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We investigate a simple variant of type-II seesaw, responsible for neutrino mass generation, where the
particle spectrum is extended with one singlet right-handed neutrino and an inert Higgs doublet, both odd
under an additional Z2 symmetry. While the role of the dark matter is played by the lightest neutral
component of the inert Higgs doublet (IHD), its interaction with the Standard Model lepton doublets and
the right-handed neutrino turns out to be crucial in generating the correct baryon abundance of the Universe
through flavored leptogenesis from the decay of the SUð2ÞL scalar triplet, involved in type-II framework.
We observe a correlation between the smallness of the mass splitting, among the dark matter and the
CP-odd neutral scalar from the IHD, and the largeness of the mass of the triplet followed from the
dominance of the type-II mechanism over the radiative contribution to neutrino mass.
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I. INTRODUCTION

Existence of tiny but non-zero neutrino mass [1–4] along
with the observed excess of matter over antimatter in the
Universe [5,6] are undoubtedly two of the most challenging
problems in the present day particle physics and cosmology
which signal for physics beyond the Standard Model (SM).
Among many promising scenarios came up as a resolution
to these issues, the seesaw mechanism provides an elegant
framework to deal with. As is well known, in case of type-I
seesaw [7–10], presence of SM singlet right handed
neutrinos (RHN) not only helps in generating tiny neutrino
mass but they can also be responsible for explaining the
observed matter-antimatter asymmetry via leptogenesis
[11–22]. A variant of it, namely the type-II seesaw con-
struction [23–27] also provides an equally lucrative reso-
lution by introducing a SUð2ÞL scalar triplet to the SM field
content whose tiny vacuum expectation value (vev) takes
care of the small neutrino mass. However, to generate the
baryon asymmetry of the Universe via leptogenesis, this
minimal type-II framework needs to be extended either
with another triplet [28–31] or by a singlet right-handed
neutrino [32–37]. In the latter possibility, the role of the
single RHN is to contribute to CP asymmetry generation

via the vertex correction (in the triplet decay) provided it
carries a Yukawa interaction with the SM Higgs and lepton
doublets.
Additionally, several astrophysical and cosmological

observations indicate that energy budget of our Universe
requires around 26% of non-baryonic matter, known as the
dark matter (DM) [38–41]. To explain such DM, an
extension of the SM is required as otherwise it fails to
accommodate any such candidate from its own particle
content. Since all these unresolved issues (tiny neutrino
mass, matter-antimatter asymmetry and nature of dark
matter) point out toward extension(s) of the SM, it is
intriguing to establish a common platform for them. With
this goal in mind, we focus on the SM extended with a
scalar triplet and a fermion singlet (like one RHN). While
this can explain the neutrino mass and matter-antimatter
asymmetry as stated above, accommodating a DM in it is
not that obvious. One simplest possibility emerges if that
singlet fermion (the RHN) can be considered as the DM
candidate. However, as pointed out above, this fermion
taking part in the CP asymmetry generation has to carry an
Yukawa interaction (of sizable strength) and hence cannot
be stable provided its mass remains above the electroweak
(EW) scale. On the other hand, if it happens to be lighter
than the SM Higgs (or gauge bosons), it might be a freeze
in type of DM [42]. In this case also, the small Yukawa
coupling, as required by the freeze-in generation of DM
relic, makes the CP asymmetry negligible and therefore
such a possibility needs to be left out.
We thereby plan to extend this framework by including

an inert Higgs doublet (IHD) [43–59] such that its lightest
neutral component results in dark matter while the IHD too
contributes to CP asymmetry generation via its Yukawa
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interaction involving the SM lepton doublet and the sole
RHN. Involvement of the DM in generating the CP
asymmetry required for explaining the matter-antimatter
asymmetry of the Universe is an important aspect of our
work. Note that the inert doublet DM phenomenology is
mostly governed by the gauge interactions and the mass-
splitting among the inert Higgs doublet components, but
not on the Yukawa interaction [53] (contrary to the case of
freeze-in RHN as DM) and hence it is not expected to be in
conflict with sufficient production of CP asymmetry.
Furthermore, search for doubly and singly charged particles
involved in the triplet can be quite interesting from collider
aspects. Keeping that in mind, we plan to keep the mass of
the triplet not very heavy. It is further supported by the
finding that the mass splitting among the IHD components
(for DM relic satisfaction) along with the neutrino mass
generation dominantly by the type-II mechanism keeps the
triplet mass below 1012 GeV. Note that it becomes essential
to incorporate the flavor effects in leptogenesis [35,42,60–
64] which come in to effect below the mass equivalent
temperature ∼1012 GeV. This observation, the importance
of including flavor effects in triplet leptogenesis, is another
salient feature of our analysis.
The paper is organized in the following manner. We

introduce the structure of the model in Sec. II where the
particle content with their respective charges under differ-
ent symmetry group have been discussed. In Sec. III, we
discuss the mechanism to generate the neutrino mass and
how to get a complex structure of the Yukawa coupling
matrix responsible for generating the matter-antimatter
asymmetry. In Sec. IV, we briefly summarize the inert
doublet DM phenomenology and move on to discuss
generation of matter-antimatter asymmetry in the
Universe via flavor leptogenesis in Sec. V. Finally in
Sec. VI, we conclude.

