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We study leptogenesis in three different realizations of the type Ib seesaw mechanism, where the
effective masses of the neutrinos are obtained by the spontaneous symmetry breaking of two different
Higgs doublets. In the minimal type Ib seesaw model, where two right-handed neutrinos form a Dirac mass,
we show that it is impossible to produce the correct baryon asymmetry, even including a pseudo-Dirac mass
splitting. In an extended type Ib seesaw model, with a third very heavy Majorana right-handed neutrino,
together with the low-scale Dirac pair of right-handed (RH) neutrinos and an extra singlet Higgs boson, we
find that the imbalance of matter and antimatter can be explained by resonant leptogenesis. In the resulting
low-scale effective type Ib seesaw mechanism, we derive the allowed range of the seesaw couplings
consistent with resonant leptogenesis. Dark matter may also be included via the right-handed neutrino
portal. The Dirac RH neutrino masses may lie in the 1–100-GeV mass range, accessible to the future
experiments Search for Hidden Particles (SHiP) and Future electron-positron Circular Collider (FCC-ee),
allowing the type Ib seesaw mechanism with leptogenesis and dark matter to be tested.
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I. INTRODUCTION

Evidenced by the neutrino oscillation experiments [1],
the existence of neutrino masses and their mixing is a solid
indication of new physics beyond the Standard Model
(SM). In the last decades, hundreds of theories have been
developed to explain the origin of the neutrino masses,
most of which are various realizations of the dimension-five
Weinberg operator [2]. Although the typical tree-level
realizations of the Weinberg operator, including the type
I [3–6], II [7–12], and III [13–16] seesaw models, are the
most popular and well studied among these theories, it is
hard to generate proper neutrino mass naturally with large
seesaw couplings and small right-handed (RH) neutrino
masses simultaneously in these models, which makes
experimental tests difficult. To make the models more
testable, some low-scale seesaw models with extended RH
neutrino sectors such as the inverse seesaw model [17] or
the linear seesaw model [18,19] have been proposed.
Alternatively, neutrino mass can also be generated radia-
tively through loop diagrams [20–23].

As the seesaw mechanism involves lepton number
violation, it is commonly linked to leptogenesis [24–
34], which provides an attractive and minimal origin of
the baryon asymmetry in the Universe. Using the observed
value of baryon asymmetry [35], the seesaw parameters
can be constrained and related to other cosmological
problems like the dark matter [36–42]. However, standard
leptogenesis can hardly be related to collider experiments,
as there is a well-known lower bound of RH neutrino mass
around 109 GeV [43]. One way to reduce the lower bound
is so-called resonant leptogenesis [44–50], where the
neutrino masses are quasidegenerate with a mass splitting
of order their decay rates. Moreover, the B − L asymmetry
can be enhanced by flavor effects since different processes
come into equilibrium as the universe cools down and
make the lepton flavours distinguishable [51–55].
Nevertheless, the testability of type I seesaw leptogenesis
remains an interesting topic in neutrino physics as well as
cosmology [56–60].
Recently a new version of the type I seesaw mechanism

that can be just as testable as the low-scale seesaw models
above has been proposed, allowing just two RH neutrinos
[61] in its minimal version, which is called the type Ib
seesaw mechanism [62]. Dark matter may also be included
in the type Ib seesaw model via the right-handed neutrino
portal [63]. We shall sometimes refer to the usual type I
seesaw mechanism as type Ia to distinguish it from the type
Ib seesaw mechanism. With multiple Higgs doublets, it had
been noticed a long time ago that alternative pathways to
the traditional Weinberg operator approach are possible in

*B.Fu@soton.ac.uk
†king@soton.ac.uk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 105, 095001 (2022)

2470-0010=2022=105(9)=095001(21) 095001-1 Published by the American Physical Society

https://orcid.org/0000-0003-2270-8352
https://orcid.org/0000-0002-4351-7507
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.095001&domain=pdf&date_stamp=2022-05-02
https://doi.org/10.1103/PhysRevD.105.095001
https://doi.org/10.1103/PhysRevD.105.095001
https://doi.org/10.1103/PhysRevD.105.095001
https://doi.org/10.1103/PhysRevD.105.095001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


neutrino mass models [64]. Systematic classification has
been made to the two Higgs doublet models (2HDMs) by
many authors [65–67], and the type Ib seesaw model is
based on the so-called type II 2HDM where the down-type
quarks and charged leptons couple to one Higgs doublet
and the up-type quarks couple to the other one. Usually,
only the Higgs doublets that couple to up-type quarks are
responsible for neutrino mass in the seesaw mechanism
when the type I seesaw mechanism is combined with the
type II 2HDM. However, as a novel feature of the type Ib
seesaw mechanism, the effective neutrino mass operator
involves both of the Higgs doublets coupling to up- and
down-type quarks, while the two RH neutrinos form a
single Dirac pair in the minimal case [63], as shown in
Fig. 1. Different from the traditional type I seesaw models,
the type Ib seesaw model allows a large seesaw coupling
and a relatively small heavy neutrino mass simultaneously,
making such models testable at colliders. The type Ib
seesaw model shares many of the general features of
testability as the inverse seesaw or linear seesaw models
mentioned above; however, it is distinguished by the
simplicity of the RH neutrino sector, with two RHNs
forming a single heavy Dirac mass in the minimal case, as
mentioned above, rather than relying on extended RH
neutrino sectors with more than three RHNs in other low-
energy seesaw models.
In this paper, we discuss the leptogenesis in different

realizations of the type Ib seesaw mechanism. In Sec. II, we
start with the minimal type Ib seesaw model and find that
the single low-scale RH neutrino mass is incompatible with
the current baryon asymmetry in such a model, although a
very heavy RH neutrino mass is possible. We then extend
the minimal type Ib seesaw model with a small mass
splitting in the RH neutrino mass in Sec. III. However, due
to the special structure of Yukawa couplings in the model,
resonant leptogenesis cannot be achieved even if flavor
effects are taken into account. Finally, we turn to a new
realization of the model in Sec. IV, by including a third
heavy right-handed neutrino [68], together with an extra
singlet Higgs boson, leading to an effective and testable
type Ib seesaw mechanism at low energy. In such a model,
correct baryon asymmetry through resonant leptogenesis is
shown to be available below TeV scale by simple approxi-
mated solutions, which constrains the larger seesaw
Yukawa coupling, depending on the heavy neutrino mass.
For RH neutrino mass below 100 GeV, the parameter space
allowed by leptogenesis can be probed at the future

experiments Search for Hidden Particles (SHiP) and
Future electron-positron Circular Collider (FCC-ee), with
dark matter also possible in the same region [63], allowing
a simultaneous test of the type Ib seesaw mechanism,
leptogenesis, and dark matter.

II. MINIMAL TYPE IB SEESAW MODEL

As discussed in [63], the minimal version of the type Ib
seesawmodel involves two RH neutrinosNR1,NR2 and two
Higgs doublets ϕ1, ϕ2, where all the fields transform under
a Z3 symmetry in such as way as to require two different
Higgs doublets in the seesaw mechanism. The charges of
the particles under SUð2Þ × Uð1Þ × Z3 symmetry is shown
in Table I [69]. The Z3 symmetry ensures that the coupling
between the Higgs doublets and SM fermions follows the
type II 2HDM pattern: The masses of the charged leptons
and −1=3 charged quarks originate from the spontaneous
symmetry breaking of the first Higgs doublet ϕ1, while the
2=3 charged quarks gain masses from ϕ2. The correspond-
ing terms in the Lagrangian are

L2HDM ⊃ −Yu
αβq̄αϕ2uRβ − Yd

αβq̄αϕ̃1dRβ

− Ye
αβl̄αϕ̃1eRβ þ H:c: ð1Þ

In the type Ib seesaw sector, the Yukawa interactions take
the form

LseesawIb ¼ −Y1αl̄αϕ1NR1 − Y2αl̄αϕ2NR2

−MNc
R1NR2 þ H:c:; ð2Þ

where lα are the lepton doublets. The mass matrix of the
RH neutrinos is constrained to be off diagonal (i.e., Dirac),

MN ¼
�

0 M

M 0

�
: ð3Þ

The two “right-handed” Weyl neutrinos actually form a
four-component Dirac spinorN ¼ ðNc

R1; NR2Þwith a Dirac
mass M. Alternatively, the neutrinos can be rotated into a
Majorana basis through an orthogonal transformation [8]:

FIG. 1. Neutrino mass in type Ib seesaw model.

TABLE I. Irreducible representations of the fields of the model
under the electroweak SUð2ÞL ×Uð1ÞY gauge symmetry and the
discrete Z3 symmetry (where we write ω ¼ ei2π=3). The fields
Qα;lα are left-handed SM doublets while uRβ, dRβ, and eRβ are
RH SM singlets, where α, β ¼ 1, 2, 3 label the three families of
quarks and leptons. The fields NR1; NR2 are the two right-handed
neutrinos.

qα uRβ dRβ lα eRβ ϕ1 ϕ2 NR1 NR2

SUð2ÞL 2 1 1 2 1 2 2 1 1
Uð1ÞY 1

6
2
3

− 1
3

− 1
2

−1 − 1
2

− 1
2

0 0
Z3 1 ω ω 1 ω ω ω2 ω2 ω
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�
NR1

NR2

�
→

�
nR1
nR2

�
¼ 1ffiffiffi

2
p

�
1 −1
1 1

��
NR1

NR2

�
: ð4Þ

The diagonalized mass matrix is thenM0
N ¼ diagð−M;MÞ.

