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Introduction

‡ No primordial antimatter significantly exists in the present universe.

‡ All particles should come in particle-antiparticle pairs.

‡ An initial matter-antimatter asymmetry cannot survive after inflation.

We need a dynamical baryogenesis mechanism!

The matter-antimatter asymmetry is as same as a baryon asymmetry, which has been
precisely measured by the cosmological observations (e.g. Planck collaboration, 1303.5076.),

ΩBh2 =
ρB

ρc

h2 = 0.02205 ± 0.00028 , ρB = nBmp ,

ηB =
nB

nγ

≃ 2.68 × 10−8(ΩBh2) = (5.91 ± 0.08) × 10−10 .

顾佩洪 中国科学技术大学交叉学科理论研究中心 2014.10.23 3



If CPT (C – charge conjugation, P – parity, T – time reversal.) is invariant, any successful
baryogenesis mechanisms should satisfy the Sakharov conditions (Sakharov 67’):

‡ baryon number nonconservation,

‡ C and CP violation,

‡ departure from equilibrium.

B
C−→ −B for q

L(R)
C−→ qc

L(R)

B
CP−→ −B for qL

CP−→ qc
R

 =⇒ nB ≡ nb − n
b̄
= 1

3
(nqL

− nq̄L
+ nqR

− nq̄R
)

C,CP
−−−−−−−→ 0 .

⟨B⟩ = Tr(e−
H

T B) = Tr[e−
H

T (CPT )−1B(CPT )] = Tr[e−
H

T (−B)] = −⟨B⟩ ⇒ ⟨B⟩ = 0 .
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Both of the baryon (B) and lepton (L) numbers are violated by quantum effects in the
standard model (’t Hooft, 76’.). The transition of the baryon and lepton numbers from one
vacuum to the next vacuum is

∂µJµ
B = ∂µJµ

L = Nf

g2
2

32π2
ϵµνρσTr (W µνW ρσ) ⇒ ∆B = ∆L = Nf , ∆(B − L) = 0 .

At zero temperature, the baryon and lepton number violating processes via a tunneling
between the topologically distinct vacua are highly suppressed. However, such sphaleron
processes could become efficient during the temperatures near and above the electroweak
phase transition (Kuzmin, Rubakov, Shaposhnikov, 85’.),

100 GeV < T < 1012 GeV .
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In the standard model, the sphaleron processes, the CKM phase and the electroweak
phase transition can fulfill all of the three Sakharov conditions to realize an electroweak
baryogenesis scenario (e.g. Morrissey, Ramsey-Musolf, 12’.).

Unfortunately, the baryon asymmetry induced by the electroweak baryogenesis in the
standard model is too small to explain the observed value.

‡ The electroweak phase transition should be strongly first-order to avoid the washout of
the induced baryon asymmetry. This requires the Higgs boson lighter than about mH < 40

GeV, which is much lower than the experimental value mH = 125 GeV.

‡ Even if the electroweak phase transition is strongly first-order, the induced baryon
asymmetry can only arrive at the order of ηB = O(10−20).

We need a baryogenesis beyond the standard model!
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η∗
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η

lL

Nj
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η∗

The leptogenesis (Fukugita, Yanagida, 86’.) mechanism within various seesaw models (Minkowski,

77’; Yanagida, 79’; Gell-Mann, Ramond, Slansky, 79’; Glashow, 80’; Mohapatra, Senjanović, 80’; Magg, Wetterich, 80’;

Schechter, Valle, 80’; Cheng, Li, 80’; Lazarides, Shafi, Wetterich, 81’; Mohapatra, Senjanović, 81’; Foot, Lew, He, 89’.) can
simultaneously explain the observed baryon asymmetry and the small neutrino masses.
The leptogenesis can even include dark matter (Ma, 06’.).
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In the popular leptogenesis-seesaw context, the lepton number is explicitly violated and
the neutrinos are Majorana particles.

‡ The Majorana nature of neutrinos is just a theoretical assumption and has not been
experimentally confirmed so far. Even if the running and coming experiments observed
a neutrinoless double beta decay, they could not distinguish the Majorana neutrinos from
the pseudo-Dirac neutrinos.

‡ The neutrinos can be Dirac particles just like the charged fermions.

It is worth exploring the picture of Dirac neutrinos (Roncadelli, Wyler, 83’; Roy, Shanker, 84’; PHG, He,

06’.)!

A lepton-number-conserving leptogenesis can be realized in the presence of Dirac neu-
trinos (Dick, Lindner, Ratz, Wright, 99’; Murayama, Pierce, 02’; Thomas, Toharia, 06’; Abel, Page, 06’; PHG, He, 06’; PHG,

He, Sarkar, 07’.).
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lL

η

Xj

νR

ξ

νR

XL XR

ξ η

〈φ〉

〈σ〉

lL

Xi = XLi + XRi

The dark matter field
can play an essential
role in the leptogenesis
with Dirac neutrinos
(PHG, Sarkar, 07’.).

顾佩洪 中国科学技术大学交叉学科理论研究中心 2014.10.23 9



A GSM × GSM′ Scenario

It is intriguing that the baryonic and dark matter contribute comparable energy densities
to the present universe (e.g. Planck collaboration, 1303.5076.),

ΩDMh2 : ΩBh2 = (0.1199 ± 0.0027) : (0.02205 ± 0.00028) ≃ 5 .

This coincidence can be elegantly explained in the asymmetric dark matter scenario.

‡ The dark matter relic density is an asymmetry between dark matter and antimatter.

‡ The dark matter asymmetry is produced together with the baryon asymmetry.

The Dirac neutrino masses, the baryon asymmetry and the dark matter relic density can
have a common origin (PHG, 1209.4579.).
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The model

SU(3)
c
× SU(2)

L
× U(1)

Y

ordinary

sector

Y ukawa

scalar

messenger

sector

Y ukawa

scalar

SU(3)′
c
× SU(2)′

L
× U(1)′

Y

dark

sector

common
origin

dark

matter

neutrino

masses

baryon
asymmetry
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Ordinary and dark fields

qL(3, 2,+1
6
) =

[
uL

dL

]
⇐⇒ q′L(3, 2,−1

6
) =

[
d′

L

u′
L

]
,

dR(3, 1,−1
3
) ⇐⇒ d′

R(3, 1,+1
3
) ,

uR(3, 1,+2
3
) ⇐⇒ u′

R(3, 1,−2
3
) ;

lL(1, 2,−1
2
) =

[
νL

eL

]
⇐⇒ l′L(3, 2,+1

2
) =

[
e′L

ν ′
L

]
,

eR(1, 1,−1) ⇐⇒ e′R(1, 1,+1) ;

ϕ(1, 2,−1
2
) =

[
ϕ0

ϕ−
0

]
⇐⇒ ϕ′(3, 2,+1

2
) =

[
ϕ′+

ϕ′0

]
,

δ(1, 1,−2) ⇐⇒ δ′(1, 1,+2) ;

... ⇐⇒ ... .
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Ordinary and dark symmetry breaking

⟨ϕ′⟩ ≡
[

0

⟨ϕ′0⟩

]
̸= ⟨ϕ⟩ ≡

[
⟨ϕ0⟩
0

]
≃ 174 GeV ,

⟨δ′⟩ ̸= ⟨δ⟩ ≡ 0 ,

SU(3)c × SU(2)L × U(1)Y
∥
∥
∥
∥ ⟨ϕ⟩
∥
∥
⇓

SU(3)c × U(1)em ,

SU(3)′c × SU(2)′L × U(1)′Y
∥
∥ ⟨ϕ⟩
⇓

SU(3)′c × U(1)′em
∥
∥ ⟨δ′⟩
⇓

SU(3)′c .

