
Note that the messenger Higgs bidoublet Σ can also acquire
a VEV because of the above ρ term. This Higgs bidoublet
indeed can be expressed by two ordinary doublets, i.e.
Σ ¼ ½σ1σ2� with hσ1i ¼ 0 and hσ2i ¼ hΣi. We thus can
have the SM Higgs doublet H ¼ ϕ cos β þ σ2 sin β with
the rotation angle tan β ¼ hΣi=hϕi and the VEV hHi ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hϕi2 þ hΣi2

p ≃ 174 GeV.
While the ordinary and dark charged fermion masses are

produced in a usual way, the neutrino masses are sup-
pressed by a seesaw mechanism. Specifically, the dark
neutrinos ν0R and the messenger fermions ν0L form three
heavy dark Dirac neutrinos; meanwhile, the ordinary
neutrinos νL obtain a tiny Majorana mass term, i.e.

L ⊃ −
1

2
½ν̄Lν̄0cRν̄0L�

2
64

0 fhΣi yνhϕi
fThΣi 0 y0�νhϕ0i
yTν hϕi y0†νhϕ0i 0

3
75
2
64
νcL
ν0R
ν0cL

3
75

þ H:c:

≃ −
1

2
ν̄Lmνν

c
L − ν̄0RM

0
νν

0
L þ H:c: with

M0
ν ¼ y0νhϕ0i ≫ mν ¼

�
f

1

y0�ν
yTν þ yν

1

y0†ν
fT

� hHi2 sin 2β
2hϕ0i :

ð5Þ

Apparently, the Majorana neutrino masses can be sup-
pressed by the Yukawa couplings yν and/or the VEV ratio
hHi sin 2β=hϕ0i. Alternatively, the Yukawa couplings f can
be very small, though this choice is quite arbitrary.
We can introduce a mirror symmetry to simplify the

parameter choice. Actually, the existence of our dark sector
can be well motivated by such a mirror symmetry. Here we
choose the mirror symmetry to be the CP under which the
gauge and Yukawa couplings are

g01;2;3 ¼ g1;2;3; ȳ0d;u;e;ν ¼ ȳ�d;u;e;ν; f ¼ fT: ð6Þ

The Majorana neutrino mass matrix in Eq. (5) then will be a
linear seesaw [32], i.e.

mν ¼ −f
hHi2 sin 2β

hϕ0i
rν
r0ν

¼ U�m̂νdiagfe−iα1 ; e−iα2 ; 1gU†; ð7Þ

where the unitary matrix U contains a Dirac CP phase.

III. DARK BARYON AND LEPTON NUMBERS

We require the dark electroweak symmetry breaking
before the ordinary electroweak symmetry breaking.
Moreover, the phase transition during the dark electroweak
symmetry breaking is required to be strongly first order
[40]. These two assumptions definitely can be achieved,
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since we have the flexibility to choose the proper param-
eters in the scalar potential. We will study the details
elsewhere.
During such a dark electroweak phase transition, the

bubbles of the true ground state of the dark Higgs scalar ϕ0
will nucleate and expand until they fill the Universe.
Outside the bubbles where the dark electroweak symmetry
is unbroken, the right- and left-handed dark fermions can
have distinct thermal masses and hence different momenta
perpendicular to the bubble wall. Furthermore, the dark
SUð2Þ0R sphaleron reactions can keep very fast outside the
bubbles, though they are highly suppressed inside the
bubbles. As a dark Higgs bubble expands, the dark
fermions from the unbroken phase will be reflected off
the bubble wall back into the unbroken phase. If the CP is
not conserved, we can expect a difference between the
reflection probabilities for the dark quarks and antiquarks
with a given chirality. We hence can obtain a net baryon
number outside the bubbles and an opposite baryon number
inside the bubbles. Subsequently, the baryon number out-
side the bubbles, other than the baryon number inside the
bubbles, will be converted to a lepton number and a baryon
number by the dark sphaleron processes. The final baryon
number thus should be a sum of the baryon number inside
the bubbles and the baryon number outside the bubbles.
This means that the dark baryon asymmetry must equal the
dark lepton asymmetry. Similarly, we can consider the CP-
violating reflection of the dark leptons and antileptons off
the dark Higgs bubbles.
The above scenario is just an application of the SM

electroweak baryogenesis mechanism in our dark sector.
Note that the KM-type CP violation of the dark quarks or
leptons can be as large as the order of one because of the
free Yukawa couplings y0d;u;e;ν and f. As an example, we
consider the lepton number from the reflection of the dark
leptons and antileptons off the dark Higgs bubbles [41]:

