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Why matter and dark matter contents of the Universe are of the same order of magnitude, is one of the
puzzles of modern cosmology. At the face of it, this would seem to point toward a basic similarity between
matter and dark matter, suggesting perhaps the widely discussed mirror world picture as an ideal setting for
a discussion of this issue. Here we outline a new and simple mirror world scenario to explain this puzzle.
Our model uses the Affleck-Dine mechanism to generate baryon asymmetry and dark matter relic density
leading to an asymmetric dark matter picture. We find that, for a certain parameter range of the model, the
mirror electron is the unique possibility for dark matter whereas, in the complementary parameter range, the
mirror baryons constitute the dark matter. In either case, the mirror photon must have mass in the MeV
range for consistency with observations. For the case of mirror electron dark matter, the model predicts a
lower bound on the amount of dark radiation, i.e., ΔNeff ≥ 0.007.
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I. INTRODUCTION

One of the puzzles of dark matter cosmology is to
understand why the baryon content of the Universe is of the
same order of magnitude as its dark matter content, i.e.,
ΩDM ≃ 5ΩB. We call this matter-dark matter coincidence.
This relation could be accidental or there could be some
physical reason behind it. If it is the latter, it could reveal
some interesting properties about dark matter as well as our
Universe. It is therefore worth investigating theories where
that happens.
When one considers dark matter physics as being un-

related to matter physics described by the standard model,
as is done often, this relation between baryon excess and
dark matter content of the Universe would appear to be
accidental. Supersymmetric weakly interacting massive
particles (WIMP) or axion dark matter pictures are exam-
ples of this. On the other hand, the above relation could be
suggesting that, at some basic level, there is a similarity
between matter and dark matter, providing a basis for this
coincidence. A scenario where the matter-dark matter
similarity is evident is the mirror world picture where
the known standard model is believed to coexist with its
parity duplicate sector of matter and forces, the mirror
sector [1–12] interacting with Standard model (SM) only

via gravity or similar ultraweak forces. Departures from
exact parity (or Z2) symmetry could arise due to sponta-
neous or soft breaking of the symmetry. We assume in our
discussion that this symmetry breaking leads to the weak
scale in the mirror sector being higher than that of the
visible sector. This is the so-called asymmetric mirror
model. The lightest particle of the mirror world would
then have all the characteristics of dark matter and could
indeed be the dark matter of the Universe if its abundance is
appropriate. The mirror world picture would thus appear to
be an ideal setting for addressing the puzzle of matter-dark
matter coincidence.
As is well known, the consistency of a general mirror

world picture with the success of big bang nucleosynthesis
(BBN) requires that the mirror sector of the Universe be
cooler than the visible sector [13–15] to suppress the
contribution of mirror neutrinos and mirror photons to
BBN. This is known as asymmetric reheating, and every
mirror world scenario must have a mechanism for asym-
metric reheating. There are various ways to achieve that.
One can take two inflatons, one for the visible sector and
another for the mirror sector, and choose different histories
such that it makes the reheating temperature different in the
two sectors [see, for instance, [16,17] ]. One could also
arrange the neutrino sector for this purpose; see [18].
Another way to achieve this goal [15] would be to choose
the inflaton to be a mirror Z2 odd scalar and couple it to
the SM and mirror sector fields in such a way that the
inflation reheat temperature, TR ≃

ffiffiffiffiffiffiffiffiffiffi
ΓMP

p
, is different in

both sectors. In this paper, we adopt a different point of
view and assume a particularly simple spectrum to gauge
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singlet fermions (denoted by N, S and N0; S0) in such a way
as to guarantee asymmetric reheating via inflaton decay.
We use soft breaking of mirror Z2 symmetry for the singlet
neutrinos in such a way as to guarantee that the inflaton
partial decay widths to mirror particles will be less than that
to SM particles, ensuring that the mirror sector reheat
temperature is lower than that of the visible sector. We will
assume lepton numbers to be exact in the visible as well as
the mirror sectors so that the familiar neutrino is a Dirac
fermion.
Within this picture, we can assume that, just like in the

visible sector, in the mirror sector, there is a mirror matter-
mirror antimatter asymmetry and the excess mirror matter
is the dark matter as in the asymmetric dark matter scenario
[19–21] [for reviews, see [22–24] ], which is an alternative
way to generate the relic density of dark matter. The
question then arises as to which particle of the mirror
sector is the dark matter, out of many possibilities such as
mirror protons or neutrons, mirror atoms, mirror elec-
trons, mirror neutrinos, mirror photons, etc. Pursuing the
mirror world alternative for dark matter as a platform to
answer the coincidence puzzle alluded to above, we find
that, for a particular range of parameters, the mirror
electron turns out to be the unique choice for dark matter
whereas, in the complementary parameter range, it is the
mirror proton. The identification of the dark matter
particle and the scenario that leads to it are the new
results of this paper.
There have been other mirror world proposals for resolu-

tion of the baryon-dark matter puzzle; see Refs. [25–40].
Our scenario is different in a fundamental way from these
as well as other recent speculations in this regard [41,42].
Our basic strategy is to use the Affleck-Dine [43] (AD)

mechanism for generating mirror matter-mirror antimatter
as well as visible sector matter-antimatter asymmetry in the
asymmetric mirror world scenario. This provides the first
key step toward resolving the baryon-dark matter coinci-
dence puzzle. We assume that the AD field responsible for
generation of matter asymmetry is also the inflaton field.
Furthermore, we incorporate the new way to generate
asymmetric reheating from the inflaton decay into our
picture. The Affleck-Dine mechanism then leads to asym-
metry in the lepton number in both sectors, which leads
to constraints on the parameters of the model. In one
parameter range, our scenario implies that the mirror
sphalerons go out of equilibrium before inflaton decay
so that mirror lepton asymmetry generated from singlet
mirror fermion decay does not get a chance to be converted
to mirror baryons. In this case, therefore, the lightest mirror
lepton, the mirror electron, with a mass of few GeV,
remains as the asymmetric dark matter of the Universe
and provides a resolution of the matter-dark matter coinci-
dence puzzle. On the other hand, in a complementary
parameter range, the mirror sphaleron remains active after
inflaton decay so that the mirror baryons are generated from