After redefining the phase of nR1, the Lagrangian of type Ib
seesaw model in the Majorana basis ðnR1; nR2Þ can be
obtained by substituting NR1 with ð−inR1 þ nR2Þ=

ffiffiffi
2

p
and

NR2 with ðnR2 þ inR1Þ=
ffiffiffiffiffi
2∶

p

LseesawIb ¼ −
iffiffiffi
2

p l̄αðY2αϕ2 − Y1αϕ1ÞnR1

−
1ffiffiffi
2

p l̄αðY1αϕ1 þ Y2αϕ2ÞnR2

−
1

2
MðncR1nR1 þ ncR2nR2Þ þ H:c: ð5Þ

¼ −yijαl̄αnRiϕj −
1

2
MncRinRi þ H:c:; ð6Þ

where the coupling yijα is defined as

y1jα ¼
iffiffiffi
2

p ð−1ÞjYjα; y2jα ¼
1ffiffiffi
2

p Yjα: ð7Þ

Following the procedure in [72], we integrate out the heavy
neutrino to generate a set of effective operators, which leads
to an effective-field theory for the low-energy phenom-
enology. The dimension-five effective operators are
Weinberg-type operators involving the two different
Higgs doublets ϕ1;ϕ2 [62]:

δLd¼5¼ 1

2M
lc

αðY�
1αY

�
2βϕ

�
1ϕ

†
2þY�

2αY
�
1βϕ

�
2ϕ

†
1ÞlβþH:c: ð8Þ

An alternative approach is to treat the Majorana mass term
as a perturbative interaction where the two-component
Weyl neutrinos form a four-component Dirac spinor N ¼
ðNc

R1; NR2Þ with a Dirac mass M. The corresponding
Feynman diagram is shown in Fig. 1. When the Higgs
doublets develop vacuum expectation values (VEVs) as
hϕii ¼ ðvi=

ffiffiffi
2

p
; 0Þ, the new Weinberg-type operator indu-

ces Majorana mass terms mαβνανβ for the light SM
neutrinos, where

mαβ ¼
v1v2
2M

ðY�
1αY

�
2β þ Y�

2αY
�
1βÞ: ð9Þ

In the case of a normal ordering (NO) which is favored by
the experimental results [73], the Yukawa couplings in the
flavor basis are determined up to overall constants by the
oscillation data as [62]

Y1α ¼
Y1ffiffiffi
2

p ð
ffiffiffiffiffiffiffiffiffiffiffi
1þ ρ

p
ðUPMNSÞα3 −

ffiffiffiffiffiffiffiffiffiffiffi
1 − ρ

p
ðUPMNSÞα2Þeiσ;

ð10Þ

Y2α ¼
Y2ffiffiffi
2

p ð
ffiffiffiffiffiffiffiffiffiffiffi
1þ ρ

p
ðUPMNSÞα3 þ

ffiffiffiffiffiffiffiffiffiffiffi
1 − ρ

p
ðUPMNSÞα2Þe−iσ;

ð11Þ

where ρ ¼ ð ffiffiffiffiffiffiffiffiffiffiffi
1þ r

p
−

ffiffiffi
r

p Þ=ð ffiffiffiffiffiffiffiffiffiffiffi
1þ r

p þ ffiffiffi
r

p Þ where r≡
jΔM2

21j=jΔM2
32j and Y2, Y1 are real numbers. The phase

σ can be absorbed by the RH neutrino fields. After
removing the phase, the couplings satisfy

X
α

Y�
iαYiα ¼ Y2

i and
X
α

Y�
1αY2α ¼ ρY1Y2: ð12Þ

The neutrino masses in the normal hierarchy (NH) are

m1 ¼ 0; jm2j ¼
Y1Y2v1v2

2M
ð1 − ρÞ; ð13Þ

jm3j ¼
Y1Y2v1v2

2M
ð1þ ρÞ: ð14Þ

In 2HDMs, it is common to define the ratio of Higgs VEVs
as tan β ¼ v2=v1, where v1 and v2 are the VEVs of ϕ1 and
ϕ2, respectively. Assuming there is no complex relative
phase between the VEVs, the Higgs VEVs follow the
relation

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼ v ¼ 246 GeV and thus the VEVs can

be expressed as v1 ¼ v cos β and v2 ¼ v sin β. Using the
central values of oscillation parameters [74], a dimension-
less combination is fixed as

Y1Y2v sin β cos β
M

¼ 2.4 × 10−13: ð15Þ

In summary, there are four free parameters in the minimal
type Ib seesaw model: two real seesaw Yukawa coupling
parameters Y1, Y2, the heavy neutrino mass M, and tan β,
which are constrained by one relation, Eq. (15). It is useful
to derive a lower limit to the sum of squared Yukawa
couplings from Eq. (15) using the inequality of arithmetic
and geometric means (AM-GM inequality):

Y2
1 þ Y2

2 ≳ 4.8 × 10−13
M

v sin β cos β
: ð16Þ

A. CP asymmetry

In the type Ib seesaw model, the RH neutrinos can decay
into different Higgs doublets and the tree-level decay rates
for the two RH neutrinos are
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Γtree
n1l

¼ Γtree
n1l̄

¼ Γtree
n2l

¼ Γtree
n2l̄

¼ Y2
1 þ Y2

2

32π
M: ð17Þ

The quantity characterizing CP asymmetry is defined as

ϵni ¼
Γnil − Γnil̄

Γnil þ Γnil̄
¼ ϵvertexni þ ϵwaveni ; ð18Þ

where ϵvertexni (ϵwaveni ) stands for the contribution from the
interference between the tree-level diagram in Fig. 2(a) and
the vertex (wave-function) diagram in Fig. 2(b) [Fig. 2(c)].
As the two heavy neutrinos have a degenerate mass, the
wave-function contribution has to vanish. The contribu-
tions from vertex diagram are given by [27,54]

ðϵvertexn1 Þkα ≡
Γvertex
n1→lαϕk

− Γvertex
n1→l̄αϕ

†
k

Γn1l þ Γn1l̄

¼ −
ℑðPj;l;βy

�
1lβyjkβyjlαy

�
1kαÞ

8π
P

k;αðy1kαy�1kαÞ
fð1Þ; ð19Þ

ðϵvertexn2 Þkα ≡
Γvertex
n2→lαϕk

− Γvertex
n2→l̄αϕ

†
k

Γn2l þ Γn2l̄

¼ −
ℑðPj;l;βy

�
2lβyjkβyjlαy

�
2kαÞ

8π
P

k;αðy2kαy�2kαÞ
fð1Þ; ð20Þ

where fðxÞ ¼ ffiffiffi
x

p ð1 − ð1þ xÞ ln½ð1þ xÞ=x�Þ. The asym-
metry here is not only flavor (α) dependent but also Higgs
(k) dependent because the two Higgs doublets are distin-
guishable as only ϕ2 couples to the top quark [75]. Using
Eqs. (7) and (12), the above numerator summations can be
expressed as

X
j;l;β

y�1lβyjkβyjlαy
�
1kα ¼

X
l;β

1þ ð−1Þkþlþ1

4
Y�
lβYkβYlαY�

kα

¼
X
l

ρY1Y2

2
εlkYlαY�

kα; ð21Þ

X
j;l;β

y�2lβyjkβyjlαy
�
2kα ¼

X
l;β

1þ ð−1Þkþlþ1

4
Y�
lβYkβYlαY�

kα

¼
X
l

ρY1Y2

2
εlkYlαY�

kα; ð22Þ

where ε11 ¼ ε22 ¼ 0 and ε12 ¼ ε21 ¼ 1. So, the numerators
of Eqs. (19) and (20) are

ℑ

�X
l

ρY1Y2

2
εlkYlαY�

kα

�

¼
� ρY1Y2

2
ℑðY2αY�

1αÞ; k ¼ 1;

ρY1Y2

2
ℑðY1αY�

2αÞ; k ¼ 2.
ð23Þ

Notice that the contributions to the asymmetry from
diagrams with different Higgs doublets in the final states
have opposite signs. If the Higgs doublets are indistin-
guishable, the Higgs index k must be summed over and the
total asymmetry vanishes. The numerical value of the
numerators of the fractions in Eqs. (19) and (20) reads

ℑ

�X
j;l;β

y�1lβyjkβyjlαy
�
1kα

�

¼ ℑ

�X
j;l;β

y�2lβyjkβyjlαy
�
2kα

�

¼ 10−2 sin δY2
1Y

2
2

�−2.03 1.16 0.87

2.03 −1.16 −0.87

�
kα

; ð24Þ

where δ is the Dirac phase in the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix. Notice that the relative
Majorana phase between the second and third neutrinos can
also affect the quantity above. However, we assume the
Majorana phase is 0 for the simplicity of this work, since
introducing such a phase does not change the result
significantly in order of magnitude. If the Higgs doublets
or all of the neutrino flavors are indistinguishable, the
Higgs index or the flavor index has to be summed over and
the asymmetry contributed by the vertex process vanishes.
Only when both the Higgs doublets and the neutrino flavors

(a)

(b)

(c)

FIG. 2. Tree-level and one-loop level decay of the heavy
neutrinos.
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are distinguishable, the asymmetry survives. The asymme-
tries in lepton flavor α associated with Higgs doublet ϕk are

ðϵvertexn1 Þkα¼ðϵvertexn2 Þkα
¼−10−4 sinδ

Y2
1Y

2
2

Y2
1þY2

2

�
6.24 −3.56 −2.69
−6.24 3.56 2.69

�
kα

:

ð25Þ

The CP violation in scatterings was first taken into account
in the early works on resonant leptogenesis [44,45],
assuming factorization; see also Ref. [76]. When the
washout is particularly weak and the lepton asymmetries
are produced at high temperature, the CP violation from
gauge scatterings becomes relevant [77,78]. However, it is
shown later that the washout is very strong in the type Ib
seesaw model, and so the factorization treatment is a viable
approximation in this scenario.

