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Electroweak Baryogenesis and Conventional Leptogenesis

‡ All particles should come in particle-antiparticle pairs.

‡ No primordial antimatter significantly exists in the present universe.

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

The matter-antimatter asymmetry is as same as a baryon asymmetry, which has been
precisely measured by the cosmological observations (e.g. PDG 2016.),

ΩBh
2 =

ρB
ρc

h2 = 0.02226± 0.00023 , ρB = nBmp ,

ηB =
nB

nγ

≃ 2.68× 10−8(ΩBh
2) = (5.97± 0.06)× 10−10 .

We need a dynamical baryogenesis mechanism!
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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 q

L(R)
CP−→ qc

R(L)

 =⇒ 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 .

The standard model fulfils all of the three Sakharov conditions.
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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

∂µJ
µ
B = ∂µJ

µ
L = Nf

g22
32π2

ϵµνρσTr (W µνW ρσ)⇒∆B = ∆L = Nf = 3 , ∆(B − L) = 0 .

At zero temperature, the baryon and lepton number violating processes via a tunnel-
ing between the different vacua are highly suppressed and hence are unimportant today.
However, such processes can have a sphaleron solution during the temperatures near and
above the electroweak phase transition (Kuzmin, Rubakov, Shaposhnikov, 85’.),

100GeV < T < 1012 GeV .
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At the crucial temperature Tc, the electroweak symmetry is spontaneously broken. Dur-
ing this electroweak phase transition, the sphaleron interaction rates Γsph are

Γsph ∝ T4
c exp

(
−κ

vc
Tc

)
(in the electroweak-symmetry broken phase),

Γsph ∝ T4
c (in the electroweak-symmetry unbroken phase).

The out-of-equilibrium condition is

vc
Tc

> 1 =⇒ strongly first order phase transition.

Pei-Hong Gu University of Science and Technology of China, Hefei, 09.11.2017 6



In the quark sector, the CKM matrix contains a CP phase to violate the CP,

LSM ⊃ −ūLm̂uuR − d̄Lm̂ddR +
g√
2
ūLγ

µVCKMdLW
+
Lµ + H.c. with

VCKM =


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 .

In conclusion, the standard model fulfils all of the three Sakharov conditions so that it
can accommodate an electroweak baryogenesis mechanism.
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During the electroweak phase transition, the bubbles of the true ground state of the Higgs
scalar will nucleate and expand until they fill the universe. The electroweak symmetry is
broken inside the bubbles while is unbroken outside the bubbles. The SU(2)L sphaleron
reactions can keep very fast outside the bubbles though they are highly suppressed inside
the bubbles.

As a Higgs bubble expands, the quarks from the unbroken phase will be reflected off the
bubble wall back into the unbroken phase. If the CP is not conserved, we can expect a
difference between the reflection probabilities for the quarks and antiquarks with a given
chirality.

CP-violation =⇒ ∆nqL
= nqL

− nq̄L
̸= 0 , ∆nqR

= nqR
− nq̄R

̸= 0 ,

CPT-conservation + unitary-invariance =⇒ ∆nqL
+∆nqR

= 0 .
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The reflected quarks can diffuse before the bubble wall catches up.

The reflected left- and right-handed quarks have different interactions so that they can
have different thermal masses and hence different momenta perpendicular to the advanc-
ing bubble wall. Accordingly, the reflected left- and right-handed quarks have different
distributions outside the bubbles.

At the time the bubble wall catches up the reflected quarks, we can obtain a net baryon
number inside the bubble, e.g. a nonzero sum between a positive baryon number stored in
the left-handed quarks and a negative baryon number stored in the right-handed quarks,
and an opposite baryon number outside the bubble.

At the time the bubble wall catches up the reflected quarks, the SU(2)L sphaleron re-
actions have partially transferred a net baryon number inside the bubbles, other than an
opposite baryon number outside the bubbles, to a lepton number. The final baryon num-
ber thus should be a sum of the unaffected baryon number outside the bubbles and the
survival baryon number inside the bubbles.

The final baryon number is equal to the final lepton number.
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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 has been excluded by 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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Based on the standard model SU(3)c×SU(2)L×U(1)Y gauge groups, the leptogenesis (Fukugita,

Yanagida, 86’.) mechanism within the so-called type-I, II and III 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’.) or their
combinations can simultaneously explain the observed baryon asymmetry and the small
neutrino masses.