Note the dark photon will become massive while the ordinary photon will keep massless.
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Ordinary and dark fermion masses

L ⊃ −(yd)ij q̄Liϕ̃dRj − (yu)ij q̄LiϕuRj − (ye)ij l̄Liϕ̃eRj − (yδ)ijδēRie
c
Rj + H.c. .

L ⊃ −(yd′)ij q̄
′
Liϕ̃

′d′
Rj − (yu′)ij q̄

′
Liϕ

′u′
Rj − (ye′)ij l̄

′
Liϕ̃

′e′Rj − (yδ′)ijδ
′ē′Rie

′c
Rj + H.c. .

md = yd⟨ϕ⟩ ⇐⇒ md′ = yd′⟨ϕ′⟩ ,

mu = yu⟨ϕ⟩ ⇐⇒ mu′ = yu′⟨ϕ′⟩ ,

me = ye⟨ϕ⟩ ⇐⇒ me′ = ye′⟨ϕ′⟩ .

Note the dark charged leptons should be the quasi-Dirac particles since they have a small
Majorana mass term,

δme′ = yδ′⟨δ′⟩ ≪ me′ .
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Messenger fields

Guage-singlet fermions:

{
NR(1, 1,0)(1, 1,0) with a lepton number L = +1 ,

N ′
R(1, 1,0)(1, 1,0) with a lepton number L = −1 .

L ⊃ −(yN)αil̄LαϕNRi − (yN ′)αil̄
′
Lαϕ′N ′

Ri − (MN)ijN̄
′c
RiNRj + H.c.

= −(yN)αil̄LαϕNi − (yN ′)αil̄
′
Lαϕ′Ni + H.c. − MNi

N̄iNi with Ni = NRi + N ′c
Ri .

[SU(2)L × SU(2)′L]-bidoublet scalars: Σa(1, 2,−
1

2
)(1, 2,+

1

2
) =

[
σ̄+ σ0

σ̄0 σ−

]
a

with a zero lepton number .

L ⊃ −fal̄LΣal
′c
L − ρaϕ

†Σaϕ
′∗ + H.c. − M2

Σa
Tr(Σ†

aΣa) .
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Neutrino mass generation

If the messenger sector only contains the gauge-singlet fermions, the mass matrix involv-
ing the ordinary and dark neutrinos should be

L ⊃ −
[

ν̄L N̄ ′c
R

] [ 0 yN⟨ϕ⟩

yT
N ′⟨ϕ′⟩ MN

][
ν ′c

L

NR

]
+ H.c. .

We can block diagonalize the above mass matrix to be

L ⊃ −
[

ν̄L N̄ ′c
R

] [ mν 0

0 MN

][
ν ′c

L

NR

]
+ H.c. with mν = −yN

⟨ϕ⟩⟨ϕ′⟩
MN

yT
N ′ ≡ mI

ν ,

as long as the seesaw condition is satisfied, i.e.

yN⟨ϕ⟩ , yN ′⟨ϕ′⟩ ≪ MN .

The ordinary and dark neutrinos thus will form three light Dirac neutrinos. This mecha-
nism for generating the Dirac neutrino masses may be named as the type-I Dirac seesaw.
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If the messenger sector only contains the [SU(2)L×SU(2)′L]-bidoublet scalars Σa, we can
also obtain the light Dirac neutrinos in a natural way. Specifically, the bidoublet scalars
can pick up their seesaw-suppressed vacuum expectation values:

⟨Σa⟩ =

[
0 ⟨σ0

a⟩

0 0

]
≃ −

ρa⟨ϕ⟩⟨ϕ′⟩
M2

Σa

≪ ⟨ϕ⟩ , ⟨ϕ′⟩ ,

and then the ordinary and dark neutrinos can acquire their Dirac masses,

L ⊃ −mνν̄Lν ′c
L + H.c. with mν =

∑
a

fa⟨Σa⟩ ≡
∑

a

mIIa
ν ≡ mII

ν .

This mechanism for generating the Dirac neutrino masses may be named as the type-II
Dirac seesaw.
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If the messenger sector contains not only the gauge-singlet fermions but also the bidou-
blet scalars, the masses involving the ordinary and dark neutrinos should be

L ⊃ −
[

ν̄L N̄ ′c
R

] [ ∑a fa⟨Σa⟩ yN⟨ϕ⟩

yT
N ′⟨ϕ′⟩ MN

][
ν ′c

L

NR

]
+ H.c. .

Under the seesaw condition,

∑
a

fa⟨Σa⟩ ≪ yN⟨ϕ⟩ , yN ′⟨ϕ′⟩ ≪ MN ,

the masses between the ordinary and dark neutrinos should be a sum of the type-I Dirac
seesaw and the type-II Dirac seesaw, i.e.

L ⊃ −mνν̄Lν ′c
L + H.c. with mν = mI

ν + mII
ν = −yN

⟨ϕ⟩⟨ϕ′⟩
MN

yT
N ′ −

∑
a

fa

ρa⟨ϕ⟩⟨ϕ′⟩
M2

Σa

.
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Ordinary and dark lepton asymmetries

Ni

lL

φ∗

Ni

l′L

φ′

Nj

lL

φ∗

Ni

l′cL

φ′

Ni

lL

φ

Nj

l′cL

φ′

ηlL
= −ηl′L

∝ εNi
.
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The CP asymmetry εNi
can be calculated at one-loop order,

εNi
=

ΓNi→lLϕ
∗ − ΓN c

i →lc
Lϕ

ΓNi

=
ΓN c

i →l′Lϕ
′∗ − ΓNi→l′cLϕ′

ΓNi

= −
1

4π

∑
j ̸=i

Im
[
(y†

NyN)ij(y
†
N ′yN ′)ij

]
(y†

NyN)ii + (y†
N ′yN ′)ii

MNi
MNj

M2
Nj

− M2
Ni

,

with ΓNi
being the decay width,

ΓNi
= ΓNi→lLϕ

∗ + ΓNi→l′cLϕ′ = ΓN c
i →lc

Lϕ
+ ΓN c

i →l′Lϕ
′∗ =

1

16π
[(y†

NyN)ii + (y†
N ′yN ′)ii]MNi

.

Note at least two gauge-singlet Dirac fermions should be introduced to give a nonzero
CP asymmetry εNi

.
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Σa

lL

l′
L

Σa

φ

φ′

Σ
b

lL

l′
L

Σ
a

φ

φ′

Σ
a

lL

l′
L

Σb

φ

φ′

ηlL
= −ηl′L

∝ εΣa
.
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The CP asymmetry εΣa
can be calculated at one-loop order,

εΣa
=

ΓΣa→lLl
′
L
− ΓΣ∗

a→lc
Ll

′c
L

ΓΣa

=
ΓΣ∗

a→ϕ∗ϕ′∗ − ΓΣa→ϕϕ′

ΓΣa

= −
1

4π

∑
b ̸=a

Im
[
Tr
(
f †

b fa

)]
Tr
(
f †

afa

)
+ ρ2

a

M2
Σa

ρbρa

M2
Σb

− M2
Σa

,

with ΓΣa
being the decay width,

ΓΣa
= ΓΣa→lLl

′
L
+ ΓΣa→ϕϕ′ = ΓΣ∗

a→lc
Ll

′c
L
+ ΓΣ∗

a→ϕ∗ϕ′∗ =
1

16π

[
Tr
(
f †

afa

)
+

ρ2
a

M2
Σa

]
MΣa

.

