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We introduce a model for matter genesis in which both the baryonic and dark matter asymmetries
originate from a first-order phase transition in a dark sector with an SUð3Þ × SUð2Þ × Uð1Þ gauge group
and minimal matter content. In the simplest scenario, we predict that dark matter is a dark antineutron with
mass of either mn̄ ¼ 1.36 GeV or mn̄ ¼ 1.63 GeV. Alternatively, dark matter may be comprised of equal
numbers of dark antiprotons and pions. In either scenario, this model is highly discoverable through both
dark matter direct detection and dark photon search experiments. The strong dark matter self-interactions
may ameliorate small-scale structure problems, while the strongly first-order phase transition may be
confirmed at future gravitational wave observatories.
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I. INTRODUCTION

Two of the greatest mysteries in physics are the origin of
baryon asymmetry and the nature of dark matter. The first is
puzzling because, although baryon and lepton number are
individually conserved at tree level in the Standard Model
(SM), cosmological measurements observe a net baryon
asymmetry.
One historically popular area of study is electroweak

baryogenesis [1–11], in which the baryon asymmetry arises
from a strongly first-order electroweak phase transition.
Because the minimal SM phase transition is a crossover
[12–14] and CP violation is too small [15–18], models
typically introduce additional singlet scalars [7,19] or an
extra Higgs doublet [4–6,8–10,20–22]. However, strong
constraints on SM CP violation have caused these models
to be increasingly in tension with experiment [23].
The SM must also be extended to account for dark

matter; observations [24] show that dark matter is roughly
5 times as abundant as visible matter. The similarity of
dark and baryon abundances has motivated studies of
asymmetric dark matter, in which the baryon and dark

matter asymmetries originate from the same mechanism
(see the classic reviews [25–27] and references therein).
In this paper, we introduce a minimal model in which the

baryon and dark matter asymmetries originate from electro-
weaklike baryogenesis in a dark sector with an SUð3Þ ×
SUð2Þ × Uð1Þ gauge group, two Higgs doublets, and one
generation of SM-like matter content. A right-handed
neutrino singlet and the SM electroweak sphaleron transfer
the dark lepton asymmetry into a SM baryon asymmetry.
The symmetric component of the dark baryons annihilates
into massive dark photons, which decay to SM states via a
testable kinetic mixing, leaving the asymmetric component
as GeV-scale hadronic dark matter.
We consider two dark matter possibilities in detail. In the

first, the dark antineutron is the lightest baryon, and it
comprises all of dark matter. In the second, the dark
antiproton is the lightest baryon, and it acts as dark matter
together with dark pions. We find that both of these
scenarios are testable at current and future dark photon
and direct detection experiments. Because the dark matter
consists of GeV-scale dark hadrons, it may also have
velocity-dependent self-interactions at the correct scale
to address small-scale structure issues [28].
This paper builds upon recent work [29] on electro-

weaklike baryogenesis in a dark sector with an SUð2Þ
gauge group and two “lepton” doublets. There is an
extensive history of dark sectors with an SUð3Þ × SUð2Þ ×
Uð1Þ gauge group, particularly in the context of mirror-
world models (see [30,31] for a review and [32–34] for
recent interesting examples). The idea that the SM baryon
asymmetry is the result of a dark phase transition
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(“darkogenesis”) was originally proposed in Ref. [35] and
developed in, e.g., Refs. [36–39]. However, whereas darko-
genesis models typically rely on higher-dimensional
operators or a messenger sector in order to transfer the
baryon asymmetry to the SM, we use a neutrino portal in a
minimal, renormalizable model. Reference [40] considered
a model with an SUð3Þ × SUð2ÞR × Uð1Þ dark gauge
sector and mirrored particle content. However, whereas
they relied on a singlet scalar and CKM-like baryogenesis,
we use the two-Higgs doublet mechanism.