Type-I : L ⊃ −yN l̄LϕNR −
1
2
MNN̄ c

RNR + H.c. . NR(1,1,0)

Type-II : L ⊃ −1
2
f∆l̄cLiτ2∆lL − µϕT iτ2∆ϕ+ H.c.−M2

∆Tr(∆†∆) . ∆(1,3,1) =

 1√
2
δ+ δ++

δ0 − 1√
2
δ+


Type-III : L ⊃ −yT l̄cLiτ2TLϕ̃−

1
2
MTTr(iτ2T̄

c
Liτ2TL) + H.c. . TL(1,3,0) =

 1√
2
T 0
L T+

L

T−L − 1√
2
T 0
L


lL(1,2,−

1
2
) =

[
νL

eL

]
ϕ(1,2,−1

2
) =

[
ϕ0

ϕ−

]
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In the most popular type-I seesaw model, the neutrino masses are

L ⊃ −mνν̄Lν
c
L + H.c. with mν ≃ −yN

⟨ϕ⟩2

MN

yTN = U∗m̂νU
† .

We can take the Majorana mass term of the right-handed neutrinos NR diagonal and real
to define the heavy Majorana neutrinos, i.e.

MN = diag{MN1
,MN2

,MN3
} , Ni = NRi +N c

Ri = N c
i .

As long as the CP is not conserved, the out-of-equilibrium decays of the heavy Majorana
neutrinos Ni can generate a lepton asymmetry ηL between the standard model leptons lL
and the antileptons lcL at loop level,

ηL ∝ εNi
=

Γ(Ni → lLϕ
∗)− Γ(Ni → lcLϕ)

Γ(Ni → lLϕ
∗) + Γ(Ni → lcLϕ)

.

Due to the sphaleron processes, the produced lepton asymmetry ηL can be partially con-
verted to a baryon asymmetry ηB,

ηB = CηB−L = −CηL .
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The CP asymmetry εNi
can arrive at a nonzero value if and only if the Yukawa couplings

yN are complex. However, the CP phases in the Yukawa couplings yN may be irrelevant
to the CP phases in the neutrino mass matrix,

yN = iU∗
√

m̂νO

√
MN

⟨ϕ⟩
with OOT = OTO = 1 .

The orthogonal matrix O is arbitrary and its CP phases can provide the required CP
violation even if the neutrino mass matrix does not contain any CP phases (Davidson, Ibarra,

01’.).

It has been proved that in the type-I/III+II seesaw models, the CP phases in the neu-
trino mass matrix can be irrelevant to the CP violation required by the leptogenesis (PHG,

1612.04344.).

No distinct correlation between the baryon asymmetry and the neutrino mass matrix!
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The dark matter particle may play an essential role in the generation of the neutrino
masses and the baryon asymmetry. For example, we can consider the radiative seesaw
models (Ma, 06’.),

L ⊃ −yN l̄LηNR −
1

2
MNN̄ c

RNR − λ
(
η†ϕ
)2

+ H.c. .

SM(+) NR(1,1,0)(−) η(1,2,−1
2
)(−) =

[ 1√
2

(
η0R + iη0I

)
η−

]

Dark matter: m2
η0
R
−m2

η0
I
= λ⟨ϕ⟩2 .

mν ≃ −
λ

16π2
yN
⟨ϕ⟩2

MN

yTN = U∗m̂νU
† .

εNi
=

Γ(Ni → lLη
∗)− Γ(Ni → lcLη)

Γ(Ni → lLη
∗) + Γ(Ni → lcLη)

.

No distinct correlation between the baryon asymmetry and the neutrino mass matrix!
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Leptogenesis from Mirror Charged Current Interactions

SU(3)c × SU(2)L × SU(2)R × U(1) (Pati, Salam, 74’; Mohapatra, Pati, 75’; Mohapatra, Senjanović, 75’.)

qL(3,2,1,+
1
3
) q′R(3,1,2,+

1
3
)

dR(3,1,1,−
2
3
) d′L(3,1,1,−

2
3
)

uR(3,1,1,+
4
3
) u′L(3,1,1,+

4
3
)

lL(1,2,1,−1) l′R(1,1,2,−1)

eR(1,1,1,−2) e′L(1,1,1,−2)

We can forbid the mixing between the ordinary and mirror fermions by a proper discrete
symmetry, but allow the mirror fermions to decay into the ordinary fermions with the
dark matter scalar(s) (PHG, 1201.3551, 1410.5753.),

L ⊃ −fdχdd̄Rd
′
L − fuχuūRu

′
L − feχeēRe

′
L + H.c. .

The dark matter scalar can obtain a right relic density through the Higgs portal interaction
(Silveira, Zee ,85’.) which allows a resonantly enhanced annihilation (Ibe, Murayama, Yanagida, 08’.).
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The charged current interactions can be given in the basis of mass eigenstates,

LCC =
g2√
2
ūLγ

µVCKMdLW
+
Lµ +

g2√
2
ēLγ

µU∗PMNSνLW
−
Lµ

+
g′2√
2
ū′Rγ

µV ′CKMd′RW
+
Rµ +

g′2√
2
ē′Rγ

µU ′∗PMNSν
′
RW

−
Rµ + H.c. .