Note at least two [SU(2)L × SU(2)′L]-bidoublet scalars should be introduced to give a
nonzero CP asymmetry εΣa

.
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Ni

lL

φ∗

Ni

l′L

φ′

Nj

lL

φ∗

Ni

l′L

φ′

Σa

lL

φ∗

Ni

l′cL

φ′

Ni

lL

φ

Nj

l′cL

φ′

Ni

lL

φ

Σa

l′cL

φ′

εNi
= −

1

4π

1

(y†
NyN)ii + (y†

N ′yN ′)ii

∑
j ̸=i

Im
[
(y†

NyN)ij(y
†
N ′yN ′)ij

] MNi
MNj

M2
Nj

− M2
Ni

+2 Im
[
(y†

Nfay
∗
N ′)ii

] ρa

MNi

[
1 −

M2
Σa

M2
Ni

ln

(
1 +

M2
Ni

M2
Σa

)]}
.
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Σ
a

lL

l′
L

Σ
a

φ

φ′

Σ
b

lL

l′
L

Σ
a

φ

φ′

N
i

l
L

l′
L

Σ
a

φ

φ′

Σ
a

lL

l′
L

Σb

φ

φ′

Σ
a

lL

l′
L

N
i

φ

φ′

εΣa
= −

1

4π

1

Tr(f †
afa) + ρ2

a

M2
Σa

∑
b ̸=a

Im
[
Tr
(
f †

b fa

)]
ρbρa

M2
Σb

− M2
Σa

+
∑

i

Im
[
(y†

Nfay
∗
N ′)ii

] ρaMNi

M2
Σa

ln

(
1 +

M2
Σa

M2
Ni

)}
.

顾佩洪 中国科学技术大学交叉学科理论研究中心 2014.10.23 24



Ordinary and dark baryon asymmetries

The ordinary lepton asymmetry ηlL
and the dark lepton asymmetry ηl′L

will decouple each
other after they are produced by the decays of the messenger fields.

The dark SU(2)′L sphaleron processes will partially transfer the dark lepton asymmetry
ηl′L

to a dark baryon asymmetry η′
B,

η′
B = −C ′ηl′L

.

while the ordinary SU(2)L sphaleron processes will partially transfer the ordinary lepton
asymmetry ηlL

to an ordinary baryon asymmetry ηB,

ηB = −CηlL
.

Note there will be a lepton-number-violating Majorana mass term of the dark charged
leptons after the U(1)′em symmetry is broken. The U(1)′em symmetry breaking and then
the lepton number violation should appear at a lower temperature, where the SU(2)′L
sphaleron processes have become very weak, to avoid the washout of the dark baryon
asymmetry.
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The exact relation between the baryon and lepton numbers can be calculated by means
of the analysis of the chemical potentials. The excess of a particle i over its antiparticle
can be described by the net number density (e.g. Kolb, Turner, The Early Universe.),

ni = n+
i − n−

i =

{ 1
6
giT

3
(µi

T

)
for fermion ,

1
3
giT

3
(µi

T

)
for boson ,

nB =
1

3

3∑
i=1

(nqi
+ nui

+ ndi
) ,

nL =
3∑

i=1

(nli + nei
) .

顾佩洪 中国科学技术大学交叉学科理论研究中心 2014.10.23 26



A B − L asymmetry can be partially converted into a baryon asymmetry (Kuzmin, Rubakov,

Shaposhnikov, 85’.).

Yukawa : −µq + µu + µϕ = 0 , − µq + µd − µϕ = 0 , − µl + µe − µϕ = 0 ,

Hypercharge : 3(µq + 2µu − µd − µl − µe) − 2µϕ = 0 ,

Sphalerons : 3(3µq + µl) = 0 ,


⇒


nB = 1

6
T 2
∑3

i=1(2µq + µu + µd) = 2
3
µlT

2

nL = 1
6
T 2
∑3

i=1(2µl + µe) = −17
14

µlT
2

⇒ nB = C(nB − nL) with C =
28

79
.

Yukawa : −µq′ + µu′ + µϕ′ = 0 , − µq′ + µd′ − µϕ′ = 0 , − µl′ + µe′ − µϕ′ = 0 , µδ′ − 2µe′ = 0 ;

Hypercharge : 3(−µq′ − 2µu′ + µd′ + µl′ + µe′) + 2µϕ′ + 4µδ′ = 0 ;

Sphalerons : 3(3µq′ + µl′) = 0 ;


⇒


n′

B = −1
6
T 2
∑3

i=1(2µq′ + µu′ + µd′) = 2
3
µlT

2 ,

n′
L = −1

6
T 2
[∑3

i=1(2µl′ + µe′) + 4µδ′

]
= −3

2
µlT

2

⇒ n′
B = C ′(n′

B − n′
L) with C ′ =

4

13
.
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Predictive dark matter mass

The U(1)Y and U(1)′Y gauge fields can have a kinetic mixing (Foot, He, 91’.),

L ⊃ −
1

4
BµνB

µν −
1

4
B′

µνB
′µν −

ϵ

2
BµνB

′µν = −
1

4
B̃µνB̃

µν −
1

4
B̃′

µνB̃
′µν

with B̃µ = Bµ + ϵB′
µ , B̃′

µ =
√

1 − ϵ2B′
µ .

We then can define the orthogonal fields,

Aµ = W 3
µ sW + B̃µcW , Zµ = W 3

µ cW − B̃µsW , A′
µ = W ′3

µ sW + B̃′
µcW , Z ′

µ = W ′3
µ cW − B̃′

µsW ,

among which the field A is exactly massless and is the ordinary photon, while the dark
photon A′ is massive and mixes with the Z and Z ′ bosons.
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For ϵ ≪ 1 and ⟨Σ⟩ , ⟨δ′⟩ ≪ ⟨ϕ⟩ ≪ ⟨ϕ′⟩, the mass eigenstates of the A′, Z and Z ′ bosons
can approximate to

Â′ ≃ A′ − ϵsWcWZ , Ẑ ≃ Z + ϵsWcWA , Ẑ ′ ≃ Z ′ .

The dark photon can couple to the ordinary fermions besides the dark fermions,

L ⊃ g2sW Â′
µ

[(
1

3
d̄′γµd′ −

2

3
ū′γµu′ + ē′γµe′

)
+ ϵc2

W

(
−

1

3
d̄γµd +

2

3
ūγµu − ēγµe

)]
.

As long as the dark photon is heavy enough,

m2
Â′ ≃ m2

A′ = 8g2
2s2

W ⟨δ′⟩2 ≃ (400 MeV)2

(
⟨δ′⟩

470 MeV

)2

,

it can efficiently decay into the ordinary fermions,

ΓA′ = ΓA′→e−e+ + ΓA′→uū + ΓA′→dd̄ + ΓA′→ss̄ ≃
15

16
ϵ2mA′αc4

W

≃
1

5 × 10−10 sec

(
ϵ

10−6

)2 ( mA′

400 MeV

)
.
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Since the dark charged leptons are the quasi-Dirac fermions, their lepton asymmetries
cannot survive (Buckley, Profumo, 11’.). The lightest dark charged lepton (the dark electron)
thus should have a thermally produced relic density, which depends on its pair annihila-
tion into the dark photon,

⟨σe′+e′−→A′A′vrel⟩ ≃
πα′2

m2
e′

≃ 6.3 × 105 pb
(

α′

α

)2(322 MeV
me′

)2

.

If the dark electron is at the GeV scale, it will have a frozen temperature far below its
mass and give a negligible contribution to the dark matter relic density.
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We now have known

η′
B = −

C ′

C
ηB for ηlL

= −ηl′L
.