II. THE MODEL

The SM is extended with a SUð2ÞL scalar triplet Δ, a
scalar doublet Φ, and a fermionic SM singlet field NR. The
corresponding charge assignments of the relevant fields are
provided in Table I. The Lagrangian involving the new
fields is then given by

−Lnew ¼ Yαl̄Lα
Φ̃NR þ YΔαβlT

LαCiτ2ΔlLβ

þ 1

2
MNNc

RNR þ H:c:; ð1Þ

where α, β correspond to three flavor indices. Note that NR
and Φ are odd under an additional discrete symmetry Z2,
thereby making Φ as inert. This also forbids the Yukawa
coupling of the SM Higgs with the RHN, however allows
similar interaction with the inert Higgs doublet Φ. The
lightest neutral component of this Φ field plays the role of
the dark matter while decay of the triplet into lepton

doublets generates the lepton asymmetry which will further
be converted into baryon asymmetry by the sphaleron
process. Here both the inert Higgs doublet and the RHN
take part in producing the CP asymmetry.
The scalar sector of our model consists of the interaction

involving the inert Higgs doublet Φ, Higgs triplet Δ, and
the SM Higgs H. The most general scalar potential for the
present scenario can be written as:

VðH;Δ;ΦÞ ¼ VH þ VΔ þ VΦ þ V int; ð2Þ
where

VH ¼ μ2HðH†HÞ þ λHðH†HÞ2; ð3aÞ

VΔ ¼ M2
ΔTrðΔ†ΔÞ þ λΔ1TrðΔ†ΔÞ2 þ λΔ2½TrðΔ†ΔÞ�2;

ð3bÞ

VΦ ¼ μ2ΦðΦ†ΦÞ þ λΦðΦ†ΦÞ2; ð3cÞ

V int ¼ −μ1ðHTiτ2Δ†H þ H:c:Þ þ λ1H†HTrðΔ†ΔÞ
þ λ2H†ΔΔ†H þ λ3H†Δ†ΔH

þ λ4ðH†HÞðΦ†ΦÞ þ λ5ðH†ΦÞðΦ†HÞ

þ
�
λ6
2
ðH†ΦÞ2 þ H:c:

�
− μ2ðΦTiτ2Δ†Φþ H:c:Þ

þ λ7Φ†ΦTrðΔ†ΔÞ þ λ8Φ†ΔΔ†Φþ λ9Φ†Δ†ΔΦ:

ð3dÞ

Here we consider all the parameters appearing in the
scalar potential to be real. We also consider μ2H < 0 as that
would be crucial for electroweak symmetry breaking
(EWSB). On the other hand, remaining mass parameters
such as μ2Φ,M

2
Δ are taken as positive. Denoting the vev ofH

and Δ by v (¼ 246 GeV) and vΔ respectively, the multip-
lets after the EWSB can be expressed as

Φ ¼
� Φþ
H0þiA0ffiffi

2
p

�
; H ¼

�
0

vþhffiffi
2

p

�
;Δ ¼

" Δþffiffi
2

p Δþþ

vΔ þ Δ0 − Δþffiffi
2

p

#
;

ð4Þ

where h is the SM physical Higgs boson with mass
125.09 GeV [65] and the induced vev of the triplet is
found to be related by [32]

TABLE I. Particles and their charges under different sym-
metries.

lL eR H NR Δ Φ

SUð2ÞL 2 1 2 1 3 2
Uð1ÞY − 1

2
−1 1

2
0 1 1

2

Z2 þ þ þ − þ −
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vΔ ≃
v2μ1
2M2

Δ
; ð5Þ

considering MΔ ≫ v. Interestingly, the constraint on ρ-
parameter (ρ ¼ 1.00038� 0.00020) [66] restricts
vΔ ≲ 4.8 GeV. Note that vΔ needs to be small enough
to accommodate the tiny neutrino mass via ΔlLlL cou-
pling and hence we fix it at 1 eV. Then depending on the
mass of the Δ particle, μ1 can be obtained by the use of
Eq. (5). On the contrary, the analogous coupling μ2 remains
unrestricted and hence can have a sizable value. This
therefore will be treated as independent parameter for
generating sufficient CP asymmetry as we see in the
leptogenesis section.
The masses of the different physical scalars of IHD are

given (unaffected by the presence of the triplet scalar) as

m2
Φ� ¼ μ2Φ þ λ1

v2

2
;

m2
H0

¼ μ2Φ þ ðλ4 þ λ5 þ λ6Þ
v2

2
;

m2
A0

¼ μ2Φ þ ðλ4 þ λ5 − λ6Þ
v2

2
: ð6Þ

with λL ¼ λ4þλ5þλ6
2

> 0. Without any loss of generality, we
consider λ6 < 0, λ5 þ λ6 < 0 so that the CP even scalar
(H0) is the lightest Z2 odd particle and hence the stable dark
matter candidate. Due to the presence of the term propor-
tional to μ1, there will be a mixing between the SM Higgs

and the triplet. However, the mixing being of order vΔ
(taken to be ∼1 eV, responsible to generate light neutrino
mass), this can safely be ignored. We set λ1; λ2; λ3 ¼ 0 for
simplicity and then find masses of the physical triplet
components as MΔ�� ≃MΔ� ≃MΔ0 ≃MΔ. One should
note that LHC puts a strong constraint on mass of Δ��
as MΔ�� > 820 GeVð870 GeVÞ at 95% confidence level
(CL) from CMS [67] (ATLAS [68]) for vΔ ≲ 10−4 GeV.
LHC also set a constraints on MΔ� > 350 GeV.