For a proper arrangement of the Higgs fields, the mirror fermions can have the following
spectrum,

Mµ′ +Md′ +Mu′ ≪Mν ′i
< Mτ ′ +Md′ +Mu′ , MWR

+Me′ .

Majorana neutrinos:

{
ν ′i = ν ′Ri + ν ′cRi ,

νi = νLi + νc
Li ,

ν ′i → e′R(µ
′
R) + u′R + d′cR

ν ′i → e′cR(µ
′c
R) + u′cR + d′R

}
=⇒ Le′ + Lµ′ ̸= 0 .

Dirac neutrinos:

{
ν ′i = ν ′Ri + ν ′Li ,

νi = νLi + νRi ,

ν ′i → e′R(µ
′
R) + u′R + d′cR

ν ′ci → e′cR(µ
′c
R) + u′cR + d′R

}
=⇒ Le′ + Lµ′ = 0 .

All or part of the mirror electron and muon asymmetries can be transferred to an ordinary
lepton asymmetry through the decays of the mirror charged leptons into the ordinary
charged leptons with the dark matter scalar(s) (PHG, 1201.3551, 1410.5753.).
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The existence of the mirror quarks can provide a solution to the strong CP problem if
a discrete parity symmetry is imposed (Mohapatra, Senjanović, 78’; Beg, Tsao, 78’; Georgi, 78’; Babu,

Mohapatra, 89’; Barr, Chang, Senjanović, 91’.).

L ⊃ −
[
d̄L d̄′L

]
Md

[
dR
d′R

]
−
[
ūL ū′L

]
Mu

[
uR

u′R

]
+ H.c.

with Md =

[
md 0

0 M †
d′

]
, md ∝Md′ ; Mu =

[
mu 0

0 M †
u′

]
, mu ∝Mu′ .

L ⊃ −θ̄
g23

32π2
GG̃ with θ̄ = θ − ArgDet(MuMd) .

While the θ-term is removed as a result of the parity invariance, the real determinants
Det(Md) and Det(Mu) will lead to a zero ArgDet(MuMd). We hence can obtain a vanishing
strong CP phase θ̄ at tree level (Mohapatra, Senjanović, 78’; Beg, Tsao, 78’; Georgi, 78’; Babu, Mohapatra, 89’;

Barr, Chang, Senjanović, 91’.) and a calculable one at loop level (Ellis, Gaillard, 79’).
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With the parity symmetry, we can know

g′2 = g2 = g ;

Md′

md

=
Ms′

ms

=
Mb′

mb

= constant ,
Mu′

mu

=
Mc′

mc

=
Mt′

mt

= constant , V ′CKM = VCKM = V ;

Me′

me

=
Mµ′

mµ

=
Mτ ′

mτ

= constant ,
Mν ′1

mν1

=
Mν ′2

mν2

=
Mν ′3

mν3

= constant , U ′PMNS = UPMNS = U .

We hence can fully determine the expected mirror neutrino decays by the ordinary neu-
trino mass matrix as long as we input one of the three mirror neutrino masses such as
Mν ′1

, and the W±
R gauge boson mass M

W ±
R

(PHG, 1201.3551, 1410.5753.).
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A realistic model with Majorana neutrinos

qL(−1)(−,+)
P←→ q′R(−1)(+,−) ,

dR(+1)(−,+)
P←→ d′L(+1)(+,−) ,

uR(+1)(−,+)
P←→ u′L(+1)(+,−) ,

lL(−1)(−,+)
P←→ l′R(−1)(+,−) ,

eR(+1)(−,+)
P←→ e′L(+1)(+,−) ,

NR(+1)(−,+)
P←→ N ′L(+1)(+,−) ,

ϕ1(−2)(+,+)
P←→ ϕ′1(−2)(+,+) ,

ϕ2(+2)(+,+)
P←→ ϕ′2(+2)(+,+) ,

χ(0)(−,−) P←→ χ(0)(−,−) .

Here the first and second brackets following the fields describe the transformations un-
der a softly broken U(1)G global symmetry and an exactly conserved Z2 × Z2 discrete
symmetry, respectively.
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The spontaneous gauge symmetry breaking can automatically break the discrete parity
symmetry (PHG, 1706.07706.), i.e.

⟨ϕ′1⟩ > ⟨ϕ′2⟩ > ⟨ϕ2⟩ > ⟨ϕ1⟩ .

