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Motivation and Background

‡ 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. Planck collaboration, 1303.5076.),

ΩBh
2 =

ρB
ρc

h2 = 0.02205± 0.00028 , ρB = nBmp ,

ηB =
nB

nγ

≃ 2.68× 10−8(ΩBh
2) = (5.91± 0.08)× 10−10 .

We need a dynamical baryogenesis mechanism!
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We find the CP violation "Ni/�i/Ti
can have an exact or approximate dependence on the imaginary part of the

neutrino mass matrix in some cases. Actually we read

• In the type-I seesaw with two fermion singlets,
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• In the type-I+III seesaw with one fermion singlet and one fermion triplet,
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• In the type-I+II seesaw with one fermion singlet and one Higgs triplet,
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• In the type-III+II seesaw with one fermion triplet and one Higgs triplet,
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• In the seesaw models with more fermion singlet(s)/triplet(s) and Higgs triplet(s), the leptogenesis can be realized
by the decays of the lightest fermion singlet/triplet,
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When the above special seesaw models are extended by more fermion singlet(s)/triplet(s) and Higgs triplet(s), we
can expect a leptogensis by the decays of the lightest fermion singlet/triplet. In this case, we can denote the lightest
fermion singlet/triplet by N1/T1 and then consider the assignment (5) in Eqs. (14) and (16). The CP violation then
can be simplified as
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which is easy to give us an upper bound. No doubt this bound is more precise than the widely accepted one [26, 27].

⌘B =
nB

s
⇠ 10�10 . (23)

Ones may be interested in the so-called Davidson-Ibarra parametrization [22], under which the Yukawa couplings
g/h in the pure type-I/III seesaw are determined by
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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 qL(R)

C−→ qcL(R)

B
CP−→ −B for qL

CP−→ qcR

⎫
⎬

⎭ =⇒ 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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Sakharov conditions
Sphaleron processes
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Sakharov conditions
Sphaleron processes

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 (WµνW 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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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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The Popular Leptogenesis-Seesaw Scenarios

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 ⊃ −yNl̄LφNR − 1
2MNN̄c

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

Type-II : L ⊃ −1
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]
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Here and thereafter the brackets following the fields describe the transformations under the SM SU(3)c ⇥ SU(2)L ⇥
U(1)Y gauge groups. Note we have taken the Yukawa couplings in Eq. (1) to be real and diagonal without loss of
generality and for convenience.

We then review the most general type-I/II/III seesaw [2–11],
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where NRi, �i and TLi (i = 1, ..., n � 1) respectively denote the fermion singlet(s), the Higgs triplet(s) and the
fermion triplet(s), i.e.

NRi(1, 1, 0) , (4a)
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In the above Lagrangians, the CP phases only exist in the Yukawa couplings involving the fermion singlet(s)/triplet(s)
and the Higgs triplet(s). This can be always achieved by a proper phase rotation.

It is easy to see that in a type-I/III, type-I+III or type-I/III+II seesaw extension of the SM, the Yukawa couplings
involving one fermion singlet/triplet can be further chosen to be real. In other words, all of the CP phases in the
lepton sector can be included in the Yukawa couplings of the other fermion singlet(s)/triplet(s) to the lepton and Higgs
doublets, and/or the Yukawa couplings of the Higgs triplet(s) to the lepton doublets. For the following demonstration,
we conveniently assign

g↵1 ⌘ g⇤↵1 or h↵1 ⌘ h⇤
↵1 . (5)

The neutrino mass matrix and its CP phases: When the Higgs scalar � develops its VEV h�i = h�0i = v ' 174GeV
to spontaneously break the electroweak symmetry, the left-handed neutrinos ⌫L can acquire a tiny Majorana mass
term by integrating out the heavy fermion singlet(s)/triplet(s) and/or Higgs triplet(s), i.e.
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the diagonal matrix m̂ gives three neutrino mass eigenvalues,
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Origin of CP violation for leptogenesis in seesaw

Pei-Hong Gu⇤
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We reveal the origin of the CP violation required by the leptogenesis in variously popular seesaw
models. Especially we clarify that in a pure type-I/III seesaw with two fermion singlets/triplets,
a combined type-I+III seesaw with one fermion singlet and one fermion triplet, or a combined
type-I/III+II seesaw with one fermion singlet/triplet and one Higgs triplet, the CP violation for
the leptogenesis should exactly come from the imaginary part of the neutrino mass matrix since
the Yukawa couplings involving one fermion singlet/triplet are always allowed to get rid of any CP
phases. We also generalize our findings as a very good approximation when these seesaw scenarios
are extended by more fermion singlets/triplets and Higgs triplets while the leptogenesis is realized
by the decays of the lightest fermion singlet/triplet.
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Introduction: The atmospheric, solar, accelerator and reactor neutrino experiments have established the phenomena
of neutrino oscillations [1]. This requires a mixing among three flavors of massive neutrinos and hence a necessity
for new physics beyond the standard model (SM). Meanwhile, the cosmological observations have indicated that the
neutrino masses should be in a sub-eV range [1]. In order to naturally explain the smallness of the neutrino masses, we
can resort to the famous seesaw mechanism [2–5]. The essential feature of the seesaw mechanism is that the neutrino
masses can be highly suppressed by a small ratio of the electroweak scale over a newly high scale. Currently, the most
popular seesaw models include the so-called type-I [2–5], type-II [6–10] and type-III [11] seesaw. The type-I/III seesaw
is realized by introducing some fermion singlets/triplets with a heavy Majorana mass term as well as the Yukawa
couplings to the SM lepton and Higgs doublets. As for the type-II seesaw, it contains some heavy Higgs triplets with
the Yukawa couplings to the SM lepton doublets as well as the cubic couplings to the SM Higgs doublet.

Remarkably, these seesaw models can also accommodate a leptogenesis [12–21] mechanism to solve the puzzle of
the cosmic matter-antimatter asymmetry, which is equivalent to a baryon asymmetry. In this seesaw and leptogenesis
scenario, the neutrino mass and the baryon asymmetry can be simultaneously induced by certain interactions involving
the newly heavy particles. However, such seesaw models contain many free parameters. This leads to a conventional
wisdom that the corresponding leptogenesis cannot give a distinct relation between the baryon asymmetry and the
neutrino mass matrix unless we do some assumptions on the texture of the relevant masses and couplings. For
example, ones can expect a successful leptogenesis in the canonical type-I seesaw model even if the neutrino mass
matrix does not contain any CP phases [22].

In this work we shall reveal that in a pure type-I/III seesaw with two fermion singlets/triplets, a combined type-
I+III seesaw with one fermion singlet and one fermion triplet, or a combined type-I/III+II seesaw with one fermion
singlet/triplet and one Higgs triplet, the CP violation required by the leptogenesis exactly originates from the imag-
inary part of the neutrino mass matrix. This is because the Yukawa couplings involving one of the two fermion
singlets/triplets or the unique Higgs triplet are always allowed to absorb all of the physical CP phases in the lepton
sector. We shall also clarify that in the seesaw models with more fermion singlets/triplets and Higgs triplets, the
imaginary part of the neutrino matrix approximately is the source of the CP violation for the leptogenesis by the
decays of the lightest fermion singlet/triplet.

The type-I/II/III seesaw models: For simplicity, we do not write down the full SM Lagrangian. Instead, we only
show the part of the lepton sector, i.e.

LSM �
X

↵

h

il̄L↵D/ lL↵ + iēR↵D/eR↵ � y↵

⇣

l̄L↵�̃eR↵ +H.c.
⌘i

, (1)

where �, lL↵ and eR↵ (↵ = e, µ, ⌧) respectively stand for the Higgs scalar, the left-handed leptons and the right-handed
leptons, i.e.

�(1, 2,� 1
2 ) =



�0

��

�

, lL↵(1, 2,� 1
2 ) =



⌫L↵

eL↵

�

, eR↵(1, 1,�1) . (2)
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Here and thereafter the brackets following the fields describe the transformations under the SM SU(3)c ⇥ SU(2)L ⇥
U(1)Y gauge groups. Note we have taken the Yukawa couplings in Eq. (1) to be real and diagonal without loss of
generality and for convenience.

We then review the most general type-I/II/III seesaw [2–11],
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2
MNi
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2
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p
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���
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MTi
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Tr
�

T̄ c
Lii⌧2TLii⌧2
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�
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2h↵i l̄L↵i⌧2T
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with TLi(1, 3, 0) =

"

T 0
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p
2 T+

Li
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Li �T 0

Li/
p
2

#

.

where NRi, �i and TLi (i = 1, ..., n � 1) respectively denote the fermion singlet(s), the Higgs triplet(s) and the
fermion triplet(s), i.e.