nrL≃
Z

dω
2π

n0ðωÞ½1−n0ðωÞ�
Δk ·vW

T
ΔðωÞþOðv2WÞ: ð8Þ

Here ω is the energy, n0ðωÞ ¼ 1=ðeω=T þ 1Þ is the Fermi-
Dirac distribution, Δk is the difference between the right-
and left-handed dark lepton momenta perpendicular to the
bubble wall, ΔðωÞ is the reflection asymmetry between the
dark leptons and antileptons, and vW is the advancing wall
velocity. The reflected leptons and antileptons can diffuse
before the bubble wall catches up. The typical distance
from the advancing bubble wall to the reflected dark
leptons and antileptons is

ffiffiffiffiffiffiffiffi
DLt

p
− vWt with DL being a

diffusion constant [42,43]. We have known in the SM the
strong interactions dominate the quark diffusion constant
DB ∼ 6=T, while the weak interactions dominate the lepton
diffusion constant DL ∼ 100=T [44,45]. In our model, the
Yukawa couplings involving the dark leptons can be larger
than the strong coupling and hence can dominate the lepton

diffusion. So we can simply estimate the lepton diffusion
constant DL ∼ cL=T with 1 < cL ≲ 6. Within the time
tD ∼DL=v2W , the dark sphalerons can partially convert
the lepton number nrL to a baryon number nB. The remnant
lepton number outside the bubbles and the lepton number
inside the bubbles can give a net lepton number nL. By
solving the diffusion equations, the baryon and lepton
numbers inside the expanded bubbles should be [42,43]

nL
s

¼ nB
s
∼ −

9Γsph

T3

DL

v2W

nrL
s

¼ −
33g082κcL
27π4v2W

nrL
s
; ð9Þ

where Γsph ¼ 6κ½g022=ð4πÞ�5T4 is the dark sphaleron rate per
volume with κ ≃ 20 being a coefficient [46], while s ¼
2π2g�=45 is the one-dimensional entropy density [41] with
g� ≃ 250.75 being the relativistic degrees of freedom.
We now consider the mirror symmetry (6) to quantita-

tively analyze the dark lepton and baryon numbers (9). The
thermal masses of the related quasiparticles can be denoted
by Σ ¼ Ω − γ0ð2iγÞ with [44,45,47–49]

Ω2
l0R
¼ T2

8

�
3

4
g22 þ

1

4
g21 þUf̂2U† þ 1

2
ˆ̄y2e þ

1

2
ȳ�νȳTν

�
;

Ω2
e0L

¼ T2

8
ðg21 þ ˆ̄y2eÞ; Ω2

ν0L
¼ T2

8
ȳTν ȳ�ν;

γl0R ∼
T
32π

�
9g22 þ 6g21 þ Uf̂2U† þ 1

2
ð ˆ̄y2e þ ȳ�νȳTν Þ

�
;

γe0L ∼
T
32π

ð12g21 þ ˆ̄y2eÞ; γ2ν0L
∼

T
32π

ðȳTν ȳ�νÞ: ð10Þ

Because the Yukawa couplings ȳν have a totally unknown
structure, we shall assume ȳν ≪ f, ȳe to conveniently
ignore ȳν from the calculations. We shall also consider
a quasidegenerate neutrino spectrum, i.e. :δf̂2¼ f̂2−f̂23≪
f̂21;2;3, and take 3g22=4þ g21=4þ f̂23 > ˆ̄y2e=2. Under these
assumptions, we can perform

Ωl0R
≃Ωð0Þ

l0R
þΩð1Þ

l0R
; Ωð0Þ

l0R
≃ T

2
ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

4
g22þ

1

4
g21þ f̂23

r
;

Ωð1Þ
l0R

≃ T

4
ffiffiffi
2

p ðUδf̂2U†þ 1
2
ˆ̄y2eÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3
4
g22þ 1

4
g21þ f̂23

q ; Ωe0L
¼ T

2
ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21þ ˆ̄y2e

q
;

Ω0¼
Ωð0Þ

l0R
þΩe0L

2
; δp¼−3Ωð1Þ

l0R
; Δk¼ 3ðΩð0Þ

l0R
−Ωe0LÞ;

γ̄¼ γl0R þ γe0L
2

∼
T
64π

ð9g22þ18g21þ f̂23Þ: ð11Þ

When the perturbation condition 2Ωl0R;e
0
L
> r0e ˆ̄yehϕ0i is

satisfied, the reflection asymmetryΔðωÞ can be analytically
solved by [41]
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ΔðωÞ ¼ −i
Tr½ðr0e ˆ̄yehϕ0iÞ2; δp�3