If the dark matter relic density is dominated by the lightest dark nucleon N ′, the cosmo-
logical observations will imply

ΩBh2 : ΩDMh2 = mpηB : mN ′(−η′
B) ⇒ mN ′ =

C

C ′
ΩDMh2

ΩBh2
mp ,

from which the dark matter mass can be determined by

mN ′ ≃



5.67 GeV for ΩDMh2

ΩBh2 = 0.1172
0.02233

,

5.88 GeV for ΩDMh2

ΩBh2 = 0.1199
0.02205

,

6.09 GeV for ΩDMh2

ΩBh2 = 0.1226
0.02177

.
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Effective neutrino number

The BBN stringently restricts the existence of the new relativistic degrees of freedom.
The constraint on the new degrees of freedom is conventionally quoted as ∆Nν = Nν −
3.046, the effective number of additional light neutrinos (e.g. Planck collaboration, 1304.5076.),

Nν = 3.30 ± 0.27 ⇒ ∆Nν = 0.25 ± 0.27 .

So, the gauge interactions of the dark neutrinos should decouple before the BBN. We can
estimate

Γ ∼
(

g′
2/ cos θ′W

g2/ cos θW

)4( ⟨ϕ⟩
⟨ϕ′⟩

)4

G2
FT 5 = H(T ) =

[
8π3g∗(T )

90

]1

2 T 2

MPl

∣∣∣T=TD

⇒ TD ≃ 12 GeV
( g∗
100

)1

6

(
⟨ϕ′⟩

630 ⟨ϕ⟩

)4

3
(

g2/ cos θW

g′
2/ cos θ′W

)4

3

.

The temperature of the dark neutrinos at the BBN epoch TBBN ∼ 1 MeV then should be
about(

Tν ′

TBBN

)4

=

[
g∗(TBBN)

g∗(TD)

]4

3

∼
(

10.75

80 + 44.5

)4

3

≃ 0.038 ⇒ ∆Nν =
4

7

(
Tν ′

TBBN

)4

< 0.02 .
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Discrete mirror symmetry

We can impose a discrete mirror symmetry (Lee, Yang, 56’; Kobzarev, Okun, Pomeranchuk, 66’; Pavsic,

74’; Blinnikov, Khlopov, 82; Glashow, 86’; Foot, Lew, Volkas, 91’.) under which the fields transform as
G′a

µ ↔ Ga
µ , W ′a

µ ↔ W a
µ , B′

µ ↔ Bµ , q′L ↔ qL , d′
R ↔ dR , u′

R ↔ uR , l′L ↔ lL , e′R ↔ eR , ϕ′ ↔ ϕ ,

δ′ ↔ δ , N ′
R ↔ NR , Σa ↔ ΣT

a ,

to simplify the dimensionless parameters,
g′
3 = g3 , g′

2 = g2 , g′
1 = g1 , yd′ = yd , yu′ = yu , ye′ = ye , yδ′ = yδ , yN ′ = yN , fa = fT

a .

Benefited from the discrete mirror symmetry, the neutrino mass matrix induced by the
type-I, type-II or type-I+II Dirac seesaw will have a symmetric structure:
Type-I Dirac seesaw: mν = −yN

⟨ϕ⟩⟨ϕ′⟩
MN

yT
N with MN = diag{MN1

, MN2
, ...} ,

Type-II Dirac seesaw: mν = −
∑

a fa
ρa⟨ϕ⟩⟨ϕ′⟩

M2
Σa

with fa = fT
a ,

Type-I+II Dirac seesaw: mν = −yN
⟨ϕ⟩⟨ϕ′⟩

MN

yT
N −

∑
a fa

ρa⟨ϕ⟩⟨ϕ′⟩
M2

Σa

with MN = diag{MN1
, ...} , fa = fT

a .

As the dark vacuum expectation value ⟨ϕ′⟩ is determined by the dark matter mass, our
Dirac seesaw will not contain new parameters compared with the traditional type-I, type-
II or type-I+II Majorana seesaw.
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Another implication of the mirror symmetry is that the beta functions of the QCD in the
ordinary and dark sectors, i.e.

α−1
s (µ) =

11 − 2
3
nf

2π
ln
(µ

Λ

)
, α−1

s′ (µ) =
11 − 2

3
nf ′

2π
ln
( µ

Λ′

)
,

can yield a relation between the electroweak and hadronic scales in the dark sector. Here
nf(nf ′) counts the number of the ordinary(dark) quarks involved at a given scale µ. By
matching αs(µ) at the scale µ = mt with nf = 6 and nf = 5, at the scale µ = mb with nf = 5

and nf = 4, at the scale µ = mc with nf = 4 and nf = 3, respectively, we can deduce

Λ(5) = m
2

23

t Λ
21

23

(6) , Λ(4) = m
2

25

b Λ
23

25

(5) , Λ(3) = m
2

27
c Λ

25

27

(4) ⇒ ΛQCD = Λ(3) = (mcmbmt)
2

27Λ
21

27

(6) .

Similarly, we can have

Λ′
(5) = m

2

23

t′ Λ
′21

23

(6) , Λ′
(4) = m

2

25

b′ Λ
′23

25

(5) , Λ′
(3) = m

2

27

c′ Λ
′25

27

(4) , Λ′
(2) = m

2

29

s′ Λ
′27

29

(4) , Λ′
(1) = m

2

31

d′ Λ
′29

31

(2) , Λ′
(0) = m

2

33

u′Λ
′31

33

(1) ,

⇒ ΛQCD′ = Λ′
(0) = (mu′md′ms′mc′mb′mt′)

2

33Λ
′21

33

(6) for ΛQCD′ < mu′ .
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Due to

αs(µ ≫ mt) = α′
s(µ ≫ mt′) ⇒ Λ(6) = Λ′

(6) ,
⟨ϕ′⟩
⟨ϕ⟩

=
mu′

mu

=
md′

md

=
ms′

ms

=
mc′

mc

=
mb′

mb

=
mt′

mt

,

the dark hadronic scale Λ
QCD′ should arrive at

ΛQCD′ =

(
⟨ϕ′⟩
⟨ϕ⟩

) 4

11

(mumdms)
2

33Λ
9

11

QCD for ΛQCD′ < mu′ .

So, by inputting ⟨ϕ′⟩ = 630 ⟨ϕ⟩, we can determine

ΛQCD′ = 1.2 GeV for ΛQCD = 200 MeV , mu = 2.3 MeV , md = 4.8 MeV , ms = 95 MeV .

Consequently, the dark proton and neutron masses can be given by

mp′ ≃ 2mu′ + md′ ≃ 6.0 GeV , mn′ ≃ mu′ + 2md′ ≃ 7.5 GeV with mu′ = 1.5 GeV , md′ = 3.0 GeV .
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Dark matter detection

The dark proton as the dark matter particle can scatter off the ordinary nucleons,

σp′N→p′N(Z, A) ≃ ϵ2πα2c4
W

µ2
r

m4
A′

(
Z

A

)2

≃ 4 × 10−45 cm2

(
ϵ

10−7

)2 ( µr

0.81 GeV

)2
(

400 MeV
mA′

)4(
Z

A

)2

,

where µr is the reduced mass,

µr =
mp′mp

mp′ + mp

≃ 0.81 GeV for mp′ ≃ 6 GeV .
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An SO(10) × SO(10)′ Scenario
(PHG, 1410.5759.)

qc
L(3, 2, 1,−1

3) ⊕ qR(3, 1, 2,+1
3) ⊕ lcL(1, 2, 1,+1) ⊕ lR(1, 1, 2,−1) = 16F ,

χ∗
L(1, 2, 1,+1) ⊕ χR(1, 1, 2,−1) ∈ 16H ,

∆∗
L(1, 3, 1,−2) ⊕ ∆R(1, 1, 3,+2) ⊕ Ω∗

L(3, 3, 1,−2
3) ⊕ ΩR(3, 1, 3,+2

3) ∈ 126H ,

Φ(1, 2, 2,0) ∈ 10H and/or others .

q′cR(3, 2, 1,−1
3) ⊕ q′L(3, 1, 2,+1

3) ⊕ l′cR(1, 2, 1,+1) ⊕ l′L(1, 1, 2,−1) = 16′F ,

χ′∗
R(1, 2, 1,+1) ⊕ χ′

L(1, 1, 2,−1) ∈ 16′H ,

∆′∗
R(1, 3, 1,−2) ⊕ ∆′

L(1, 1, 3,+2) ⊕ Ω′∗
R(3, 3, 1,−2

3) ⊕ Ω′
L(3, 1, 3,+2

3) ∈ 126′H ,

Φ′(1, 2, 2,0) ∈ 10′H and/or others .