NRi(1, 1, 0) , (4a)

�i(1, 3,�1) =

"

��i /
p
2 �0i

���
i ���i /

p
2
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, (4b)

TLi(1, 3, 0) =

"

T 0
Li/

p
2 T+

Li

T�
Li �T 0

Li/
p
2

#

. (4c)

In the above Lagrangians, the CP phases only exist in the Yukawa couplings involving the fermion singlet(s)/triplet(s)
and the Higgs triplet(s). This can be always achieved by a proper phase rotation.

It is easy to see that in a type-I/III, type-I+III or type-I/III+II seesaw extension of the SM, the Yukawa couplings
involving one fermion singlet/triplet can be further chosen to be real. In other words, all of the CP phases in the
lepton sector can be included in the Yukawa couplings of the other fermion singlet(s)/triplet(s) to the lepton and Higgs
doublets, and/or the Yukawa couplings of the Higgs triplet(s) to the lepton doublets. For the following demonstration,
we conveniently assign

g↵1 ⌘ g⇤↵1 or h↵1 ⌘ h⇤
↵1 . (5)

The neutrino mass matrix and its CP phases: When the Higgs scalar � develops its VEV h�i = h�0i = v ' 174GeV
to spontaneously break the electroweak symmetry, the left-handed neutrinos ⌫L can acquire a tiny Majorana mass
term by integrating out the heavy fermion singlet(s)/triplet(s) and/or Higgs triplet(s), i.e.

L � �1

2
⌫̄Lm⌫⌫

c
L +H.c. with m⌫ = U m̂UT ,

�
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MNi
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µiv
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2M2
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h↵ih�i
v2

MTi

. (6)

the diagonal matrix m̂ gives three neutrino mass eigenvalues,

m⌫ = U m̂UT with

m̂ = diag {m1 , m2 , m3} ,

U =
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• In the type-I+III seesaw with one fermion singlet and one fermion triplet,
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• In the type-I+II seesaw with one fermion singlet and one Higgs triplet,
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• In the type-III+II seesaw with one fermion triplet and one Higgs triplet,
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When the above special seesaw models are extended by more fermion singlet(s)/triplet(s) and Higgs triplet(s), we
can expect a leptogensis by the decays of the lightest fermion singlet/triplet. In this case, we can denote the lightest
fermion singlet/triplet by N1/T1 and then consider the assignment (5) in Eqs. (14) and (16). The CP violation then
can be simplified as

"N1
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3

16⇡

P
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n
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↵1

. (23)

which is easy to give us an upper bound. No doubt this bound is more precise than the widely accepted one [26, 27].
Ones may be interested in the so-called Davidson-Ibarra parametrization [22], under which the Yukawa couplings

g/h in the pure type-I/III seesaw are determined by

m⌫ = �g
v

p
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p
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p
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X
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p

mjOji

q

MTi
/v . (24)

with O being an arbitrary complex orthogonal matrix. Ones hence conclude that in the presence of the complex
orthogonal matrix O, the Yukawa couplings g/h can be complex even if the PMNS matrix U does not contain any
CP phases. The CP asymmetry (23) then can be irrelevant to the CP phases in the PMNS matrix, i.e.

"N1
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However, we should keep in mind that the Yukawa couplings g/h contain three unphysical phases which can be
removed by redefining the SM lepton doublets. In such a physical basis, the complex orthogonal matrix O can be
never arbitrary. For example, by inserting the parametrization (??) into the assignment (5), we can have the following
equations,

g↵1 ⌘ g⇤↵1 or h↵1 ⌘ h⇤
↵1 )

X

i

�

U↵i
p
miOi1 + U⇤

↵i
p
miO

⇤
i1

�

= 0 . (26)

which definitely connect the complex orthogonal matrix O to the PMNS matrix U and the neutrino mass eigenvalues
m̂. Consequently, the CP asymmetry (25) must be related to the CP phases in the neutrino mass matrix.

Conclusion: In this work we have revealed the origin of the CP violation for the leptogenesis in the most popular
seesaw models. Specifically, we find that in a pure type-I/III seesaw with two fermion singlets/triplets, a combined
type-I+III seesaw with one fermion singlet and one fermion triplet, or a combined type-I/III+II seesaw with one
fermion singlet/triplet and one Higgs triplet, the Yukawa couplings involving one of the two fermion singlets/triplets or
the unique Higgs triplet are always allowed to absorb all of the physical CP phases in the lepton sector. Consequently,
the CP violation required by the leptogenesis should exactly come from the imaginary part of the neutrino matrix. We
also consider a generalization in the case that these seesaw scenarios are extended by more fermion singlets/triplets and
Higgs triplets while the leptogenesis is realized by the decays of the lightest fermion singlet/triplet. This generalization
is a very good approximation and is reliable even in the radiative type-I/III and type-I+III seesaw [28, 29] where
an inert Higgs doublet, rather than the SM Higgs doublet, is responsible for the Yukawa couplings of the fermion
singlet(s)/triplet(s) to the SM lepton doublets.
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[20] T. Hambye and G. Senjanović, Phys. Lett. B 582, 73 (2004).
[21] S. Antusch and S.F. King, Phys. Lett. B 597, 199 (2004).
[22] S. Davidson and A. Ibarra, Nucl. Phys. B 618, 171 (2001).
[23] V.A. Kuzmin, V.A. Rubakov, and M.E. Shaposhnikov, Phys. Lett. B 155, 36 (1985).
[24] E.W. Kolb and M.S. Turner, The Early Universe, Addison-Wesley, 1990.
[25] J.A. Harvey and M.S. Turner, Phys. Rev. D 42, 3344 (1990).
[26] S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002).
[27] W. Buchmüller, P. Di Bari, and M. Plümacher, Nucl. Phys. B 665, 445 (2003).
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We find the CP violation "Ni/�i/Ti
can have an exact or approximate dependence on the imaginary part of the

neutrino mass matrix in some cases. Actually we read
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• In the type-I+III seesaw with one fermion singlet and one fermion triplet,
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• In the type-I+II seesaw with one fermion singlet and one Higgs triplet,
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• In the type-III+II seesaw with one fermion triplet and one Higgs triplet,
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• In the seesaw models with more fermion singlet(s)/triplet(s) and Higgs triplet(s), the leptogenesis can be realized
by the decays of the lightest fermion singlet/triplet,
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When the above special seesaw models are extended by more fermion singlet(s)/triplet(s) and Higgs triplet(s), we
can expect a leptogensis by the decays of the lightest fermion singlet/triplet. In this case, we can denote the lightest
fermion singlet/triplet by N1/T1 and then consider the assignment (5) in Eqs. (14) and (16). The CP violation then
can be simplified as
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which is easy to give us an upper bound. No doubt this bound is more precise than the widely accepted one [26, 27].
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Sphaleron processes
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• In the type-I+II seesaw with one fermion singlet and one Higgs triplet,
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which is easy to give us an upper bound. No doubt this bound is more precise than the widely accepted one [26, 27].
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Sphaleron processes
Davidson-Ibarra parametrization
(Davidson, Ibarra, 01’) 6

Ones may be interested in the so-called Davidson-Ibarra parametrization [22], under which the Yukawa couplings
g/h in the pure type-I/III seesaw are determined by
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Here O being an arbitrary complex orthogonal matrix. Ones hence conclude that in the presence of the complex
orthogonal matrix O, the Yukawa couplings g/h can be complex even if the PMNS matrix U does not contain any
CP phases.

The CP asymmetry (23) then can be irrelevant to the CP phases in the PMNS matrix, i.e.
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However, we should keep in mind that the Yukawa couplings g/h contain three unphysical phases which can be
removed by redefining the SM lepton doublets. In such a physical basis, the complex orthogonal matrix O can be
never arbitrary.

For example, by inserting the parametrization (??) into the assignment (5), we can have the following equations,

g↵1 ⌘ g⇤↵1 or h↵1 ⌘ h⇤
↵1 )
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i
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which definitely connect the complex orthogonal matrix O to the PMNS matrix U and the neutrino mass eigenvalues
m̂. Consequently, the CP asymmetry (25) must be related to the CP phases in the neutrino mass matrix.