the mirror lepton asymmetry and become the dark matter.
The mirror baryons and mirror antibaryons as well as the
mirror leptons and antileptons annihilate each other due to
their “stronger” force leaving negligible symmetric content
for dark matter in both cases.
Since the mirror electron has mirror electric charge, dark

matter is of the self-interacting variety (SIDM) [44,45] due
to mirror electromagnetic interaction. Even though the self
interaction force of the dark matter is repulsive, if the mirror
photon has mass, this can still be an acceptable dark matter
as shown in Ref. [46]. If the model has photon-mirror
photon mixing, it can also make the dark matter weakly
visible, but we do not pursue such an extension here.
The paper is organized as follows: in Sec. II, we present

the mirror model used in the paper; in Sec. III, we discuss
how Dirac neutrino mass arises in our model planting
the seed for asymmetric reheating, which is described in
Sec. IV; Sec. V describes the cosmological evolution and
Affleck-Dine matter-dark matter generation and how
baryon-dark matter coincidence puzzle is resolved in the
model. in Sec. VI, we describe the constraints on the model
from baryon dark matter correspondence. In Sec. VII, we
present other constraints on the model due to washout
effects as well as our prediction for ΔNeff due to mirror
dark radiation. In Sec. VIII, we discuss the necessity of a
massive mirror photon in our model to fit observations. In
Sec. IX, we summarize our results.

II. THE MODEL

The mirror world picture consists of the standard
model of particles and forces coexisting with its parity
(or Z2-symmetric) duplicate. The basic particle content of
the model is given in Table I [1–9]. To this, we may add
other particles which respect the basic philosophy of mirror
models and the Z2 symmetry. The Z2 symmetry guarantees
that the couplings in the SM and the mirror sectors are
same, keeping the number of couplings same as in the
visible sector. We also entertain soft Z2 breakings for the
scalar sector so that the scalar masses as well as symmetry
breakings in the two sectors could be different. In Table I,
we display all the SM particles and their mirror partners
including the extra singlet fermions N, S, and N0; S0 as well
as scalars η and η0 (iso-singlet partners with charges þ1),
with the latter being the new additions to the model for our
purpose, as we discuss below. We also have a complex
scalar field Φ, which is Z2-even and is common to both
sectors. As we will explain, Φ plays the key role in
generating baryon and dark matter excess and causing
inflationary expansion of the Universe. We will give the
mirror, ηþ0, field a vacuum expectation value (vev) to make
mirror photon massive.
The asymmetric mirror model starts with the following

basic parts to the Lagrangian: The scalar potential describ-
ing inflation and the general cosmic evolution is given by
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VðΦ; H;H0Þ ¼ VSMðH; ηÞ þ VSM0 ðH0; η0Þ þM2
ΦjΦj2

þ λΦjΦj4 þ ðϵm2
ΦΦ2 þ h:c:Þ

þ λΦHjΦj2ðH†H þH0†H0Þ; ð1Þ

where

VSMðH; ηÞ ¼ −μ2HH†H þ λHðH†HÞ2 þ μ2ηη
†ηþ ληðη†ηÞ2

þ ληHη
†ηH†H

and

VSMðH0; η0Þ ¼ −μ2H0H0†H0 þ λHðH0†H0Þ2 þ μ2η0η
0†η0

þ ληðη0†η0Þ2 þ ληHη
0†η0H0†H0

with μ2H0 ≫ μ2H. We set all terms in the Higgs potential that
connect the visible sector to the mirror sector (such as
H†HH0†H0, etc.) to zero to prevent thermalization. We
choose λHΦ to be very small. We have also omitted terms in
the potential which play no role in our discussion.
Note that, due to different scalar mass terms in the two

sectors, the Z2 symmetry is only softly broken. That
difference allows for a higher mirror weak scale compared
to the familiar SM sector. This also gives the mirror Higgs a
mass of order v0, much higher than the SM Higgs mass.
Similarly, the difference in the η masses allows us to give
the mirror photon a mass while keeping the familiar photon
massless. All dimension four coupling strengths on both
sides, however, are same at the tree level as would be

required by the Z2 symmetry. The Yukawa couplings and
singlet lepton masses in the model are

LY ¼ LY;SM þ LY;SM0 þ yNðN̄RlLH þ N0
Ll0

RH
0Þ

þ yΦΦðNRNR þ N0
LN

0
LÞ þM1N̄RN0

L þM2N̄RS0L
þM3S̄RN0

L þM4S̄RS0L þ h:c: ð2Þ

We assign lepton numbers L ¼ L0 ¼ 1 to leptonic doublets
and the singlet neutrinos N S, etc. of the two sectors and
L ¼ L0 ¼ −2 to Φ. This is important for leptogenesis. The
Dirac mass term for the singlet neutrinosMa¼1;2;3;4 ≠ 0 has
the symmetry Lþ L0 ¼ 0. This gives a Dirac mass to the
familiar neutrinos, as we see below. We choose all the mass
parametersMa to be real for simplicity of analysis. Also we
set the couplings of S, S0 to l and l0 to zero. For the model
to work, the S, S0 couplings must be less than a percent or
so of yN . We further set the couplings of S, S0 to Φ to zero.
If this coupling is nonzero and a few percent or less of yΦ,
our conclusions remain unaffected.
To proceed further with discussion, let us note that the

doublet Higgs vev’s in the two sectors are hH0i ¼ v and
hH00i ¼ v0 and satisfy v0 ≫ v as already noted. We call
the ratio v0=v≡ r for future notation. This is one of the
fundamental new parameters of the model with other
parameters fixed by known standard model physics and
Z2 symmetry. As we discuss below, the mirror sector will
have to have a lower temperature to be compatible with big
bang nucleosynthesis; we call this parameter x ¼ T 0

R=TR.
This will be the second parameter of the model.