(16 × 16′)H = ΣlLl′R
(1, 2, 1,−1)(1, 2, 1,+1) ⊕ ΣlRl′L

(1, 1, 2,+1)(1, 1, 2,−1) ⊕ ... .
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Symmetry breaking

SU(3)c × SU(2)L × SU(2)R × U(1)B−L

⟨χR⟩= 1√
2
(vR, 0)T

−−−−−−−−−−−−−−→ SU(3)c × SU(2)L × U(1)Y

⟨Φ⟩= 1√
2
diag{v1, v2}

−−−−−−−−−−−−−−→ SU(3)c × U(1)em .

SU(3)′c × SU(2)′R × SU(2)′L × U(1)′B−L

⟨χ′
L⟩=

1√
2
(v′L, 0)T

−−−−−−−−−−−−−−→ SU(3)′c × SU(2)′R × U(1)′Y

⟨Φ′⟩= 1√
2
diag{v′1, v′2}

−−−−−−−−−−−−−−→ SU(3)′c × U(1)′em

⟨∆′
R⟩= 1√

2

[
0 0

v′
em 0

]
−−−−−−−−−−−−−−→ SU(3)′c .
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There is a U(1)G global symmetry under which the scalars (χ∗
L, χR) and (χ′∗

R, χ′
L)

carry a same charge.

Forbid V ⊃ ρΦχ
†
LΦχR + ρ̃Φχ

†
LΦ̃χR + ρΦ′χ

′†
RΦ′χ′

L + ρ̃Φ′χ
′†
RΦ̃′χ′

L

+ρ∆(χT
Liτ2∆LχL + χ

†
Riτ2∆

∗
Rχ∗

R)

+ρ∆′(χ′T
R iτ2∆

′
Rχ′

R + χ
′†
Liτ2∆

′∗
Lχ′∗

L) + H.c. ,

Allow V ⊃ ρΣ(χT
LΣ∗

LR′χ
′∗
R + χ

†
RΣRL′χ

′
L) + H.c. .

The neutral components of the scalars χL, ∆L,R, χ′
R, ∆′

R,L will not acquire any in-
duced vacuum expectation values.

⟨ΣRL′⟩ ≤ ⟨χR,L′⟩ ̸= 0 , ⟨ΣLR′⟩ = 0 .
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Dirac neutrinos, lepton asymmetry and dark matter mass

At the left-right level,

L ⊃ −yqq̄LΦqR − ỹqq̄LΦ̃qR − yll̄LΦlR − ỹll̄LΦ̃lR

−yq′q̄
′
RΦ′q′L − ỹq′q̄

′
RΦ̃′q′L − yl′ l̄

′
RΦ′l′L − ỹl′ l̄

′
RΦ̃′l′L

−
1

2
f∆(l̄Liτ2∆

∗
LlcL + l̄cRiτ2∆RlR) −

1

2
f∆′(l̄′Riτ2∆

′∗
Rl′cR + l̄′cLiτ2∆

′
Ll′L)

−fΣ(l̄cLΣlLl′R
l′cR + l̄RΣlRl′L

l′L) + H.c. .
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After the left-right symmetry breaking,

L ⊃ −yuq̄LϕuR−ydq̄Lϕ̃dR − yν l̄LϕνR − yel̄Lϕ̃eR

−yu′q̄
′
Rϕ′u′

L − yd′q̄
′
Rϕ̃′d′L − yν′ l̄

′
Rϕ′ν′L − ye′ l̄

′
Rϕ̃′e′L

−
1

2
f∆l̄Liτ2∆

∗
LlcL −

1

2
f∆′ l̄

′
Riτ2∆

′∗
Rl′cR − MN ν̄Rν′L + H.c.

with



yu =
v1yq+v2ỹq√

v2
1+v2

2

, yd =
v2yq+v1ỹq√

v2
1+v2

2

,

yu′ =
v′1y

q′+v′2ỹ
q′√

v′21 +v′22
, yd′ =

v′2y
q′+v′1ỹ

q′√
v′21 +v′22

,

MN = 1√
2
fΣv′L .

The Higgs scalars ϕ and ϕ′ are responsible for spontaneously breaking the ordinary and
dark electroweak symmetries.
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After the electromagnetic symmetry breaking,

L ⊃ −muūLuR − mdd̄LdR − meēLeR − mu′ū
′
Ru′

L

−md′d̄
′
Rd′L − me′ē

′
Re′L −

1

2
m̄e′ē

′
Re′cR

−
[

ν̄L ν̄′L
]  0 mLR

m
†
R′L′ M

†
N

 [ ν′R
νR

]
+ H.c. with

mf =
1√
2

yfv , mf ′ =
1√
2

yf ′v
′ , m̄e′ =

1√
2

f∆′v
′
em ,

mLR =
1√
2

yνv , mR′L′ =
1√
2

yν′v
′ .

L ⊃ −mν ν̄Lν′R − MN ν̄Rν′L + H.c. with mν = −mLR
1

M
†
N

m
†
R′L′ .
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Mass eigenstates:

Ni = νRi + ν′Li with MN = diag{MN1
, MN2

, MN3
} .

Decay width:

ΓNi
= Γ(Ni → lLϕ∗) + Γ(Ni → l′Rϕ′∗) = Γ(Ni → lcLϕ) + Γ(Ni → l′cRϕ′)

= 1
16π[(y†νyν)ii + (y†

ν′yν′)ii]MNi
.

CP asymmetry:

εNi
=

Γ(Ni → lLϕ∗) − Γ(Ni → lcLϕ)

ΓNi

=
Γ(Ni → l′cRϕ′) − Γ(Ni → l′Rϕ′∗)

ΓNi

=
1

4π

∑
j ̸=i

Im[(y†νyν)ij(y
†
ν′yν′)ji]

(y†νyν)ii + (y†
ν′yν′)ii

MNi
MNj

M2
Ni

− M2
Nj

.
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Lepton asymmetry:

η̄L = −η̄′L ∝ εNi
.

Baryon asymmetry:

ηB = CηB−L = −Cη̄L with C =
28

79
,

η′B = Cη′B−L = −C′η̄′L with C′ =
28

229
.

Dark matter mass:

ΩBh2 : ΩDMh2 = ηBmp : (−η′B)mN ′ ⇒

mN ′ =
C′

C

ΩDMh2

ΩBh2
mp = 14.79 GeV

ΩDMh2/0.1199

ΩBh2/0.02205

 .
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U(1)em × U(1)′em kinetic mixing and dark matter detection

The (16 × 16′)H scalar can contribute to the U(1)em × U(1)′em kinetic mixing at
one-loop level,

L ⊃ −
ϵ

2
A′

µνAµν with ϵ =

√
αα′

12π

∑
Q,Q′

QQ′CQCQ′ ln

M2
(Q,Q′)

µ2

 .