Conclusion: In this work we have revealed the origin of the CP violation for the leptogenesis in the most popular
seesaw models. Specifically, we find that in a pure type-I/III seesaw with two fermion singlets/triplets, a combined
type-I+III seesaw with one fermion singlet and one fermion triplet, or a combined type-I/III+II seesaw with one
fermion singlet/triplet and one Higgs triplet, the Yukawa couplings involving one of the two fermion singlets/triplets or
the unique Higgs triplet are always allowed to absorb all of the physical CP phases in the lepton sector. Consequently,
the CP violation required by the leptogenesis should exactly come from the imaginary part of the neutrino matrix. We
also consider a generalization in the case that these seesaw scenarios are extended by more fermion singlets/triplets and
Higgs triplets while the leptogenesis is realized by the decays of the lightest fermion singlet/triplet. This generalization
is a very good approximation and is reliable even in the radiative type-I/III and type-I+III seesaw [28, 29] where
an inert Higgs doublet, rather than the SM Higgs doublet, is responsible for the Yukawa couplings of the fermion
singlet(s)/triplet(s) to the SM lepton doublets.
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2

Here and thereafter the brackets following the fields describe the transformations under the SM SU(3)c ⇥ SU(2)L ⇥
U(1)Y gauge groups. Note we have taken the Yukawa couplings in Eq. (1) to be real and diagonal without loss of
generality and for convenience.

We then review the most general type-I/II/III seesaw [2–11],
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where NRi, �i and TLi (i = 1, ..., n � 1) respectively denote the fermion singlet(s), the Higgs triplet(s) and the
fermion triplet(s), i.e.
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�i(1, 3,�1) =

"

��i /
p
2 �0i

���
i ���i /

p
2

#

, (4b)

TLi(1, 3, 0) =

"

T 0
Li/

p
2 T+

Li

T�
Li �T 0

Li/
p
2

#

. (4c)

In the above Lagrangians, the CP phases only exist in the Yukawa couplings involving the fermion singlet(s)/triplet(s)
and the Higgs triplet(s). This can be always achieved by a proper phase rotation.

It is easy to see that in a type-I/III, type-I+III or type-I/III+II seesaw extension of the SM, the Yukawa couplings
involving one fermion singlet/triplet can be further chosen to be real. In other words, all of the CP phases in the
lepton sector can be included in the Yukawa couplings of the other fermion singlet(s)/triplet(s) to the lepton and Higgs
doublets, and/or the Yukawa couplings of the Higgs triplet(s) to the lepton doublets. For the following demonstration,
we conveniently assign

g↵1 ⌘ g⇤↵1 or h↵1 ⌘ h⇤
↵1 . (5)

The neutrino mass matrix and its CP phases: When the Higgs scalar � develops its VEV h�i = h�0i = v ' 174GeV
to spontaneously break the electroweak symmetry, the left-handed neutrinos ⌫L can acquire a tiny Majorana mass
term by integrating out the heavy fermion singlet(s)/triplet(s) and/or Higgs triplet(s), i.e.
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the diagonal matrix m̂ gives three neutrino mass eigenvalues,
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3

Clearly the neutrino mass matrix m⌫ is allowed to contain three physical CP phases: two Majorana phases ↵1,2
and one Dirac phase �. These CP phases can appear if and only if there are some complex Yukawa couplings in the
seesaw formula (??). By inserting the assignment (5) into the seesaw formula (??), we conclude in the pure type-I/III
seesaw, the combined type-I+III seesaw or the combined type-I/III+II seesaw, one fermion singlet/triplet will never
contribute to the imaginary part of the neutrino mass matrix, i.e.
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• In the type-III seesaw,
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• In the type-I+II seesaw,
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• In the type-III+II seesaw,
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The CP violation for leptogenesis: Either the fermion singlet(s)/triplet(s) or the Higgs triplet(s) or both can decay
to generate a lepton asymmetry as long as the CP is not conserved. This lepton asymmetry then can partially get
converted to a baryon asymmetry through the sphaleron processes [? ]. Specifically, the final baryon asymmetry can
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We find the CP violation "Ni/�i/Ti
can have an exact or approximate dependence on the imaginary part of the

neutrino mass matrix in some cases. Actually we read
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• In the type-I+III seesaw with one fermion singlet and one fermion triplet,
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• In the type-I+II seesaw with one fermion singlet and one Higgs triplet,
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• In the type-III+II seesaw with one fermion triplet and one Higgs triplet,

"T1
=

1

8⇡

P

↵� h↵1h�1Im
h

(m⌫)↵�

i

M�1
I�1
T1

v2
P

↵ h2
↵1

, "�1
= � 1

8⇡

P

↵� h↵1h�1Im
h

(m⌫)↵�

i

MT1
IT1
�1

v2
✓

P

↵� f
⇤
↵�1f↵�1 +

µ2
1

M2
�1

◆ .

• In the seesaw models with more fermion singlet(s)/triplet(s) and Higgs triplet(s), the leptogenesis can be realized
by the decays of the lightest fermion singlet/triplet,

"N1
=

3

16⇡

P

↵�

n

g↵1g�1Im
h

(m⌫)↵�

io

MN1

v2
P

↵ g2↵1
or "T1

=
3

16⇡

P

↵�

n

h↵1h�1Im
h

(m⌫)↵�

io

MT1

v2
P

↵ h2
↵1

.

When the above special seesaw models are extended by more fermion singlet(s)/triplet(s) and Higgs triplet(s), we
can expect a leptogensis by the decays of the lightest fermion singlet/triplet. In this case, we can denote the lightest
fermion singlet/triplet by N1/T1 and then consider the assignment (5) in Eqs. (14) and (16). The CP violation then
can be simplified as
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which is easy to give us an upper bound. No doubt this bound is more precise than the widely accepted one [26, 27].
Ones may be interested in the so-called Davidson-Ibarra parametrization [22], under which the Yukawa couplings

g/h in the pure type-I/III seesaw are determined by
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decays of the inflaton into the SM lepton and Higgs doublets as well as the DM fermion triplet. The heavy fermion
singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at
one-loop level. Our model has an essential feature that the type-I/II seesaw can absorb all of the physical CP phases
in the lepton sector.
The paper is organized as follows: Sec. II introduces our model, Sec. III reveals the origin of the CP violation in

the lepton sector, Sec. IV gives the neutrino mass matrix and its detailed imaginary part, Sec. V demonstrates the
dependence of the non-thermal leptogenesis on the neutrino mass matrix, Sec. VI is a conclusion.

II. THE MODEL

Before starting with our model, we briefly review the lepton sector in the SM,

LSM ⊃
∑

α=e,µ,τ

[
il̄LαD/ lLα + iēRαD/eRα − yα

(
l̄Lαφ̃eRα +H.c.

)]

with DµlL = ∂µlL − ig
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2
W a

µ lL + ig′
1

2
BµlL , DµeR = ∂µeR + ig′BµeR , (1)

where W a
µ (a = 1, 2, 3) and Bµ respectively are the SM SU(2)L and U(1)Y gauge fields, g and g′ are the corresponding

gauge couplings, while φ, lL and eR respectively are the Higgs scalar, the left-handed leptons and the right-handed
leptons, i.e.
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2 ) =

[
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φ−

]
, lL(1, 2,− 1

2 ) =

[
νL
eL

]
, eR(1, 1,−1) . (2)

Here and thereafter the brackets following the fields describe the transformations under the SM SU(3)c × SU(2)L ×
U(1)Y gauge groups. Note the Yukawa couplings in Eq. (1) have been chosen diagonal and real without loss of
generality and for convenience.
We then introduce a type-I seesaw with one fermion singlet, a type-II seesaw with one Higgs triplet, and a type-III

seesaw with one fermion triplet. The individual Lagrangians are
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2
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]
. (5)

In general, the above three types of seesaw can contain more fermion singlets, more fermion triplets or more Higgs
triplets. Therefore, we shall refer to the type-I seesaw with one fermion singlet as the minimal type-I seesaw, the
type-II seesaw with one Higgs triplet as the minimal type-II seesaw, while the type-III seesaw with one fermion triplet
as the minimal type-III seesaw. Accordingly, we would like to entitle the combination of the minimal type-III seesaw
and the minimal type-I or II seesaw as the minimal type-III+I/II seesaw.
We now construct our model based on the minimal type-III+I/II seesaw. Specifically, we introduce a scalar singlet

and an additional fermion triplet,
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We also impose an unbroken Z2 discrete symmetry under which the fields transform as

(SM , TL , NR/�)
Z2�! (SM , TL , NR/�) , (� , �L)

Z2�! �(� , �L) . (8)

The full Lagrangian of our model then should be

L = LSM + LIII + LI/II + L� + L� + L��T .

L��T = �f��Tr
�
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c
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�

+H.c. . (9)

Note the gauge-invariant Yukawa couplings of the DM fermion triplet to the SM lepton and Higgs doublets have been
forbidden by the Z2 discrete symmetry.