III. NEUTRINO MASS

Wenowproceed to discuss the neutrinomass generation in
the presentmodel. Asmentioned before, the neutrinomass is
expected to be generated via the triplet interaction with the
SM lepton doublets resulting the type-II contribution as

mII
ν ¼ 2YΔvΔ: ð7Þ

With a choice of vΔ as 1 eV, the coupling matrix YΔ can be
accordingly adjusted to produce the light neutrino matrix
(mν) consistent with the oscillation data. To make it more
specific, we consider,

mν ¼ mII
ν ¼ U�md

νU†; ð8Þ

withmd
ν ¼ diagðm1; m2; m3Þ andU is the Pontecorvo-Maki-

Nakagawa-Sakata (PMNS) mixing matrix (in the charged
lepton diagonal basis) of the form:

U ¼

0
B@

c12c13 c13s12 e−iδs13
−c23s12 − eiδc12s13s23 c12c23 − eiδs12s13s23 c13s23
s12s23 − eiδc12c23s13 −eiδc23s12s13 − c12s23 c13c23

1
CA × diagðeiα1=2; eiα2=2; 1Þ; ð9Þ

parametrized by three mixing angles θ12, θ23, θ13 (denoted by cij ¼ cos θij; sij ¼ sin θij), the DiracCP phase δ andMajorana
CP phases (α1; α2).
For simplicity, we now consider Majorana phases and the lightest neutrino mass to be zero. Thereby, using the best-fit

values of the mixing angles and δ [69] as in Table II, we obtain the following structure of the coupling matrix [using Eq. (7)]
in case of normal hierarchy (NH) of neutrinos,

YΔ ¼
�
1 eV
vΔ

�
× 10−3

0
B@

1.84þ 0.27i −1.31 − 0.75i −3.76 − 0.64i

−1.31 − 0.75i 15.94 − 0.08i 10.90þ 0.0038i

−3.76 − 0.64i 10.90þ 0.0038i 12.09þ 0.07i

1
CA ð10Þ

We will make use of this YΔ in the rest of our analysis wherever appropriate.
Note that in our model, due to the presence of one RHN having Yukawa coupling Y, a radiative contribution to the light

neutrino mass [70] is expected to be present which is given by

ðmR
ν Þαβ ¼

YαYβMN

32π2

�
m2

H0

m2
H0

−M2
N
ln
m2

H0

M2
N
−

m2
A0

m2
A0

−M2
N
ln
m2

A0

M2
N

�
: ð11Þ
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It is then understood that for a specific value of the DM
mass, mH0

, along with the mass splitting ΔM ¼ mΦ�−
mH0

¼ mA0
−mH0

, and mass of the RHN, there is a
contribution1 to the light neutrino mass matrix which
depends on the magnitude of Yα coupling. Since we plan
to investigate the scenario where the light neutrino mass
is mainly contributed by the type-II contribution, we
determine here the limits on Yα for which mR

ν remains
insignificant.
For this purpose, first we assume all Yα to be same given

by Y. Second, we impose a restriction that the contribution
to m2 (as m2 is the second lightest eigenvalue of mν)
coming frommR

ν remains below 10% contribution followed
from type-II seesaw estimate mII

ν (henceforth called type-II
dominance). Using this ansatz, we provide Y versus MN
plot in Fig. 1 indicating an upper limit on Y value
corresponding to a specific RHN mass. In making this
plot, we consider DM mass mH0 ¼ 535 GeV with different
ΔM indicated by different colors. This limit on Y will be
useful in estimating the CP asymmetry. As the lightest
neutrino is taken to be massless in type-II contribution, it is
clear that with the appropriate Y value (consistent with the
Fig. 1 and leptogenesis),m1 will defer from zero value as it
obtains a tiny correction from mR

ν .

IV. DARK MATTER PHENOMENOLOGY

The present setup shelters two particles NR and Φ
nontrivially charged under Z2. Hence, being stable either
of them can play the role of the DM. The phenomenology
of a singlet fermions like NR as a WIMP DM candidate
with renormalizable interactions remain uninteresting as it
predicts overabundant relic density due to the lack of their
annihilation channels. On the other hand, as is well known,
the study of an IHD provides several interesting prospects
both in DM phenomenology as well as in collider searches
and hence here we primarily stick to the IHD as dark matter
by considering MN > mH0

. An unbroken Z2 symmetry in
the current scenario guarantees the stability of the scalar

dark matter. Since it is a well-studied framework, in this
section we briefly focus on the parts of DM phenomenol-
ogy relevant for our analysis extended to leptogenesis
section.