The Yukawa couplings and Majorana masses respect the parity and Z2×Z2 symmetries,

LY+M = −yd(q̄Lϕ̃1dR + q̄′Rϕ̃
′
1d
′
L)− fdχd̄Rd

′
L

−yu(q̄Lϕ2uR + q̄′Rϕ
′
2u
′
L)− fuχūRu

′
L

−ye(l̄Lϕ̃1eR + l̄′Rϕ̃
′
1e
′
L)− feχēRe

′
L

−yN(l̄Lϕ2NR + l̄′Rϕ
′
2N
′
L)−

1

2
MN(N̄ c

RNR + N̄ ′cLN
′
L)− fNχN̄RN

′
L + H.c.

with MN = MT
N , fd,u,e,N = f †d,u,e,N .

md = yd⟨ϕ1⟩ ∝Md′ = yd⟨ϕ′1⟩ , mu = yu⟨ϕ2⟩ ∝Mu′ = yu⟨ϕ′2⟩ ;

me = ye⟨ϕ1⟩ ∝Me′ = ye⟨ϕ′1⟩ , mν = −yN
⟨ϕ2⟩2

MN

yTN ∝Mν ′ = −yN
⟨ϕ′2⟩2

MN

yTN .
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Γν ′i
=

∑
α=e,µ

[
Γ(ν ′i → e′α + u′+ d′c) + Γ(ν ′i → e′cα + u′c + d′)

]

≃
g4

210π3

(
|Uei|

2 +
∣∣Uµi

∣∣2) M5
ν ′i

M4
WR

.

εν ′i =

[
Γ(ν ′i → e′+ u′+ d′c)− Γ(ν ′i → e′c + u′c + d′)

]
Γi

=
g4

210π3

Im
[∑

α,β=e,µ

(
U∗αjU

∗
βjUβiUαi

)]
|Uei|

2 +
∣∣Uµi

∣∣2 [
S
(
Mν ′i

,Mν ′j
,MWR

)
+ V

(
Mν ′i

,Mν ′j
,MWR

)]
.

S ≃
Mν ′i

Mν ′j

M4
ν ′i

M4
WR

=
mνi

mνj

m4
νi

m4
ν1

M4
ν ′1

M4
WR

≃
3

5
V for M2

ν ′i
≪M2

ν ′j
, M2

WR
,

S ≃
Mν ′i

Mν ′j

M2
ν ′j
−M2

ν ′i

M4
ν ′i

M4
WR

=
mνi

mνj

m2
νj
−m2

νi

m4
νi

m4
ν1

M4
ν ′1

M4
WR

≫ V for M2
ν ′i
≃M2

ν ′j
≪M2

WR
.
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Note the lepton-number-violating interactions for generating the Majorana masses of the
ordinary and mirror neutrinos should go out of equilibrium at a higher temperature TF

before the mirror neutrinos begin to decay at a lower temperature TD.

[
Γ∆L=2 =

1

4π3

T 3
∑

im
2
νi

⟨ϕ2⟩4
< H(T )

] ∣∣∣TF
=⇒ TF ≃ 1012 GeV

[
0.04 eV2∑

im
2
νi

] [
⟨ϕ2⟩
⟨ϕ⟩

]4
.

[
Γν ′i+ν ′i→f1+f2

=
32
√
2
(
2− 5 tan2 θW + 22

3
tan4 θW

)
π5/2

M4
WL

M4
WR

G2
F

(
Mν ′i

T
)5

2

e−
M

ν′
i

T < H(T )

] ∣∣∣TD
.

nL

s
≃

∑
i

εν ′i

(
n

eq
ν ′i

s

) ∣∣∣TD
for quasi-degenerate neutrino spectrum,

nL

s
≃ εν ′

1(3)

(
n

eq
ν ′
1(3)

s

) ∣∣∣TD
for hierarchical neutrino spectrum.
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As an example, we take

mν1
≃ mν2

≃ mν3
≃ 0.2 eV , MWR

= 3.3mν ′i
= 1012 GeV , α1 = α2 =

π

2
,

and obtain

TD ≃ 0.2Mν ′i
,

(
n

eq
ν ′i

s

) ∣∣∣TD
≃ 2× 10−4 ;

εν ′1 ≃
g4

29π3

s12c12s23c23c
2
13s13 sin δ

c212c
2
13 + s212c

2
23

mν1
mν2

m2
ν2
−m2

ν1

M4
ν ′1

M4
WR

,

εν ′2 ≃
g4

29π3

s12c12s23c23c
2
13s13 sin δ

s212c
2
13 + c212c

2
23

mν1
mν2

m2
ν2
−m2

ν1

M4
ν ′2

M4
WR

,

εν ′3 ≪ εν ′1,2 .

The final baryon asymmetry then should be

nB

s
≃ −

28

79

[
εν ′1

(
n

eq
ν ′1

s

) ∣∣∣TD
+ εν ′2

(
n

eq
ν ′2

s

) ∣∣∣TD

]
≃ 10−10

(
sin δ

−0.27

)
.
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Cosmic Matter from Dark Electroweak Phase Transition

It is very intriguing the dark and baryonic matter contribute comparable energy densities
in our universe although their properties are so different.