B. Boltzmann equations and the
approximate solution

In the type Ib seesaw model, both of the two RH
neutrinos contribute to leptogenesis. The Boltzmann equa-
tion for the RH neutrinos is

dYni

dz
¼−

z
sHðMÞ

�
Yni

Yeq
ni
−1

�
ðγni→2þ γniA2→2þ γnit2→2Þ; ð26Þ

where z ¼ M=T. γni→2, γ
niA
2→2;, and γnit2→2 are the thermal

averaged two-body decay rate, 2 → 2 scattering rate with
gauge bosons, and 2 → 2 scattering rate with top quark.
The Boltzmann equation for the B − Lα asymmetry can be
separated into a source term and a washout term:

dYΔα

dz
¼

�
dYΔα

dz

�
s
þ
�
dYΔα

dz

�
w
; ð27Þ

where�
dYΔα

dz

�
s
≃ −

z
sHðMÞ

X
i

�
Yni

Yeq
ni
− 1

�
γnit2→2ðϵniÞ2α

¼
X
i

dYni

dz
ðϵniÞ2α

γnit2→2

γni→2 þ γniA2→2 þ γnit2→2

: ð28Þ

Unlike in the general case where the two-body decay and
2 → 2 scattering processes with gauge bosons also con-
tribute to the source of B − Lα asymmetry, there is only the
contribution from the 2 → 2 scattering processes with top
quark in the type Ib seesaw model with degenerate RH
neutrinos as the two Higgs doublets are not distinguishable
in the other processes. In the 2 → 2 scattering processes
with the top quark, only ϕ2 can serve as a mediator because
the top quark does not couple to ϕ1. Further discussion
about the Boltzmann equations can be found in

Appendix A. Here we would like to adopt the approxima-
tion made in [76], where the contribution to washout from
the scattering processes is taken into account by multiply-
ing a temperature-dependent factor.
As discussed in many papers [32,34,54,76,79] the

approximate solution of the Boltzmann equation for B=3 −
Lα asymmetry can be estimated by the product of CP
asymmetry in neutrino decay ϵα and the efficiency factor ηα.
A generalization of such solution with contribution from
different heavy neutrinos is

YΔα ¼
X
i

ϵiαηiαY
eq
ni ðz ≪ 1Þ; ð29Þ

where the approximate expression of ηiα depends on the
strength of washout. To discuss how strong the washout is,
it is useful to define dimensional quantities m̃i and m�

i as

m̃i ¼ 8π
v2i
M2

Γni ¼
v2i
2M

ðY2
1 þ Y2

2Þ; ð30Þ

m�
i ¼ 4π

v2i
M2

HðMÞ ≃ 1.1 × 10−3 eV
v2i
v2

; ð31Þ

where v ¼ 246 GeV is the VEVof the SM Higgs. A flavor-
dependent m̃iα can be defined as

m̃iα ¼ v2i ðjY1αj2 þ jY2αj2Þ=2M: ð32Þ

The “strong-washout” scenario appears when the rate of
inverse decay is fast compared to theHubble parameter when
the RH neutrinos start to decay, i.e., Γni >HðMÞ, which is
equivalent to m̃i >m�

i and ðY2
1þY2

2Þ>8.9×10−15M=v.
Notice that such condition has to be satisfied in type Ib
seesaw model as ðY2

1 þ Y2
2Þ is constrained by the

neutrino data through Eq. (16). In such a scenario, the
neutrino ni has a thermal number density at temperature
T ∼M, and any asymmetry produced by the decays is
washed out until the inverse decays become out of
equilibrium. For lepton flavor α, the asymmetry surviving
depends on the decay rate of RH neutrinos into lα. To
estimate the efficiency factor ηiα presenting the effects
from “washout” processes and inefficiency in RH neutrino
production, it is required to compare m�

i with flavor-
dependent m̃iα for flavor α. For the different lepton flavors,
m̃iα are proportional to

jY1ej2 þ jY2ej2 ¼ 0.063ðY2
1 þ Y2

2Þ − 0.057 cos δðY2
1 − Y2

2Þ
≳ 0.005ðY2

1 þ Y2
2Þ; ð33Þ

jY1μj2 þ jY2μj2 ¼ ð0.520 − 0.010 cos δÞðY2
1 þ Y2

2Þ
þ ð−0.289þ 0.033 cos δÞðY2

1 − Y2
2Þ

≳ 0.208ðY2
1 þ Y2

2Þ; ð34Þ
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jY1τj2 þ jY2τj2 ¼ ð0.417þ 0.010 cos δÞðY2
1 þ Y2

2Þ
þ ð0.289þ 0.025 cos δÞðY2

1 − Y2
2Þ

≳ 0.114ðY2
1 þ Y2

2Þ: ð35Þ

Togetherwith Eq. (16), the upper limits of the ratio between
m�

i and m̃iα are

m�
i

m̃ie
≲ 3.7 sin β cos β;

m�
i

m̃iμ
≲ 0.09 sin β cos β;

m�
i

m̃iτ
≲ 0.13 sin β cos β: ð36Þ

For μ and τ leptons, there must be m̃iα > m�
i and the

asymmetry in these lepton flavors survives after all the
washout processes become out of equilibrium. The corre-
sponding efficiency factor is roughly [76]

ηiα ≃
�

m�
i

2jAααjm̃iα

�
1.16

≃
m�

i

2jAααjm̃iα
; ð37Þ

whereA is the so-called “Amatrix” parametrizing the effect
of interactions in thermal equilibrium [54]. Detailed
calculations about A in type Ib seesaw model can be found
in Appendix B. For e leptons, m̃ie can be smaller thanm�

i if
tan β < 3.7 [80]; otherwise, the m̃iα has to be larger thanm�

i
due to the neutrino data. If tan β > 3.7, then m̃ie > m�

i and
the corresponding efficiency factor share the same expres-
sion as μ and τ flavors. The B − Lα asymmetry can be
estimated by

YΔα ¼
X
i

ðϵniÞ2αηiα
γnit2→2

γni→2 þ γniA2→2 þ γnit2→2

Yeq
ni ðz ≪ 1Þ

≃ −4 × 10−21 sin δ

�
6.24 −3.56 −2.69
−6.24 3.56 2.69

�
2α

× jAααj−1
M
v
ðjY1αj2 þ jY2αj2Þ−1

×
Y2
1Y

2
2

Y2
1 þ Y2

2

X
i

γnit2→2

γni→2 þ γniA2→2 þ γnit2→2

: ð38Þ

With the relation Eq. (15), the limit for the asymmetry in
each flavor can be derived as

jYΔej≲ 9 × 10−20jAeej−1
M
v
; ð39Þ

jYΔμj≲ −7 × 10−21jAμμj−1
M
v
; ð40Þ

jYΔτj≲ −7 × 10−21jAττj−1
M
v
: ð41Þ

The result only requires Y1Y2 to be a constant but its value
is irrelevant. The sum of the asymmetries is too small for

M< ð1þ tanβ2Þ×109 GeV to satisfy the current observed
value of baryogenesis [35],

YΔB ∼
10

31

X
α

YΔα ≃ 8.7 × 10−11: ð42Þ

Therefore, we assume that only lτ is distinguishable. In
that case, the B − Lα asymmetry is given by

jYΔeþμj≲ 6 × 10−20
M
v
; ð43Þ

jYΔτj≲ −10−20
M
v
; ð44Þ

and Eq. (42) gives M > 1012 GeV. In this case, the lower
limit of the RH neutrino mass is close to its upper limit for
flavor-dependent leptogenesis, i.e., allowed range of the
RH neutrino mass is very constrained. Although such a
scenario is possible, such a superheavy RH neutrino is
unlikely to have any testable effects, which goes against the
original motivation for the type Ib seesaw model.
Therefore, we are motivated to consider a modification
of the model in order to realize correct leptogenesis and
light RH neutrinos simultaneously.

III. TYPE IB SEESAW MODEL WITH A
PSEUDO-DIRAC NEUTRINO

In order to possibly realize leptogenesis at a lower energy
scale in the type Ib seesaw model, in this section we try
introducing a Majorana mass for one of the RH neutrinos so
that the neutrinos become quasi-Dirac. In principle, both of
the neutrino Majorana masses can softly break the Z3

symmetry. For simplicity, the Majorana mass of NR1 is
assumed to be zero while the one of NR2 is ΔM. The
smallness of the Majorana mass is ensured by the softness
of Z3 symmetry breaking. Then, the Lagrangian becomes

LseesawIb ¼ −Y1αl̄αϕ1NR1 − Y2αl̄αϕ2NR2

−MNc
R1NR2 − ΔMNc

R2NR2 þ H:c: ð45Þ

Similar treatment can be applied to change the RH
neutrinos from their Dirac basis to Majorana basis
ðnR1; nR2Þ and the Lagrangian becomes

LseesawIb ¼ −il̄αðY2αϕ2 sin θ − Y1αϕ1 cos θÞnR1
− l̄αðY1αϕ1 sin θ þ Y2αϕ2 cos θÞnR2
−
1

2
ðM − ΔMÞncR1nR1

−
1

2
ðM þ ΔMÞncR2nR2 þ H:c: ð46Þ

≡ − yijαl̄αnRiϕj −
1

2
MincRinRi þ H:c:; ð47Þ
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where the couplings yijα and masses Mi are properly
defined by the above equivalences. Different from the
exact degenerate neutrino case, where the rotation angle is
exactly π=4, the rotation angle here satisfies sin 2θ ∼ 1 and
cos 2θ ∼ ΔM=M when ΔM=M ≪ 1, which leads to sin θ ∼
ð1 − ΔM=2MÞ= ffiffiffi

2
p

and cos θ ∼ ð1þ ΔM=2MÞ= ffiffiffi
2

p
. The

dimension-five effective operators in this case are [62]

δLd¼5 ¼ 1

2M1

y�1jαy
�
1kβl

c
αϕ

�
jϕ

†
klβ

þ 1

2M2

y�2jαy
�
2kβl

c
αϕ

�
jϕ

†
klβ þ H:c: ð48Þ

≃
1

2

1

M
lc

α

�
−Y�

1αY
�
1βϕ

�
1ϕ

†
1

2ΔM
M

þ ðY�
1αY

�
2βϕ

�
1ϕ

†
2 þ Y�

2αY
�
1βϕ

�
2ϕ

†
1Þ
�
lβ þ H:c:; ð49Þ

where we apply the approximation sin 2θ ∼ 1 and cos 2θ ∼
ΔM=M when ΔM=M ≪ 1. The same result can be worked
out in the Dirac basis and the light neutrino mass is
generated by both Figs. 3(a) and 3(b). The light neutrino
mass generated in Fig. 3(a) is proportional to 1=M and the
light neutrino mass generated in Fig. 3(b) is proportional to
ΔM=M2 [81]. At leading order, the effective operators in
Eq. (49) agree with the ones in Eq. (8) for the type Ib
seesaw model with exactly degenerate RH neutrino mass.

A. CP asymmetry for resonant leptogenesis

As we aim to focus on GeV-scale heavy neutrinos, the
thermal effect is important before the electroweak (EW)
sphaleron decouples. At high temperature, the thermal

mass of the Higgs boson can be large so that the Higgs
boson decays into heavy neutrino and charged leptons.
Instead of the heavy neutrino decay, the Higgs decay can
produce the asymmetry in leptons which can be converted
into baryogenesis.
With a mass splitting in the RH neutrino mass, the decay

rates of the RH neutrinos are

Γtree
n1l

¼ Γtree
n1l̄

¼ Y2
1 cos

2 θ þ Y2
2 sin

2 θ

16π
ðM − ΔMÞ; ð50Þ

Γtree
n2l

¼ Γtree
n2l̄

¼ Y2
1 sin

2 θ þ Y2
2 cos

2 θ

16π
ðM þ ΔMÞ; ð51Þ

both of which have the same leading-order limit Y2
1M=16π.