A. Relic density

The inert Higgs doublet [43–52,54–56] extension of the
SM is one of the simplest extension where a scalar multiplet
can accommodate a DM candidate. Before going into the
details of the DM phenomenology of IHD, we first briefly
discuss the Boltzmann equation required to study the
evolution of the DM in the Universe. DM (H0) being a
part of a SUð2ÞL doublet always remains in thermal
equilibrium in early Universe due to its gauge and quartic
interactions. The relic density of such a DM can be
calculated by solving the Boltzmann equation

dYH0

dz0
¼ −

1

z02
hσvH0H0→XXiðY2

H0
− ðYeq

H0
Þ2Þ; ð12Þ

where z0 ¼ mH0
=T and Yeq

H0
denotes equilibrium number

density of H0 whereas hσvH0H0→XXi represents the ther-
mally averaged annihilation cross section [71] of the DM
annihilating into the SM particles denoted by X. The relic
density of the inert scalar H0 is then expressed as

ΩH0
h2 ¼ 2.755 × 108

�
mH0

GeV

�
Y0
H0
; ð13Þ

with Y0
H0

denoting the asymptotic abundance of the DM
particle after freeze out. In order to calculate the relic
density and study the DM phenomenology of the IHD dark
matter we use the package micrOMEGAs4.3.5 [72].
As stated before, the case of an IHD dark matter is well

studied and hence, we only summarize the results (in terms
of relevant parameters) crucial for our analysis of baryon
asymmetry of the Universe in the setup. To facilitate our
discussion on DM, we provide a variation of the relic

FIG. 1. Allowed range of Y against MN to keep mR
ν subdomi-

nant compared to mII
ν .

TABLE II. Neutrino mass and mixing parameters from the
global fit [69] for NH.

Parameter Best fit 3σ range

Δm2
21½10−5 eV2� 7.50 6.94–8.14

jΔm2
31j½10−3 eV2� 2.55 2.47–2.63

sin2 θ12=10−1 3.18 2.71–3.69
sin2 θ23=10−1 5.74 4.34–6.10
sin2 θ13=10−2 2.200 2.000–2.405
δ=π 1.08 0.71–1.99

1Using the fact that MN is very heavy compared to all IHD
components, the radiative contribution can be approximated by

ðmR
ν Þαβ ≃ YαYβ

32π2
ðmH0

þmA0
Þ

MN
ΔM½1þ lnðm

2
H0

þm2
A0

2M2
N

Þ�.
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density of H0 (ΩH0
h2) with the dark matter mass (mH0

) for
three different choices of mass splitting in Fig. 2. Here, one
notices that in the mass range MW ≤ mH0

< 500 GeV
(popularly known as the intermediate region), a typical
feature of the IHD is observed where the relic abundance
remains underabundant. The DM being a part of SUð2ÞL
doublet, it does annihilate and coannihilate to the SM gauge
bosons with a large effective annihilation cross section
resulting this underabundance in general. However, the
correct relic density can still be produced for mH0

≥
535 GeV with an appropriate choice of mass splitting
ΔM and Higgs portal coupling (λL) as this leads to the
cancellations among the s-channel, t-channel and the
contact interaction involved in the scattering amplitude
of the DM annihilating into the SM gauge bosons. In Fig. 2,
one also notices that changing ΔM from 1 GeV to
10−3 GeV does not alter the relic result significantly.
However, pushing ΔM to a relatively larger value such
as 10 GeV keeps the entire mass range of IHD as under-
abundant (except the Higgs resonance region). On the other
hand, such a variation in ΔM carries significant impact on
the DM direct detection experiments as we see in the
Sec. IV B below. Aside such dependence,ΔM is also found
to be restricted from the perturbativity point of view. As
shown in [73], for ΔM ≳ 20 GeV, the IHD-Higgs coupling
along with the Higgs quartic coupling become nonpertur-
bative much before the Planck scale.
At this stage it is important to point out that the Yukawa

interaction of the IHD with the SM leptons and the singlet
fermion NR [see Eq. (1)] does not alter the DM phenom-
enology of the IHD. Although it introduces an extra
annihilation channel for IHD (t-channels mediated via
NR of SM leptons), its contribution remains suppressed
due to the p-wave suppression. Even though, if this
additional annihilation channel has a sizeable contribution
to DM abundance compared to other channels, it does not
help generate new allowed DM masses in the intermediate

mass regime of the IHD and hence remains uninteresting
from the DM point of view.

B. Direct and indirect detection

The null detection of the DM in direct search experi-
ments like LUX [74], PandaX-II [75,76], and Xenon1T
[77,78] puts a severe constraints on the DM parameter
space. There exists two different possibilities for the DM to
interact with nuclei at tree level in the scenario under
consideration: (a) elastic scattering mediated by SM Higgs
boson and (b) inelastic one mediated by electroweak gauge
bosons. The spin independent elastic scattering cross
section mediated by SM Higgs is given as [79]

σSI ¼ λ2Lf
2
n

4π

μ2nm2
N

m4
hm

2
H0

; ð14Þ

where μn ¼ mNmH0
=ðmN þmH0

Þ is the DM-nucleon
reduced mass and λL is the quartic coupling involved in
DM-Higgs interaction. A recent estimate of the Higgs-
nucleon coupling f gives f ¼ 0.32 [80]. On the other hand,
the inelastic scattering cross section mediated by a gauge
boson is expressed as [81],