III. THE ORIGIN OF CP VIOLATION

In this section we shall study the physical CP phases in our model (9). For this purpose, we denote
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Note the gauge-invariant Yukawa couplings of the DM fermion triplet to the SM lepton and Higgs doublets have been
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decays of the inflaton into the SM lepton and Higgs doublets as well as the DM fermion triplet. The heavy fermion
singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at
one-loop level. Our model has an essential feature that the type-I/II seesaw can absorb all of the physical CP phases
in the lepton sector.

The paper is organized as follows: Sec. II introduces our model, Sec. III reveals the origin of the CP violation in
the lepton sector, Sec. IV gives the neutrino mass matrix and its detailed imaginary part, Sec. V demonstrates the
dependence of the non-thermal leptogenesis on the neutrino mass matrix, Sec. VI is a conclusion.

II. THE MODEL

Before starting with our model, we briefly review the lepton sector in the SM,

LSM �
X

↵=e,µ,⌧
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⌧a
2
W a

µ lL + ig0
1

2
BµlL , DµeR = @µeR + ig0BµeR , (1)

where W a
µ (a = 1, 2, 3) and Bµ respectively are the SM SU(2)L and U(1)Y gauge fields, g and g0 are the corresponding

gauge couplings, while �, lL and eR respectively are the Higgs scalar, the left-handed leptons and the right-handed
leptons, i.e.

�(1, 2,� 1
2 ) =



�0

��

�

, lL(1, 2,� 1
2 ) =



⌫L
eL

�

, eR(1, 1,�1) . (2)

Here and thereafter the brackets following the fields describe the transformations under the SM SU(3)c ⇥ SU(2)L ⇥
U(1)Y gauge groups. Note the Yukawa couplings in Eq. (1) have been chosen diagonal and real without loss of
generality and for convenience.

We then introduce a type-I seesaw with one fermion singlet, a type-II seesaw with one Higgs triplet, and a type-III
seesaw with one fermion triplet. The individual Lagrangians are

LI = iN̄R@/NR � 1

2
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In general, the above three types of seesaw can contain more fermion singlets, more fermion triplets or more Higgs
triplets. Therefore, we shall refer to the type-I seesaw with one fermion singlet as the minimal type-I seesaw, the
type-II seesaw with one Higgs triplet as the minimal type-II seesaw, while the type-III seesaw with one fermion triplet
as the minimal type-III seesaw. Accordingly, we would like to entitle the combination of the minimal type-III seesaw
and the minimal type-I or II seesaw as the minimal type-III+I/II seesaw.

We now construct our model based on the minimal type-III+I/II seesaw. Specifically, we introduce a scalar singlet
and an additional fermion triplet,
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Note the gauge-invariant Yukawa couplings of the DM fermion triplet to the SM lepton and Higgs doublets have been
forbidden by the Z2 discrete symmetry.
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This means we can choose a base [24] to enforce
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Clearly the neutrino mass matrix m⌫ is allowed to contain three physical CP phases: two Majorana phases ↵1,2
and one Dirac phase �. These CP phases can appear if and only if there are some complex Yukawa couplings in the
seesaw formula (??). By inserting the assignment (5) into the seesaw formula (??), we conclude in the pure type-I/III
seesaw, the combined type-I+III seesaw or the combined type-I/III+II seesaw, one fermion singlet/triplet will never
contribute to the imaginary part of the neutrino mass matrix, i.e.

• In the type-I seesaw,
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• In the type-III seesaw,
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• In the type-I+III seesaw,
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• In the type-I+II seesaw,
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• In the type-III+II seesaw,
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The CP violation for leptogenesis: Either the fermion singlet(s)/triplet(s) or the Higgs triplet(s) or both can decay
to generate a lepton asymmetry as long as the CP is not conserved. This lepton asymmetry then can partially get
converted to a baryon asymmetry through the sphaleron processes [23]. Specifically, the final baryon asymmetry can
be described by [24]

⌘B = csph

P

i Ni
"Ni

+
P

j �j
"�j

r�j
+
P

k Tk
"Tk

rTk

g⇤
.

(13)

Here csph = � 28
79 is the sphaleron lepton-to-baryon coe�cient, g⇤ = 106.75 is the relativistic degrees of freedom

during the leptogenesis epoch, Ni/�i/Ti
. 1 denote the washout factors and their exact numbers are solved by the

related Boltzmann equations, r�i/Ti
= 3 appear for the triplets, while "Ni/�i/Ti

are the CP asymmetries in the

decays of the fermion singlet Ni = NRi + (NRi)
c = N c

i , the Higgs triplet pair (�i, �⇤
i ) and the fermion triplet

Ti = (T�
i , T 0

i , T+
i ) with T 0

i = T 0
Li + (T 0

Li)
c = (T 0

i )
c and T±

i = T±
Li + (T⌥

Li)
c = (T⌥

i )c. The CP asymmetries "Ni/�i/Ti

well characterize the CP violation required by the leptogenesis and they are evaluated at one-loop level.
Basis:
[12–21],
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We then rewrite the Lagrangians L�, LIII, LI, LII and L��T by
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In conclusion, for our model (9) with the minimal type-III+I/II seesaw, the physical CP phases in the lepton sector
only exist in the Yukawa couplings fN↵/f�↵� involving the fermion singlet/Higgs triplet NR/�. As for the Yukawa
coupling f� involving the scalar singlet �, it in principle is a complex number, however, its CP phase has no interesting
consequence as we will show later.

IV. THE NEUTRINO MASS MATRIX

The Z2 discrete symmetry is unbroken at any scales. As a result, the scalar singlet � is forbidden to acquire
any vacuum expectation values (VEVs). When the Higgs scalar � develops its VEV h�i = h�0i = v ' 174GeV to
spontaneously break the electroweak symmetry, the left-handed neutrinos ⌫L can acquire a tiny Majorana mass term
by integrating out the heavy fermion triplet TL and the heavy fermion singlet/Higgs triplet NR/�, i.e.

L � �1

2
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c
L +H.c. with
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Here the mIII
⌫ term is the minimal type-III seesaw while the m

I/II
⌫ term is the minimal type-I/II seesaw. Remarkably,

the minimal type-III seesaw term is real in the base (18). Therefore, the physical CP phases in the lepton sector only
comes from the minimal type-I/II seesaw term, i.e.

Im
⇣

mI/II
⌫

⌘

= Im (m⌫) = Im
�

UPMNS m̂UT
PMNS

�

, (25)

where m̂ gives three neutrino mass eigenvalues,

m̂ = diag {m1 , m2 , m3} , (26)

while UPMNS is the PMNS matrix parametrized by three mixing angles ✓12,23,13, two Majorana CP phases ↵1,2 and
one Dirac CP phase � [1], i.e.
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2

6

6

4
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n
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o

, (27)
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In conclusion, for our model (9) with the minimal type-III+I/II seesaw, the physical CP phases in the lepton sector
only exist in the Yukawa couplings fN↵/f�↵� involving the fermion singlet/Higgs triplet NR/�. As for the Yukawa
coupling f� involving the scalar singlet �, it in principle is a complex number, however, its CP phase has no interesting
consequence as we will show later.

IV. THE NEUTRINO MASS MATRIX

The Z2 discrete symmetry is unbroken at any scales. As a result, the scalar singlet � is forbidden to acquire
any vacuum expectation values (VEVs). When the Higgs scalar � develops its VEV h�i = h�0i = v ' 174GeV to
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Here the mIII
⌫ term is the minimal type-III seesaw while the m
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where m̂ gives three neutrino mass eigenvalues,
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�T 0 +
p
2⌫̄L↵�

�T+ +
p
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coupling f� involving the scalar singlet �, it in principle is a complex number, however, its CP phase has no interesting
consequence as we will show later.
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with the abbreviations sij ⌘ sin ✓ij and cij ⌘ cos ✓ij .
As we will show in the next section, the imaginary part Im(m⌫) of the neutrino mass matrix m⌫ provides the unique

source of the CP violation for a non-thermal leptogenesis. We thus explicitly express Im
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By inputting the best fit values [1] of the squared mass di↵erences �m2
21 = m2

2 �m2
1 and �m2

31 = m2
3 �m2

1 as well as
the mixing angles ✓12,23,13 from the neutrino oscillation data, we plot the allowed Im (m⌫) in Fig. 1, Fig. 2 and Fig.
3, where the vertical lines correspond to the cosmological bound on the neutrino masses

P

i mi < 0.57 eV [1].