In the resonant leptogenesis regime, the CP asymmetry
is dominantly produced from the decay of heavy neutrinos
with self-energy. The corresponding contributions are
given by

ðϵwaven1 Þkα ≡
Γwave
n1→lαϕk

− Γwave
n1→l̄αϕ

†
k

Γn1l þ Γn1l̄

¼ −ℑ½ðy1kαy�2kαÞ
P

l;βðy1lβy�2lβÞ�P
k;αðy1kαy�1kαÞ

P
l;βðy2lβy�2lβÞ

2ΔM21Γn2

4ΔM2
21 þ Γ2

n2

;

ð52Þ

ðϵwaven2 Þkα ≡
Γwave
n2→lαϕk

− Γwave
n2→l̄αϕ

†
k

Γn2l þ Γn2l̄

¼ −ℑ½ðy1kαy�2kαÞ
P

l;βðy1lβy�2lβÞ�P
k;αðy1kαy�1kαÞ

P
l;βðy2lβy�2lβÞ

2ΔM21Γn1

4ΔM2
21 þ Γ2

n1

;

ð53Þ

where ΔM21 ¼ M2 −M1. The last fraction in Eq. (52) [or
Eq. (53)] is small unless ΔM21 ∼ Γni=2 and it equals 1=2
when ΔM21 ¼ Γni=2. The relation ΔM21 ¼ Γni=2 is gen-
erally referred to as the resonance condition. Notice that the
couplings defined in Eq. (47) satisfy

y1jβy�2jβ ¼ ið−1ÞjYjβY�
jβ cos θ sin θ: ð54Þ

This quantity, whether sum over the indices or not, is
completely imaginary. As a result, the numerators of the
first fraction in Eqs. (52) and (53) have to vanish. This is a
property of the type Ib seesaw model due to its special
structure. In general, the RH neutrinos can have Yukawa
couplings to both of the Higgs doublets. In the type Ia
seesaw model with a mass splitting, as discussed in [82],
there is a contribution to resonant leptogenesis which is
proportional to Y1βY�

2β and it can survive. However, in the
type Ib seesaw model, the coupling to each Higgs doublet is
unique. As y1jβ and y�2jβ have the same Higgs index, their
product is proportional to YjβY�

jβ, which is naturally

(a)

(b)

FIG. 3. Light neutrino mass generated by (a) the type Ib seesaw
mechanism involving two different Higgs doublets ϕ1 and ϕ2 and
(b) the traditional type Ia seesaw mechanism involving the same
Higgs doublet ϕ1.
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real [83]. Therefore the asymmetry factors in Eqs. (52) and
(53) are zero. Since the contribution to lepton asymmetry
from both the decay and scattering process are proportional
to the same asymmetry factor, we conclude that the
minimal type Ib seesaw model with a pseudo-Dirac heavy
neutrino is not consistent with resonant leptogenesis.
This result can be interpreted in a more general way. To

have a nonzero contribution from the wave-function dia-
gram, not only is the nondegenerate RH neutrino mass
required, but the Yukawa couplings also have some
constraints on their phase. Suppose the neutrinos are
coupling to a group of Higgs fields ϕk through general
Yukawa terms eiθikαYikαlαϕknRi

where Yαi ∈R. The flavor-
dependent contribution from the wave-function process is
proportional to

ðϵwave−functionni Þkα
∝
X
j≠i

ℑ

�
ðeiθikαYikαe−iθjkαYjkαÞ

X
l;β

ðeiθilβYilβe−iθjlβYjlβÞ
�

ð55Þ

∝
X
j≠i

X
l;β

YikαYjkαYilβYjlβ sin ðθikα − θjkα þ θilβ − θjlβÞ:

ð56Þ

The contribution from the wave-function process vanishes
if ðθikα − θjkα þ θilβ − θjlβÞ ∈ Zπ.

IV. EXTENDED TYPE IB SEESAW
MECHANISM AND ITS LOW-ENERGY

EFFECTIVE THEORY

To find a possible realization of the low-scale type Ib
seesaw mechanism which is compatible with resonant
leptogenesis, we discuss a model with a third RH neutrino
NR3 with a large Majorana mass M33 ≫ M and a Higgs
singlet ξ, where the type Ib seesaw Lagrangian can be
obtained effectively. The symmetries of particles in such
model are shown in Table II. The particles are charged
under a Z4 symmetry which can be broken by the VEVof
the new Higgs singlet ξ. The interaction between Higgs
doublets and charged fermions keeps the same structure as
in the type II 2HDM:

L2HDM ⊃−Yu
αβq̄αϕ2uRβ−Yd

αβq̄αϕ̃1dRβ

−Ye
αβl̄αϕ̃1eRβþH:c:; ð57Þ

while the seesaw Lagrangian reads

Lseesaw ¼ −Y1αl̄αϕ1NR1 − Y3αl̄αϕ2NR3

− 2Y13ξ̄Nc
R3 NR1 − 2Y23ξNc

R3NR2

−MNc
R1NR2 −

1

2
M33Nc

R3NR3 þ H:c:; ð58Þ

where the factor 2 in the Yukawa interactions between RH
neutrinos is introduced as a convenient convention. The
mass matrix of the RH neutrinos, before the Higgs singlet
VEV, is

MN ¼

0
B@

0 M 0

M 0 0

0 0 M33

1
CA: ð59Þ

At low energy, the singlet Higgs can gain a VEV vξ and
breaks the Z4 symmetry. If M33 ≫ M, two dimension-five
effective operators can be generated after the third RH
neutrino is integrated out [84],

−
2Y13Y3α

M33

ξlαϕ2NR1 −
2Y23Y3α

M33

ξl̄αϕ2NR2 þ H:c: ð60Þ

As the Z4 symmetry is broken by the VEVof singlet Higgs
ξ [85], the effective Lagrangian of the Yukawa interactions
between neutrinos and Higgs doublets, below the scale of
the Higgs singlet VEV, can be summarized as

Leff
Yukawa ¼ −Y1αl̄αϕ1NR1 − Y 0

1αl̄αϕ2NR1

− Y 0
2αl̄αϕ2NR2 þ H:c:; ð61Þ

where Y 0
1α ¼ 2Y13Y3αvξ=M33 and Y 0

2α ¼ 2Y23Y3αvξ=M33.
As Y 0

1α and Y 0
2α are suppressed by vξ=M33, they are treated

as relatively small when compared with the Yukawa
couplings in Eq. (58). At leading order, the dimension-
five operator from the type Ib seesaw mechanism is

−
1

M
Y�
1αðY 0

2βÞ�lc
αϕ

�
1ϕ

†
2lβ þ H:c: ð62Þ

Notice that one of the Yukawa couplings is naturally small
in this model, allowing a low-scale Dirac massM, possibly
in the 1–100-GeV mass range accessible to experiments.

TABLE II. Irreducible representations of the fields of the model
under the electroweak SUð2ÞL ×Uð1ÞY gauge symmetry and the
discrete symmetries (where ω ¼ eiπ=2). The fieldsQα, Lα are left-
handed SM doublets while uRβ; dRβ; eRβ are right-handed SM
singlets, where α, β label the three families of quarks and leptons.
The fields NR1;2 are the two right-handed neutrinos.

qα uRβ dRβ lα eRβ ϕ1 ϕ2 NR1 NR2 NR3 ξ

SUð2ÞL 2 1 1 2 1 2 2 1 1 1 1
Uð1ÞY 1

6
2
3

− 1
3

− 1
2

−1 − 1
2
− 1

2
0 0 0 0

Z4 1 ω2 ω 1 ω ω ω2 ω3 ω ω2 ω
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For the convenience of computing lepton asymmetries,
we would like to work in the RH neutrino mass eigenstate
basis, so the above Lagrangian must be rewritten in this
basis. After the scalar singlet ξ gains a VEV, the Lagrangian
becomes

Lseesaw ¼ −Y1αl̄αϕ1NR1 − Y3αl̄αϕ2NR3

− Y13vξNc
R3NR1 − Y23vξNc

R3NR2

−MNc
R1NR2 −

1

2
M33Nc

R3NR3 þ H:c: ð63Þ

The RH neutrino mass matrix becomes

MN ¼

0
B@

0 M M13

M 0 M23

M13 M23 M33

1
CA; ð64Þ

where M13 ¼ Y13vξ and M23 ¼ Y23vξ. Such mass matrix
can be diagonalized by unitary transformation. In the limit
M33 ≫ M; jM13j; jM23j, the transformation takes the form

0
B@

NR1

NR2

NR3

1
CA →

0
B@

nR1
nR2
nR3

1
CA ¼

0
BBBBBBBB@

1ffiffiffi
2

p
�
1 −

M2
13 −M2

23

4MM33

�� 1ffiffiffi
2

p
�
1þM2

13 −M2
23

4MM33

��
−
M�

13 þM�
23

M33

iffiffiffi
2

p
�
1þM2

13 −M2
23

4MM33

��
−iffiffi
2

p
�
1 − M2

13
−M2

23

4MM33

��
−i

M�
13 −M�

23

M33

M13ffiffiffi
2

p
M33

M23ffiffiffi
2

p
M33

1

1
CCCCCCCCA

0
B@

NR1

NR2

NR3

1
CA; ð65Þ

and the neutrino mass eigenvalues are

M1 ≃M −
ðM13 þM23Þ2

2M33

;

M2 ≃M þ ðM13 −M23Þ2
2M33

; M3 ≃M33: ð66Þ

In general,M13 andM23 can be complex [86] as well asM1

and M2, and the complexity can be removed by redefining
the RH neutrino fields nR1 and nR2 with eiθ1=2nR1 and
eiθ2=2nR2. In fact, as will be shown later, at least one of the
phases is required to be nonzero to obtain resonant lepto-
genesis; otherwise, the contribution from the wave-function
diagram would be zero due to the structure of the couplings.