II. DARK-SECTOR BARYOGENESIS

The dark sector contains an SUð3Þ0 × SUð2Þ0 ×Uð1Þ0
gauge group, one SM-like matter generation including a
right-handed singlet neutrino n̄0R, and two Higgs doublets
Φf1;2g,

Q0; u0R; d
0
R; L

0; e0R; n̄
0
R;Φ1;Φ2: ð1Þ

Throughout this paper, superscripts 0 on SM particles refer to
their dark-sector counterparts. Unlike the SMmass hierarchy,
we assume that dark leptons are heavy while quarks are light.
The dark gauge sector is directly analogous to the SM

with the exception that the dark Uð1Þ0EM photon is massive
and the dark hypercharge kinetically mixes with the SM
hypercharge. After electroweak symmetry breaking in both
the dark and SM sectors, these features may be para-
metrized in terms of the dark photon as

L ⊃
ϵ

2
FμνF0μν þ 1

2
m2

γ0A
0
μA0μ: ð2Þ

The right-handed neutrino singlet is coupled to both dark
sector Higgses and the SM Higgs

L ⊃ Ya
nL̄0Φ̃an̄0R þ yNL̄H̃n̄0R þ c:c:; ð3Þ

for a ∈ f1; 2g where H̃ ¼ iσ2H� and similarly for Φ̃a.
Each particle may possess distinct Yukawa couplings Ya to
the two Higgs doublets. It is also possible that the dark
neutrino has a Majorana mass term. This term would
violate dark lepton number and could suppress the final
asymmetries; thus, we conservatively assume the Majorana
mass is less than a keV.
Dark-sector baryogenesis proceeds through the two-

Higgs doublet mechanism at the dark electroweak phase
transition, which we assume occurs before the SM electro-
weak crossover. This results in a B0 þ L0 asymmetry that is
primarily driven by the dark electron, which we take to have
anOð1ÞYukawa coupling. The precise parameter space over
which the two-Higgs doublet mechanism may generate a
sufficient baryon asymmetry has been the subject of
extensive study; see, e.g., Refs. [4–6,8–10,20–22].
Baryogenesis with two-Higgs doublets favors light Higgs
masses and large quartic couplings, and in the context of

extensions of the SMHiggs sector, this can cause issues such
as Landau poles; together with recent electric dipole
measurements [23], this leads to significant constraints on
the parameter space over which baryogenesis may occur.
However, in the present setup, electroweak baryogenesis is
easier to realize. Among other things, leptons diffuse further
into the symmetric phase and do not suffer from suppression
by the strong sphalerons [41]. Besides, electric dipole
moment (EDM) constraints do not apply, and the parameter
space in the dark scalar sector is almost entirely uncon-
strained. Hence, we expect that it should not be difficult to
achieve the required baryon asymmetry, and we will not
perform an in-depth analysis in this paper.
The aftermath of the dark first-order phase transition

will produce a gravitational wave signal that could fall in
the detection range of future gravitational wave observa-
tories such as LISA, BBO, and DECIGO. Because the
spectrum is generic and our model space is so uncon-
strained, we will not perform an in-depth investigation of
gravitational wave signals here; see Ref. [29] for the
expected spectrum.
Following dark-sector baryogenesis [29], the dark lep-

tons are in equilibrium with the SM through the neutrino
portal via the processes Φ0ν0 ↔ Hν and n̄0R ↔ Hν.
Together with the SM sphaleron, this will transfer some
of the initial dark lepton asymmetry into a SM baryon and
lepton asymmetry. At some temperature, the remaining
leptons will decay to the SM through the processes e0 →
ν0ū0d0 and ν0 → νH, leaving only quarks and photons in
the dark sector. Following hadronization, the symmetric
component of the dark baryons will annihilate into dark
photons (through, e.g., π0þπ0− → γ0γ0 and π0þπ0− → π00π00,
π00 → γ0γ0), which in turn decay into the SM, leaving only
the asymmetric baryon number in the dark sector.
If the dark neutrino decays after the SM sphaleron has

decoupled, we find SM baryon and lepton asymmetries [29]

B ¼ −
36

133
B0; L ¼ 97

133
B0: ð4Þ

If the dark neutrino is heavy and decays before the SM
sphaleron has decoupled, we find

B ¼ −
12

37
B0; L ¼ 25

37
B0: ð5Þ

The asymmetries will differ if the SM electroweak phase
transition is strongly first order instead of a crossover, and
this may be found in Ref. [29].
This model generalizes to a model with a fully mirrored

dark sector. The three families of dark quarks could motivate
GUT-scale equivalence of the SUð3Þ and SUð3Þ0 gauge
couplings, which could follow similar renormalization
group (RG) flows to the IR and explain the coincidence
of the dark and SM matter densities.
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III. DARK MATTER AND EXPERIMENTAL
SIGNATURES