TABLE I. Gauge quantum numbers of all the fields in the theory. Φ is a mirror parity even field common to both
sectors and it will play the role of inflaton and the Affleck-Dine field to produce the lepton asymmetry. It has L and
L0 numbers equal to −2. Also note the flip from left to right chirality for fermions as we go from SM to mirror sector
(and vice versa). The formulas for the standard and mirror electric charges are given by Q ¼ I3L þ Y

2
and

Q0 ¼ I03R þ Y 0
2
, respectively.

Our world SUð3Þc × SUð2ÞL ×Uð1ÞY Mirror world SUð3Þ0c × SUð2Þ0R ×Uð1Þ0Y
Visible fermions Mirror fermions

QL ð3; 2; 1=3Þ Q0
R ð3; 2; 1=3Þ

uR ð3; 1; 4=3Þ u0L ð3; 1; 4=3Þ
dR ð3; 1;−2=3Þ d0L ð3; 1;−2=3Þ
lL ð1; 2;−1Þ l0

R ð1; 2;−1Þ
eR ð1; 1;−2Þ e0L ð1; 1;−2Þ
Singlet neutrinos Singlet mirror neutrinos

NR, SR (1,1,0) N0
L; S

0
L (1,1,0)

Gauge bosons Mirror gauge bosons

W;Z; γ;GluonsðGÞ W0; Z0; γ0;G0

Scalar sector Mirror scalar

H ð1; 2;þ1Þ H0 ð1; 2;þ1Þ
η (1,1,2) η0 (1,1,2)
Φ (1,1,0) Φ (1,1,0)
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This asymmetric vev feature of the model has other
implications such as, for instance, the bare masses of mirror
quarks and leptons being r≡ v0=v times the known quark
and lepton masses; it also implies that the strong force
between the mirror quarks becomes stronger than the
known strong force at higher scale, i.e., ΛQCD0 ≫ ΛQCD.
In Fig. 1, we show the mirror QCD scale as a function of
r ¼ v0=v. Here, we have analyzed the renormalization
group equations for QCD and QCD’ couplings [αQCDðμÞ
and αQCD0 ðμÞ] at the one loop level with the boundary
condition that at high scale (μ ¼ MP) αQCD ¼ αQCD0 . ΛQCD

(ΛQCD0) are defined as the scales where αQCDðαQCD0 Þ ¼ 1.

III. NEUTRINO MASS

Before delving into the main details of baryogenesis and
dark matter, we discuss the neutrino mass in the model,
which is at the root of asymmetric reheating. Due to Lþ L0
symmetry obeyed by the S; S0; N; N0 mass terms and the
lepton Yukawa couplings of the model, the neutrino is a
Dirac fermion with ν and ν0 being the Dirac partners as we
see below. The ν − ν0 and singlet fermion mass matrix is
given by

Mν;N;S ¼
�
νL N0

L S0L
�
0
B@

0 m 0

m0 M1 M3

0 M2 M4

1
CA
0
B@

ν0R
NR

SR

1
CA:

ð3Þ
Each entry in the above matrix is a 3 × 3 matrix corre-
sponding to three generations of neutrinos, which we
suppress. Further, we have m ¼ yNv and m0 ¼ yNv0 with

m0 ≫ m. We also assume that Ma ≫ m;m0 and also, for
simplicity, keep all parameters to be real. We first diago-
nalize the N − S − N0 − S0 sector:

MN;S ¼ ðN0
L S0LÞ

�
M1 M3

M2 M4

��
NR

SR

�
: ð4Þ

This matrix can be diagonalized by biorthogonal trans-
formations as follows:

�
sβ −cβ
cβ sβ

��
M1 M2

M3 M4

��
cα sα
−sα cα

�
¼
�
M 0

0 M0

�
ð5Þ

This leads to the mass eigenstates N1 ¼ cαN þ sαS (visible
sector) and N0

1 ¼ sβN0 − cβS0 (mirror sector) forming one
Dirac pair with mass M and N2 ¼ −sαN þ cαS (visible
sector) and N0

2 ¼ cβN0 þ sβS0 (mirror sector) forming the
second pair with mass M0. We choose parameters such that
M0 ≫ MΦ ≫ M, cα;β ∼ 1, and sα;β ¼ δα;β ≪ 1. One can,
then, diagonalize the full neutrino mass matrix which leads
to the light neutrino masses given by the approximate
eigenvalues of the matrix mν below. The neutrinos are
Dirac fermions, and they pair up ν with mirror neutrinos
(ν0) to form their mass:

mν ¼
y2Nvv

0cαsβ
M

þ y2Nvv
0sαcβ

M0 ≃
y2Nvv

0cαsβ
M

: ð6Þ

We adjust yN andM so that we get mν ≤ 5 × 10−11 GeV to
fit the scale of the neutrino oscillation data. Thus, unlike
some other mirror models, the mirror neutrinos in our
model are very light.