σSIIE ¼ c
G2

Fm
2
N

2π
Y2ðN − ð1 − 4s2WÞZÞ2 ð15Þ

with c ¼ 1 for fermions and c ¼ 4 for scalars. Here the
hypercharge of the DM is 1=2. Finally,N and Z represents
the number of neutrons and protons respectively in the
target nucleus with mass mN . With ΔM > 100 keV [82],
the inelastic scattering of DM with the nuclei is kinemat-
ically forbidden as the corresponding cross-section
becomes larger than the average kinetic energy of the
DM.While ΔM ≤ 100 keV can rule out the entire sub-TeV
mass regime of the DM even though allowed by the relic
density as σSIIE ≃ 4.9 × 10−8 pb which is much larger than
the constrained imposed by the Xenon1T experiment in a
sub-TeV mass regime of the IHD dark matter.
Finally, one should also consider the indirect search

experiments like Fermi-LAT [83], MAGIC [84] etc., which
also provide promising detection prospects of the WIMP
type DM. These experiments look for an excess of SM
particles like photons and neutrinos in the Universe which
can be produced from the annihilation or the decay of the
DM. The present setup accommodates an IHD dark matter
that can also produce such signals which can be detected in
the indirect search experiments. The null detection of such
signals so far can also constrain the DM parameter space. In
a recent study [53], it has been shown that the IHD mass
regime below 400 GeV is strictly ruled out by Fermi-LAT.

FIG. 2. Variation of the dark matter relic density (ΩH0
h2) with

its mass (mH0
) for three different values of ΔM while keeping

λL ¼ 0.01.
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V. LEPTOGENESIS

In this section, we aim to study the leptogenesis scenario
resulting from the CP violating out of equilibrium decay of
the triplet carrying lepton number of two units in the model.
As advocated, this will happen due to the presence of the
sole RHN of the setup contributing to the one-loop vertex
correction to the tree level triplet decay into leptons as
shown in Fig. 3. It is interesting to note that with one triplet,
the generated CP asymmetry cannot be of purely flavored
one [35] in contrast to the presence of this possibility in
standard triplet leptogenesis involving two scalar triplets.
We first discuss the generation of CP asymmetry from the
triplet decay and then talk about the evolution of the lepton
(B − L) asymmetry using Boltzmann equations. In doing
so, our plan is to keep the triplet mass as light as possible as
that would be interesting from the point of view of collider
search for triplet states. In turn, this indicates that flavor
effects of the charged lepton Yukawa couplings need to be
incorporated provided leptogenesis takes place below
temperature ∼1012 GeV.

A. CP asymmetry generation

The flavored CP asymmetry produced as a result of the
interference between the tree level and the loop level
diagram shown in Fig. 3 can be defined and evaluated
as [32,33]

ϵli
Δ ¼ 2

P
jΓðΔ → li þ ljÞ − ΓðΔ → l̄i þ l̄jÞ

Γtot
Δ þ Γtot

Δ̄
; ð16Þ

¼ 1

4π
MN

P
jIm½μ2YiYjðYΔÞij�

TrðY†
ΔYΔÞM2

Δ þ jμ1j2 þ jμ2j2
log

�
1þM2

Δ
M2

N

�
;

ð17Þ

where, Γtot
Δ is the total decay width of Δ:

Γtot
Δ ¼

X
i;j

ΓðΔ → l̄il̄jÞ þ ΓðΔ → HHÞ þ ΓðΔ → ΦΦÞ;

ð18Þ

¼ MΔ

8π

�
TrðY†

ΔYΔÞ þ
jμ1j2 þ jμ2j2

M2
Δ

�
: ð19Þ

Similarly, the antitriplet decay Γtot
Δ̄ also contributes to the

total decay width in the denominator. It would be useful to
define the branching ratios Bl, BH, and BΦ at this stage,
representative of the Δ triplet decay to lepton and scalar
final states as:

Bl¼
X

i¼e;μ;τ

Bli ¼
X

i;j¼e;μ;τ

Blij
¼

X
i;j¼e;μ;τ

MΔ

8πΓTot
Δ

jðYΔÞijj2;

BH¼ jμ1j2
8πMΔΓTot

Δα

; BΦ¼ jμ2j2
8πMΔΓTot

Δα

; BlþBHþBΦ¼1:

ð20Þ

We notice now that among the various parameters
involved in the expression of flavored CP asymmetry ϵliΔ
in Eq. (17), YΔ is obtained from Eq. (10) while μ1 becomes
function of MΔ via Eq. (5) with the choice vΔ ¼ 1 eV.
Finally, to maximize the CP asymmetry, we fix Y to its
largest allowed value corresponding to a specific choice of
MN (and ΔM) from Fig. 1 so as to restrict the radiative
contribution negligible (keeping it below 10%) compared
to the type-II one toward light neutrino mass. Although
there is no direct correlation between CP asymmetry and
the mass splitting ΔM among IHD components, it can be
noted that ΔM being involved in restricting the maximum
value of Y for the type-II dominance of neutrino mass (see
Fig. 1), plays an important role here. Hence, ϵliΔ effectively
remains function of three independent parameters μ2;MΔ
andMN . It is interesting to note that in this case, there exists
a coupling μ2 in the CP asymmetry expression which does
not participate in the neutrino mass generation unlike
conventional type-(Iþ II) scenario where all the couplings
involved in CP asymmetry also take part in the neutrino
mass [32,33,37]. As a result, in the latter case (i.e., in type-
(Iþ II)) with type-II dominance, the relevant parameter
space is restricted leading toMΔ quite heavy. For example,
it was shown in [37], in the context of type-II-dominated
left-right seesaw model, that MΔ turns out to be 1012 GeV
or beyond. On the other hand, involvement of otherwise
free parameter μ2 may open up a relatively wider parameter
space in our case. Below we proceed to get some idea on
the CP asymmetry generation by scanning over the
parameters for our work.
Figure 4 shows the density contour plot for the absolute

value of individual components of CP asymmetry in the
MΔ − μ2 plane while keeping MN fixed at a specific value
5 × 1010 GeV. In producing these plots, we also consider
two specific choices of ΔM ¼ 10−3 GeV (top panel) and
ΔM ¼ 10−2 GeV (bottom panel). Benchmark points (BP)
[A] and [B] are used to specify the values of Yukawa
coupling Y for these mass splittings respectively (see
Fig. 1). For MΔ below 1011 GeV (though larger than
109 GeV), tau-Yukawa interaction comes to equilibrium
making the asymmetries along a (a coherent superposition

FIG. 3. The tree level and the vertex diagram required for the
generation of CP asymmetry.
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of e and μ lepton flavors) and τ flavor distinguishable. We

elaborate on it later. Hence in this region, we study ϵ
la;τ
Δ

separately in Fig. 4(a) and (b) respectively. In the plot, the
red (blue) region indicates the highest (lowest) absolute
value of CP asymmetry while the green and the yellow
regions indicate intermediate values of it. Maximum CP
asymmetry2 (the value of which is indicated in the top bar)
results around the central region. Comparing the top and
bottom panels of plots, we find that it is possible to generate
relatively larger CP asymmetry once we lower ΔM.

However, we cannot keep on lowering ΔM indefinitely
(ΔM below 100 keV is not feasible as we have discussed it
in the DM section).

B. Evolution of B−L asymmetry

With the above estimates of the CP asymmetries in
different flavor directions, we study here the evolution of
B − L asymmetry via Boltzmann equations. It naturally
involves all possible interactions with the thermal bath in
the early Universe. As we aim here to bring down the
leptogenesis scale (i.e., as low MΔ as possible) as stated
earlier, the situation becomes more involved. Below the

FIG. 4. Density contours of individual CP asymmetries in μ2 −MΔ plane for MN ¼ 5 × 1010 GeV. Top panel: Left plot (a) and right
plot (b) represent the density contours of jϵlaΔ j and jϵlτΔ j respectively with ΔM ¼ 10−3 GeV (using BP [A] from Fig. 1); Bottom panel: Left

plot (c) and right plot (d) correspond to density contours ofjϵlaΔ j and jϵlτ
Δ j respectively with ΔM ¼ 10−2 GeV (using BP [B] from Fig. 1).

2For the present analysis, it turns out Bl ≫ BΦ.
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energy scale MΔ ≲ 1012 GeV, particularly in the temper-
ature regime 109 GeV≲ T ≲ 1012 GeV, along with bottom
and charm quarks, tau Yukawa related interactions come to
thermal equilibrium because of which the quantum coher-
ence of lepton doublets is lost. As a result, in this regime,
two orthogonal directions denoted by i ¼ a (coherent
superposition of e and μ lepton flavors) and τ survive.
On the other hand, QCD instanton and EW sphaleron
reactions also reach equilibrium at this temperature range
making the baryon number as a nonconserved quantity,
though it conserves the individual B=3 − Li charges. So, an
appropriate study of the evolution of the lepton asymmetry
should be performed by knowing the evolution of the
B=3 − Li charges with i ¼ a and τ. Further below region of
105 GeV≲ T ≲ 109 GeV, strange quark and muon
Yukawa interactions achieve thermal equilibrium indicating
that the lepton doublets completely lose their quantum
coherence. Hence, lepton asymmetry becomes distinguish-
able along all three flavors e, μ, and τ. Below
T < 105 GeV, electron Yukawa reaches the equilibrium.
In order to study the evolution of the B − L asymmetry,

we need to employ a set of coupled Boltzmann equations
following the analysis of [35]. This set includes differential
equations for triplet density Σ ¼ Δþ Δ̄, triplet asymmetry
ΔΔ ¼ Δ − Δ̄, and B=3 − Li asymmetries considering fla-
vor effects as we have considered a specific hierarchy
MΔ < MN in our analysis. Assuming the triplet scalar was
at thermal equilibrium with plasma in the early Universe,
below are the specified interactions which have the poten-
tial to change its number density as well as produce or
washout the effective B − L charge asymmetry:

(i) Decay [Δ → l̄il̄j, Δ → HH and Δ → ΦΦ]
and inverse decay: The total decay rate density is
then represented by: γD ¼ γlD þ γHD þ γΦD, with

γD ¼ K1ðzÞ
K2ðzÞ n

Eq
Σ ΓTot

Δ , K1ðzÞ, K2ðzÞ are the modified

Bessel functions. Here nEqΣ is the equilibrium num-
ber density of ΣΔ and z is defined as MΔ=T.