Following dark-sector baryogenesis, the remaining
asymmetric hadronic content will be dark matter, and it
is overall neutral due to individual conservation of both
dark and SMUð1ÞEM charges. Below the confinement scale
of SUð3Þ0, ΛSUð3Þ0 , the only remaining dark sector particles
are hadrons and photons. Since the dark quark masses do
not affect the baryogenesis mechanism (as long as their
Yukawas are sufficiently smaller than the much heavier
dark leptons), there are different viable dark matter
scenarios.
Since the dark leptons are heavy, much of the dark

hadronic symmetric entropy density is transferred to π00. To
ensure the dark sector does not overclose the universe, we
require π00 to decay. This is easily achieved through the
dominant decay mode to two dark photons as long as
mγ0 ≤ mπ0

0
=2. In order for the dark photon to decay into the

SM, we require mγ0 ≥ 2me. The decay rate of the dark
photon to a pair of SM leptons is

Γγ0→l̄l ¼
αϵ2ðm2

γ0 þ 2m2
l Þ

3mγ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 −
4m2

l

m2
γ0

s

: ð6Þ

For dark photon masses below a GeV, the decay rate into
hadronic channels is nonperturbative. We infer the decay
rates from the branching ratios derived from measured
ratios of hadronic final-state cross sections to those of
muons in eþe− collisions [42]. We require the resulting
total decay rate of the dark photon to be faster than Hubble
before SM neutrinos decouple around T ∼ 3 MeV [43],
which is true for all dark photon masses we consider as long
as ϵ≳Oð10−10Þ.

With these common considerations outlined, we discuss
two distinct limits: one in which all dark matter is the dark
antineutron n̄0, and the other in which dark matter is
comprised of equal numbers of dark antiprotons p̄0 and
π0þ, assuming jmn̄0 −mp̄0 j≳ 100 MeV.

A. Dark neutron dark matter

In this scenario, the lightest dark baryon is the antineutron
withmp̄0 −mn̄0 ≈mu0 −md0 ≳ 100 MeV,while both quarks
are light, mu0 ; md0 < ΛSUð3Þ0 . After annihilations p̄0π0þ →
n̄0γ0; π0þπ0− → π00π00 and decays π00 → γ0γ0; γ0 → SM, the
entire dark baryon asymmetry is in n̄0, which forms all of
darkmatter. The darkmattermass is precisely determined by
the relative baryon and dark matter abundances [24],

Ωc

Ωb
¼ B0

B
mn̄0

mp
¼ 5.364: ð7Þ

Given Eqs. (4) and (5), we predict a dark matter mass [44],

mn̄0 ¼ 1.36 GeV ðN0
R lightÞ; ð8Þ

mn̄0 ¼ 1.63 GeV ðN0
R heavyÞ: ð9Þ

Although the n̄0 is neutral, it should possess a magnetic
moment similar to that of the SM neutron. This, combined
with the γ0-γ kineticmixing, allows n̄0 to scatter off protons in
nuclei with a cross section [45]

σn̄0p ≈ ϵ2e2e02Fn̄02
2 v4

m4
pm2

n̄0 ð3m2
p þ 2mpmn̄0 þ 5m2

n̄0 Þ
6πm4

γ0 ðmp þmn̄0 Þ6
;

ð10Þ

where v is the incoming dark matter velocity and
Fn
2 ≈ −1.913 for the SM neutron. The most stringent spin-

independent, per-nucleon cross-section constraint on dark
matter with masses mχ ∼ 1 GeV comes from XENON1T
[46]. Inparticular, formn̄0 ¼ 1.36 GeV, theboundon thedark
matter–nucleon cross section is σSI < 7.6 × 10−40 cm2. This
bound assumes equal couplings of the darkmatter to neutrons
and protons; however, n̄0 only scatters off protons, so the
upper limit for n̄0p scattering is slightly larger:

σn̄0p <

�

A
Z

�

2

7.6 × 10−40 cm2 ≈ 4.4 × 10−39 cm2: ð11Þ

There are also limits on the self-interaction amongdarkmatter
particles from galaxy clusters σ ≲ 0.2 cm2=g [47–49]. The
neutrons in the SMhave an astoundingly large cross section at
low energies, σ ≈ 4.5 × 10−23 cm2, much larger than the
geometric cross section ≈10−25 cm2. This is regarded as a
consequenceof accidental (andunnatural) cancellations in the
effective field theory (see, e.g., Refs. [50–52]), and it is not
generic. According to recent lattice QCD calculations
from the HAL QCD Collaboration [53], the self-interaction
among n̄0 is below the limit for rather heavy dark pions,
mπ0 ≳ 0.4mn̄0 [54]. Therefore, this scenario prefers
mu0 ≳ 100 MeV, which in turn allows for larger dark photon
masses since mγ0 < mπ0

0
=2. However, it is difficult to have a

larger cross section at lower velocities to address the small-
scale structure problems, as shown with the effective range
theory framework [58].
The viable dark photon parameter space for the anti-

neutron dark matter scenario is shown in Fig. 1 (left) with
current constraints from experiments [59,60], supernovae
[61,62], and BBN [63], as well as the projected sensitivities
of upcoming experiments including LHCb [64,65],
Belle-II [59,66], AWAKE [67] (1016 electrons of 50 GeV),
HPS [68], SeaQuest [69], LDMX [70] (HL-LDMX
with Ebeam ¼ 16 GeV), FASER [71] (LHC Run 3 with
150 fb−1), NA62 [72], and SHiP [73]. Additionally, the
NA64 bounds should improve soon [74]. Note also that
even spectroscopy of resonance states is possible at eþe−
colliders [75,76]. The figure assumes the scenario in which
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mn̄0 ¼ 1.36 GeV [cf. Eq. (8)] and u0 prefersmu0 ≳100MeV
so that mπ0 ∼ 0.5mn̄0 . In addition to making the n̄0 self-
interactions consistent with constraints, this allows dark
photons as heavy as mγ0 ∼ 0.25mn̄0 ¼ 0.34 GeV [77].
Interestingly, while there is currently decades of viable

parameter space in which the dark photon mass and kinetic
mixing can achieve the asymmetric dark antineutron dark
matter, much of this will be probed by future experiments.
Since the cross section in Eq. (10) is velocity suppressed,
current and future direct detection experiments are far
from probing the viable dark photon parameter space. To
illustrate this, we naively assume the XENON1T bound in
Eq. (11) scales linearly with exposure, and we project the
constraint for XENON1T with 100 times its current
exposure (as in DARWIN [82]) as a thin dashed line in
the upper left of Fig. 1. Additionally, we incorrectly
assume that all incoming dark matter has the largest
possible velocity vmax ¼ vesc þ vE ∼ ð550þ 240Þ km=s
(the sum of the escape and Earth velocities in the galactic
frame). Clearly, such neutral dark matter seems well
outside the current direct detection bounds, and future
dark photon searches will better probe the viable param-
eter space.

B. Dark antiproton and pion dark matter

Next, we consider the case mu0 < md0 < ΛSUð3Þ0 so that
the antiproton is the lightest dark baryon. Similar to the
dark antineutron case, we assumemd0 −mu0 ≳ 100 MeV to

guarantee that the n̄0 abundance is negligible. Conservation
of Uð1Þ0EM charge implies an equal number of π0þ com-
prising a subcomponent of dark matter. To reproduce the
observed relic abundance, the masses satisfy

B0

B

mp̄0 þmπ0þ

mp
¼ 5.364: ð12Þ

Interestingly, p̄0 and π0þ may scatter resonantly in the
p-wave through Δ00, which may ameliorate small-scale
structure problems if the resonant velocity is vR ∼ 100 km=s
with a constant s-wave cross section σ=m ∼ 0.1 cm2=g [28].
The possibility of this threshold resonance prefers
mπ0þ=mp̄0 ∼ 0.4, which is also desirable to permit larger
dark photon masses. The “Coulomb” potential barrier may
also lead to a p̄0p̄0 resonance in the s-wave.
For illustrative purposes, we choose the dark antiproton

and pion masses to be mp̄0 ¼ 2mπ0 ¼ 0.908 GeV for the
case where n̄0R is light and mp̄0 ¼ 2mπ0 ¼ 1.09 GeV for the
case that n̄0R is heavy. While any masses satisfying Eq. (12)
with the baryon asymmetry ratio given by Eq. (4) are
possible, a larger dark pion mass leads to a wider viable
dark photon parameter space.
For the available parameter space, the would-be Bohr

radius α0=mπ0þ of the p̄0-π0þ “atom” is longer than the range
of the dark-photon exchange force, 1=mγ0 , so we do not
expect these atoms to form. Therefore, direct detection
experiments can probe p̄0-p scattering with