To realize a scenario with resonant leptogenesis, the mass
splitting between nR1 and nR1 should be small, i.e.,
jM1j ≃ jM2j ≫ jjM1j − jM2jj. To satisfy such condition
while keeping NR1 and NR2 a pseudo-Dirac pair, it is
assumed that jM2

13j; jM2
23j ≪ MM33 [87]. Then, the phases

can be expressed as

tan θ1 ¼
ℑðM1Þ
ℜðM1Þ

≃ −
1

2MM33

ℑ½ðM13 þM23Þ2�; ð67Þ

tan θ2 ¼
ℑðM2Þ
ℜðM2Þ

≃
1

2MM33

ℑ½ðM13 −M23Þ2�; ð68Þ

and the transformation becomes

0
B@

NR1

NR2

NR3

1
CA →

0
B@

nR1
nR2
nR3

1
CA ¼

0
BBBBBBBB@

1ffiffiffi
2

p eiθ1=2
1ffiffiffi
2

p eiθ1=2 −M�
13
þM�

23

M33
eiθ1=2

iffiffiffi
2

p eiθ2=2 − iffiffi
2

p eiθ2=2 −i M
�
13
−M�

23

M33
eiθ2=2

M13ffiffiffi
2

p
M33

M23ffiffiffi
2

p
M33

1

1
CCCCCCCCA

0
B@

NR1

NR2

NR3

1
CA: ð69Þ

After the transformation, the neutrino mass eigenvalues are

M1 ≃M −
ℜ½ðM13 þM23Þ2�

2M33

;

M2 ≃M þℜ½ðM13 −M23Þ2�
2M33

; M3 ≃M33: ð70Þ

The Lagrangian of the extended type Ib seesaw model in the neutrino mass eigenstates ðnR1; nR2; nR3Þ can be obtained,
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Lseesaw ¼ −
1

2
M1ncR1nR1 −

1

2
M2ncR2nR2 −

1

2
M3ncR3nR3 −

1ffiffiffi
2

p l̄α½Y1αϕ1 − ðY 0
1α þ Y 0

2αÞϕ2�e−iθ1=2nR1

−
iffiffiffi
2

p l̄α½−Y1αϕ1 þ ðY 0
1α − Y 0

2αÞϕ2�e−iθ2=2nR2 − l̄α

�
Y�
13Y1α

vξ
M33

ϕ1 þ Y3αϕ2

�
nR3 þ H:c: ð71Þ

≡ −
1

2
MincRinRi − yijαl̄αϕjnRi þ H:c:; ð72Þ

where the coupling yijα reads

yijα ¼

0
BBBBB@

1ffiffiffi
2

p Y1αe−iθ1=2 − 1ffiffi
2

p ðY 0
1α þ Y 0

2αÞe−iθ1=2

− iffiffi
2

p Y1αe−iθ2=2
iffiffiffi
2

p ðY 0
1α − Y 0

2αÞe−iθ2=2

Y�
13Y1αvξ=M33 Y3α

1
CCCCCA:

ð73Þ

Unlike in the previous section, there is a phase difference in
the Yukawa couplings between ϕ1 and leptons, namely
Y1αe−iθ1=2=

ffiffiffi
2

p
and Y1αe−iθ2=2=

ffiffiffi
2

p
, and the asymmetry is

proportional to sinðθ2 − θ1Þ. If θ2 ¼ θ1, the asymmetry
vanishes as proved at the end of Sec. III A.
Following the procedure in [72], we integrate out the

heavy neutrino to generate a set of effective operators,
which leads to an effective-field theory for the low-energy
phenomenology. The dimension-five effective operators are
Weinberg-type operators involving two different Higgs
doublets, which looks like a simple extension of the
minimal type Ib seesaw model [62],

δLd¼5 ¼ −
1

2M
½Y�

1αðY 0
1βÞ�ðeiθ1=2 − eiθ2=2Þ

þ Y�
1αðY 0

2βÞ�ðeiθ1=2 þ eiθ2=2Þ�lc
αϕ

�
1ϕ

†
2lβ

þ 1

M33

Y�
3αY

�
3βl

c
αϕ

�
2ϕ

†
2lβ þ H:c:; ð74Þ

where lα are the lepton doublets and ϕi are the Higgs
doublets. Since θ1 and θ2 are both small, the first term in the
first line of Eq. (74) is neglectable and at leading order the
operators are

δLd¼5 ¼ −
1

M
Y�
1αðY 0

2βÞ�lc
αϕ

�
1ϕ

†
2lβ

þ 1

M33

Y�
3αY

�
3βl

c
αϕ

�
2ϕ

†
2lβ þ H:c: ð75Þ

This result can also be explained in the original basis where
NR1 and NR2 form a pseudo-Dirac fermion. The two terms
in the Weinberg operator Eq. (75) correspond to Figs. 4(a)
and 4(b) and are both of order 1=M33 since the Yukawa

interaction ofNR2 is effective. Since we are interested in the
case where the neutrino mass originates from type Ib
seesaw mechanism, it is assumed that

jY�
1αY

�
23jvξ ≫ jY�

3αjM ð76Þ

so that the first term in Eq. (75) is dominant. As before, the
Yukawa couplings in the NH read

Y1α ¼
Y1ffiffiffi
2

p ð
ffiffiffiffiffiffiffiffiffiffi
1þρ

p
ðUPMNSÞα3−

ffiffiffiffiffiffiffiffiffiffi
1−ρ

p
ðUPMNSÞα2Þ; ð77Þ

Y 0
2α ¼

Y2ffiffiffi
2

p ð
ffiffiffiffiffiffiffiffiffiffi
1þρ

p
ðUPMNSÞα3þ

ffiffiffiffiffiffiffiffiffiffi
1−ρ

p
ðUPMNSÞα2Þ; ð78Þ

and the couplings satisfy

X
α

Y�
1αY1α ¼ Y2

1;
X
α

ðY 0
2αÞ�Y 0

2α ¼ Y2
2;X

α

Y�
1αY

0
2α ¼ ρY1Y2: ð79Þ

The real quantities Y1 and Y2 follow the relation Eq. (15).

A. CP asymmetry for resonant leptogenesis

With a mass splitting in the RH neutrino mass, the decay
rates of the RH neutrinos are

(a)

(b)

FIG. 4. Neutrino mass in the extended type Ib seesaw model.
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Γtree
n1l

¼ Γtree
n1l̄

≃
Y2
1

32π
M1; ð80Þ

Γtree
n2l

¼ Γtree
n2l̄

≃
Y2
1

32π
M2; ð81Þ

both of which have the same leading-order limit Y2
1M=32π.

In the resonant leptogenesis regime, the CP asymmetry
is dominantly produced from the decay of heavy neutrinos
with self-energy. The corresponding contributions are
given by

ðϵwaven1 Þkα≡
Γwave
n1→lαϕk

−Γwave
n1→l̄αϕ

†
k

Γn1lþΓn1l̄

¼ −ℑ½ðy1kαy�2kαÞ
P

l;βðy1lβy�2lβÞ�P
k;αðy1kαy�1kαÞ

P
l;βðy2lβy�2lβÞ

2ΔM12Γn2

4ðΔM12Þ2þΓ2
n2

;

ð82Þ

ðϵwaven2 Þkα ≡
Γwave
n2→lαϕk

− Γwave
n2→l̄αϕ

†
k

Γn2l þ Γn2l̄

¼ −ℑ½ðy1kαy�2kαÞ
P

l;βðy1lβy�2lβÞ�P
k;αðy1kαy�1kαÞ

P
l;βðy2lβy�2lβÞ

2ΔM12Γn1

4ðΔM12Þ2 þ Γ2
n1

;

ð83Þ

where ΔM12 ¼ M2 −M1. The resonance condition is
ΔM12 ≃ Γni=2. Using Eq. (73), one can get

y11βy�21β ¼
i
2
Y1βY�

1βe
iðθ2−θ1Þ=2; ð84Þ

y12βy�22β ¼
i
2
ðY 0

1β þ Y 0
2βÞðY 0

1β − Y 0
2βÞ�eiðθ2−θ1Þ=2: ð85Þ

Since the couplings Y 0
1α and Y

0
2α are suppressed by vξ=M33,

there is

X
l;β

ðy1lβy�2lβÞ ≃
X
β

i
2
Y1βY�

1βe
iðθ2−θ1Þ=2

≃
i
2
Y2
1e

iðθ2−θ1Þ=2 ð86Þ

and the leading-order contribution is

ðϵwaven1 Þ
1α ¼

Y1αY�
1α sinðθ2 − θ1Þ

Y2
1

2ΔM12Γn2

4ðΔM12Þ2 þ Γ2
n2

; ð87Þ

ðϵwaven2 Þ
1α ¼

Y1αY�
1α sinðθ2 − θ1Þ

Y2
1

2ΔM12Γn1

4ðΔM12Þ2 þ Γ2
n1

: ð88Þ

The production of asymmetry relies on the difference in
angle θi, which vanishes in the previous model. With
Eqs. (70) and (81), it can be derived that the resonant
condition [88] is satisfied when

ℜðM2
13 þM2

23Þ
MM33

≃
Y2
1

32π
ð89Þ

and the resonant asymmetry under such condition is

ϵα ¼ ðϵwaven1 Þ
1α ¼ ðϵwaven2 Þ

1α

¼ Y1αY�
1α sinðθ2 − θ1Þ

2Y2
1

≃
Y1αY�

1α

2Y2
1

ℑðM2
13 þM2

23Þ
MM33

: ð90Þ

B. Boltzmann equations and the approximate solution

As we aim to study GeV heavy neutrinos, the asymmetry
needs to be produced at z ∼Oð0.01Þ since the EW
sphaleron decouples at Tsph ¼ 131 GeV [89]. However,
in the type Ib seesaw model, the inverse decay is too strong
so that it decouples at z ∼ 20. In order to have the inverse
decay decoupling temperature higher than the sphaleron
decoupling temperature [90], the heavy neutrinomass has to
be above 4 TeV. For sub-TeV-scale heavy neutrinos, the
lepton asymmetry can still be produced before the EW
sphaleron decouples. As the inverse decay of heavy neu-
trinos is strong, the heavy neutrinos can be easy produced in
the early universe and thus a thermal initial abundance of the
heavy neutrinos is likely to exist. If the EW sphaleron
decouples before the comoving density of heavy neutrinos is
Boltzmann suppressed (z ≪ 1), enough amount of asym-
metry can survive after the sphaleron decouples.
In such a scenario, the lepton asymmetry is produced

when the RH neutrinos are relativistic and therefore the
thermal effect is important [50,91]. In fact, the thermal
mass of the Higgs doublets can be large enough so that it
can decay into RH neutrinos and leptons at z < 1 [92].
After taking the thermal effect into account, the asymmetry
factors in Eqs. (87) and (88) become [50,92]