Ωbh
2 = 0.02226 ,

Ωdmh2 = 0.1186 .

This coincidence can be elegantly explained if the dark matter relic is due to a dark
matter asymmetry (Kaplan, 92’.) and is related to the generation of the baryon asymmetry
(Kitano, Low, 05’; Agashe, Servant, 05’; Cosme, Lopez Honorez, Tytgat, 05’; Kaplan, Luty, Zurek, 09’; PHG, Sarkar, Zhang,

09’; PHG, Sarkar, 09; An, Chen, Mohapatra, Zhang, 09’; PHG, Lindner, Sarkar, Zhang, 10’; PHG, Mohapatra, 17’;...). The
dark matter asymmetry, the baryon asymmetry and the neutrino mass even can have a
common origin (PHG, 12’.).
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The SU(3)c × SU(2)L × U(1)Y ordinary sector :

ϕd(+1) , ϕu(−1) , ϕe(+3) , ϕν(−3) , qL(0) , dR(+1) , uR(+1) , lL(0) , eR(+3) ;

The SU(3)′c × SU(2)′R × U(1)′Y dark sector :

ϕ′d(−1) , ϕ′u(+1) , ϕ′e(−3) , ϕ′ν(+3) , q′R(0) , d
′
L(−1) , u′L(−1) , l′R(0) , e′L(−3) ;

The messenger sector : Σ(0) , χ(+2) , ν ′L(−3) .

L ⊃ −
(
µ1ϕ

†
dϕu + µ2ϕ

†
eϕd + µ3ϕ

†
νϕu

)
χ−

(
µ′1ϕ

′†
dϕ
′
u + µ′2ϕ

′†
e ϕ
′
d + µ′3ϕ

′†
ν ϕ
′
u

)
χ∗

−
(
ȳdq̄Lϕ̃ddR + ȳuq̄LϕuuR + ȳel̄Lϕ̃eeR + ȳν l̄Lϕνν

′c
L

)
−
(
ȳ′dq̄
′
Rϕ̃
′
dd
′
L + ȳ′uq̄

′
Rϕ
′
uu
′
L + ȳ′el̄

′
Rϕ̃
′
ee
′
L + ȳ′ν l̄

′
Rϕ
′
νν
′
L

)
−f l̄LΣl′R −

(
ρ1ϕ

†
dΣϕ′u + ρ2ϕ

†
uΣϕ′d + ρ3ϕ

†
eΣϕ′ν + ρ4ϕ

†
νΣϕ′e

)
+ H.c. .

Mirror symmetry: f ′R(L)
CP←→ f c

L(R) , ... =⇒ g′1,2,3 = g1,2,3 , ȳ′d,u,e,ν = ȳ∗d,u,e,ν , f = fT .
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After the Higgs singlet χ develops its vacuum expectation value, we can define the dark
and ordinary Higgs doublets,

ϕ′ =

∑
i=d,u,e,ν⟨ϕ′i⟩ϕ′i√∑

i=d,u,e,ν⟨ϕ′i⟩2
, ϕ =

∑
i=d,u,e,ν⟨ϕi⟩ϕi√∑

i=d,u,e,ν⟨ϕi⟩2
,

and then get the terms for the fermion mass generation,

L ⊃ −
(
ydq̄Lϕ̃dR + yuq̄LϕuR + yel̄Lϕ̃eR + yν l̄Lϕν

′c
L

)
−
(
y′dq̄
′
Rϕ̃
′d′L + y′uq̄

′
Rϕ
′u′L + y′el̄

′
Rϕ̃
′e′L + y′ν l̄

′
Rϕ
′ν ′L
)

−f l̄LΣl′R − ρϕ†Σϕ′+ H.c. with yi = riȳi , y
′
i = r′iȳ

′
i , ρ =

∑
i,j,k

rir
′
jρk , ri =

⟨ϕi⟩
⟨ϕ⟩

, r′i =
⟨ϕ′i⟩
⟨ϕ′⟩

.

The standard model Higgs doublet can be defined as

Σ = [σ1 σ2] with ⟨σ1⟩ = 0 , ⟨σ2⟩ = ⟨Σ⟩ ,

H = ϕ cosβ + σ2 sinβ with tanβ =
⟨Σ⟩
⟨ϕ⟩

, ⟨H⟩ =
√
⟨ϕ⟩2 + ⟨Σ⟩2 ≃ 174GeV .