27 · 310γ̄9

�
1þ

�
ω −Ω0

γ̄

�
2
�
−6

¼ −
2

69
2 π9r06e ˆ̄y6τ f̂

6
3½1þ ðω−Ω0

γ̄ Þ2�−6

ð3
4
g22 þ 1

4
g21 þ f̂23Þ

3
2ð9g22 þ 18g21 þ f̂23Þ9

�hϕ0i
T

�
6

×
Y

i>j
e;μ;τ

�
m2

i −m2
j

m2
τ

� Y
i>j

1
;2;3

�
m2

νi −m2
νj

m2
ν3

�
JCP; ð12Þ

with JCP¼1
4
sin2θ12sin2θ23cos2θ13sinθ13sinδCP. Clearly,

the above formula depends on the product ðm2
ν3 −m2

ν1Þ×
ðm2

ν3 −m2
ν2Þ so that it will not be sensitive to the normal

or inverted hierarchy of the neutrino mass matrix. For
the known parameters m2

ν3 −m2
ν1 ¼ 2.45 × 10−3 eV2,

m2
ν2 −m2

ν1 ¼ 7.53 × 10−5 eV2, sin2θ12¼0.304, sin2 θ23 ¼
0.51, sin2 θ13 ¼ 0.0219, mτ ¼ 1.78 GeV, mμ ¼ 106 MeV,
me ¼ 511 keV, g2 ¼ 0.653, and g1 ¼ 0.358 [1], we can
input f̂3 ¼

ffiffiffiffiffiffi
4π

p
, ˆ̄yτ ¼

ffiffiffiffiffiffi
4π

p
, and r0e ¼ 1=

ffiffiffi
2

p
to estimate an

upper bound of the dark baryon and lepton numbers:

nL
s

¼ nB
s
∼ 2.75 × 10−8 ×

�
κ

20

��
cL
1

��
0.1
vW

��hϕ0i
T

�
6

×

�
0.1 eV
mν3

�
6
�
sin δCP

1

�
: ð13Þ

It should be noted that the result (13) is based on the
assumptions ȳν ≪ f, ȳe; δf̂

2 ¼ f̂2 − f̂23 ≪ f̂21;2;3, 3g22=4þ
g21=4þ f̂23 > ˆ̄y2e=2; 2Ωl0R;e

0
L
> r0e ˆ̄yehϕ0i. For other parameter

choices, a numerical calculation will be necessary and will
not be considered here.

IV. ORDINARY BARYON NUMBER

The dark baryon asymmetry is expected to account
for the DM relic density. We also expect that the dark
lepton asymmetry can be transferred to an ordinary lepton
asymmetry and hence can participate in the ordinary
SUð2ÞL sphaleron processes. If the dark baryon asymmetry
is stored in the dark protons, the dark lepton asymmetry
should be stored in the dark electrons as a result of the
neutrality of the dark electric charge. Through the Yukawa
couplings, −fl̄Lσ1e0R þ H:c:, the ordinary lepton doublets
lL and the scalar doublet σ1 can inherit this dark lepton
asymmetry. So the neutral component of the σ1 scalar can
keep stable to have a significant number density. However,
this is not experimentally allowed, because the σ1 scalar has
the ordinary electroweak gauge interactions. Fortunately,
we can consider another scenario that the dark baryon
asymmetry is stored in the dark neutrons while the dark
lepton asymmetry is stored in the dark neutrinos. The
conversion between the dark and ordinary lepton asymme-
tries depends on the following terms:

L ⊃ −yν l̄Lϕν0cL − fl̄Lσ2ν0R −M0
νν̄

0
Rν

0
L − ρhϕ0iϕ†σ2 þ H:c:

ð14Þ

Note the above two Yukawa terms will wash out the lepton
asymmetry if they are both strong enough. We hence
require one of them to keep departure from equilibrium
until the ordinary sphalerons stop working at the temper-
ature Tsph ∼ 100 GeV [3]. For example, we can easily
estimate yν ≲Oð10−7Þ ≪ f ≲Oð1Þ or f ≲Oð10−7Þ ≪
yν ≲Oð1Þ in the limiting case where the ordinary Higgs
doublets ϕ and σ2 are both near the ordinary electroweak
scale.
We now derive the relation between the ordinary baryon

asymmetry and the dark lepton and baryon asymmetries. At
the crucial temperature Tsph, the SM Yukawa interactions
and the SUð2ÞL and SUð3Þc sphalerons as well as the
vanishing Uð1ÞY hypercharge can yield some relations
among the chemical potentials μq;d;u;l;e;H of the SM fields
qL, dR, uR, lL, eR, H [50–52]. Specifically, all chemical
potentials can be expressed in terms of a single chemical
potential. For example, we read μq ¼ − 1

