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Asymmetric dark matter may not be light
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It is often said that asymmetric dark matter is light compared to typical weakly interacting massive
particles. Here we point out a simple scheme with a neutrino portal and O(60 GeV) asymmetric dark
matter which may be “added” to any standard electroweak baryogenesis scenario. The dark sector
contains a copy of the Standard Model gauge group, as well as one matter family (at least), Higgs, and
right-handed neutrino. After baryogenesis, some lepton asymmetry is transferred to the dark sector
through the neutrino portal where dark sphalerons convert it into a dark baryon asymmetry. Dark hadrons
form asymmetric dark matter and may be directly detected due to the vector portal. Surprisingly, even
dark anti-neutrons may be directly detected if they have a sizeable electric dipole moment. The dark
photons visibly decay in current and future experiments which probe complementary parameter space to
dark matter direct detection searches. Exotic Higgs decays are excellent signals at future ete™ Higgs

factories.
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I. INTRODUCTION

The dark matter (DM) enigma has come to captivate
experts in astrophysics, cosmology, and particle physics.
Despite determined efforts to detect its interactions with
Standard Model (SM) particles, both directly [1] and
indirectly [2], little is known about it except that it is
abundant and not part of the SM.

The baryon asymmetry of the Universe (BAU) is another
cosmic mystery which requires an explanation involving
physics beyond the Standard Model (BSM) [3-8]. Many
solutions have been posited, though they typically fall
within one of two broad classes: leptogenesis [9] or
electroweak baryogenesis (EWBG) [10-12]." Models of
the former are quite minimal if one is already inclined to
invoke the seesaw mechanism to explain neutrino masses
[16-18], but are difficult to probe experimentally due to
the high scale of new physics (NP)—often 10' GeV or

"There also exist more exotic ideas, such as mesogenesis
[13—15], but these are incompatible with the DM model
presented here.
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higher [19]. Arguably the best probe would be a gravita-
tional wave from cosmic strings associated with the phase
transition that generates right-handed neutrino mass [20].
Models of the latter are often too experimentally probe-
able, with many ruled out by null results at the Large
Hadron Collider as well as increasingly precise electric
dipole moment (EDM) measurements [21].

Nonetheless, there still exist several promising iterations
of electroweak baryogenesis with viable parameter space
that may be probed in the near future. For example, models
of split supersymmetry, two Higgs doublets, real scalar
singlet extensions, and composite Higgs all provide viable
explanations of the BAU originating from the electroweak
phase transition (see e.g., [22-25] for recent work in each
direction).

In this paper, we propose a dark sector which may be
added onto any of these existing EWBG solutions to
generate asymmetric dark matter (ADM) without impacting
the BAU production. It is general and does not impact the
specifics of the BAU-setting mechanism; we only assume
the initial SM baryon and lepton asymmetries are equal, as
is true in electroweak baryogenesis realizations.

In the minimal scenario, the dark sector consists of a dark
SU(3) x SU(2) x U(1)" gauge group, a dark generation
of matter (including a right-handed Weyl neutrino), and
a dark Higgs doublet, though there may be more of the
latter two. This simple dark sector realizes ADM in the
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following way.2 After the SM electroweak phase transition
(EWPT), equal SM baryon and lepton asymmetries are
generated, by one of the scenarios listed above. The
neutrino portal allows some of the SM lepton asymmetry
to transfer to a dark lepton asymmetry. Dark sphalerons
from the dark SU(2) anomaly then convert some of this
asymmetry into a dark baryon asymmetry, which is con-
served after the dark EWPT. The resulting asymmetric dark
hadrons form DM.

To shed excess entropy from the symmetric component
of dark hadrons before big bang nucleosynthesis (BBN),
we use the kinetic mixing between U(1)" and U(1),. This
vector portal causes the dark photon to decay into the SM
bath prior to SM v decoupling near 3 MeV [34]. Since the
dark photons only visibly decay, there are a number of
current and proposed searches which may detect them. The
dark hadrons, and even dark anti-neutrons with a sizable
EDM, also directly scatter off protons via dark photons in
direct detection experiments.