Pei-Hong Gu University of Science and Technology of China, Hefei, 09.11.2017 26



The masses of the ordinary neutrinos can be given by the seesaw mechanism,

L ⊃ −
1

2

[
ν̄L ν̄ ′cR ν̄ ′L

]  0 f⟨Σ⟩ yν⟨ϕ⟩
fT ⟨Σ⟩ 0 y′∗ν ⟨ϕ′⟩
yTν ⟨ϕ⟩ y′†ν ⟨ϕ′⟩ 0


 νc

L

ν ′R
ν ′cL

+H.c.

≃ −
1

2
ν̄Lmνν

c
L − ν̄ ′RM

′
νν
′
L + H.c. with

Mν ′ = y′ν⟨ϕ′⟩ ≫ mν =

[
f
1

y′†ν
yTν + yν

1

y′∗ν
fT

]
⟨H⟩2 sin 2β

2⟨ϕ′⟩
.

If the mirror CP symmetry is imposed, the neutrino mass matrix can have a form of linear
seesaw (Barr, 04’.),

mν = −f
⟨H⟩2 sin 2β

⟨ϕ′⟩
rν
r′ν

= U∗m̂νdiag{e−iα1, e−iα2,1}U † ∝ f .
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Two assumptions: (i) The dark electroweak symmetry breaking is before the ordinary
electroweak symmetry breaking; (ii) The phase transition during the dark electroweak
symmetry breaking is strongly first order.

During such a dark electroweak phase transition, a dark baryon asymmetry and an equal
dark lepton asymmetry can be simultaneously induced by the CP-violating reflection of
the dark fermions off the expanding dark Higgs bubbles.

The Yukawa couplings for the neutrino mass generation can transfer the dark lepton
asymmetry to an ordinary lepton asymmetry.

The ordinary sphaleron processes can partially convert the ordinary lepton asymmetry to
an ordinary baryon asymmetry.

The dark matter relic is the dark baryon asymmetry and hence is tightly connected to the
ordinary baryon asymmetry.

By taking into account of the neutrality of the dark electric charge, we expect the dark
neutron to be the dark matter particle, accordingly, the dark lepton asymmetry is stored
in the dark neutrinos.
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The conversion between the dark and ordinary lepton asymmetries depends on the fol-
lowing terms,

L ⊃ −yν l̄Lϕν ′cL − f l̄Lσ2ν
′
R −M ′

νν̄
′
Rν
′
L − ρ⟨ϕ′⟩ϕ†σ2 + H.c..

The above two Yukawa terms will wash out the lepton asymmetry if they are both strong
enough. We hence require one of them to keep departure from equilibrium before the
ordinary sphalerons stop working. For this purpose, we can simply take yν < O(10−7)≪
f < O(1) or f < O(10−7)≪ yν < O(1).

The final baryon asymmetry and then the dark matter mass should be

Bf =

 −
28

79+22N
ν′
Bn′ for f ≫ yν ,

− 28
79−22N

ν′
Bn′ for f ≪ yν .

mn′ = mp

Bf

Bn′

Ωdmh2

Ωbh
2
≃

149

|79± 22Nν ′|
mp .

Nν ′ = (0,1,2,3) =⇒ mn′ =

{
(1.89,1.48,1.21,1.03)mp for f ≫ yν ,

(1.89,2.61,4.26,11.5)mp for f ≪ yν .
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Consider the lepton number from the reflection of the dark leptons and antileptons off the
dark Higgs bubbles (Huet, Sather, 95’.),

nr
L ≃

∫
dω

2π
n0(ω) [1− n0(ω)]

∆k · vW
T

∆(ω) +O(v2W) .

ω : energy.

n0(ω) =
1

eω/T +1
: Fermi-Dirac distribution.

∆k : difference between the right and left-handed dark lepton momenta
perpendicular to the bubble wall.

∆(ω) : reflection asymmetry between the dark leptons and antileptons.

vW : advancing wall velocity.
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The reflected leptons and antileptons can diffuse before the bubble wall catches up. The
typical distance from the advancing bubble wall to the reflected dark leptons and antilep-
tons is

√
DLt− vW t with DL being a diffusion constant (Joyce, Prokopec, Turok, 96’.).

Within the time tD ∼ DL/v
2
W , the dark sphalerons can partially convert the lepton number

nr
L to a baryon number nB. The baryon and lepton numbers inside the expanded bubbles

should be (Farrar, Shaposhnikov, 93’,94’.),

nL

s
=

nB

s
∼ −

9Γsph
T 3

DL

v2W

nr
L

s
= −

33g′82 κcL
27π4v2W

nr
L

s
.