Q, Q′ = ±1,±
1

3
,±

2

3
.

CQ,Q′ =

 1 for Q, Q′ = ±1 ,

3 for Q, Q′ = ±1
3,±2

3 .

Before the SO(10)× SO(10)′ symmetry breaking, the contributions from the scalars
σ(Q, Q′) ∈ (16 × 16′)H will be canceled exactly.
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At the left-right level,

V ⊃λ

(
χ
†
RΣ̃fRf ′

L
Σ̃†

fRf ′
L
χR + χ

′†
LΣ̃†

fRf ′
L
Σ̃fRf ′

L
χ′

L +χ
†
RΣfRf ′

L
Σ†

fRf ′
L
χR + χ

′†
LΣ†

fRf ′
L
ΣfRf ′

L
χ′

L

)

+M2
1Tr

(
Σ†

lR,Ll′L,R
ΣlR,Ll′L,R

)
+ M2

3

f ′
L,R ̸=l′L,R∑

fR,L ̸=lR,L

Tr

(
Σ†

fR,Lf ′
L,R

ΣfR,Lf ′
L,R

)
,

the U(1)em × U(1)′em kinetic mixing can arrive at a nonzero value,

ϵ =

√
αα′

12π

ln
(
1 + 1

2λv′2L /M2
1

) (
1 + 1

2λv2
R/M2

1

)
1 + 1

2λ(v′2L + v2
R)/M2

1

+ln

(
1 + 1

2λv′2L /M2
3

) (
1 + 1

2λv2
R/M2

3

)
1 + 1

2λ(v′2L + v2
R)/M2

3



≃
√

αα′

48π

λ2v′2L v2
R

M4
1

for M2
3 ≫ M2

1 ≫ λv′2L , λv2
R

∼
√

αα′

48π
λ2=10−9

(
λ

0.0046

)2√α′

α
for M2

1 ∼v′2L ∼v2
R .
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The U(1)em × U(1)′em kinetic mixing can mediate a testable dark matter scattering if
the dark proton is the dark matter particle.

Furthermore, when the dark leptoquark scalars Ω′
R,L is allowed much lighter than the

ordinary ones ΩL,R, the dark nucleon decay can be fast enough to open a window for
the indirect detection experiments although the ordinary proton decay is extremely slow.
For example, in the dark matter decay chains,

p′ → π′0e′+ (or n′ → π′0ν̄′R) , π′0 → γ′γ′ , γ′ → e+e− ,

the induced positrons/electrons can have a distinct energy,

Ee± ≃
m2

N ′ + m2
π′0

8m
N ′

(for me′ ≪ m
π′0 < mN ′)

≃ 1.9 GeV
( mN ′

15 GeV

)1 +

(m
π′0

m
N ′

)2
 ∈ (1.9GeV, 3.8GeV) .
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A Left-Right Symmetric Scenario

In QCD, the axial baryon number current has an anomaly (Callan, Dashen, Gross, 76’; Jackiw, Rebbi,

76’.),

J5µ =

Nq∑
a=1

q̄aγµγ5qa , ∂µJ5µ = Nq

g2
3

32π2
ϵµνρσTr(GµνGρσ) .

This is equivalent to add a term to the QCD Lagrangian,

LQCD ⊃ −q̄LmqqR − q̄Rm†
qqL + θQCD

g2
3

32π2
ϵµνρσTr(GµνGρσ) with (mq)ab = maδabe

iθQFD/Nq

.

It should be noted that only the sum of θQCD and θQFD = ArgDet(mq), i.e.

θ̄ = θQCD + θQFD ,

is physical. Actually, we can remove either θQCD or θQFD by doing a chiral transformation,

θQCD → θQCD − θQCD = 0 , θQFD → θQCD + θQFD = θ̄ for qa → e
iθQCD/(2Nq)γ5

qa ,

θQCD → θQCD + θQFD = θ̄ , θQFD → θQFD − θQFD = 0 for qa → e
−iθQFD/(2Nq)γ5

qa .
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The physical θ̄ violates P and CP. Due to this CP violation, the pion-nucleon interactions
now can be generalized to

LπNN = N̄τ · π(iγ5gπNN + gπNN)N with gπNN = −θ̄
2(mΞ − mΣ)mumd

fπ(mu + md)(2ms − mu − md)
≃ −0.023θ̄ .

The neutron electric dipole moment then can be estimated as

dn

e
=

gπNNgπNN

4π2mN

ln

(
mN

mπ

)
.

The recent upper bound on the neutron electric dipole moment is

|dn| < 2.9 × 10−26 e-cm ⇒ |θ̄| < 0.7 × 10−11 .

The extremely small upper bound on the strong CP phase θ̄ has led to the so-called strong
CP problem (e.g. Kim, Carosi, 08’.).
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Currently, the most popular solution to the strong CP problem is to introduce a continuous
Peccei-Quinn (Peccei, Quinn, 77’.) symmetry which predicts a pseudo Goldstone boson, the
axion (Peccei, Quinn, 77’; Weinberg, 78; Wilczek, 78’; Kim, 79’; Shifman, Vainshtein, Zakharov, 80’; Zhitnitsky, 80’; Dine,

Fischler, Srednicki, 81’.), and hence a dynamical strong CP phase. However, the axion has not
been experimentally seen so far.

Alternatively, we can consider certain discrete symmetries such as P or CP (Mohapatra, Sen-

janović, 78’; Beg, Tsao, 78’; Georgi, 78’.) to suppress or remove the strong CP phase. For example
(Babu, Mohapatra, 89’.), we can realize the parity symmetry for solving the strong CP problem
in the SU(3)c × SU(2)L × SU(2)R × U(1)B−L left-right symmetric theories (Pati, Salam, 74’;

Mohapatra, Pati, 75’; Mohapatra, Senjanović, 75’.).

In the left-right symmetric context with a parity symmetry for solving the strong CP
problem, we can realize a leptogenesis with predictions on Dirac neutrinos’ CP violation
and mass scale (PHG, 1410.5753.). In this new leptogenesis scenario, some dark matter scalars
play an essential role.
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The model

SU(3)c × SU(2)L × SU(2)R × U(1)L × U(1)R × U(1)N × Z2 × Z′
2

SU(2)L × U(1)L : qL(2,+1
6
), dR(1,−1

3
), uR(1,+2

3
), lL(2,−1

2
), eR(1,−1); ϕ(2,−1

2
), η(2,−1

2
).

SU(2)R × U(1)R : q′R(2,+1
6
), d′

L(1,−1
3
), u′

L(1,+2
3
), l′R(2,−1

2
), e′L(1,−1); ϕ′(2,−1

2
), η′(2,−1

2
).

U(1)L × U(1)R : ω(−3,+3), χd(−
1
3
,+1

3
), χu(+

2
3
,−2

3
), χe(−1,+1).

U(1)N : νR(1), ν ′
L(1); η(−1), η′(−1), σ(−1).

Z2 × Z ′
2 : fermions(−,−); χd(−,−), χu(−,−), χe(−,−).

U(1)L × U(1)R
⟨ω⟩−→ U(1)B−L .
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LK ⊃ (Dµϕ)†Dµϕ + (Dµϕ′)†Dµϕ′ + (Dµη)†Dµη + (Dµη′)†Dµη′

+iq̄LD̸qL + iq̄′RD̸q′R + id̄RD̸dR + id̄′
LD̸d′

L + iūRD̸uR + iū′
LD̸u′

L

+īlLD̸lL + īl′RD̸l′R + iēRD̸eR + iē′LD̸e′L with gL = gR = g2 .