The organization of this paper is as follows. In Sec. II, we
detail the dark sector as well as the minimal assumptions
of the mechanism responsible for baryogenesis. We then
calculate the transfer and conversion of SM asymmetries
into dark sector asymmetries in Sec. III. Signals of this
scenario due to the visibly decaying dark photon and direct
detection are discussed in Sec. IV. We conclude with a
discussion of future directions in Sec. V.

II. THE DARK SECTOR

The minimal dark sector mimics the SM and consists of a
SU(3) x SU(2) x U(1)" gauge group, one matter gener-
ation (with a right-handed Weyl neutrino), and one Higgs
doublet, which we denote:

/ / ! / / !
Q' ug.dy. L', ey, Ng. H'.

Throughout, superscripts ’ are attached to the dark sector
equivalents of SM particles and couplings. For generality,
we allow the dark Yukawa couplings to have different
hierarchies than in the SM and examine several different
limiting cases.

There exist two portals between the dark and SM sectors.
The vector portal comes from the kinetic mixing of dark
and SM hypercharges, which, after EWPTs in both sectors,
results in

1
LR, Fw 4 SmEALAY, (1)

2"

2ADM within similar dark sectors has also been considered in
the context of both mirror matter (see e.g., [26-28]) and twin
Higgs models (see e.g., [29-31]).

*For the “opposite” possibility in which a dark EWPT causes a
dark lepton asymmetry to transfer to the SM where it is converted
into SM baryons via sphalerons, see e.g., [32,33]. In this case, the
ADM is light ~O(1) GeV.

Note that we additionally include a Stiickelberg mass term
for the dark photon to permit its necessary decay into SM
fermions while conserving U(1)gy. If the U(l)gy is
broken by the dark Higgs, this analysis would need to
be modified to include the resulting U(1)-violating inter-
actions. The neutrino portal is provided by the right-handed
neutrino’s couplings to both dark and SM Higgses:

LD y;vZ/FIINR + le_4 HNR 4+ c.c.. (2)

Here and below, we take Ny to be a Weyl fermion, which is
the minimal choice and yet is different from a Dirac
fermion adopted by the previous analyses [32,33]. We
note that there could be a Majorana mass for the dark
neutrino, but we assume it is small. We also assume that the
neutrino portal transfer rate is slow enough such that no
asymmetry leaks over into the dark sector lepton number
until after the SM phase transition is complete, which is
possible by taking yy to be sufficiently smaller than y),.
This hierarchy disrupts the symmetry of the neutrino portal
and allows N, to effectively live in the dark sector, thereby
only contributing to L.

As mentioned above, we assume there is a mechanism of
baryogenesis and, for simplicity, that it creates equal SM
lepton and baryon asymmetries, L and B. We discuss a
more general case without this assumption in Appendix B.
One might also consider adding this dark sector onto a
model of leptogenesis. However, there appears to be no
motivated reason why any such model would not also allow
an arbitrary dark lepton asymmetry to be generated at the
same time as the SM lepton asymmetry. Because of this
freedom, the asymmetries of the dark and SM sectors
would no longer be related and the DM mass scale would
no longer be predicted. We therefore do not consider this
possibility further.

III. ASYMMETRY TRANSFER

Since we have assumed that there is an SM electroweak
baryogenesis scenario which generates B and L, we must
now describe how some of that asymmetry is ported over to
the dark sector to form ADM. In all but the specific case of
extremely massive charged dark leptons discussed later, the
neutrino portal remains active until after the dark EWPT.
We assume the dark hadron mass originates from the dark
confinement scale and thus does not influence when the
neutrino portal decouples. We use the Ny — H Yukawa to
convert an SM neutrino (with L = 1) into a Ny (with
L’ = 1). Although the Higgs mediator is off shell below the
EWPT, it should still be able to scatter off any SM fermions
in the bath. Since the dark EWPT occurs at a temperature
above Apep and Agep ~m, 25 GeV, all SM leptons
are in the bath prior to the dark EWPT. Therefore, the
two most relevant processes for L <> L' after the EWPT are
vit+e; <> Ngp+e;and e; + u; <> Ng + d;. We also note
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that the dark right-handed neutrino will interact with the
dark sector Higgs via h"® <> N + ..