(ii) Gauge induced scatterings ΔΔ ↔ ff, ΔΔ ↔ XX
(s-channel), ΔΔ ↔ GG (triplet mediated t,u-
channel, and four point vertex contributions),
where f stands for SM fermions, G are SM
Gauge bosons, X ¼ H;Φ. Altogether the reaction
densities are characterized by γA, where γA ¼
m4

Δ
64π4

R∞
xmin

dx
ffiffiffi
x

p K1ðz
ffiffi
x

p Þσ̂A
z , x ¼ s=M2

Δ (s is the center
of mass energy). Here σ̂A is the reduced cross
section inclusive of all gauge induced processes,
where σ̂ is related to the usual cross section σ
for a process ½1þ 2 → 3þ 4þ � � �� by: σ̂ ¼
8
s ½ðp1:p2Þ2 −m2

1m
2
2�σ with p1, p2 be the four

momentum of initial particles having mass m1, m2.
(iii) Lepton number (ΔL ¼ 2) and Lepton flavor violat-

ing s and t channel scatterings (mediated by the
triplet/anti-triplet): XX ↔ l̄il̄j, Xlj ↔ X̄l̄i having

reaction densities γXXlilj and γ
Xlj
Xli

respectively.

(iv) Lepton flavor violating triplet mediated s and t
channel scattering: ðlalb ↔ liljÞs, ðlalb ↔
liljÞt with reaction densities given by ðγlalblilj

Þs
and ðγlalblilj

Þt.
Keeping in mind the above discussion, the following

Boltzmann equations are constructed,

sHz
dYΣ

dz
¼ −

�
YΣ

YEq
Σ

− 1

�
γD − 2

��
YΣ

YEq
Σ

�
2

− 1

�
γA; ð21Þ

sHz
dYΔΔ

dz
¼ −

�
YΔΔ

YEq
Σ

−
X
k

�X
i

BliC
l
ik − BHCH

k

�
YXk

YEq
l

�
γD;

ð22Þ

sHz
dYΔB=3−Li

dz
¼ −

�
YΣ

YEq
Σ

− 1

�
ϵliΔ γD þ 2

X
j

�
YΔΔ

YEq
Σ

−
1

2

X
k

Cl
ijk

YXk

YEq
l

�
BlijγD

−
X
j;k

�
2

�
CH
k þ 1

2
Cl
ijk

�
ðγHH

lilj
þ γ

Hlj
Hli

Þ þ Cl
ijkðγΦΦ

lilj
þ γ

Φlj
Φli

Þ
�
YXk

YEq
l

−
X
j;a;b;k

Cl
ijabkððγlalblilj

Þs þ ðγlalblilj
ÞtÞ

YXk

YEq
l

; ð23Þ

where YΔX
is defined as the ratio between particle and

antiparticle number densities difference to entropy:
YΔX

¼ ðnX − nX̄Þ=s, where nXðnX̄Þ is number density of
a particular species XðX̄Þ.
Depending on the temperature range, the index i in the

right-hand side (rhs) of Eq. (23) will run differently, e.g.,

for 109 GeV≲ T ≲ 1012 GeV, i ¼ a, τ as done in Fig. 4,
while for T < 109 GeV, i ¼ e, μ, τ need to be included.
The generated asymmetry in number densities involving
leptons of a specific flavor YΔli as well as that of the Higgs
(originated from the inverse decay and subtraction of the
on-shell contribution for ΔL ¼ 2 processes) can be related
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to the fundamental asymmetries ΔΔ and ΔB=3−Li
with the

help of the equilibrium conditions applicable. The corre-
sponding conversion factors3 are defined in terms of Cl and
CH matrices as below [35,61]:

YΔli
¼ −

X
k

Cl
ikYXk

and YΔH
¼ −

X
k

CH
k YXk

; ð24Þ

where YXk
are the elements4 of YT

X ¼ ðYΔΔ
; YΔB=3−Lk

Þ and

Cl
ijk and Cl

ijabk are given by:

Cl
ijk ¼ Cl

ik þ Cl
jk; Cl

ijabk ¼ Cl
ik þ Cl

jk − Cl
ak − Cl

bk:

ð25Þ

Then the final lepton asymmetry is converted to baryon
asymmetry via sphaleron processes as given by:

YΔB ¼ 3 ×
12

37

X
i

YΔB=3−Li
; ð26Þ

where the factor 3 is due to the degrees of freedoms
associated to the SUð2ÞL scalar triplet.