ðϵwaven1 Þ
1α ¼

Y1αY�
1α sinðθ2 − θ1Þ

Y2
1

×
2ΔM12Γn2ζðzÞ

4ðΔM12 þ ΔMT
12ðzÞÞ2 þ Γ2

n2ζ
2ðzÞ ; ð91Þ

ðϵwaven2 Þ
1α ¼

Y1αY�
1α sinðθ2 − θ1Þ

Y2
1

×
2ΔM12Γn1ζðzÞ

4ðΔM12 þ ΔMT
12ðzÞÞ2 þ Γ2

n1ζ
2ðzÞ : ð92Þ

ΔMT
12ðzÞ is the variation in ΔM12 due to thermal effect,

given by

ΔMT
12ðzÞ ≃

Y2
1M

32z2
: ð93Þ

The factor ζðzÞ quantifies the temperature dependence in
the RH neutrino decay rates, which behaves as a constant ζ0
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at high temperature [50]. The exact value of ζ0, as well as
the threshold temperature for Higgs decay, depends on
the details in phase transition and stability of the
Higgs potential. Since detailed discussion about the
Higgs potential is beyond the scope of this paper, we assume
the leptogenesis is realized through the Higgs decay for
1–100-GeV neutrinos and choose several benchmark values
for ζ0 to show how the leptogenesis can be affected.
With the thermal effects, the resonant condition in

Eq. (89) is modified into

ℜðM2
13 þM2

23Þ
MM33

≃
Y2
1

32π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ζ20 þ

π2

z4

s
ð94Þ

and the resonant asymmetry in Eq. (90) also changes into

ϵαðzÞ ≃
Y1αY�

1α

2Y2
1

ℑðM2
13 þM2

23Þ
MM33

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ζ20 þ π2

z4

q
− π

z2

ζ0

≃ ϵα

8<
:

1 ζ0 >
π
z2 ;

ζ0z2

2π
ζ0 < π

z2 :
ð95Þ

Let zζ ¼
ffiffiffiffiffiffiffiffiffiffi
π=ζ0

p
. The typical value of the thermal factor ζ0

is of order 10 [50], which indicates that the critical zζ is of
the same order as zsph ¼ M=Tsph for 1–100-GeV heavy
neutrinos.
The Boltzmann equations can be written as [50,76,93]

dYni

dz
¼ −C1κiðYni − Yeq

ni Þ; ð96Þ

dYΔα

dz
¼

X
i

− ϵiαC1κiðYni − Yeq
ni Þ þ C2κiαAαβYΔβ

; ð97Þ

where ϵiα ¼ ðϵwaveni Þ
1α, κi ¼ m̃i=m�

i , and κiα ¼ m̃iα=m�
i .

The coefficients C1 and C2 are determined by

C1 ¼
z

sYeq
ni

γni1→2 þ γniA2→2

Γni

; ð98Þ

C2 ¼
z

sYeq
ni

ðγniW;1→2 þ γniAW;2→2Þα
ðΓniÞα

: ð99Þ

At z ≫ 1, both γni1→2 and γniA2→2 are proportional to T4 [94].
The temperature dependence of C1 and C2 is canceled; thus,
they can be treated as constants in the Boltzmann equation.
Here, the 2 → 2 scattering involve top quark is neglectable
because the interactions between ϕ2 and the quasidegen-
erate RH neutrinos are suppressed by 1=M33 while the top
quark only couples to ϕ2. The bottom-quark scattering
process may contribute instead as the bottom-quark mass is
sourced from ϕ1 with the smaller VEV in the 2HDM. The
total decay rates of 2 → 2 scattering processes follow [94]

γniA2→2 ¼
Y2
1T

4

3072π
ð3g2 þ g02Þ½3.17 − ln ð3g2 þ g02Þ�; ð100Þ

γnib2→2 ¼
Y2
1T

4

3072π
ðYd

33Þ2 × 2.52: ð101Þ

The bottom-quark Yukawa coupling Yd
33 is around

0.024 cot β, while
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3g2 þ g02

p
≃ 1.2. For large tan β, the

bottom-quark scattering process can also make significant
contribution to the Boltzmann equations. Here, for sim-
plicity, the contribution from bottom-quark scattering is
made neglectable through adjusting the value of tan β.
Although these coefficients have some temperature

dependence, the dependence is very weak when z < 1
[94], especially after taking soft gauge interactions
into account, and hence they can be treated as constants
equal to their respective average values in the interested
interval of temperature [50]. By defining Δni ≡ Yni − Yeq

ni ,
the Boltzmann equations can be turned into

dΔni

dz
¼ −C1κiΔni −

dYeq
ni

dz
; ð102Þ

dYΔα

dz
¼

X
i

ϵiαC1κiΔni þ C2κiαAαβYΔβ
: ð103Þ

At high temperature (z ≪ 1), dΔni=dz is neglectable and
the approximate solution of Δni is

Δni ≃
z

2C1κi
Yeq
ni : ð104Þ

The comoving density of B − Lα is then

YΔα
≃
X
i

ϵαY
eq
ni

2

8>>><
>>>:

ζ0
2π

6e−hαz − 6þ 6hαz − 3h2αz2 þ h3αz3

h4α
z < zζ;

ζ0
2π

6e−hαzζ − 6þ 6hαzζ − 3h2αz2ζ þ h3αz3ζ
h4αehαðz−zζÞ

þ e−hαðz−zζÞð1 − hαzζÞ − 1þ hαz

h2α
z > zζ;

ð105Þ
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where hα ¼ C2κiαjAααj. The off-diagonal elements of the A
matrix are ignored. The final B − L asymmetry transferred
into baryon asymmetry is determined by YΔα

at Tsph, at
which temperature there is

hαzsph ≃ 1.3 × 1013jY1αj2; ð106Þ

where the coefficient C2 is roughly taken to be 0.1
[50,76,94]. For M ∈ ð1; 100Þ GeV, the product of Y1

and Y2 is roughly between Oð10−12Þ and Oð10−14Þ. As
Y1 ≫ Y2, the quantity hαzsph is far larger than 1 and the
approximate solution of YΔα

at Tsph can be reduced to

YΔα
≃ ϵαY

eq
n

8>>><
>>>:

ζ0
2π

zsph
hα

zsph < zζ;

ζ0
2π

zζ
hα

ehαðzζ−zsphÞ þ zsph
hα

zsph > zζ:
ð107Þ

Unless ðzsph − zζÞ ∼Oðh−1α Þ, the expression of YΔα
for

zsph > zζ can be reduced into zsph=hα. The constraint from
observed baryon asymmetry is then

ℑðM2
13 þM2

23Þ
MM33

z2sph
Y2
1

≃ 5.7 × 105ΘðzζÞ; ð108Þ

where

ΘðzζÞ ¼
�
2π=ζ0 zsph < zζ;

1 zsph > zζ:
ð109Þ

In the case of the SM limit, ζ0 is around 23 [50] and
zζ ≃ 0.37. The condition zsph < zζ is satisfied when the RH
neutrino is lighter than 48 GeVand the thermal effect varies
the constraint from requiring the correct baryon asymmetry
in Eq. (108) by a factor of 0.27.

C. Results and discussion

In the original seesaw Lagrangian equation (58), there
are seven free parameters: three mass scales M, M33, and
vξ, two Yukawa couplings Y1α and Y3α, and two Yukawa
couplings between RH neutrinos Y13 and Y23. Although
Y3α does not appear in the type Ib seesaw Weinberg
operator directly, it can still be expressed by analog to
Eq. (78) as

Y3α ¼
Y3ffiffiffi
2

p ð
ffiffiffiffiffiffiffiffiffiffiffi
1þ ρ

p
ðUPMNSÞα3 þ

ffiffiffiffiffiffiffiffiffiffiffi
1 − ρ

p
ðUPMNSÞα2Þ

× e−i argðM23Þ; ð110Þ

since Y 0
2α ¼ 2M23Y3α=M33. Then, a sufficient condition for

Eq. (76) can be obtained by minimizing the fraction of
normalized component vectors:

Y1jM23j2
Y2MM33

≫ 2.5: ð111Þ

Notice that the parameters M13, M23, and M33 always
appear as M2

13=M33 and M2
23=M33 in the constraints and

assumptions so far. Therefore, we defined dimensionless
quantities R1 ≡M2

13=MM33 and R2 ≡M2
23=MM33 for

convenience [95]. As the higher-energy scales vξ and
M33 are hard to be constrained by experiments, R1 and
R2 can be considered as free parameters. Equations (89)
and (108) can be combined into one equation as

R1 þ R2 ≃
Y2
1

32π
ð1þ 5.7 × 107z−2sphΘðzζÞiÞ: ð112Þ

If the pseudo-Dirac RH neutrino is not superheavy, the sum
R1 þ R2 is almost completely imaginary. With the aim of
studying testable neutrino phenomenology, the neutrino
mass is considered to be below TeV scale, in which case the
real part of R1 þ R2 is neglectable. Then, the constraints
and assumptions can then be summarized as

jR2jY1=Y2 ≫ 2.5; ð113Þ

jR1j; jR2j ≪ 1; ð114Þ

Y1Y2v sin β cos β
M

≃ 2.4 × 10−13; ð115Þ

R1 þ R2 ≃ 5.7 × 105Y2
1z

−2
sphΘðzζÞi: ð116Þ

Equation (113) is the condition for type Ib dominant light
neutrino mass; Eq. (114) is assumed for the pseudo-Dirac
structure of RH neutrinos NR1 and NR2; Eq. (115) is
required for generating the correct neutrino mass and
mixing in the type Ib seesaw model; and Eq. (116) is
the constraint from the observed baryogenesis. Although
Eqs. (113) and (114) are not experimental or observational
constraints, the type Ib structure relies on these relations. If
these conditions are not satisfied, the neutrino mass would
be generated by type Ia seesaw mechanism instead and the
seesaw couplings and RH neutrino mass receive different
constraints from the oscillation data and observed baryo-
genesis. Therefore, Eqs. (113) and (114) are required for
our interest in the type Ib seesaw mechanism and testable
results. On the other hand, it is worth noticing that the
resonant condition in Eq. (89) does not play any role in
constraining the seesaw Yukawa coupling as the other
constraints, Eqs. (113) and (114), only depend on jR1j and
jR2j, which are determined by the imaginary part of R1 and
R2 while the R1 and R2 themselves are determined by
higher-scale quantities beyond testability.
Having assumed Eqs. (113) and (114), it can be deduced