Using standard chemical equilibrium calculations [35],
the baryon numbers, lepton numbers, and charges may
be written in terms of chemical potentials after the SM
EWPT as

B = 6(u, + pa)s

B =4, + 2uw,

L =9uy, +6(ka = pu),

L' = 34"+ 2uy — py + pn,»

Q =24u, — 18y, — bpy,,,

Q" = 2pu,p — 24" = 10uy + 6,

(3)
where 4/ and py are the chemical potentials of the left-
handed dark neutrino and neutral dark Higgs, respectively.
In deriving the above for the most minimal dark sector,
we have set the number of dark sector families, Higgs, and
right-handed neutrinos to one. The more general case is
considered in Appendix B. Additionally, while sphalerons
and the neutrino portal in the dark sector are active, they
impose
Bpury + 2pw + 4 =0, (4)
Assuming that the neutrino portal is active until after the
dark EWPT and that it is strongly first order, we find

Ho = H' = iy

72

168
B'=—-—B, L

- 2B (5)

If we instead assume that the dark EWPT is a crossover,
we find

120
1427

360
1427

/

/

(6)

Either scenario is viable and only differs from each other
slightly in the predicted DM mass.

After the dark EWPT, we expect all remaining dark
lepton asymmetry to eventually decay through the neutrino
portal back to SM leptons.

The calculation above assumes that the W bosons are
still approximately massless at the time of the dark EWPT.
This is not strictly necessary for some of the lighter DM
masses we consider below which may come from dark
sectors with lower EWPT temperatures. However, we find
that in the case that the SM W’s have already left the bath at
the time of the dark EWPT, the asymmetries only differ by
less than 5%.

As mentioned above, we can also consider the case
where we give the right-handed neutrino a finite mass.

As we increase its mass relative to the temperature of the
dark EWPT, the ability of the neutrino portal to transfer
the SM lepton asymmetry to a dark one diminishes.
Additionally, the dark sphaleron rate will slowly turn
off, again, acting to decrease the number density of dark
baryons. Thus, as the mass of the right-handed neutrino
increases, the mass of DM also increases to compensate for
the smaller dark baryon asymmetry. At some point not too
far above the dark EWPT, the neutrino mass will be so
heavy that it necessitates a DM mass above the SM EWPT
temperature, corresponding to a breakdown of the assump-
tions of this scenario.

Future work is needed for a more quantitative analysis.
The main difficulty lies in calculating the modifications
to the dark sphaleron rate as a function of right-handed
neutrino mass. Since calculations of the sphaleron rate in
the SM are intrinsically related to its own parameters
[36-38], it is difficult to immediately generalize any known
results to this dark sector. The freedom of many parameters
in the dark sector also complicates any possible quantitative
calculation.

IV. VISIBLE SIGNALS

Having established the minimal content of the dark
sector and the predicted dark baryon asymmetry, we
now outline the two main possible DM scenarios and their
corresponding visible signals. For the minimal case of one
dark sector matter generation, we have the freedom to
choose the masses of the two light quarks. If m, < m,,,
then the mass of the dark anti-neutron, m;, will be lighter
than that of the dark anti-proton, mj. Consequently, all of
the dark baryon asymmetry will be held by dark anti-
neutrons, which will therefore comprise the entirety of DM.
In the simplest case of a crossover dark EWPT, given by
Eq. (6), we find:

my = 59.9 GeV. (7)

Alternatively, if m,, < m,, then the dark anti-proton is
the lightest dark baryon and DM is comprised of equal
numbers of dark anti-protons and pions. To permit the
greatest range of dark photon masses, we consider the limit
in which the dark pion mass approaches the dark anti-

proton mass. Thus, again for the case of a crossover dark
EWPT, we have

my = my =29.9 GeV. (8)

Interestingly, this ADM in both scenarios is heavy
relative to what one naively suspects. For O(1) equal
asymmetries between the dark and SM sectors, one would
expect an O(5 GeV) DM. In practice, many models have
slightly larger asymmetries in the dark side, pushing ADM
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The viable ADM parameter space as projected onto dark photon mass versus kinetic mixing. Existing constraints on visibly

decaying dark photons [41-50] are shaded dark gray, while projected sensitivities are dashed [42,50-60]. Color-shaded regions are ruled
out by too-late decays and direct detection constraints [1], as discussed in the text. Left: DM is all 77’ and e’ = 10~2e. Right: DM is 50%

p' and 50% #'* and €' = e,.