3
μl, μd ¼ − 19

21
μl,

μu ¼ 5
21
μl, μe ¼ 3

7
μl, and μH ¼ − 4

7
μl [50]. The lepton

number then can be described by L ¼ 3ð2μl þ μeÞ þ
Nν0 ðμν0R þ μν0LÞ ¼

51þ22Nν0
7

μl for f ≫ yν or L ¼ 51−22Nν0
7

μl
for f ≪ yν. Here Nν0 ¼ 0, 1, 2, 3 denotes the number of the
relativistic dark neutrinos, while μν0R;L are their chemical

potentials determined by μν0L ¼ μν0R ¼ þ 11
7
μl for f ≫ yν

or μν0L ¼ μν0R ¼ − 11
7
μl for f ≪ yν. The ordinary baryon

number thus should be

Bf ¼
( 28

79þ22Nν0
ðB − LÞi ¼ − 28

79þ22Nν0
Bn0 for f ≫ yν;

28
79−22Nν0

ðB − LÞi ¼ − 28
79−22Nν0

Bn0 for f ≪ yν:

ð15Þ

Here ðB − LÞi ¼ Bi − Li is the difference between the
initial values of the ordinary baryon and lepton numbers
and now is just the lepton number in the dark neutrinos,
equivalent to the baryon number in the dark neutrons, i.e.
Bi ¼ 0 and ðB − LÞi ¼ −Lν0 ¼ −Bn0 .

V. PREDICTIONS AND IMPLICATIONS

By inputting the cosmological observations Ωbh2 ¼
0.02226 and Ωdmh2 ¼ 0.1186 [1], the dark neutron should
have a determined mass to serve as the DM particle, i.e.

mn0 ¼ mp
Bf

Bn0

Ωdmh2

Ωbh2
¼ 149

j79� 22Nν0 j
mp: ð16Þ

After fixing Nν0 ¼ ð0; 1; 2; 3Þ, we can easily read
mn0 ¼ ð1.89; 1.48; 1.21; 1.03Þmp for f ≫ yν or mn0 ¼
ð1.89; 2.61; 4.26; 11.5Þmp for f ≪ yν.
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Our model contains a massless dark photon γ0, which
should be consistentwith the big bangnucleosynthesis.Now
the annihilations between the dark nucleons and antinu-
cleons into the dark pions are very fast. Actually, the cross
section is much larger than the typical value 1 pb for the
usual thermally producedDM. Thismeans the dark neutron-
antineutron annihilation can be frozen out at a temperature
around TF ∼mn0=30 [53], and then the dark pions can
immediately decay into the dark photons. So, the dark
photon can go out of equilibrium at the temperature
Tγ0 ∼mn0=30. For example, we can have Tγ0 ∼ 30 MeV
for mn0 ¼ 1.03mp or Tγ0 ∼ 60 MeV for mn0 ¼ 1.89mp. The
contribution of the dark photon to the additional neutrino
number is ΔNν ¼ 8

7
½10.75=g�ðTγ0 Þ�43 with g�ðTγ0 Þ being the

relativistic degrees of freedom at the temperature Tγ0 . For
mn0 ¼ 1.89mpwithTγ0 ∼ 60 MeV,we know g�ð60MeVÞ≃
60 [53] and hence read ΔNν ¼ 0.11. Actually ΔNν < 1 for
Tγ0 > 20 MeV [53]. Our dark photon may be probed by
more precise measurements in the future.
The messenger Higgs bidoublet Σ can result in a mass

mixing between the ordinary Z boson and the dark Z0
boson. Furthermore, we can have a Uð1ÞY ×Uð1Þ0Y kinetic
mixing at tree and loop level. This kinetic mixing will
mediate the couplings of the ordinary fermions to the dark
γ0 and Z0 bosons. Note that it is unnecessary to impose the
mirror symmetry (6). So, the dark electroweak symmetry
can be spontaneously broken near the electroweak scale. In
this case, the dark Z0 boson may be found at the colliders.
Through the Z0 exchange, the scattering of the dark
neutrons off the ordinary nucleons can leave a distinct
signal in the DM direct detection experiments [54,55],
since the dark neutron has a determined mass.

If the mirror symmetry (6) is introduced, the darkZ0 boson
should be far above the electroweak scale. Accordingly, the
darkneutron cannot be directly detected.However,we can get
other interesting predictions and implications. Remarkably,
we can take f ≫ yν to predict − sin δCP > 0.01 by using
Eqs. (13) and (15). This prediction may be verified by the
neutrino oscillation experiments. Moreover, the messenger
Higgs bidoublet Σ may help to test the linear seesaw at the
colliders as it is allowed a TeV mass and a sizable VEV.

VI. CONCLUSION

We have demonstrated that a strongly first-order dark
electroweak phase transition with the CP-violating reflec-
tion of the dark fermions off the dark Higgs bubbles can
solve the coincidence problem between the baryonic and
dark matter, in association with the ordinary sphaleron
processes. Remarkably, the Yukawa couplings for the
neutrino mass generation can play an essential role in
the production of the dark baryon and lepton numbers,
besides the conversion of the dark lepton number to the
ordinary lepton number. Our model may be tested by the
running and planning colliders, cosmological observations,
DM detections, or neutrino oscillations.
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