that these quantities play critical roles in constraining the
parameter space. Without these equations, the only
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constraint on the seesaw parameters is Eq. (115), as R1 and
R2 are completely free in Eq. (116). To see how Eqs. (113)
and (114) constrain the parameter space, we consider three
different cases: jR1j ≪ jR2j, jR1j ≫ jR2j, and jR1j ≃ jR2j.
If jR1j ≪ jR2j, there is

jR2j ≃ 5.7 × 105Y2
1z

−2
sphΘðzζÞ; ð117Þ

and Eqs. (113) and (114) imply

1.3×10−3
zsphffiffiffiffiffiffiffiffiffiffiffiffi
ΘðzζÞ

p ≫Y1

≫ 3.2×10−5
ffiffiffiffiffiffiffi
zsph

p �
M

vsinβcosβ

�
1=4

ΘðzζÞ−1=4: ð118Þ

Notice that the condition Eq. (113) is very sensitive to
changes in Y1 in this case as the left side is proportional to
Y4
1. If jR1j ≫ jR2j, then there is

jR1j ≃ 5.7 × 105Y2
1z

−2
sphΘðzζÞ ð119Þ

instead of Eq. (117). The upper bound of Y1 is the same as
in the first case since jR1j and jR2j receive the same
constraint in Eq. (114), while the lower bound of Y1 is
larger than the one of the first case as implied by Eq. (113).
Therefore, the allowed range of Y1 in this case is smaller
than the one in the case jR1j ≪ jR2j. If jR1j ≃ jR2j, then
there is

jR2j ≃ jR1j ≫ 5.7 × 105Y2
1z

−2
sphΘðzζÞ: ð120Þ

Equation (120), together with Eqs. (113) and (114), implies

1.3×10−3zsph

ffiffiffiffiffiffiffiffiffiffiffiffi
jR1j
ΘðzζÞ

s
≫Y1≫ 5.7×10−7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zsph

sinβcosβjR1j
r

:

ð121Þ

To have a solution in Eq. (121) when tan β ¼ 10, jR1j has to
be at least of order 0.01= ffiffiffiffiffiffiffizsph

p while also much smaller
than 1, which means the heavy neutrino cannot be much
below GeV scale. The largest allowed range of Y1 as a
combination of Eqs. (118) and (121) can be obtained by
taking jR1j ≃ 0.1:

1.3 × 10−3
zsphffiffiffiffiffiffiffiffiffiffiffiffi
ΘðzζÞ

p ≫ Y1 ≫ 1.8 × 10−6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

zsph
sin β cos β

r
:

ð122Þ

Some benchmark cases for 1, 10, and 100-GeV heavy
neutrino when zsph > zζ are shown in Table III. For each
value of RH neutrino mass, three different values of
coupling Y1 are chosen around its extremum values when
R1 ¼ 0 and its minimum value when R1 ¼ 0.1.

As the constraints on the seesaw parameters from many
existing and future collider experiments [58,96–103]
involve the active-sterile neutrino mixing, we would like
to derive the expression of active-sterile neutrino mixing
strength in this model. The strength of the mixing between
SM neutrinos and the heavy neutrino is represented by the
quantity

U2
α ¼

X
i¼1;2;3

jUαij2; α ¼ e; μ; τ; ð123Þ

where U is the unitary matrix diagonalizing the total
neutrino mass matrix, including the SM model and RH
neutrinos. The summation is over the index of RH
neutrinos. More specifically, as Y1 ≫ Y2, the expressions
of U2

α for flavor e, μ, and τ are given by

U2
e ¼ ð0.031þ 0.029 cos δMÞ

v21Y
2
1

M2
; ð124aÞ

U2
μ ¼ ð0.27 − 0.16 cos δMÞ

v21Y
2
1

M2
; ð124bÞ

U2
τ ¼ ð0.20þ 0.13 cos δMÞ

v21Y
2
1

M2
; ð124cÞ

where δM is an unconstrained relative Majorana phase in
the PMNS mixing matrix. The allowed ranges of U2

α are

3.6 × 10−7
cos2 β
ΘðzζÞ

≫ U2
e ≫ 2.2 × 10−14

cot β
zsph

; ð125aÞ

2.6 × 10−6
cos2 β
ΘðzζÞ

≫ U2
μ ≫ 1.3 × 10−12

cot β
zsph

; ð125bÞ

2.0 × 10−6
cos2 β
ΘðzζÞ

≫ U2
τ ≫ 8.0 × 10−13

cot β
zsph

; ð125cÞ

TABLE III. Benchmark values of the free parameters for
sub-TeV-scale heavy neutrino consistent with the correct
baryon asymmetry via resonant leptogenesis. tan β is set to be
10 in all cases. The values in the last two columns satisfy
Eqs. (113) and (114).

M (GeV) Y1 R1 R2 jR2jY1=Y2

1 3 × 10−6 0 0.088i 80
1 2 × 10−6 0 0.039i 16
1 2 × 10−6 0.1 −0.1þ 0.039i 44
10 3 × 10−5 0 0.088i 8.0 × 102

10 2 × 10−5 0 0.039i 1.6 × 102

10 5 × 10−6 0.1 −0.1þ 0.0024i 25
100 3 × 10−4 0 0.088i 8.0 × 103

100 1 × 10−4 0 0.0098i 99
100 2 × 10−5 0.1 −0.1þ 0.0004i 41
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where the sphaleron decoupling temperature is taken to be
Tsph ¼ 131 GeV [89]. The allowed parameter space for
resonant leptogenesis in the type Ib seesaw mechanism is
shown as the green area in Fig. 5 when ζ0 ¼ 23 (the SM
limit). The vertical green line marks the threshold zsph ¼ zζ.
The other lines mark the constraints on the quantity U2

α in
the type Ib seesaw model. The parameter space is excluded
by the neutrino data below the solid black line. The

shadowed region above the dashed line is excluded by
the collider data from multiple experiments [99] and the
one below the dashed-dotted line is excluded by Big Bang
Nucleosynthesis data [104,105]. The red and orange lines
indicate the future sensitivity of SHiP [102] and FCC-ee
[97]. The allowed parameter space for resonant lepto-
genesis is not constrained by the current result from collider
experiments, but is accessible to the future experiments
SHiP and FCC-ee, allowing both the type Ib seesaw model
and leptogenesis to be tested.

D. The inclusion of dark matter

So far we have considered leptogenesis in the type Ib
seesaw model. Following the approach in [63], it is also
possible to include dark matter (as well as leptogenesis) in
the type Ib seesaw model by adding a dark scalar ϕ and a
dark Dirac fermion χL;R, both odd under an extra dark
matter symmetry Z2, giving rise to the extra terms

LDS ¼ χ̄ði=∂ −mχÞχ þ j∂μϕj2 −m2
ϕjϕj2 þ VðϕÞ; ð126Þ

LNRportal ¼ yϕðχRNc
R1 þ χLNR2Þ þ H:c: ð127Þ

These extra couplings will emerge in the low-energy
effective type Ib seesaw theory, providing that the dark
scalar and the dark fermion have Z4 charges ϕ ∼ ω and
χL;R ∼ ω2 in the extended model, while being odd under
the dark matter symmetry Z2, with all other fields
being even under Z2. Dark matter is produced via the
freeze-in mechanism via the RHN portal couplings, where
the dark sector Yukawa coupling y is typically required to
be very small, y≲ 10−5 [63,106]. Note that dark matter
production is not affected by the third RH neutrino NR3 and
the singlet scalar ξ as long as the scalar portal interaction is
neglectable.
With dark matter produced through the freeze-in mecha-

nism, successful dark matter can be achieved over the entire
allowed region of Fig. 5 [63]. As in [63], regions of dark
matter may be delineated where the relic density depends
on either the purely dark portal coupling y or else a
combination of y and seesaw Yukawa couplings. A lower
bound on U2

α can be derived above which the dark matter
production can be determined partly by the seesaw Yukawa
couplings. The lower bound on U2

α can be directly adopted
from [63], and the results compared to Fig. 5, allowing a
simultaneous test of the type Ib seesaw mechanism, lepto-
genesis, and dark matter.

V. CONCLUSION

In this paper, we have studied three different models
where the SM neutrino masses are generated through the
type Ib seesaw mechanism. In the minimal type Ib seesaw
model with 2RHNs and a single off-diagonal mass which
can be regarded as a Dirac mass, the RH neutrino masses

FIG. 5. Allowed parameter space and constraints in theM − U2
α

plane, where M is the Dirac mass of the right-handed neutrino
pair in the type Ib seesaw model. The green region is the allowed
parameter space for successful resonant leptogenesis in this
model with transparent boundaries due to the strong inequalities
in Eq. (125). See the text for detailed discussion.
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are completely degenerate and the lepton asymmetry can
only be produced through the interference between the
vertex diagram and tree-level diagram if the leptogenesis is
flavor dependent. In that case, we have found that the RH
neutrino mass is very constrained above 1012 GeV, which
is close to its upper bound for flavor-dependent lepto-
genesis and, although viable, does not allow a low-scale
type Ib seesaw model.
In the type Ib seesaw model with a small mass

splitting between the RH neutrinos, so that they become
pseudo-Dirac, we found that the asymmetry cannot be
produced through resonant leptogenesis even if the
resonant condition is satisfied. In fact, the asymmetry
contributed by the wave-function diagram always van-
ishes as the Yukawa interactions of each Higgs doublet
have only one universal phase in the couplings. More
generally, we have shown that there is no contribution
from wave-function diagram if a linear combination of
the phases in the Yukawa couplings is nπ, where n is an
integer.
In order to circumvent these shortcomings, we have

proposed a high-energy extended type Ib seesaw model
by including a third superheavy Majorana RH neutrino
to supplement the low-scale pseudo-Dirac pair. We also
included a Higgs singlet whose VEV allows the pseudo-
Dirac pair of neutrinos to mix with the superheavy RH
neutrino. Below the third RH neutrino and Higgs VEV
mass scales, an effective type Ib seesaw model emerges
with a pseudo-Dirac mass splitting and a naturally small
effective Yukawa coupling. As the phase in the Yukawa
couplings between the RH neutrinos and the Higgs
singlet cannot be removed by redefining the neutrino
fields, different phases appear in the seesaw Yukawa
couplings of the type Ib seesaw Lagrangian, thereby
making resonant leptogenesis viable.
Within the resulting low-energy effective type Ib

seesaw model, we have determined the allowed range
of the dominant seesaw couplings, consistent with
successful resonant leptogenesis, where one of the
Yukawa couplings is relatively large. We have presented
a set of benchmark points for 1–100-GeV Dirac right-
handed neutrino masses, where we determined the
allowed active-sterile neutrino mixing strength consis-
tent with resonant leptogenesis. We have shown that
Dirac right-handed neutrinos in this mass range are
accessible to the future experiments SHiP and FCC-ee,
allowing the type Ib seesaw mechanism with lepto-
genesis and dark matter to be tested.
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APPENDIX A: BOLTZMANN EQUATIONS