V. THE NON-THERMAL LEPTOGENESIS WITH MINIMAL DARK MATTER

We assume the fermion triplet �L much lighter than the other fermion triplet TL, the fermion singlet/Higgs triplet
NR/� and the scalar singlet �. Therefore, the fermion triplet �L indeed is ready for a minimal DM scenario
[53]. Specifically, its neutral component �0 will become slightly lighter than its charged component �± due to the
electroweak radiative correction, i.e. m�± � m�0 = 167MeV. The stable �0 can leave a relic density which is fully

determined by the annihilations and co-annihilations of the quasi-degenerate components (�0,�±) into the SM species.
In these annihilations and co-annihilations, the unknown parameter is just the DM mass. To give a right DM relic
density, the DM mass thus should be fixed by m� = 2.5TeV. The DM particle �0 can scatter o↵ the nucleons at
one-loop level. The DM-nucleon scattering cross section is also predictive, i.e. �SI = 1.3⇥10�45 cm2 for m� = 2.5TeV.

We further expect the scalar singlet � to drive an inflation. For example, we can take [60, 61]

M� = 1.5⇥ 1013 GeV , �� = 0 . (29)

The inflaton � is lighter than the fermion triplet TL and the fermion singlet/Higgs triplet NR/�. So, it can only have
the three-body decays as shown in Fig. 4a. We calculate the decay width at tree level,
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Non-thermal leptogenesis with distinct CP violation and minimal dark matter

Hang Zhou⇤ and Pei-Hong Gu†

Department of Physics and Astronomy, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, China

We demonstrate a unified scenario for neutrino mass, baryon asymmetry, dark matter and infla-
tion. In addition to a fermion triplet for the so-called minimal dark matter, we extend the standard
model by three heavy fields including a scalar singlet, a fermion triplet and a fermion singlet/Higgs
triplet. The heavy scalar singlet, which is expected to drive an inflation, and the dark matter
fermion triplet are odd under an unbroken Z2 discrete symmetry, while the other fields are all even.
The heavy fermion triplet o↵ers a tree-level type-III seesaw and then mediates a three-body decay
of the inflaton into the standard model lepton and Higgs doublets with the dark matter fermion
triplet. The heavy fermion singlet/Higgs triplet not only results in a type-I/II seesaw at tree level
but also contributes to the inflaton decay at one-loop level. In this scenario, the type-I/II seesaw
contains all of the physical CP phases in the lepton sector and hence the CP violation for the non-
thermal leptogenesis by the inflaton decay exactly comes from the imaginary part of the neutrino
mass matrix.

PACS numbers: 98.80.Cq, 14.60.Pq, 95.35.+d

I. INTRODUCTION

Inflation:
The precise measurements on the atmospheric, solar, accelerator and reactor neutrinos have established the phe-

nomenon of neutrino oscillations [1]. This means a fact that three flavors of neutrinos should be massive and mixing
[1]. We hence need new physics beyond the SU(3)c ⇥ SU(2)L ⇥ U(1)Y standard model (SM). On the other hand,
the cosmological observations have indicated that the neutrino masses should be in a sub-eV range [1]. In various
seesaw extensions [2–12] of the SM, the small neutrino masses can be induced in a natural way. Specifically, these
seesaw models contain some heavy particles. The neutrino masses then can be highly suppressed by a small ratio of
the electroweak scale over these heavy particle masses.

The seesaw models can also help us to understand the cosmic matter-antimatter asymmetry which is the same as a
baryon asymmetry [13–22]. This is the famous leptogenesis mechanism. In the conventional leptogenesis [13] scenario,
the interactions for giving the neutrino masses can generate a lepton asymmetry in the SM leptons before the SU(2)L
sphaleron [23] processes stop working. Roughly speaking, the sphalerons will keep in equilibrium above the electroweak
scale [23]. The produced lepton asymmetry thus can be partially converted to a baryon asymmetry. Therefore, we
can simultaneously explain the small neutrino masses and the observed baryon asymmetry. In particular, the CP
violation required by the leptogenesis only comes from the imaginary part of the neutrino mass matrix [24].

Usually the leptogenesis is realized after the inflation [25–28]. Alternatively, the lepton asymmetry can be produced
by the inflaton decays [29–47]. For example [30], the inflaton can directly couple to the quasi-degenerate fermion
singlets (the right-handed neutrinos) for the type-I seesaw. If the inflaton is lighter than the fermion singlets, it can
decay into the SM lepton and Higgs doublets through the mediation of the o↵-shell fermion singlets. This non-thermal
leptogenesis scenario can allow a low reheating temperature to avoid the gravitino problem in the supersymmetric
models [48–52].

The existence of non-baryonic dark matter (DM) poses another challenge to particle physics and cosmology. There
have been a number of interesting ideas explaining the DM puzzle. For example, the DM candidates in the minimal
DM models [53, 54] can have some predictive properties including the DM mass and the DM-nucleon scattering. The
DM particle may also play a key role in the generation of the neutrino masses and the baryon asymmetry in some
radiative seesaw models [55–59].

In this work we shall demonstrate an interesting non-thermal leptogenesis scenario where the imaginary part of the
neutrino mass matrix is the unique source for the required CP violation. Besides the SM content and a DM fermion
triplet, our model contains three heavy fields including a scalar singlet, a fermion triplet and a fermion singlet/Higgs
triplet. An unbroken Z2 discrete symmetry is imposed to forbid some unexpected couplings. The heavy scalar singlet

⇤Electronic address: einsteinzh@sjtu.edu.cn
†Electronic address: peihong.gu@sjtu.edu.cn
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FIG. 4: At tree level the fermion triplet for the minimal type-III seesaw mediates the three-body decays of the inflaton into the
SM lepton and Higgs doublets with the DM fermion triplet. At one-loop level the fermion singlet/Higgs triplet for the minimal
type-I/II seesaw contributes to these decays. For simplicity the inflaton decays into the anti-leptons are not shown.

as the CP is not conserved, i.e.

εσ = ε
νLχ0

σ + ε
eLχ0

σ + ε
νLχ−

σ + ε
eLχ+

σ ̸= 0 with

ε
νLχ0

σ =
Γ(σ −→ νL + χ0 + φ0∗)− Γ(σ −→ νcL + χ0 + φ0)

Γσ

,

ε
eLχ0

σ =
Γ(σ −→ eL + χ0 + φ+)− Γ(σ −→ ecL + χ0 + φ−)

Γσ

,

ε
νLχ−

σ =
Γ(σ −→ νL + χ− + φ+)− Γ(σ −→ νcL + χ+ + φ−)

Γσ

,

ε
eLχ+

σ =
Γ(σ −→ eL + χ+ + φ0∗)− Γ(σ −→ ecL + χ− + φ0)

Γσ

. (33)
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FIG. 1: The allowed values for the imaginary part of the neutrino mass matrix with a normal hierarchical spectrum. Here the
vertical lines correspond to the cosmological bound on the neutrino masses.

The reheating temperature TRH thus can be determined by [62]
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Here H(T ) is the Hubble constant, i.e.
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with MPl = 1.22⇥ 1019 GeV being the Planck mass while g⇤ = 108.875 being the relativistic degrees of freedom (the
SM species plus the DM fermion triplet).

As shown in Fig. 4b and Fig. 4c 1, the inflaton can decay to generate a lepton asymmetry at one-loop level as long

1 Here we need not consider the self-energy corrections mediated by the lepton and Higgs doublets. This is because the self-energy
corrections from the neutrino loop and the electron loop should be cancelled each other. Otherwise, we will obtain a mixing between
the neutral component of the fermion triplet and the fermion singlet before the electroweak symmetry breaking. This mixing of course
should not appear.
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1
2 T 2

MPl

. (31)
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FIG. 2: The allowed values for the imaginary part of the neutrino mass matrix with a normal hierarchical spectrum and a
Dirac CP phase � = 3

2⇡. Here the vertical lines correspond to the cosmological bound on the neutrino masses.

as the CP is not conserved, i.e.

"� = "
⌫L�0

� + "
eL�0

� + "
⌫L��

� + "
eL�+

� 6= 0 with

"
⌫L�0

� =
�(� �! ⌫L + �0 + �0⇤)� �(� �! ⌫cL + �0 + �0)

��

,

"
eL�0

� =
�(� �! eL + �0 + �+)� �(� �! ecL + �0 + ��)

��

,

"
⌫L��

� =
�(� �! ⌫L + �� + �+)� �(� �! ⌫cL + �+ + ��)

��

,

"
eL�+

� =
�(� �! eL + �+ + �0⇤)� �(� �! ecL + �� + �0)

��

.

After a lengthy calculation, we eventually obtain

"� = � 1

16⇡

P

↵�

h

yT↵yT�Im
⇣

yN↵yN�

⌘i

P

↵ yT↵yT↵

M2
�

MNMT

or "� = � 1

16⇡

P

↵�

h

yT↵yT�Im (f�↵�)
i

P

↵ yT↵yT↵

M2
�µ�

2M2
�MT

with 2"
⌫L�0

� = 2"
eL�0

� = "
⌫L��

� = "
eL�+

� =
1

3
"� .