IV. ASYMMETRIC REHEATING

One of the essential requirements for mirror models to be
viable is that the mirror world must have a lower temper-
ature than the visible world to maintain the success of
big bang nucleosynthesis. All the extra relativistic mirror
particles, e.g., neutrinos, mirror photon etc., contribute less
energy density to the Hubble rate. So each mirror model
must have a mechanism for generating this asymmetric
reheating. In our case, the mechanism uses the asymmetry
in the N and N0 mass sector, which asymmetrizes the Φ
decay, with this being the inflaton field, as we will see
below. The reheating in each sector is governed by the
decay of the Φ field to particles in the visible and mirror
sectors. We can now rewrite the ΦðNN þ N0N0Þ coupling
in the Lagrangian in Eq. (2) as follows, to leading order in
the mixings α and β in terms of states N1 and N0

1. Choosing
cα;β ∼ 1 and sα;β ¼ δα;β ≪ 1, we get

LΦN ¼ yΦΦðN1;RN1;R þ δ2βN
0
1;LN

0
1;LÞ þ couplings toN2

þ h:c: ð7Þ

FIG. 1. Variation of Λ0
QCD with v0=v (solid line). The dashed

line represents the mass of the mirror up-quark calculated using
the ratio v0=v. Note that, above v0=v ¼ 1000, the contribution to
mirror baryon masses will be dominated by the mirror quark
current masses.
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We have not displayed the couplings to N2 and N0
2 since

they are chosen to be heavier than the Φ field and thus do
not participate in the reheating process. Note from the
above equation that the Φ decays to the mirror (prime
fields) sector with a suppressed coupling. This guarantees
that the mirror sector will be cooler due to a lower reheating
temperature guaranteed by lower decay rate of the inflaton
field Φ. Using 3M2

PðΓΦÞ2 ≃ ρΦ ≡ π2

30
T4
R (and similarly for

the decay to mirror sector), we find that

x≡ T 0
R

TR
≃ ðδβÞ≡

�
BrðΦ → N0

1N
0
1Þ
�
1=4; ð8Þ

assuming that the number of degrees of freedom at the
decay epoch is same in both worlds. We also choose
λΦH ≪ 10−5 so that the λΦHjΦj2ðH†H þH0†H0Þ term does
not bring the mirror sector into equilibrium with the SM
sector.
Using Eqs. (6) and (8), we conclude that

mν ≃
y2Nvv

0ðBrÞ1=4
M

¼ y2Nvv
0x

M
: ð9Þ

V. BARYON-DARK MATTER COINCIDENCE

We now come to the main focus of the paper, i.e.,
explaining the matter-dark matter coincidence and con-
straints imposed by this on the parameters of the model. We
first outline the general cosmological scenario by which, in
the early Universe, the dark matter content is generated,
emphasizing the qualitative aspects and the basic physics
in this section. In the following section, we become more
quantitative and present the constraints on the model
parameters where the idea works.
To discuss this, we first briefly review the evolution of

inflaton and the AD field Φ [47–51] in the early Universe.
Recall that

LΦ ¼ yΦΦðNRNR þ N0
LN

0
LÞ þ h:c: −M2

ΦjΦj2
− λΦjΦj4 − ϵM2

ΦðΦΦþ h:c:Þ; ð10Þ

where the ϵ term breaks lepton number softly by 4 units,
leaving a Z4 subgroup of L intact. We call Φ as the AD
field, which also plays the role of inflaton. The dynamics of
inflation arises from the nonminimal gravity coupling of
the Φ field given in [52]:

Lg ¼ −
1

2

Z
d4x

ffiffiffiffiffiffi
−g

p �
M2

P þ 2ξjΦj2�R; ð11Þ

where MP ¼ 2.4 × 1018 GeV is the reduced Planck mass.
This Lagrangian is in the Jordan frame, and making a Weyl

transformation via gJμν → ð1þ 2ξ jΦj2
M2

P
ÞgJμν ≡ gEμν, we can go

to the Einstein frame, where the potential for Φ becomes

VEðΦÞ ¼ VJðΦÞ	
1þ 2ξ jΦj2

M2
P



2
: ð12Þ

As we see from the shape of the potential in the above
equation, it is flat for Φ > MP=

ffiffiffi
ξ

p
, and this is responsible

for inflationary expansion of the Universe. As inflation
proceeds, the value of Φ becomes smaller as it rolls down
the potential, and inflation ends when Φ becomes lower
than MP=

ffiffiffi
ξ

p
.

The various subsequent stages in the evolution of Φ in
the Universe leading to leptogenesis are as follows [47,51]:

(i) In the very early Universe when jΦj≳MP=
ffiffiffi
ξ

p
,

the nonminimal coupling in the Einstein frame leads
to a constant VEðΦÞ, and drives inflation, as stated
above.

(ii) In the second phase, as the field jΦj has rolled
sufficiently down the potential to its value less than
MP=

ffiffiffi
ξ

p
, the effect of the nonminimal coupling

becomes unimportant and inflation ends. The value
of jΦj is still large, and the dominant term in the
potential driving the evolution of the jΦj is the λjΦj4
term. At the beginning of this stage, the real and
imaginary parts of the field are already different,
owing to the ϵ term or some other mechanism.
This asymmetry survives the evolution of the Φ
field and eventually leads to the baryon asymmetry
of the Universe. This is the key idea in AD baryo-
genesis.

(iii) As the Universe evolves further, Φ becomes smaller
since it scales like a−1 (a being the scale factor)
and the third stage begins where the quadratic term
in the potential dominates over the quartic term for a
suitable choice of the Φ mass. This leads to an
oscillatory behavior of jΦj, and the Universe
behaves like it is matter dominated. This approxi-
mation of transition of the potential from being
quartic dominated to quadratic dominated (when
jΦj ≤ MΦ=

ffiffiffi
λ

p
) is called the threshold approxima-

tion in [47].
(iv) The fourth stage is when the AD field decays to

NN;N0N0 states (more precisely, N1N1, N0
1N

0
1 as

discussed in the previous section) and the N and N0
fields decay immediately to standard model par-
ticles, if ΓΦ→N;N0 < ΓN;N0 . At this stage, the Φ
asymmetry gets transferred to N and N0 asymmetry.
In the formulation given in Refs. [47,51], the decay
products are assumed to quickly thermalize, and the
SM baryon asymmetry is generated due to sphaleron
interactions.