In general, the contribution to the lepton number
asymmetry ΔLα can be parted into a source term and a
washout term:

dYΔLα

dz
¼

�
dYΔLα

dz

�
s
þ
�
dYΔLα

dz

�
w
: ðA1Þ

In the type Ib seesaw model, the expression of the
lepton asymmetry is slightly different from in the
traditional seesaw model due to the distinction between
the two Higgs doublets. In general, it can be shown
that the CP asymmetry in scattering processes is the
same as in decays and inverse decays by considering
the phase-space integral [32,76]. However, as the top
quark only couples to the second Higgs doublet ϕ2,
only ϕ2 can play the role of intermediate on-shell
particle in the top-quark scattering. Therefore, the
CP asymmetry in top-quark scattering is only contrib-
uted by the second Higgs doublet ϕ2, i.e.,
Δγnit̄lαq̄3

≃ γnit̄lαq̄3
ðϵniÞ2α, while the CP aymmetry in gauge

boson scattering receives contribution from both Higgs
doublets, ΔγniA

lαϕ̄k
≃
P

l γ
niA
lαϕ̄l

ðϵniÞkα. After substitution,

the source term reads

�
dYΔLα

dz

�
s
≃

z
sHðMÞ

X
i

�
Yni

Yeq
ni
− 1

�

×

�X
k

ðγni→2 þ γniA2→2ÞðϵniÞkα þ γnit2→2ðϵniÞ2α
�
:

ðA2Þ

The washout term in Eq. (A1) reads
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�
dYΔα

dz

�
w
¼

X
k;l;β

½ðΔrYlα
þ ΔrYϕk

Þðγlαϕk

l̄βϕ̄l
þ γlαϕk

lβϕl
Þ þ ðΔrYlβ

þ ΔrYϕk
Þðγlαϕk

l̄βϕ̄l
− γlαϕk

lβϕl
Þ�

þ
X
k;l;β

½ð1þ δαβÞðΔrYlα
þ ΔrYlβ

þ ΔrYϕk
þ ΔrYϕl

Þγlαlβ
ϕ̄kϕ̄l

þ ðΔrYlα
− ΔrYlβ

Þγlαl̄β
ϕ̄kϕk

�

þ
X
i

½ðrYni
ΔrYlα

− ΔrYq3
þ ΔrYt

Þγnilαq3 t̄
þ ½2ΔrYlα

− ðrYni
þ 1ÞðΔrYq3

− ΔrYt
Þ�γniq3tlα

�

−
X
i;k

½ðrYni
ΔrYlα

þ ΔrYϕk
Þγnilα

Aϕ̄k
þ ðrYni

ΔrYϕk
þ ΔrYlα

Þγniϕk

Al̄α
þ ðΔrYϕk

þ ΔrYlα
ÞγniAϕklα

�; ðA3Þ

where ΔrYa
¼ ðYa − YāÞ=Yeq

a . The asymmetries in various
types of particles are involved, which can be connected to
the asymmetries in lepton doublets through spectator
processes as discussed in Appendix B [52]. Finally, the
asymmetry in lepton doublets can be related to the B − Lα

asymmetry by the A matrix and the washout term reduces
into

�
dYΔLα

dz

�
w
¼ −

z
sHðMÞ

X
β

AαβYΔβ

Yeq
l

ðA4Þ

ðγniW;1→2 þ γnitW;2→2 þ γniAW;2→2Þα; ðA5Þ

where Yeq
l is the equilibrium comoving density of leptons

and γW denotes the effective cross section from decay and
scattering processes contributing to the washout, whose
expression can be read from Eq. (A3).

APPENDIX B: A MATRIX

The aim of this appendix is to show how the A matrix in
the minimal type Ib seesaw leptogenesis is computed
explicitly. The asymmetries in the particle number densities
nX are determined by the temperature and chemical
potential through [115]

nX − n̄X ¼

8>>><
>>>:

gXT2

6
μX fermions;

gXT2

3
μX bosons:

ðB1Þ

If an interaction is in equilibrium, the sum of the chemical
potentials over all particles entering the interaction should
vanish. Different kinds of interactions can be in equilibrium
at the temperatures that the lepton asymmetry is produced;
therefore, the relation between the chemical potentials can
vary. These interactions in equilibrium are also referred to
as the “spectator processes” [32]. In the flavor-dependent
leptogenesis, the B − Lα asymmetry takes the expression

YΔα
¼

� X
β¼1;2;3

2μqβ þ μuRβ þ μdRβ

3
− ð2μlα þ μeRαÞ

�
T2

6s
:

ðB2Þ

In the minimal type Ib seesaw model, assuming
that the gauge multiplets have the same chemical
potential and the gauge bosons have zero chemical
potentials, there are 17 independent chemical potentials:
6 for SM fermion doublets, 9 for SM fermion singlets,
and 2 for Higgs doublets. In the temperature range
fð1þ tan2 βÞ109; ð1þ tan2 βÞ1012g GeV, there are the fol-
lowing relations between the chemical potentials [52]:

(i) the strong sphaleron

X
β¼1;2;3

ð2μqβ − μuRβ − μdRβÞ ¼ 0: ðB3Þ

(ii) the electroweak sphaleron

3
X

β¼1;2;3

μqβ þ
X

α¼e;μ;τ

μlβ ¼ 0: ðB4Þ

(iii) the equilibrium of top, bottom, charm, and tau
Yukawa interactions

μtR − μq3 þ μϕ2
¼ 0; ðB5Þ

μbR − μq3 − μϕ1
¼ 0; ðB6Þ

μcR − μq2 þ μϕ2
¼ 0; ðB7Þ

μτR − μlτ − μϕ1
¼ 0: ðB8Þ

(iv) the equality of asymmetries in different baryon
flavors YΔB1

¼ YΔB2
¼ YΔB3

2μq1 þ μuR þ μdR ¼ 2μq2 þ μcR þ μsR

¼ 2μq3 þ μtR þ μbR: ðB9Þ

LEPTOGENESIS IN TYPE IB SEESAW MODELS PHYS. REV. D 105, 095001 (2022)

095001-17



(v) the hypercharge neutralityX
β¼1;2;3

ðμqβ þ 2μuRβ
− μdRβ

Þ

−
X

α¼e;μ;τ

ðμlβ
þ μeβÞ − 2μϕ1

− 2μϕ2
¼ 0: ðB10Þ

(vi) the neglectable asymmetries in μR, eR, uR − dR, and
dR − sR

μμR ¼ 0; ðB11Þ

μeR ¼ 0; ðB12Þ

μuR − μdR ¼ 0; ðB13Þ

μdR − μsR ¼ 0: ðB14Þ

(vii) the equilibrium of the interaction between Higgs
doublets

μϕ1
¼ μϕ2

: ðB15Þ

In total, there are 14 equalities between the chemical
potentials; therefore, it is possible to express Eq. (B2) with
the chemical potential of three lepton doublets as

0
B@
YΔe

YΔμ

YΔτ

1
CA¼T2

6s

0
B@

−22=9 −4=9 −4=9
−4=9 −22=9 −4=9

−46=171 −46=171 −541=171

1
CA
0
B@
μle
μlμ
μlτ

1
CA

¼

0
B@

−11=9 −2=9 −2=9
−2=9 −11=9 −2=9

−23=171 −23=171 −541=342

1
CA
0
B@
YΔle

YΔlμ

YΔlτ

1
CA:

ðB16Þ

However, as the lepton flavors e and μ are not distinguish-
able, the chemical potential μle and μlμ should be summed:

�
YΔeþμ

YΔτ

�
¼
� −13=9 −4=9
−23=171 −541=342

��YΔleþμ

YΔlτ

�
: ðB17Þ

The A matrix is defined by the linear transformation from
YΔα

to YΔlα
and therefore

A ¼
�−541=761 152=761

46=761 −494=761

�
: ðB18Þ

At temperature between ð1þ tan β2Þ × 105 and
ð1þ tan β2Þ × 109 GeV, the strange quark and muon
Yukawa interactions are also in equilibrium. Therefore,
Eqs. (B11) and (B14) are substitute by

μsR − μq2 − μϕ1
¼ 0; ðB19Þ

μμR − μlμ − μϕ1
¼ 0: ðB20Þ

The YΔα
− YΔlα

relation becomes

0
B@

YΔe

YΔμ

YΔτ

1
CA ¼

0
B@

−11=9 −2=9 −2=9
−11=72 −29=18 −1=9
−11=72 −1=9 −29=18

1
CA
0
B@

YΔle

YΔlμ

YΔlτ

1
CA;

ðB21Þ

and the A matrix is

A ¼

0
B@

−93=110 6=55 6=55

3=40 −19=30 1=30

3=40 1=30 −19=30

1
CA: ðB22Þ

At temperature below ð1þ tan β2Þ × 105 and before the
electroweak sphaleron decouples, all the SM Yukawa
interactions are in equilibrium. In that case, the QCD
sphaleron condition becomes redundant and can be
ignored. Besides, Eqs. (B12) and (B13) no longer hold
as the asymmetries in eR and uR − dR are not conserved.
Instead, there are

μuR − μq1 þ μϕ2
¼ 0; μdR − μq1 − μϕ1

¼ 0;

μeR − μle − μϕ1
¼ 0: ðB23Þ

The A matrix is then

A ¼

0
B@

−128=207 10=207 10=207

10=207 −128=207 10=207

10=207 10=207 −128=207

1
CA: ðB24Þ
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