By taking Eqs. (24) and (25) into account, we further see the above CP asymmetry should exactly come from the

9

the imaginary part of the neutrino mass matrix, i.e.

"� =
1

16⇡

P

↵�

h

yT↵yT�Im
⇣

m↵�

⌘i

P

↵ yT↵yT↵

M2
�

v2MT

.

Inflaton:
R. Kallosh, A. Linde, A. Westphal, PRD 2014
Now the fermion triplet for the minimal type-III seesaw and the fermion singlet/Higgs triplet for the minimal type-

I/II seesaw are much heavier than the inflaton. So, we can expect the related lepton-number-violating interactions
for the neutrino mass generation to go out of equilibrium at a temperature TD [63] above the reheating temperature
TRH, i.e.



� =
1

⇡3

T 3

v4
Tr

�

m†
⌫m⌫

�

< H(T )

�

�

�

�T=TD>TRH
for MT , MN/� > TD , (32)

and hence not to wash out the lepton asymmetry produced by the inflaton decay. Actually, we read

TD = 1012 GeV

2

4

0.04 eV2

Tr
⇣

m†
⌫m⌫

⌘

3

5 for Tr
�

m†
⌫m⌫

�

= m2
1 +m2

2 +m2
3 . (33)

The final baryon asymmetry then can be described by [62]

⌘B =
nB

s
= csph

nL

s
= csph"�

TRH

M�

, (34)

where nB/L is the baryon/lepton number density, s is the entropy density, while csph = � 28
79 is the sphaleron lepton-

to-baryon coe�cient [64].
As an example, we input

M� = 1.5⇥ 1013 GeV , f� = 7.9⇥ 10�3 , MN/� ⇠ MT = 1014 GeV , fTe , fTµ ⌧ fT⌧ , (35)

and then read

TRH = 5.7⇥ 107 GeV

✓

mIII
⌧⌧

0.01 eV

◆

1
2

< TD , "� =
1

16⇡

M2
�Im (m⌧⌧ )

v2MT

= �7.4⇥ 10�5



Im (m⌧⌧ )

�0.05 eV

�

. (36)

The final baryon asymmetry then can match the observed value,

⌘B = 10�10

✓

"�
�7.4⇥ 10�5

◆✓

TRH

5.7⇥ 107 GeV

◆

. (37)

VI. CONCLUSION

In this work we have explored a unified scenario for the small neutrino masses, the cosmic baryon asymmetry,
the dark matter and the inflation. In addition to the SM species, we introduce a TeV-scale fermion triplet for the
minimal DM, a heavy scalar singlet for the inflation, a heavy fermion triplet for the minimal type-III seesaw and a
heavy fermion singlet/Higgs triplet for the minimal type-I/II seesaw. Our model respects an unbroken Z2 discrete
symmetry under which only the DM fermion triplet and the inflationary scalar singlet are odd. The heavy scalar
singlet drives an inflation. The heavy fermion triplet o↵ers a tree-level type-III seesaw and then mediates a three-
body decay of the inflaton into the SM lepton and Higgs doublets with the DM fermion triplet. The heavy fermion
singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at
one-loop level. In this scenario, the type-I/II seesaw contains all of the physical CP phases in the lepton sector and
hence the CP violation for the non-thermal leptogenesis by the inflaton decay exactly comes from the imaginary part
of the neutrino mass matrix. Clearly, our model can be extended by more heavy fermion singlets/Higgs triplets for
the type-I/II seesaw. The pure type-I/II seesaw can be also replaced by a combined type-I+II seesaw. We even can
consider a real scalar triplet to provide the inflaton.
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2⇡. Here the vertical lines correspond to the cosmological bound on the neutrino masses.

as the CP is not conserved, i.e.
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� + "
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� 6= 0 with
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� =
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,
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,
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,
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� =
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.

After a lengthy calculation, we eventually obtain

"� = � 1

16⇡

P

↵�

h

yT↵yT�Im
⇣

yN↵yN�

⌘i

P

↵ yT↵yT↵

M2
�

MNMT

or "� = � 1

16⇡

P

↵�

h

yT↵yT�Im (f�↵�)
i

P

↵ yT↵yT↵

M2
�µ�

2M2
�MT

with 2"
⌫L�0

� = 2"
eL�0

� = "
⌫L��

� = "
eL�+

� =
1

3
"� .

By taking Eqs. (24) and (25) into account, we further see the above CP asymmetry should exactly come from the
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the imaginary part of the neutrino mass matrix, i.e.

"� =
1

16⇡

P

↵�

h

yT↵yT�Im
⇣

m↵�

⌘i

P

↵ yT↵yT↵

M2
�

v2MT

.

Inflaton:
R. Kallosh, A. Linde, A. Westphal, PRD 2014
Now the fermion triplet for the minimal type-III seesaw and the fermion singlet/Higgs triplet for the minimal type-

I/II seesaw are much heavier than the inflaton. So, we can expect the related lepton-number-violating interactions
for the neutrino mass generation to go out of equilibrium at a temperature TD [63] above the reheating temperature
TRH, i.e.



� =
1

⇡3

T 3

v4
Tr

�

m†
⌫m⌫

�

< H(T )

�

�

�

�T=TD>TRH
for MT , MN/� > TD . (32)

and hence not to wash out the lepton asymmetry produced by the inflaton decay. Actually, we read

TD = 1012 GeV

2

4

0.04 eV2

Tr
⇣

m†
⌫m⌫

⌘

3

5 for Tr
�

m†
⌫m⌫

�

= m2
1 +m2

2 +m2
3 . (33)

The final baryon asymmetry then can be described by [62]

⌘B =
nB

s
= csph

nL

s
= csph"�

TRH

M�

. (34)

where nB/L is the baryon/lepton number density, s is the entropy density, while csph = � 28
79 is the sphaleron lepton-

to-baryon coe�cient [64].
As an example, we input

M� = 1.5⇥ 1013 GeV , f� = 7.9⇥ 10�3 , MN/� ⇠ MT = 1014 GeV , fTe , fTµ ⌧ fT⌧ , (35)

and then read

TRH = 5.7⇥ 107 GeV

✓

mIII
⌧⌧

0.01 eV

◆

1
2

< TD , "� =
1

16⇡

M2
�Im (m⌧⌧ )

v2MT

= �7.4⇥ 10�5



Im (m⌧⌧ )

�0.05 eV

�

. (36)

The final baryon asymmetry then can match the observed value,

⌘B = 10�10

✓

"�
�7.4⇥ 10�5

◆✓

TRH

5.7⇥ 107 GeV

◆

. (37)

VI. CONCLUSION

In this work we have explored a unified scenario for the small neutrino masses, the cosmic baryon asymmetry,
the dark matter and the inflation. In addition to the SM species, we introduce a TeV-scale fermion triplet for the
minimal DM, a heavy scalar singlet for the inflation, a heavy fermion triplet for the minimal type-III seesaw and a
heavy fermion singlet/Higgs triplet for the minimal type-I/II seesaw. Our model respects an unbroken Z2 discrete
symmetry under which only the DM fermion triplet and the inflationary scalar singlet are odd. The heavy scalar
singlet drives an inflation. The heavy fermion triplet o↵ers a tree-level type-III seesaw and then mediates a three-
body decay of the inflaton into the SM lepton and Higgs doublets with the DM fermion triplet. The heavy fermion
singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at
one-loop level. In this scenario, the type-I/II seesaw contains all of the physical CP phases in the lepton sector and
hence the CP violation for the non-thermal leptogenesis by the inflaton decay exactly comes from the imaginary part
of the neutrino mass matrix. Clearly, our model can be extended by more heavy fermion singlets/Higgs triplets for
the type-I/II seesaw. The pure type-I/II seesaw can be also replaced by a combined type-I+II seesaw. We even can
consider a real scalar triplet to provide the inflaton.
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the imaginary part of the neutrino mass matrix, i.e.

"� =
1

16⇡

P

↵�

h

yT↵yT�Im
⇣

m↵�

⌘i

P

↵ yT↵yT↵

M2
�

v2MT

.

Inflaton:
R. Kallosh, A. Linde, A. Westphal, PRD 2014
Now the fermion triplet for the minimal type-III seesaw and the fermion singlet/Higgs triplet for the minimal type-

I/II seesaw are much heavier than the inflaton. So, we can expect the related lepton-number-violating interactions
for the neutrino mass generation to go out of equilibrium at a temperature TD [63] above the reheating temperature
TRH, i.e.