There are now two possibilities for the particle that
becomes the dark matter depending on whether v0 is larger
or smaller than the mirror reheating temperature T 0

R.
(1) If in the mirror sector, v0 > T 0

R, which can happen
for some choice of parameters, the mirror sphalerons
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would have gone out of equilibrium by the time
mirror lepton asymmetry is generated. The mirror
lepton asymmetry therefore does not get a chance to
become mirror baryons. This lepton asymmetry
resides in the lightest of the mirror leptons, the
mirror electron, which then constitutes the dark
matter of the Universe.

(2) On the other hand, if v0 < T 0
R, the mirror lepton

asymmetry can get partially converted (28
79

of it) to
mirror baryons. In this case, we have a combination
of mirror baryons and/or mirror leptons become the
dark matter depending on the mirror weak vev
magnitude. We discuss the details below.

Case (1): Due to the Z2 symmetry of the model, the
lepton asymmetries in the mirror and visible sectors are

in the ratio BrðΦ → N0N0Þ≡ Br. Since ΩDM ≃ n0Lme0
ρc

, in

case (1), and ΩB ≃ 28
79

nLmp

ρc
, demanding that ΩDM ¼ 5ΩB

implies that me0 ≃ 1.66=Br GeV. This explains the matter-
dark matter coincidence puzzle. Now using the fact
that me0=me ¼ v0=v ¼ 3.25 × 103=Br, we get v0 ≃ 5.66×
105=Br GeV.
Case (2): Here v0 < T 0

R, and as a result, part of the lepton
asymmetry gets converted to mirror baryons. ΩDM in this
case consists partially of Ωe0 , and the rest ΩB0 . Using
ΩDM
ΩB

¼ 5, we get

mB0=mB ≃ 5=Br: ð13Þ

Relating this ratio to v0=v is a bit involved since the mirror
nucleon mass in a QCD-like theory depends not only on the
mirror quark masses but also on the Λ0

QCD. For Br ≃ 0.01 or
so, the mirror baryon mass required for it to become DM is
about 469 GeV. This is much larger than Λ0

QCD (see Fig. 1).
We therefore assume that the mirror quark masses provide
the bulk of the mirror baryon mass. If B0 ¼ p0, then the
three masses u0u0d0 add up to mB0 ≃ 2mu0 þmd0 ¼
4.69 GeV=Br. Using simple scaling, we expect v0=v ¼
mB0=ð2mu þ mdÞ ¼ ½4.69 GeV�=½20 MeV Br� ≃ 235=Br.
This value of v0=v is about an order of magnitude smaller
than that required to make e0 a dominant component of
dark matter, and therefore, the e0 contribution to dark matter
in this case is much smaller than the mirror baryon
contribution.
This is a key new result of the paper that we believe

explains why the baryon asymmetry and DM abundance
are of the same order.1 We note that, to relateΩM withΩDM,
it is important that dark matter is the asymmetric type.
This means that the symmetric part of the dark matter
particle should be negligible. We show below that this is
indeed true.

VI. QUANTITATIVE ASPECTSOF DARKMATTER
GENERATION

In order to get the main result of our paper, the model
parameters must satisfy certain constraints, which we
outline in this section. We start with the formula for lepton
asymmetry generated by the above AD mechanism from
Refs. [47,51]. It is given in terms of the L-violating
coefficient ϵ in Eq. (1), the reheat temperature in the
visible sector TR as follows:

nL0

s
¼ nLBr

s
¼ T3

R

ϵM2
ΦMP

Br: ð14Þ

In this equation, ϵ must satisfy the condition that 1 ≫ ϵ ≫
ΓΦ
MΦ

[47,51]. We must make sure to satisfy this relation when
we choose our benchmark values for model parameters.
Furthermore, this will imply that the branching ratio
BrðΦ → N0

1N
0
1Þ is related to ΔNeff , since the resulting

mirror neutrinos appear as dark radiation. We discuss this
below.
Let us define a parameter K ¼ TR=MΦ. For the model to

work, we choose K < 1 so that by the time the reheat
temperature is reached, Φ is nonrelativistic and its number
density is Boltzmann suppressed. Hence, the inverse decays
are Boltzmann suppressed and the washing-out process is
inactive. We can also check that a washing-out process
mediated by Φ is out of equilibrium. We have nL=s ¼
79
28

nB
s ≃ 2.5 × 10−10 (using nB

s ¼ 8.7 × 10−11), and Eq. (14)
implies

MΦ ≃ 6.0 × 108
ϵ

K3
GeV: ð15Þ

Alternatively, we can write the same constraint as

ϵ ¼
�
79

28

nB
s

�
−1
�
MΦ

MP

�
K3: ð16Þ

Using the sudden decay approximation, we estimate the

reheating temperature by ΓΦ ¼ y2Φ
4π MΦ ¼ H ¼ ðπ2g�

90
Þ1=2 T2

R
MP
.