V ⊃ µ2
ϕϕ†ϕ + µ2

ϕ′ϕ′†ϕ + µ2
ηξ†ξ + µ2

ξ′ξ′†ξ′) + ρ(ση†ϕ + H.c.) + ρ′(ση′†ϕ′ + H.c.)

+λ3(χ
∗
eχ

3
d + H.c.) + λ2(χ

∗
eχ

∗
dχ

2
u + H.c.) with µ2

ϕ ̸= µ2
ϕ′ , µ2

η ̸= µ2
η′ , ρ ̸= ρ′ .

LY = −yd(q̄Lϕ̃dR + q̄′Rϕ̃′d′
L) − yu(q̄LϕuR + q̄′Rϕ′u′

L) − ye(l̄Lϕ̃eR + l̄′Rϕ̃′e′L) − yν(l̄LηνR + l̄′Rη′ν ′
L)

−fdχdd̄Rd′
L + fuχuūRu′

L − feχeēRe′L + H.c. with fd = f †
d , fu = f †

u , fe = f †
e .
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Symmetry breaking

SU(3)c × SU(2)L × SU(2)R × U(1)B−L × U(1)N
∥
∥ ⟨σ⟩
⇓

SU(3)c × SU(2)L × SU(2)R × U(1)B−L

∥
∥ ⟨η′⟩
⇓

SU(3)c × SU(2)L × U(1)Y

∥
∥ ⟨ϕ⟩
⇓

SU(3)c × U(1)em .

⟨η′⟩ ≡
[

⟨η′0⟩
0

]
≥ ⟨ϕ′⟩ ≡

[
⟨ϕ′0⟩
0

]
≃ −

ρ′⟨σ⟩⟨η′⟩
M2

η′

.

⟨ϕ⟩ ≡
[

⟨ϕ0⟩
0

]
≃ 174 GeV ≫ ⟨η⟩ ≡

[
⟨η0⟩
0

]
≃ −

ρ⟨σ⟩⟨ϕ⟩
M2

η

= O(0.01-0.1 eV) .
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Masses of fermions and charged gauge bosons

mf = yf⟨ϕ⟩

Mf ′ = yf⟨ϕ′⟩

}
⇒ M

d′

md

=
M

s′

ms

=
M

b′

mb

=
M

u′

mu

=
M

c′

mc

=
M

t′

mt

=
M

e′

me

=
M

µ′

mµ

=
M

τ ′

mτ

≡ ⟨ϕ′⟩
⟨ϕ⟩ ,

mν = yν⟨η⟩

Mν ′ = yν⟨η′⟩

}
⇒

M
ν′
1

mν
1

=
M

ν′
2

mν
2

=
M

ν′
3

mν
3

≡ ⟨η′⟩
⟨η⟩ ,


=⇒



V ′
CKM = VCKM ≡ V ,

U ′
PMNS = UPMNS ≡ U =


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 .

mWL
= 1√

2
g
√

⟨ϕ⟩2 + ⟨η⟩2 ≃ 1√
2
g⟨ϕ⟩ for ⟨η⟩ ≪ ⟨ϕ⟩ ,

MWR
= 1√

2
g
√

⟨ϕ′⟩2 + ⟨η′⟩2 = 1√
2
g⟨η′⟩/ sinβ′ with sinβ′ = ⟨ϕ′⟩√

⟨ϕ′⟩2+⟨η′⟩2
≤ 1√

2
for ⟨ϕ′⟩ ≤ ⟨η′⟩ .
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Solution to the strong CP problem

The strong CP phase contains two parts,

θ̄ = θQCD + θQFD .

First of all, the original QCD phase θQCD can be removed as a result of the parity invari-
ance.

Furthermore, the contribution from the ordinary and mirror quark masses will arrive at
zero since the ordinary and mirror quarks have the mass matrices as below,

L ⊃ −[d̄L d̄′
L]Md

[
dR

d′
R

]
− [ūL ū′

L]Mu

[
uR

u′
R

]
+ H.c. with Md =

[
y

d(u)
⟨ϕ⟩ 0

0 y†
d(u)

⟨ϕ′⟩

]
,

which means
θQFD = Arg[Det(MuMd)] = Arg[Det(Mu)Det(Md)] = 0 ,

for Det(Md) and Det(Mu) being real.

Therefore, we can obtain a vanishing strong CP phase θ̄ = 0.
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Mirror lepton asymmetry

ν ′

i

W+
R

e′−, µ′−

ν ′

i

q′+2/3

q′+1/3

WR

e′−, µ′−, τ ′−

Γν ′
i

= Γ(ν ′
i → µ′− + W+

R ) + Γ(ν ′
i → e′− + W+

R ) +
∑
αβγ

Γ(ν ′
i → e′−α + q

′+1
3

β + q
′+2

3
γ )

≃
3g4

256π3
Mν ′

i

[
1 +

4π2

g2

(
|Uei|2 + |Uµi|2

)
ξ2

]
for Mµ′ < Mν ′

i
− MW

R
< Mτ ′ .

ξ =
M2

ν ′
i

− M2
W

R

M2
ν ′

i

<
(M

ν ′
i

+ MW
R

)Mτ ′

M2
ν ′

i

≃
2Mτ ′

MW
R

=
2mτ sinβ′

mW
L

= 0.044 sinβ′ ≤ 0.031 for sinβ′ ≤
1
√

2
.
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ν ′

i

µ′−

W+

R

+ ν ′

i

e′

WR

ν ′

j

µ′−

W+

R

+ ν ′

i

WR

e′

ν ′

j

µ′−

W+

R

ν ′

i

e′−

W+

R

+ ν ′

i

µ′

WR

ν ′

j

e′−

W+

R

+ ν ′

i

WR

µ′

ν ′

j

e′−

W+

R
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ε
µ′

ν′i
=

Γ(µ′
i → µ′− + W+

R ) − Γ(ν′ci → µ′+ + W−
R )

Γ
ν′i

,

εe′
ν′i

=
Γ(ν′i → e′− + W+

R ) − Γ(ν′ci → e′+ + W−
R )

Γ
ν′i

.

ε
µ′

ν′i
= −ε

µ′

e′i
≃



3π
4

Im(U∗
eiUejUµiU

∗
µj)

1+4π2

g2

(
|Uei|2+|Uµi|2

)
ξ2

M2
ν′i

M2
ν′j
−M2

ν′i

ξ4 for M
ν′j

≃ M
ν′i

,

3π
2

Im(U∗
eiUejUµiU

∗
µj)

1+4π2

g2

(
|Uei|2+|Uµi|2

)
ξ2

M2
ν′i

M2
ν′j

ξ4 for M2
ν′j

≫ M2
ν′i

.
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If the ordinary neutrinos have a quasi-degenerate spectrum, i.e. mν1
≡ m1 ≃ mν2

≡ m2 ≃
mν3

≡ m3, the decays of all of the three mirror neutrinos ν ′
1,2,3 will contribute to the mirror

lepton asymmetry.
εµ′

ν ′
1
= −εe′

ν ′
1

≃
3π

4
JCP

(
m2

1

∆m2
21

−
m2

1

∆m2
31

)
ξ4 ,

εµ′

ν ′
2
= −εe′

ν ′
2

≃
3π

4
JCP

(
m2

2

∆m2
21

+
m2

2

∆m2
32

)
ξ4 ,

εµ′

ν ′
3
= −εe′

ν ′
3

≃
3π

4
JCP

(
m2

3

∆m2
32

−
m2

3

∆m2
31

)
ξ4 .