� =
1

⇡3

T 3

v4
Tr

�

m†
⌫m⌫

�

< H(T )

�

�

�

�T=TD>TRH
for MT , MN/� > TD . (32)

and hence not to wash out the lepton asymmetry produced by the inflaton decay. Actually, we read

TD = 1012 GeV

2

4

0.04 eV2

Tr
⇣

m†
⌫m⌫

⌘

3

5 for Tr
�

m†
⌫m⌫

�

= m2
1 +m2

2 +m2
3 . (33)

The final baryon asymmetry then can be described by [62]

⌘B =
nB

s
= csph

nL

s
= csph"�

TRH

M�

. (34)

where nB/L is the baryon/lepton number density, s is the entropy density, while csph = � 28
79 is the sphaleron lepton-

to-baryon coe�cient [64].
As an example, we input

M� = 1.5⇥ 1013 GeV , f� = 7.9⇥ 10�3 , MN/� ⇠ MT = 1014 GeV , fTe , fTµ ⌧ fT⌧ , (35)

and then read

TRH = 5.7⇥ 107 GeV

✓

mIII
⌧⌧

0.01 eV

◆

1
2

< TD , "� =
1

16⇡

M2
�Im (m⌧⌧ )

v2MT

= �7.4⇥ 10�5



Im (m⌧⌧ )

�0.05 eV

�

. (36)

The final baryon asymmetry then can match the observed value,

⌘B = 10�10

✓

"�
�7.4⇥ 10�5

◆✓

TRH

5.7⇥ 107 GeV

◆

. (37)

VI. CONCLUSION

In this work we have explored a unified scenario for the small neutrino masses, the cosmic baryon asymmetry,
the dark matter and the inflation. In addition to the SM species, we introduce a TeV-scale fermion triplet for the
minimal DM, a heavy scalar singlet for the inflation, a heavy fermion triplet for the minimal type-III seesaw and a
heavy fermion singlet/Higgs triplet for the minimal type-I/II seesaw. Our model respects an unbroken Z2 discrete
symmetry under which only the DM fermion triplet and the inflationary scalar singlet are odd. The heavy scalar
singlet drives an inflation. The heavy fermion triplet o↵ers a tree-level type-III seesaw and then mediates a three-
body decay of the inflaton into the SM lepton and Higgs doublets with the DM fermion triplet. The heavy fermion
singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at
one-loop level. In this scenario, the type-I/II seesaw contains all of the physical CP phases in the lepton sector and
hence the CP violation for the non-thermal leptogenesis by the inflaton decay exactly comes from the imaginary part
of the neutrino mass matrix. Clearly, our model can be extended by more heavy fermion singlets/Higgs triplets for
the type-I/II seesaw. The pure type-I/II seesaw can be also replaced by a combined type-I+II seesaw. We even can
consider a real scalar triplet to provide the inflaton.
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the imaginary part of the neutrino mass matrix, i.e.

"� =
1

16⇡

P

↵�

h

yT↵yT�Im
⇣

m↵�

⌘i

P

↵ yT↵yT↵

M2
�

v2MT

.

Inflaton:
R. Kallosh, A. Linde, A. Westphal, PRD 2014
Now the fermion triplet for the minimal type-III seesaw and the fermion singlet/Higgs triplet for the minimal type-

I/II seesaw are much heavier than the inflaton. So, we can expect the related lepton-number-violating interactions
for the neutrino mass generation to go out of equilibrium at a temperature TD [63] above the reheating temperature
TRH, i.e.



� =
1

⇡3

T 3

v4
Tr

�

m†
⌫m⌫

�

< H(T )

�

�

�

�T=TD>TRH
for MT , MN/� > TD . (32)

and hence not to wash out the lepton asymmetry produced by the inflaton decay. Actually, we read

TD = 1012 GeV

2

4

0.04 eV2

Tr
⇣

m†
⌫m⌫

⌘

3

5 for Tr
�

m†
⌫m⌫

�

= m2
1 +m2

2 +m2
3 . (33)

The final baryon asymmetry then can be described by [62]

⌘B =
nB

s
= csph

nL

s
= csph"�

TRH

M�

with csph = �28

79
. (34)

where nB/L is the baryon/lepton number density, s is the entropy density, while csph = � 28
79 is the sphaleron lepton-

to-baryon coe�cient [64].
As an example, we input

M� = 1.5⇥ 1013 GeV , f� = 7.9⇥ 10�3 , MN/� ⇠ MT = 1014 GeV , fTe , fTµ ⌧ fT⌧ , (35)

and then read

TRH = 5.7⇥ 107 GeV

✓

mIII
⌧⌧

0.01 eV

◆

1
2

< TD , "� =
1

16⇡

M2
�Im (m⌧⌧ )

v2MT

= �7.4⇥ 10�5



Im (m⌧⌧ )

�0.05 eV

�

. (36)

The final baryon asymmetry then can match the observed value,

⌘B = 10�10

✓

"�
�7.4⇥ 10�5

◆✓

TRH

5.7⇥ 107 GeV

◆

. (37)

VI. CONCLUSION

In this work we have explored a unified scenario for the small neutrino masses, the cosmic baryon asymmetry,
the dark matter and the inflation. In addition to the SM species, we introduce a TeV-scale fermion triplet for the
minimal DM, a heavy scalar singlet for the inflation, a heavy fermion triplet for the minimal type-III seesaw and a
heavy fermion singlet/Higgs triplet for the minimal type-I/II seesaw. Our model respects an unbroken Z2 discrete
symmetry under which only the DM fermion triplet and the inflationary scalar singlet are odd. The heavy scalar
singlet drives an inflation. The heavy fermion triplet o↵ers a tree-level type-III seesaw and then mediates a three-
body decay of the inflaton into the SM lepton and Higgs doublets with the DM fermion triplet. The heavy fermion
singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at
one-loop level. In this scenario, the type-I/II seesaw contains all of the physical CP phases in the lepton sector and
hence the CP violation for the non-thermal leptogenesis by the inflaton decay exactly comes from the imaginary part
of the neutrino mass matrix. Clearly, our model can be extended by more heavy fermion singlets/Higgs triplets for
the type-I/II seesaw. The pure type-I/II seesaw can be also replaced by a combined type-I+II seesaw. We even can
consider a real scalar triplet to provide the inflaton.

9

the imaginary part of the neutrino mass matrix, i.e.

"� =
1

16⇡

P

↵�

h

yT↵yT�Im
⇣

m↵�

⌘i

P

↵ yT↵yT↵

M2
�

v2MT

.

Inflaton:
R. Kallosh, A. Linde, A. Westphal, PRD 2014
Now the fermion triplet for the minimal type-III seesaw and the fermion singlet/Higgs triplet for the minimal type-

I/II seesaw are much heavier than the inflaton. So, we can expect the related lepton-number-violating interactions
for the neutrino mass generation to go out of equilibrium at a temperature TD [63] above the reheating temperature
TRH, i.e.



� =
1

⇡3

T 3

v4
Tr

�

m†
⌫m⌫

�

< H(T )

�

�

�

�T=TD>TRH
for MT , MN/� > TD . (32)

and hence not to wash out the lepton asymmetry produced by the inflaton decay. Actually, we read

TD = 1012 GeV

2

4

0.04 eV2

Tr
⇣

m†
⌫m⌫

⌘

3

5 for Tr
�

m†
⌫m⌫

�

= m2
1 +m2

2 +m2
3 . (33)

The final baryon asymmetry then can be described by [62]

⌘B =
nB

s
= csph

nL

s
= csph"�

TRH

M�

with csph = �28

79
. (34)

where nB/L is the baryon/lepton number density, s is the entropy density, while csph = � 28
79 is the sphaleron lepton-

to-baryon coe�cient [64].
As an example, we input

M� = 1.5⇥ 1013 GeV , f� = 7.9⇥ 10�3 , MN/� ⇠ MT = 1014 GeV , fTe , fTµ ⌧ fT⌧ . (35)

and then read

TRH = 5.7⇥ 107 GeV

✓

mIII
⌧⌧

0.01 eV

◆

1
2

< TD , "� =
1

16⇡

M2
�Im (m⌧⌧ )

v2MT

= �7.4⇥ 10�5



Im (m⌧⌧ )

�0.05 eV

�

. (36)

The final baryon asymmetry then can match the observed value,

⌘B = 10�10

✓

"�
�7.4⇥ 10�5

◆✓

TRH

5.7⇥ 107 GeV

◆

. (37)