Using TR ¼ KMΦ, Eq. (15), and g� ≃ 106.75, we find the
following constraint:

ϵ

K
¼ 9.48 × 107y2Φ: ð17Þ

As alluded to in Sec. V, the SM lepton asymmetry nL is
converted to baryon asymmetry via the sphaleron effect.
For this conversion to be active, we must have
TR > Tsph ≃ 130 GeV, where Tsph is the sphaleron decou-
pling temperature. Using TR ¼ KMΦ and Eq. (15), the TR
lower limit leads to

1A different argument based on strong CP resolution in mirror
models also leads to mirror electron as the dark matter [53–55].
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ϵ

K2
> 2.18 × 10−7: ð18Þ

For consistency of the nL=s formula, we must have
1 ≫ ϵ ≫ ΓΦ=MΦ, which leads to

ϵ ≫ y2Φ=4π: ð19Þ

Setting this condition, for simplicity, to be ϵ > 10 × y2Φ=4π,
and using Eq. (17), we get

K > 8.4 × 10−9: ð20Þ

Note that this is a rather weak bound.
If we chooseMΦ and yΦ as our primary free parameters,

ϵ and K are determined as a solution which simultaneously
satisfies Eqs. (16) and (17). The values of ϵ and K
determined in this way must satisfy Eqs. (18)–(20). In
Fig. 2, we show plots for two benchmarks choices (see
Table II) for set I ðMΦ; yΦÞ ¼ ð106 GeV; 10−7Þ and set II
ðMΦ; yΦÞ ¼ ð1012 GeV; 10−5Þ. For set I, Eqs. (16) and (17)
are depicted as the black and red solid lines, respectively. K
and ϵ are determined by the intersection of these two lines.
The black and red dashed lines correspond to set II. The
blue diagonal line represents Eq. (18), and the region to the
left of this line is allowed. The green horizontal lines
represent ϵ ¼ 10 × y2Φ=4π for set I (solid) and set II
(dashed), and the region above the lines is allowed.

VII. OTHER CONSTRAINTS

There are several other cosmological constraints on the
model, and we will now check if they are consistent with
the allowed parameter region shown in Fig. 2.

A. Lepton number washout

The process dominantly contributing to washout of
lepton asymmetry in the model is NN → N̄ N̄ and
N0N0 → N0 N0. This is a tree-level process mediated by
the Φ exchange for which the rate at T ¼ MΦ is given by

hσNN→N̄ N̄ · vi ≃ y4Φϵ
2

4πM2
Φ
: ð21Þ

To avoid this washout, we demand that nNhσNN→N̄ N̄vi <
HðT ¼ MΦÞ ¼ ðπ2

90
g�Þ1=2 M2

Φ
MP

, where nN ≃ 3
2π2

M3
Φ is the

number density of N. This means that the washout process
is out of equilibrium, leading to

MΦ > 3.5 × 10−3y4Φϵ
2MP: ð22Þ

This implies that

y4Φ <
7.1 × 10−8

ϵK3
: ð23Þ

As we have discussed above, we set ϵ ≪ 1 and K < 1, so
that yΦ ≲ 0.01 always satisfies this bound.

B. Depletion of the symmetric part of B0 and e0 content

For mirror electrons to be the asymmetric dark matter,
the symmetric parts of it, i.e., abundance of e0− and e0þ and
similarly q0 and q0, must be very small. This requires us to
find out when q0q0 → G0G0 and e0−e0þ → γ0γ0 processes
decouple from the thermal bath.

FIG. 2. Restriction on the model parameters K and ϵ from
Eqs. (16)–(20). We show plots for two benchmark sets on
Table II: ðMΦ; yΦÞ ¼ ð106 GeV; 10−7Þ for set I, and ðMΦ; yΦÞ ¼
ð1012 GeV; 10−5Þ for set II. For set I, Eqs. (16) and (17) are
depicted as black and red solid lines, respectively. The black and
red dashed lines correspond to set II. Allowed values of K and ϵ
are determined by the intersection of these lines. The blue
diagonal line represents Eq. (18), and the region to the left of
this line is allowed. The green horizontal lines represent ϵ ¼
10 × y2Φ=4π for set I (solid) and set II (dashed), and the regions
above the lines are allowed.

TABLE II. Benchmark sets of parameters for the model to
illustrate that the model works. For the first set choice of
parameters, v0 > TR and therefore mirror electrons are dark
matter. In the second set, v0 < T 0

R so that mirror protons are
dark matter. We have set Br ¼ 0.01, and yN is chosen to get
mν ¼ 5 × 10−11 GeV.

Parameters Set I Set II

MΦ 107 GeV 1010 GeV
yΦ 10−7 10−6

K 7.5 × 10−3 2.4 × 10−3

ϵ 7.1 × 10−9 2.3 × 10−7

MN 106 GeV 109 GeV
yN 1.3 × 10−7 1.5 × 10−5

v0 5.7 × 107 GeV 4.1 × 106 GeV
TR 7.5 × 104 GeV 2.4 × 107 GeV
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Let us first discuss the mirror quark case. In the non-
relativistic regime, the annihilation cross section of mirror
quarks is given by

hσq0q̄0→G0G0 · vi ≃ 4πðα0sÞ2
m2

q0
: ð24Þ

We determine the decoupling temperature of the process by
setting the mirror quark annihilation rate to the Hubble rate:

nq0 ðT 0
dÞhσq0q̄0→G0G0 · vi ¼

ffiffiffiffiffiffiffiffiffi
π2g�
90

r
T2
d

MP
; ð25Þ

where nq0 ðT 0
dÞ is the number density of the mirror quark at

the decoupling approximately given by

nq0 ðT 0
dÞ ≃ 4Nc

�
mq0T 0

d

2π

�
3=2

e
−
mq0
T0
d ð26Þ

in the nonrelativistic limit. Note that the decoupling
temperatures in the SM sector (Td) and in the mirror
sector (T 0

d) are related by the formula T 0
d ¼ Br1=4Td, and

mq0 ¼ mqðv0=vÞ. As discussed in Sec. VI, if the mirror
proton is the dark matter, v0=v ¼ 235=Br, and hence,
mu0 ¼ 1.18=Br GeV. For a fixed value of Br, we numeri-
cally solve this equation to find T 0

d with α0s ¼ 0.12. Then,

the yield of the mirror u-quark at the decoupling is
estimated by

Yu0 ðT 0
dÞ ≃

nq0 ðT 0
dÞ

sðTdÞ
; ð27Þ

where sðTdÞ is the entropy density of the Universe, which is
approximately the entropy density of the SM sector:

sðTdÞ ¼
2π2

45
g�T3

d ¼
2π2

45
g�

�
T 0
d

Br1=4

�
3

: ð28Þ

The relic density of the mirror u-quark is estimated by

Ωu0h2 ≃
mu0Yu0 ðT 0

dÞs0
ρc=h2

; ð29Þ

where s0 ¼ 2890=cm3 is the entropy density of the present
Universe, and ρc=h2 ¼ 1.05 × 10−5 GeV=cm3 is the criti-
cal density. For Br ¼ 0.01, we find T 0

d ¼ 3.5 GeV and
Ωu0h2 ¼ 6.8 × 10−6, which is much smaller than the dark
matter density of ΩDMh2 ¼ 0.12.
We can see that the resultant Ωu0h2 increases as we

lower Br. This behavior can be understood as follows.
From Eqs. (25) and (28),

Yu0 ðT 0
dÞ ¼

nq0 ðT 0
dÞ

sðTdÞ
¼

ffiffiffiffiffiffiffiffiffi
π2g�
90

r
T2
d

MP
hσq0q̄0→G0G0 · vi−1

�
2π2

45
g�

�
T 0
d

Br1=4

�
3
�−1

¼
ffiffiffiffiffiffiffiffiffiffiffiffi
45

8π2g�

s
ð1.18 GeVÞ2
4πðα0sÞ2MPT 0

d

Br−7=4: ð30Þ

Hence, we find Ωu0h2 ≃ 6.4 × 10−11x0d=Br
7=4, where

x0d ≡mu0=T0
d. Our calculation is essentially the same as

the calculation for the relic density of the WIMP dark
matter, and as is well known, x0d ¼ 20–30 over the wide
range of the dark matter mass. In our numerical analysis,
we find 23.3 ≤ x0d ≤ 37.3 for 10−5 ≤ Br ≤ 0.1. In the left
panel of Fig. 3, we show our numerical result forΩu0h2 as a
function of Br, where we can see Ωu0h2 ∝ Br−7=4. We
have set the model parameters to reproduce the observed
dark matter density by the asymmetric dark matter, and
therefore, the relic density for the symmetric parts must
be Ωu0h2 ≪ 0.12, which leads to the lower bound on
Br > 3 × 10−5.
For mirror electrons to be the asymmetric dark matter,

we can repeat the same calculation by replacing α0s
with α0em ¼ 1=128, mu0 ¼ 1.18=Br GeV with me0 ¼
1.66=Br GeV, and nu0 with ne0 by setting Nc ¼ 3 → 1
in Eq. (26). Our result is shown in the right panel of Fig. 3.
For this case, we find the lower bound Br > 10−3.

We also note that if the asymmetric part provides the
central value of ΩDM, then the symmetric part can at most
be within 2σ uncertainty of this which from [56] is ≃0.0024
at 95% confidence level. This would imply from Fig. 4
that Br ≥ 0.01.

C. Dark radiation and ΔNeff

In this model, the mirror neutrinos and the mirror photon,
if it is light enough, remain as dark radiation contributing to
ΔNeff ¼ ðNeff − NSM

eff Þ. We now evaluate ΔNeff using the
same technique as in [57]. Let us denote g�R and g0�R as the
number of degrees of freedom in the visible and mirror
sectors, respectively, at the moment right after the reheat
epoch when the temperatures in the visible and the mirror
sectors are TR and T 0

R. If the corresponding number of
degrees of freedom at the BBN epoch are g�BBN and g0�BBN
in the two sectors and the temperatures at the BBN epoch
are TBBN and T 0

BBN, we can use entropy conservation to get
the following relations among the above temperatures and
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degrees of freedom parameters. Entropy conservation in
both sectors then leads to

g0�RT
03
R

g�RTR
3
¼ g0�BBNT

0 3
BBN

g�BBNTBBN
3
: ð31Þ

Since the numerators and denominators on each side of the
above equation are at the same cosmic time, the volume
factors cancel out. From the asymmetric reheating, we get
the relation between TR and T 0

R to be

g0�RT
04
R ¼ Br × g�RTR

4: ð32Þ

Using the definition of ΔNeff , these two equations give

ΔNeff ¼
g0�BBNT 04

BBN
7
4
T4
BBN

¼ 4Br
7

g�BBN

�
g0�R · g�BBN
g�R · g0�BBN

�
1=3

: ð33Þ

Thus, we relate the amount of dark radiation ΔNeff to the
unknown parameter Br. If we make a plausible assumption
that g�R ¼ g0�R, we get

ΔNeff ¼
4Br
7

g�BBN

�
g�BBN
g0�BBN

�
1=3

: ð34Þ

If at the epoch of BBN only mirror neutrinos and the mirror
photon contribute to g0�, then we get g0�BBN ¼ 7.25. Using
the fact that, in the visible sector g�BBN ¼ 10.75, we get
ΔNeff ≃ 7.0 × Br. The current bound on ΔNeff < 0.284 at
95% CL from Planck data [56] then implies Br < 0.041.
This leads to the cooling factor of the mirror world as

x≡ T 0
R

TR
¼ 0.45 ≃ δβ. This is enough to guarantee the suc-

cess of the standard BBN results in a mirror world picture.
The case with the mirror electron being the asymmetric
dark matter is especially interesting, since choosing the
symmetric part to be a tenth of the observed relic density
gives a lower bound on Br > 10−3 as shown in Fig. 3. This
translates to a lower bound on ΔNeff > 7.0 × 10−3, part
of which region will be explored by future precision
cosmic microwave background (CMB) experiments such
as CMB-S4 [58] and CMB-HD [59]. If on the other hand
we assume that the uncertainty in ΩDM ¼ 0.1200� 0.0024
(95% CL) is due to the symmetric part of the dark matter,
then we get a lower limit on Br ≥ 0.01 leading to a lower
bound of ΔNeff > 0.07, which is testable in CMB-S4 and
CMB-HD experiments.