Γsph = 6κ

(
g′22
4π

)5

T 4 : dark sphaleron rate per volume (κ ≃ 20) .

s =
2π2g∗T

45
: one-dimensional entropy density (g∗ ≃ 250.75) .
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Thermal masses (Weldon, 82; D’Olivo, Nieves, 95’; Joyce, Prokopec, Turok, 96’.):

Σ = Ω− γ0(2iγ) with

Ω2
l′R

=
T 2

8

(
3

4
g22 +

1

4
g21 + Uf̂2U †+

1

2
ˆ̄y
2
e +

1

2
ȳ∗νȳ

T
ν

)
,

Ω2
e′L

=
T 2

8

(
g21 + ˆ̄y

2
e

)
,

Ω2
ν ′L

=
T 2

8
ȳTν ȳ

∗
ν ,

γl′R ∼
T

32π

[
9g22 +6g21 + Uf̂2U †+

1

2

(
ˆ̄y
2
e + ȳ∗νȳ

T
ν

)]
,

γe′L ∼
T

32π

(
12g21 + ˆ̄y

2
e

)
,

γ2
ν ′L
∼

T

32π

(
ȳTν ȳ

∗
ν

)
.
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Simplifications: yν ≪ f , ȳe ; δf̂2 = f̂2 − f̂2
3 ≪ f̂2

1,2,3 ;
3
4
g22 + 1

4
g21 + f̂2

3 > 1
2
ˆ̄y
2
e .

Ωl′R
≃ Ω(0)

l′R
+Ω(1)

l′R
,

Ω(0)
l′R

≃
T

2
√
2

√
3

4
g22 +

1

4
g21 + f̂2

3 ,

Ω(1)
l′R

≃
T

4
√
2

(
Uδf̂2U †+ 1

2
ˆ̄y
2
e

)
√

3
4
g22 + 1

4
g21 + f̂2

3

,

Ωe′L
=

T

2
√
2

√
g21 + ˆ̄y

2
e ,

Ω0 =
Ω(0)

l′R
+Ωe′L

2
,

δp = −3Ω(1)
l′R

,

∆k = 3
(
Ω(0)

l′R
−Ωe′L

)
,

γ̄ =
γl′R

+ γe′L
2

∼
T

64π

(
9g22 +18g21 + f̂2

3

)
.
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Under the perturbation condition 2Ωl′R,e
′
L
> r′eˆ̄ye⟨ϕ′⟩, the reflection asymmetry ∆(ω) can

be analytically solved (Huet, Sather, 95’.), i.e.

∆(ω) = −i
Tr
[(
r′eˆ̄ye⟨ϕ′⟩

)2
, δp
]3

27 · 310γ̄9

[
1+

(
ω −Ω0

γ̄

)2
]−6

= −
2

69

2 π9r′6e ˆ̄y
6
τ f̂

6
3

[
1+

(
ω−Ω0

γ̄

)2]−6
(
3
4
g22 + 1

4
g21 + f̂2

3

)3

2
(
9g22 +18g21 + f̂2

3

)9 (⟨ϕ′⟩T
)6∏

i>j

e,µ,τ

(
m2

i −m2
j

m2
τ

)∏
i>j

1,2,3

(
m2

νi
−m2

νj

m2
ν3

)
JCP .

JCP = s12c12s23c23s13c
2
13 sin δ .

For f̂3 =
√
4π, ˆ̄yτ =

√
4π, r′e = 1√

2
, we can estimate an upper bound of the dark baryon

and lepton numbers,

nL

s
=

nB

s
∼ 2.75× 10−8 ×

( κ

20

)(cL
1

)(0.1

vW

)(
⟨ϕ′⟩
T

)6(0.1 eV
mν3

)6(
sin δCP

1

)
.
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Besides the predictive dark matter mass, our model have other implications:

The massless dark photon γ′, which decouples at the temperature Tγ ′ ∼ mn′/30, can
contribute to the additional neutrino number, ∆Nν = 8

7

[
10.75/g∗

(
Tγ ′
)]4

3 . This dark pho-
ton may be probed by more precise measurements in the future. For example, we have
Tγ ′ ∼ 60MeV, g∗ (60MeV) ≃ 60 and hence ∆Nν = 0.11 for mn′ = 1.89mp.

The messenger Higgs bidoublet Σ can result in a mass mixing between the ordinary
Z boson and the dark Z ′ boson. Without the mirror symmetry, the dark electroweak
symmetry can be spontaneously broken near the electroweak scale. In this case, the
dark Z ′ boson may be found at the colliders. Through the Z ′ exchange, the scattering of
the dark neutrons off the ordinary nucleons can leave a distinct signal in the DM direct
detection experiments since the dark neutron has a determined mass.

In the presence of the mirror symmetry, the Dirac CP phase − sin δCP > 0.01 in the
Majorana neutrino mass matrix can be the unique source for the CP violation required by
the baryogenesis. Moreover, the messenger Higgs bidoublet Σ may help to test the linear
seesaw at the colliders as it is allowed a TeV mass and a sizeable vacuum expectation
value.
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Baryon Asymmetry from Left-Right Phase Transition

Introduce a mirror copy of the standard model fermions to construct the left-right sym-
metric framework.