VI. CONCLUSION

In this work we have explored a unified scenario for the small neutrino masses, the cosmic baryon asymmetry,
the dark matter and the inflation. In addition to the SM species, we introduce a TeV-scale fermion triplet for the
minimal DM, a heavy scalar singlet for the inflation, a heavy fermion triplet for the minimal type-III seesaw and a
heavy fermion singlet/Higgs triplet for the minimal type-I/II seesaw. Our model respects an unbroken Z2 discrete
symmetry under which only the DM fermion triplet and the inflationary scalar singlet are odd. The heavy scalar
singlet drives an inflation. The heavy fermion triplet o↵ers a tree-level type-III seesaw and then mediates a three-
body decay of the inflaton into the SM lepton and Higgs doublets with the DM fermion triplet. The heavy fermion
singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at
one-loop level. In this scenario, the type-I/II seesaw contains all of the physical CP phases in the lepton sector and
hence the CP violation for the non-thermal leptogenesis by the inflaton decay exactly comes from the imaginary part
of the neutrino mass matrix. Clearly, our model can be extended by more heavy fermion singlets/Higgs triplets for
the type-I/II seesaw. The pure type-I/II seesaw can be also replaced by a combined type-I+II seesaw. We even can
consider a real scalar triplet to provide the inflaton.
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the imaginary part of the neutrino mass matrix, i.e.
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1

16⇡

P

↵�

h

yT↵yT�Im
⇣

m↵�

⌘i

P

↵ yT↵yT↵

M2
�

v2MT

.

Inflaton:
R. Kallosh, A. Linde, A. Westphal, PRD 2014
Now the fermion triplet for the minimal type-III seesaw and the fermion singlet/Higgs triplet for the minimal type-

I/II seesaw are much heavier than the inflaton. So, we can expect the related lepton-number-violating interactions
for the neutrino mass generation to go out of equilibrium at a temperature TD [63] above the reheating temperature
TRH, i.e.



� =
1

⇡3

T 3

v4
Tr

�

m†
⌫m⌫

�

< H(T )

�

�

�

�T=TD>TRH
for MT , MN/� > TD . (32)

and hence not to wash out the lepton asymmetry produced by the inflaton decay. Actually, we read

TD = 1012 GeV

2

4

0.04 eV2

Tr
⇣

m†
⌫m⌫

⌘

3

5 for Tr
�

m†
⌫m⌫

�

= m2
1 +m2

2 +m2
3 . (33)

The final baryon asymmetry then can be described by [62]

⌘B =
nB

s
= csph

nL

s
= csph"�

TRH

M�

with csph = �28

79
. (34)

where nB/L is the baryon/lepton number density, s is the entropy density, while csph = � 28
79 is the sphaleron lepton-

to-baryon coe�cient [64].
As an example, we input

M� = 1.5⇥ 1013 GeV , f� = 7.9⇥ 10�3 , MN/� ⇠ MT = 1014 GeV , fTe , fTµ ⌧ fT⌧ . (35)

and then read

TRH = 5.7⇥ 107 GeV

✓

mIII
⌧⌧

0.01 eV

◆

1
2

< TD , "� =
1

16⇡

M2
�Im (m⌧⌧ )

v2MT

= �7.4⇥ 10�5



Im (m⌧⌧ )

�0.05 eV

�

. (36)

The final baryon asymmetry then can match the observed value,

⌘B = 10�10

✓

"�
�7.4⇥ 10�5

◆✓

TRH

5.7⇥ 107 GeV

◆

. (37)

VI. CONCLUSION

In this work we have explored a unified scenario for the small neutrino masses, the cosmic baryon asymmetry,
the dark matter and the inflation. In addition to the SM species, we introduce a TeV-scale fermion triplet for the
minimal DM, a heavy scalar singlet for the inflation, a heavy fermion triplet for the minimal type-III seesaw and a
heavy fermion singlet/Higgs triplet for the minimal type-I/II seesaw. Our model respects an unbroken Z2 discrete
symmetry under which only the DM fermion triplet and the inflationary scalar singlet are odd. The heavy scalar
singlet drives an inflation. The heavy fermion triplet o↵ers a tree-level type-III seesaw and then mediates a three-
body decay of the inflaton into the SM lepton and Higgs doublets with the DM fermion triplet. The heavy fermion
singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at
one-loop level. In this scenario, the type-I/II seesaw contains all of the physical CP phases in the lepton sector and
hence the CP violation for the non-thermal leptogenesis by the inflaton decay exactly comes from the imaginary part
of the neutrino mass matrix. Clearly, our model can be extended by more heavy fermion singlets/Higgs triplets for
the type-I/II seesaw. The pure type-I/II seesaw can be also replaced by a combined type-I+II seesaw. We even can
consider a real scalar triplet to provide the inflaton.
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the imaginary part of the neutrino mass matrix, i.e.

"� =
1

16⇡

P

↵�

h

yT↵yT�Im
⇣

m↵�

⌘i

P

↵ yT↵yT↵

M2
�

v2MT

.

Inflaton:
R. Kallosh, A. Linde, A. Westphal, PRD 2014
Now the fermion triplet for the minimal type-III seesaw and the fermion singlet/Higgs triplet for the minimal type-

I/II seesaw are much heavier than the inflaton. So, we can expect the related lepton-number-violating interactions
for the neutrino mass generation to go out of equilibrium at a temperature TD [63] above the reheating temperature
TRH, i.e.



� =
1

⇡3

T 3

v4
Tr

�

m†
⌫m⌫

�

< H(T )

�

�

�

�T=TD>TRH
for MT , MN/� > TD . (32)

and hence not to wash out the lepton asymmetry produced by the inflaton decay. Actually, we read

TD = 1012 GeV

2

4

0.04 eV2

Tr
⇣

m†
⌫m⌫

⌘

3

5 for Tr
�

m†
⌫m⌫

�

= m2
1 +m2

2 +m2
3 . (33)

The final baryon asymmetry then can be described by [62]

⌘B =
nB

s
= csph

nL

s
= csph"�

TRH

M�

with csph = �28

79
. (34)

where nB/L is the baryon/lepton number density, s is the entropy density, while csph = � 28
79 is the sphaleron lepton-

to-baryon coe�cient [64].
As an example, we input

M� = 1.5⇥ 1013 GeV , f� = 7.9⇥ 10�3 , MN/� ⇠ MT = 1014 GeV , fTe , fTµ ⌧ fT⌧ . (35)

and then read

TRH = 5.7⇥ 107 GeV

✓

mIII
⌧⌧

0.01 eV

◆

1
2

< TD , "� =
1

16⇡

M2
�Im (m⌧⌧ )

v2MT

= �7.4⇥ 10�5



Im (m⌧⌧ )

�0.05 eV

�

. (36)

The final baryon asymmetry then can match the observed value,

⌘B = 10�10

✓

"�
�7.4⇥ 10�5

◆✓

TRH

5.7⇥ 107 GeV

◆

. (37)

VI. CONCLUSION

In this work we have explored a unified scenario for the small neutrino masses, the cosmic baryon asymmetry,
the dark matter and the inflation. In addition to the SM species, we introduce a TeV-scale fermion triplet for the
minimal DM, a heavy scalar singlet for the inflation, a heavy fermion triplet for the minimal type-III seesaw and a
heavy fermion singlet/Higgs triplet for the minimal type-I/II seesaw. Our model respects an unbroken Z2 discrete
symmetry under which only the DM fermion triplet and the inflationary scalar singlet are odd. The heavy scalar
singlet drives an inflation. The heavy fermion triplet o↵ers a tree-level type-III seesaw and then mediates a three-
body decay of the inflaton into the SM lepton and Higgs doublets with the DM fermion triplet. The heavy fermion
singlet/Higgs triplet not only results in a type-I/II seesaw at tree level but also contributes to the inflaton decay at
one-loop level. In this scenario, the type-I/II seesaw contains all of the physical CP phases in the lepton sector and
hence the CP violation for the non-thermal leptogenesis by the inflaton decay exactly comes from the imaginary part
of the neutrino mass matrix. Clearly, our model can be extended by more heavy fermion singlets/Higgs triplets for
the type-I/II seesaw. The pure type-I/II seesaw can be also replaced by a combined type-I+II seesaw. We even can
consider a real scalar triplet to provide the inflaton.



Summary
1. In the pure type-I/III seesaw models, or the 

combined type-I+III seesaw models, or the 
combined type-I/III+II seesaw models, the 
CP violation required by the leptogenesis 
should come from the imaginary part of 
the neutrino mass matrix. 

2.  In a combined type-III+I/II seesaws, a non-
thermal leptogenesis can be realized 
through the inflaton decays into the 
standard model lepton and Higgs doublets 
with a dark matter fermion triplet.
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