If the ordinary neutrinos have a hierarchical spectrum, only the decays of the lightest
mirror neutrinos ν ′

1 or ν ′
3 will dominate the mirror lepton asymmetry.

εµ′

ν ′
1
= −εe′

ν ′
1

≃
3π

2
JCP

(
m2

1

m2
2

−
m2

1

m2
3

)
ξ4 ,

εµ′

ν ′
3
= −εe′

ν ′
3

≃
3π

2
JCP

(
m2

3

m2
1

−
m2

3

m2
2

)
ξ4 .

JCP = s12c12s23c23s13c
2
13 sin δ .
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µ
′−

e
′−

e
+

α

χe

e
−

β

µ
′−

e
+

α

χe

e
′−

e
+

β

µ
′−

e
−

α

χe

e
−

β

e
′−

µ
′−

e
′+

χe

e
−

β

e
+

α

Note in the presence of a fast conversion between the mirror muons and the mirror elec-
trons, the mirror muon asymmetry and the mirror electron asymmetry will be cancelled
each other once they are produced.
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In order to avoid the cancellation between the mirror muon asymmetry and the mirror
electron asymmetry, we can require

Γµ′−→e′−

s < H(Tsph) ,

Γµ′−→e′−

t < H(Tsph) , H(T ) =
(

8π3g∗
90

)1

2 T 2

MPl
.

Γµ′−+e′+

t < H(Tsph) ,

Γµ′−→e′−

D < H(Tsph) .

Γµ′−→e′−

s =
∑
αβ

Γ(µ′− + e+
α → e′− + e+

β ) ≃
3
(
f †

efe

)
µ′µ′

(
f †

efe

)
e′e′

4π3

T 5

M4
χe

for Mµ′ < T < Mχe
,

Γµ′−→e′−

t =
∑
αβ

Γ(µ′− + e−α → e′− + e−β ) ≃

(
f †

efe

)
µ′µ′

(
f †

efe

)
e′e′

4π3

T 5

M4
χe

for Mµ′ < T < Mχe
,

Γµ′−+e′+

t =
∑
αβ

Γ(µ′− + e+
α → e′− + e+

β ) ≃

(
f †

efe

)
µ′µ′

(
f †

efe

)
e′e′

4π3

T 5

M4
χe

for Mµ′ < T < Mχe
,

Γµ′−→e′−

D =
∑
αβ

Γ(µ′− → e′− + e−α + e+
β ) ≃

(
f †

efe

)
µ′µ′

(
f †

efe

)
e′e′

6144π3

M5
µ′

M4
χe

for Mµ′ < Mχe
.
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Baryon asymmetry

µ
′−

, e
′−

χ
∗

d

χ
∗

d

χ
∗

d

χe

e
−

α

µ
′−

, e
′−

χ
d

χ
∗

u

χ
∗

u

χe

e
−

α

Γµ′ =
∑

α

[
Γ(µ′− → e−α + χ∗

d + χ∗
d + χ∗

d) + Γ(µ′− → e−α + χd + χ∗
u + χ∗

u)
]

≃

(
f †

efe

)
µ′µ′

32768π5

(
|κ3|2 +

1

3
|κ2|2

) M5
µ′

M4
χe

,

Γe′ =
∑

α

[
Γ(e′− → e−α + χ∗

d + χ∗
d + χ∗

d) + Γ(e′− → e−α + χd + χ∗
u + χ∗

u)
]

≃

(
f †

efe

)
e′e′

32768π5

(
|κ3|2 +

1

3
|κ2|2

)
M5

e′

M4
χe

.
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The four-body decays of a mirror muon or electron into an ordinary lepton and three
scalars can become efficient at different temperatures. Only the mirror muon asymmetry
can be partially converted to the final baryon asymmetry.

Γµ′ > H(Tsph)

Γe′ > H(Tsph)

}
=⇒

ηB

7.04
≃ −

28

79
×


(εµ

ν ′
1
+ εµ

ν ′
2
+ εµ

ν ′
3
)/g∗ for m1 ≃ m2 ≃ m3 ,

εµ
ν ′
1
/g∗ for m1 ≪ m2 ≪ m3 ,

εµ
ν ′
3
/g∗ for m3 ≪ m1 ≪ m2 .

The observed baryon asymmetry then can predict a correlation between the neutrinos’
CP violation and mass scale.

sin δ = −3.2 × 10−4 for m1 ≃ m2 ≃ m3 = 0.2 eV =⇒
∑

mν = 0.6 eV ;

m1 = 0.00393 eV < m2 = 0.00953 eV < m3 = 0.0494 eV =⇒
∑

mν = 0.0620 eV for sin δ = −1 .

(e.g. Capozzi et al., 1312.2878.)

NH: ∆m2
21 = 7.54 × 10−5 eV2 , ∆m2

31 = 2.43 × 10−3 eV2 , s2
12 = 0.308 , s2

23 = 0.437 , s2
13 = 0.0234 ;

IH: ∆m2
21 = 7.54 × 10−5 eV2 , ∆m2

31 = 2.38 × 10−3 eV2 , s2
12 = 0.308 , s2

23 = 0.455 , s2
13 = 0.0240 .

顾佩洪 中国科学技术大学交叉学科理论研究中心 2014.10.23 63



Dark matter

The scalars χd,u can keep stable as a result of the unbroken Z2 × Z ′
2 symmetry.

The stable scalars χd,u can annihilate into the standard model particles through their cou-
plings with the standard model Higgs scalar and then can obtain a relic density to serve
as the dark matter particles. This dark matter scenario through Higgs portal has been
studied by many people.

The dark matter scalars χd,u may efficiently annihilate into the ordinary quarks through
the mediation of the first-generation mirror quarks even if the Higgs portal is not strong
enough.
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Summary

• Currently, no experimental results require the neutrinos to be the Majorana particles
rather than the Dirac particles.

• On the theoretical hand, the Dirac neutrinos can nicely acquire their tiny masses in
some Dirac seesaw models.

• We have proposed a class of GSM×GSM′ models, the interactions for simultaneously
generating the ordinary and dark matter asymmetries can also account for the Dirac
neutrino masses. The asymmetric dark matter can have a predictive mass at about
6 GeV. If the dark proton is the dark matter particle, it can have a testable scattering
off the ordinary nucleons in the presence of a small U(1)Y ×U(1)′Y kinetic mixing
input by hand. By imposing a proper discrete mirror symmetry, our Dirac seesaw
models will not require more unknown parameters than the conventional Majorana
seesaw models.
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• We have presented an SO(10) × SO(10)′ model with a (16 × 16′)H scalar to
give a common origin for the Dirac neutrino masses, the ordinary and dark matter
asymmetries. The lightest dark nucleon as the dark matter particle should have a
predictive mass at about 15 GeV. The dark proton can scatter off the ordinary nu-
cleons at a testable level if it is the dark matter particle. Unlike the ordinary proton
decay, the dark proton/neutron decay can be fast enough to open a window for the
dark matter indirect detection experiments. The U(1)em × U(1)′em kinetic mix-
ing which is the key for dark matter detection can be induced by the (16 × 16′)H
scalar.

• We have demonstrated a new leptogenesis scenario where the ordinary neutrinos
can have a seesaw-suppressed Dirac mass term, while the mirror Dirac neutrinos
can decay to generate a mirror muon asymmetry and an opposite mirror electron
asymmetry although the net lepton number is zero. The four-body decays of a mirror
muon into an ordinary lepton and three dark matter scalars can convert the mirror
muon asymmetry to an ordinary lepton asymmetry before the sphaleron processes
do not actively work. Benefited from the parity symmetry for solving the strong CP
problem, this leptogenesis can give a correlation between the neutrinos’ CP violation
and mass scale.
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