D. Preventing cross-equilibrium from Dirac masses
of singlet fermions

We see from our discussion of neutrino masses in Sec. III
that the Dirac masses of the singlet fermionsN,N0 and S, S0

FIG. 3. Black lines represent the relic abundances of the symmetric parts for left) the case that the mirror proton is the asymmetric dark
matter and (right) the case that the mirror electron is the asymmetric dark matter in the right panel. The symmetric parts of the relic
abundances in both cases are proportional to Br−7=4. The horizontal red lines indicate the observed dark matter density, Ωh2 ¼ 0.12.
These graphs lead to the lower limit on the branching ratio Br from the requirement that the dark matter is asymmetric. This in turn gives
the lower limit on the dark radiation parameter ΔNeff.

FIG. 4. Feynman diagram for the process f þ ν ↔ H þ N0 þ f
mediated by W and Z bosons, that connects the SM with the
mirror sector via the Dirac neutrino portal.
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connect the visible sector to the mirror sector via their large
massesM1;2;3;4. They also mix with the familiar and mirror
neutrinos via Yukawa couplings. Since the latter have
gauge interactions, there are processes like f þ ν ↔ H þ
N0 þ f mediated by W and Z bosons (see Fig. 4), where f
are SM fermions (quarks and leptons). Once this process
reaches thermal equilibrium, it will establish cross-equi-
librium between the visible and mirror sector undoing the
effect of asymmetric reheating and create problems for
BBN. This process must therefore be out of equilibrium. To
study this, note that the out of equilibrium condition for this
process at temperature T ≫ v is given by

nfhσðf þ ν ↔ H þ N0 þ fÞ · vi ∼ 0.1T3
y2Ng

4
2M

2
a

8π3T4
<

T2

MP
;

ð35Þ

where g2 is the SM SUð2Þ gauge coupling. This leads to the
decoupling T� for this process to be

T� ≃
�
0.1y2Ng

4
2M

2
NMP

8π3

�
1=3

; ð36Þ

where we have set Ma ¼ MN . As an example, if we
consider the benchmark sets I and II in Table II, we get
T� ∼ 104 GeV and T� ∼ 107 GeV, respectively, above
which the process is out of equilibrium. For both cases,
T� is much smaller than MN , and therefore, the processes
are Boltzmann suppressed by e−MN=T for T < T�, auto-
matically keeping the process out of equilibrium. In a
similar manner, the process f0 þ ν0 ↔ N þ f0 decouples
above the reheat temperature TR and prevents cross-
equilibrium from the mirror world to the SM sector.
We see that another term in the Higgs potential that can

lead to cross equilibrium is the H2H02 term. The H2H02
term can be induced at the one loop level byNlH − N0l0H0
due toNN0 mass terms. In our model, this induced coupling

is of order y4N
16π2

, and using the benchmark values of
parameters in Table I we see that this induced coupling
is of order 10−22 or less, which is much less than 10−6

needed for cross equilibrium.

VIII. SIDM AND MASSIVE MIRROR PHOTON

The considerations of this paper imply that the lepton
excess in the mirror sector is created below the temperature,
where mirror sphalerons decouple. As a result, the mirror
lepton excess remains as-is and therefore constitutes the
dark matter content of the Universe. As we have discussed
in Sec. VI, we see that

nL0

s
≃
79

28

nB
s
Br ð37Þ

due to SM sphaleron effect. This implies that mirror lepton
excess gives the correct dark matter content if me0 ≃
1.66=Br GeV as noted above. However, not only do the
mirror leptons experience the mirror Coulomb force among
them, but that is also a repulsive force. We therefore need to
make sure that this is in agreement with current structure
observations. We use the detailed work of Ref. [46] for this
purpose, where this issue is addressed. They point out that
both attractive and repulsive forces can fit structure
observation data as long as the force has finite range
[see Fig. 6 of Ref. [46] ]. In terms of our mirror model,
it means that the mirror photon must have mass. Their
Fig. 6 also informs us that, for a few GeV mirror elec-
tron mass, the mirror photon mass must be in the range of
10–100 MeV. The bullet cluster bound [60] on SIDM is
σDM−DM
mDM

≤ 1 cm2=g ≃ 1.8 × 10−24 cm2=GeV. We estimate

the tree-level e0e0 scattering cross section to be σe0e0 ≃
4πα2em
m2

e0
∼ 10−26 cm2 for mγ0 ≤ 100 MeV, in agreement with

the above bound.
In our model, the mirror photon mass arises from the

nonzero vev of the η0 scalar. One might think that, from the
coupling l0

el0
jη

0, there will result a coupling of the form
e0ðReη0Þν0 after η0 vev. The mass of ðReη0Þ however can be
made ∼v0 which will prevent e0 dark matter decay.

IX. CONCLUSION

In conclusion, we have shown how the mirror universe
model can provide an explanation of why the dark matter
content of the Universe is of the same order of magnitude
as the baryon excess. The model guarantees the needed
temperature asymmetry between the two sectors, using the
neutrino mass mechanism in the model. A unique feature of
our model is that a single complex field (Φ) is responsible
for inflation, asymmetric reheating, baryogenesis, as well
as solving the baryon-dark matter coincidence problem. We
find this unified explanation of several problems of the
standard model to be quite appealing. The neutrinos in
the model are Dirac fermions. A prediction of the model is
the lower bound on the amount of dark radiation (ΔNeff )
in the Universe. The forthcoming CMBS4 as well as the
CMB-HD experiment can probe a large range of the ΔNeff
prediction.
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