masses more towards O(1 GeV). To our knowledge, this
model of ADM is thus heavier than usual.*

In both of these DM scenarios, the DM may directly
scatter off charged SM matter, such as the protons in Xenon
nuclei within direct detection experiments. The scattering
cross section for the p’ — z’* DM case is

2.2
m4m=
22,2 PR

0, X€Eee
ﬂ(mp+mi)/)2mir

; ©)

e

where y here refers to either DM sub-components, p’ or 7'
For the case of 7’ DM, it may scatter if dark QCD has a
sizable vacuum angle 6 that produces a dark neutron EDM g,

4,2
220202 mp Nt

ow, R erer e gty .
14 i 3
8r(m,, + my)*m3,

(10)

Since we take pions as heavy as baryons, the quark masses
are also approximately as heavy as baryons. Then, there is
no chiral log enhancement [40] and we use the tree-level
result

*Some ADM models have been proposed that can have DM as
heavy as 15 GeV [39].

ymymy

=-1.91
g (mu’ + md’)mﬁ’

sinf~—191sin0.  (11)

Here, ym,, is the quark mass contribution to the baryon mass
and y=~ 1.17 in QCD. Note that the EDM dominates the
magnetic dipole moment’s contribution to scattering since
the former is only suppressed by v while the latter by v*.

In addition to these direct detection signals, this ADM
model may be discovered through its visibly decaying
dark photons (necessary for entropy transfer after Agcpy).
Figure 1 shows the viable ranges of kinetic mixing and dark
photon mass for the two possible DM scenarios described
by Egs. (7) and (8). The left panel corresponds to the case
of i’ DM where we have chosen ¢’ = 1072¢ and the right
panel to p’ — 't DM with ¢’ = e, (discussed below). For
the dark photon parameter space with other interesting
values of ¢/, see Appendix A. In both scenarios, we take the
limit that z’ is as heavy as the lightest dark baryon to allow
heavier dark photons. The gray regions show currently
excluded, visibly decaying dark photon parameter space,
while the colored dashed lines show the projected sensi-
tivities of future searches.

The color shaded regions are obtained as follows. We
require the dark photons as well as the neutral pions to
decay before SM neutrinos decouple at 79 ~ 3 MeV [34]
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to avoid affecting Ny substantially. The first requirement
places a lower bound on the kinetic mixing, shaded blue in
Fig. 1. Below the SM pion threshold, the dark photon decay
rate of a pair of leptons is simply

4ml2
m

ae*(m, + 2mj)

WANES (12)

3my,

Above the pion threshold, we extract the decay rate using
the measured ratios of cross sections with hadronic final
states to those with hadronic final states and those with
mesonic final states [61].

We further require that the dark photon is lighter than 7’
to allow its decay. We assume that m / f  is the same as in
the SM when calculating the decay rate of #’°. For dark
photons with m, < m, /2, the minimum requisite dark
electric charge to allow for 7/ — 'y’ to proceed quickly
enough is

e =45x107°

min (13)
for the case of p’— 7' DM. In the region m, /2 <
m, < my, the neutral pion must instead decay through

the vector portal to one dark and one SM photon.
Therefore, its decay rate, given by
_n2 mi/ ? a? mp\ 2
Fﬂ'°—>y’y = 2e (1 mIZT,[J) 6477:3 <fﬂ/> m_,o, (14)
is too slow for smaller ¢, as shaded orange in Fig. 1.

The ¢! . is particularly interesting for the p’ — 2’ DM
case since it predicts an already constrained direct detection
cross section in some of the otherwise viable dark photon
parameter space. The current XENONIT direct detection
bounds are the purple shaded regions in Fig. 1. As direct
detection bounds improve in the near future, this minimum
requisite dark electric charge will therefore complement
proposed visibly decaying dark photon searches and allow
the p’ — /T DM scenario to be constrained from two
directions.