Assume a strongly first order phase transition of the left-right symmetry breaking.

Apply the basic mechanism of electroweak baryogenesis in the mirror sector to generate
a mirror baryon asymmetry and an equal lepton asymmetry.

Transfer the produced mirror baryon asymmetry, or the mirror lepton asymmetry, or their
combination to the ordinary quark sector before the BBN.

If the mirror baryon and lepton asymmetries were both converted to the ordinary sec-
tor before the electroweak phase transition, no B − L number would participate in the
SU(2)L sphalerons.

Find some proper decays of the mirror fermions into their ordinary partners with a dark
matter scalar.
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qL(−,+)
P←→ q′R(+,−) ,

dR(−,+)
P←→ d′L(+,−) ,

uR(−,+)
P←→ u′L(+,−) ,

lL(−,+)
P←→ l′R(+,−) ,

eR(−,+)
P←→ e′L(+,−) ;

ϕ1(+,+)
P←→ ϕ′1(+,+) ,

ϕ2(+,+)
P←→ ϕ′2(+,+) ,

∆(+,+)
P←→ ∆′(+,+) ,

σ(+,+)
P←→ σ(+,+) ;

ξ(−,−) P←→ ξ(−,−) ,

χ(+i,+i)
P←→ χ(+i,+i) .
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LY = −yd(q̄Lϕ̃1dR + q̄Rϕ̃
′
1d
′
L)− fdξd̄Rd

′
L

−yu(q̄Lϕ2uR + q̄′Rϕ
′
2u
′
L)− fuξūRu

′
L

−ye(l̄Lϕ̃1eR + l̄Rϕ̃
′
1e
′
L)− feξēRe

′
L

−
1

2
yν(l̄

c
Liτ2∆lL + l̄′cRiτ2∆

′l′R) + H.c.

with fd,u,e = f †d,u,e , yν = yTν .

V ⊃ µξχ2 + λσ(ϕT
2 iτ2∆ϕ2 + ϕ′T2 iτ2∆

′ϕ′2) + H.c. .

W±R : f ′1R −→ f ′2R + f ′3R + f ′4R ,

ξ : f ′L −→ fR + χ+ χ .
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• If neither the mirror baryon asymmetry nor the mirror lepton asymmetry participates
in the SU(2)L sphalerons, the ordinary baryon asymmetry should be

Bq = Bq′ .

• If only the mirror baryon asymmetry participates in the SU(2)L sphalerons, the or-
dinary baryon asymmetry should be

Bq =
28

79
Bq′ .

• If only the mirror lepton asymmetry participates in the SU(2)L sphalerons, the ordi-
nary baryon asymmetry should be

Bq = Bq′ −
28

79
Ll′ =

51

79
Bq′ .
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Summary

• In the mirror left-right symmetric models with the parity symmetry motivated to
solve the strong CP problem, the right-handed charged current interactions of the
mirror fermions can realize a successful leptogenesis where the baryon asymmetry
is determined by the neutrino mass matrix up to an overall factor.
In this leptogenesis scenario, the dark matter scalar is essential for converting the
mirror lepton asymmetry to the ordinary lepton asymmetry.

• In the presence of a dark copy of the ordinary fields, the CP-violating reflection of
the dark fermions off the expanding dark Higgs bubbles can simultaneously generate
the ordinary and dark matter and hence explain the dark and baryonic matter coin-
cidence. The dark neutron can have a determined mass to serve as the dark matter
particle.
By further imposing a mirror CP symmetry, the cosmic matter can be described by
the ordinary lepton mass matrices up to an overall factor, while the Dirac CP phase
in the Majorana neutrino mass matrix can provide a unique source for the required
CP violation.
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• In the mirror left-right symmetric models with the parity symmetry motivated to
solve the strong CP problem, the CP-violating reflection of the mirror fermions off
the expanding mirror Higgs bubbles can simultaneously generate a mirror baryon
asymmetry and an equal lepton asymmetry.
The mirror fermions can efficiently decay into their ordinary partners with a dark
matter scalar before the BBN epoch. A proper combination between the ordinary
baryon and lepton asymmetries can be available to explain the cosmic baryon asym-
metry in association with the ordinary sphaleron processes.
The cosmic baryon asymmetry can be described by the ordinary lepton mass ma-
trices up to an overall factor. In this scenario, the Dirac CP phase in the Majorana
neutrino mass matrix provides a unique source for the required CP violation.
The Higgs triplets for type-II seesaw and the first generation of mirror fermions are
allowed at the TeV scale.
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Thank you very much!
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