FIG. 1. Viable dark photon parameter space for asymmetric dark antineutron (left) and dark antiproton and pion (right) dark matter.
Existing constraints on dark photons from experiments [59,60,78–80], supernovae [61,62], and BBN [63] are shown in dark gray. The
constraints specific to our models from dark pion and dark photon decays are shown in light blue and red, respectively. Rainbow colors
show projections from future experiments [59,64–73]. Direct detection constraints from XENON1T [46] for various e0=e are shown
with dashed lines, as are naive projections for XENONnT [81] and DARWIN [82].
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σp̄0p ≈ ϵ2e2e02
m2

pm2
p̄0

πðmp þmp̄0 Þ2m4
γ0
; ð13Þ

and similarly for π0-p scattering. The XENON1T [46]
bound is much weaker in this heavyish pion case since for
mp̄0 ¼ 0.908 GeV, the bound on the dark matter–nucleon
cross section is σSI < 2.0 × 10−39 cm2. Additionally, the
upper limit for p̄0p (or π0þp) scattering is larger by ðA=ZÞ2
due to the lack of coupling to neutrons.
The viable dark photon parameter space for the dark

antiproton and pion dark matter scenario is shown in Fig. 1
(right) for mp̄0 ¼ 2mπ0 ¼ 0.908 GeV. The direct detection
limit weakens if e0 is much smaller than e. To demonstrate
this, we show the XENON1T constraint assuming e0=e ¼
f1; 0.1; 0.01g as dashed black contours. There is still a
large viable parameter space, and future improvements in
the limits appear promising. We naively assume that
XENONnT [81], with its larger exposure, will increase
the current bound by an order of magnitude, though the
exact improvement in sensitivity from this Migdal effect
analysis is not so obvious [46]. We also show what
DARWIN [82] may probe with its possible additional
order-of-magnitude improvement. Interestingly, it appears
that future direct detection experiments may be competitive
with and even exceed the sensitivity of dark photon
experiments.

C. Other dark hadron dark matter

Yet another possibility is that there is only one light dark
quark, say, u0. Then, dark matter is partially comprised of a
dark Δ0−−ðū0ū0ū0Þ baryon whose abundance comes from
the dark baryon asymmetry. There are also twice the
number of dark “pions” π0þðu0d̄0Þ, now heavier than
ΛSUð3Þ0 . To produce the observed dark matter relic abun-
dance, we require

B0

B
mΔ0−− þ 2mπ0þ

mp
¼ 5.364; ð14Þ

where mΔ0−− ≈ ΛSUð3Þ0 . Besides the possible difference in
masses, the direct detection would be similar to the p̄0 and
π0þ dark matter case above. The symmetric component

annihilates into ηðū0u0Þ → γ0γ0 → 2ðeþe−Þ. We do not
discuss this or other variants further.

IV. CONCLUSION

We have introduced a minimal renormalizable model of
asymmetric matter from a dark first-order phase transition,
which leads to a detectable gravitational wave signature.
Electroweaklike baryogenesis in the dark sector generates a
dark-sector asymmetry, which is then ferried to the SM via
a neutrino portal. Kinetic mixing between the dark and SM
photons allows for the symmetric dark-sector entropy to
safely transfer to the SM while also providing a means for
the remaining asymmetric dark matter to scatter in direct
detection experiments. In the case of dark antineutron dark
matter, we find decades of viable dark photon parameter
space, which will be explored in the near future by many
upcoming experiments. If instead the asymmetric dark
matter is comprised of dark antiprotons and pions, the
parameter space is currently being tested by direct detection
experiments. In the latter case, self-interactions among the
dark matter may also ameliorate small-scale problems such
as the diversity problem. If the energy scale of the
dark first-order phase transition temperature is below
1000 TeV, we expect a gravitational wave signal at future
observatories.
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