Visibly decaying dark photons can be searched for in
beam dump experiments or the Belle-II experiment, as seen
in Fig. 1. When the dark photon is heavier than O(GeV),
however, an e™e~ Higgs factory would be the best place to
search for its decays to visible particles. It could also
produce dark hadrons through an off shell dark photon if €
is relatively large, in which case dark spectroscopy could
identify resonance states [62] in photon + missing signa-
ture, or with some dark states decaying into visible
particles. In this case, it is, in principle, possible to confirm
the SU(3) gauge group with two flavors in the dark sector.
The International Linear Collider can also accommodate

beam dump experiment(s) reaching heavier dark photon
masses than search for hidden particles [63].

It is also quite likely that the dark Higgs and the standard
model Higgs mix at some level through the quartic
coupling |H'|>|H|? since no symmetry prohibits it. Then
the 125 GeV Higgs can decay into dark neutrinos, dark
photons, dark gluons, etc. Many of the states further decay
back to the SM. Such exotic Higgs decays can be searched
for particularly well at the e e~ Higgs factory [64], in some
cases four orders of magnitude better than at the LHC [65].

V. DISCUSSION

In this paper, we have presented a simple dark sector
which may be “added” onto existing models of EWBG to
simultaneously explain DM. The dark sector contains a
copy of the SM gauge group and at least one generation of
matter with a right-handed neutrino and a Higgs doublet.
The number of generations, Higgs doublets, and right-
handed neutrinos may vary, slightly affecting the final dark
sector asymmetries and therefore, the mass of DM.
Throughout the main text, we have stuck to the minimal
case of one of each. We have assumed that the mechanism
of EWBG results in equal SM baryon and lepton asym-
metries at the time of the EWPT. Afterward, the neutrino
portal allows some lepton asymmetry to transfer to the
dark sector where it is converted into dark baryons, which
form (some) DM.

We have considered two simple benchmark scenarios:
one in which m, < m, such that this dark baryon
asymmetry persists entirely in p’, and one in which the
opposite relation holds and the asymmetry is entirely in 7’
The former scenario has DM comprised of half p’ and half
7'T, while in the latter, DM is entirely 7. Both scenarios
contain visibly decaying dark photons whose viable
parameter space will be probed by current and future
searches. Additionally, both may be probed by direct
detection. In fact, in the former scenario, the minimum
requisite dark electric charge allows present direct detection
bounds to already constrain a significant part of the
otherwise viable dark photon parameter space. A future
e"e™ Higgs factory can look for the possibly heavier dark
photons in this model as well as exotic Higgs decays.

The parameter space of this model may be more fully
explored by considering the case of finite, right-handed
neutrino masses. For heavier masses, the asymmetry trans-
fer from the SM to the dark sector becomes less efficient,
decreasing the relative dark baryon asymmetry and increas-
ing the DM mass. In the case of a strongly first order dark
EWPT, there is also the possibility of gravitational waves
from a low-scale (i.e., below electroweak) phase transition.
The strongly interacting hadronic DM may also have
sufficient self interactions to ameliorate known small-scale
structure problems. All of these are interesting lines of
future inquiry.

One way to view this model is as a simple “stand in” for
any model of EWBG which otherwise lacks a natural DM
candidate. Adding this dark sector to such a model will
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provide ADM without affecting the original mechanism
of EWBG.
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APPENDIX A: VISIBLE SIGNALS FOR
DIFFERENT ¢’

Figure 2 shows the viable dark photon parameter space
for the 7/ DM case when ¢’ = e, while Fig. 3 shows the
p' — 7' DM case for both ¢/ = 1073¢ and ¢ = e. All
shaded regions, constraints, and projections correspond to
those detailed in Fig. 1.
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FIG. 2. The same as the left panel of Fig. 1, with ¢ = e.

APPENDIX B: GENERAL LEPTON & BARYON
ASYMMETRIES

Although we enumerated the most minimal model for
ADM coming from a SM baryogenesis scenario above, we
present here the results for a more general dark sector. In
particular, we expand the dark sector to include any number
of dark generations, dark Higgs doublets, and dark right-
handed neutrinos. We also permit an arbitrary initial lepton
asymmetry produced during SM baryogenesis. In this more
general scenario, Eq. (3) for the baryons, leptons, and
charges becomes

B =2N(u, + pa)

B = 4Ny, +2N'iy

L =3Nuy, +2N (g — pu)

L' =3y 4+ 2Ny, — N'ug + Ny, iy,

Q= (6N +2m+4)u, — (4N +2m +4)u; —2Nuy,

Q' =2N'py, — 24" = (AN"+2m" + 4)py, + (AN' + 2m’ )
(B1)

where N and N’ are numbers of generations in the SM and
dark sector, m and m’ are numbers of Higgs doublets in the
SM and dark sector, and Ny, is the number of right-handed
neutrinos. The ¢/ is also now the sum over dark, left-handed
neutrino chemical potentials.

Without loss of generality, we may assume that after
the SM baryogenesis, L begins at L; = fB where f can be
any real, non-zero number. In lieu of Eq. (4), while
sphalerons and the neutrino portal in the dark sector are
active, they impose

/

u
3N'purs +2N'uy + 40 =0 py = 15— pw,- - (B2)

In this more general calculation, we again consider the
two possibilities for the dark EWPT. If it is first order, we
find that the baryon and lepton numbers take the form

FLNN m ', f)
"y (Ny N, N m )

g1(Ny,.N,N',m,m’, f)
B hi(Ny,.N.N'.m,m’)

B =

L/

B (B3)

where
FiIN, N m,m', f)AN'[m' + 2N'|[f(4 4+ 2m + 5N) — N],
(B4)

91(Ny,. N, ...) = 3/ (Ny, + 3N') + 2N'(Ny, + TN')]
X [f(442m +5N) — NJ, (B5)
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FIG. 3. The same as the right panel of Fig. 1, with Left: ¢/ = 1073¢ and Right: ¢ = e.

hy(Ny,.N....)=N[3(24+m')(12+6m+5Ny, )+ 120N
+ (226 +-48m +65m’ + 40N, )N']
+2(2+m)[Ny,(6+3m'+8N')
+N'(26 4 13m’ +24N")]
+ 11N?(643m’ +8N'). (B10)

hi(Ny,.N.,...)
=3m'[N(12+6m + 11N) + Ny (4 +2m + 5N)]
+ 2N'[11N? +2(2 +m)(Ny, + 11N')
+ N(12+46m + 5Ny, + 55N')]
+ 13m'N'(4 +2m + 5N). (B6)

. .. . If m;, < m,, so that DM is dark anti-neutrons, its mass is
If it is instead a crossover transition, we find them to be d u

_ m, + 7mpﬂQDM

Bo— fo(N,N',m,m’, f) My g oW (B11)
hy(Ny N.N' m,m')
I — G (N, NN sm,m', f) (B7) where m, and m,, are the masses of the SM neutron and

hy(Ny, - N,N',m,m’) proton, and Qpy and Qg are the energy densities of
DM and baryons [66]. If instead m,, < my so that DM is
equal numbers of dark anti-protons and pions, then their

where .
masses satisfy

N,N',m,m’,
fal ) m, +Tm, |B| Qo

=4N'[m' +2N' +2][f(2m + 5N +4) = N],  (BS) e ST B gy Y
9 (Nyg» N, ..0) We list below the asymmetries and masses for several
_ [ Ny, (6 +3m' + 8N') + N'(18 + 9m’ + 16 N’)] interesting, but less minimal, dark sectors. For a first order
dark EWPT where N’ =Ny, =m'=1, we find the

x [f(2m 4+ 5N +4) = NJ, (B9)  asymmetries to be:
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2 1
p--rp 1%

535 535 (B13)

which lead to a predicted dark anti-neutron mass of

my = 37.4 GeV (B14)
or a predicted dark anti-proton and pion mass of
my = m, = 18.7 GeV. (B15)

This dark sector is the same as the one considered in the
main text, except that its EWPT is first order instead of
second.

Another interesting dark sector, motivated by the SM,
is when N’ = Ny = 3 and m’ = 1. For a crossover dark
EWPT, we find the predicted asymmetries and masses
to be:

2 21
po-l2p p-21%

523 523 (B16)

and

my = 36.6 GeV  or m;

» =m, =183 GeV.

(B17)

On the other hand, for the dark first order phase transition,
we find them to be:

168 360
r_ 2V U
B=—2B  L'=25B. (B18)
and
my =23.0GeV or my =m, =115 GeV. (B19)
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