C. Results

In order to explore the parameter space of our model so
as to produce the observed baryon asymmetry YΔB

¼
ð8.718� 0.012Þ × 10−11 [85,86], first we choose a specific
value of MN ¼ 5 × 1010 GeV. Then based on our previous
discussion we infer that lepton asymmetry with 109 GeV <
MΔ < MN will be produced along two orthogonal direc-
tions, i.e., a and τ while below 109 GeV, all three flavor

directions have to be taken into account. With the help of
chemical equilibrium constraint equations (coming from
relevant Yukawa and EW sphaleron related reactions that
are in equilibrium) as well as other constraints such as
hypercharge conservation (applicable in this energy range)
lead to the following structure of Cl and CH matrices (for
109 GeV < MΔ < MN) [35,61]:

Cl ¼ 1

718

�−12 307 −36
78 −21 234

�
;

CH ¼ 1

359
ð 258 41 56 Þ: ð27Þ

For MΔ below 109 GeV, Cl and CH become 3 × 4 and
1 × 4 matrices.
Using the input on the flavored CP asymmetries along a

and τ directions from Fig. 4, obtained as a function of μ2
and MΔ for a specific ΔM value, we employ the set of
Boltzmann equations (21)–(23) while ignoring the last two

FIG. 5. Contour plots for final baryon asymmetry (YΔB
¼ ð8.718� 0.012Þ × 10−11) in μ2 −MΔ plane. Left panel: MN ¼ 5 ×

1010 GeVwhileΔM ¼ 10−3 GeV (light blue) andΔM ¼ 10−2 GeV (magenta), Right panel:MN ¼ 5 × 1012 GeVwhileΔM ¼ 1 GeV
(light green) and ΔM ¼ 2 GeV (blue).

FIG. 6. Contour plots for final baryon asymmetry
(YΔB

¼ ð8.718� 0.012Þ × 10−11) in μ2 −MΔ plane for ΔM ¼
10−4 while MN ¼ 1010 GeV (blue), MN ¼ 5 × 109 GeV (green)
and MN ¼ 109 GeV (red).

3We simplify the situation by considering the chemical
potential of the Φ field to be zero and hence corresponding
CΦ does not appear.

4Here we take YΔΔ
≡ YΔΔ0

¼ YΔΔþ ¼ YΔΔþþ and YΔH
≡

YΔH0
¼ YΔHþ .
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terms of Eq. (23) to draw a contour plot for the correct final
baryon asymmetry [via Eq. (26)] as shown in Fig. 5. The
two contour plots, one in magenta and other in light blue
patches, correspond to ΔM ¼ 10−2 GeV and 10−3 GeV
respectively. We therefore infer that the triplet can be as
light as ∼109 GeV, contrary to the type-(Iþ II) case, which
can successfully generate the required amount of baryon
asymmetry, thanks to the flexibility involved due to the
presence of parameter μ2.
We also notice that with the increase in ΔM value, the

baryon asymmetry satisfying contour gets shifted toward
heavier mass range of the triplet. This observation is
interesting as it is correlated to the DM phenomenology.
We recall that even though a smaller ΔM is not in conflict
with the relic contribution to DM (in fact a relic satisfaction
requires ΔM below Oð1Þ GeV), it is actually restricted
from below by the inelastic scattering of DM direct
searches (ΔM ≳ 10−4 GeV). On the other hand, the upper
bound on ΔM follows from the relic density satisfaction by
the DM as can be seen from the Fig. 2. We find that with
ΔM ¼ 1 GeV (light green), MΔ can be as low as
5 × 1011 GeV, while a further increase in ΔM such as
2 GeV (blue)5 pushes the lightest possible MΔ value to 9 ×
1011 GeV (while maintainingMΔ < MN) [see Fig. 5(b)]. As
a result, we canwork in the two flavor regime of leptogenesis
with such ΔM values. A further increase in ΔM will take us
to unflavored regime of leptogenesis. However, we refrain
from considering a further larger values of ΔM mainly
because in that case, the relic density of the DM becomes
underabundant. In Fig. 6, a similar contour plots are
presented, but for fixed ΔM ¼ 10−4 GeV with different

MN values. As can be seen, the allowed mass of the triplet
comes down to an even lower mass close to 108 GeV. It is
perhaps pertinent here to mention that our entire parameter
space corresponds to the Yukawa regime [34,35] where the
Yukawa induced inverse decay processes (characterized by
BlijγD) play an important role and hence flavor effects
become crucial.
Hereafter, to show explicitly the various contributions of

flavor in the evolution of YΔB=3−Li
(i ¼ a, τ), we pick up the

lowest possible values of MΔ and corresponding μ2 (for a
fixed value of ΔM ¼ 10−2 GeV andMN ¼ 5 × 1010 GeV)
from Fig. 5(a). Then in Fig. 7(a), we show the evolution of
number density to entropy ratio (Y ¼ n=s) for individual
component of lepton asymmetries as well as the total
baryon asymmetry with respect to z ¼ MΔ=T. While
plotting, we have assumed that initially ΔðΔ̄Þ were in
equilibrium so ΔΔ ¼ 0 and there were no lepton asymme-
try. While the dark blue curve shows the evolution of Σ,
abundances of B=3 − Li asymmetries along individual
flavor directions are shown in purple (a direction) and
violet (τ direction) dashed lines. The orange line stands for
the evolution of the baryon asymmetry which asymptoti-
cally merges with the black dashed horizontal line indica-
tive of the correct baryon asymmetry of the Universe.6 Note

FIG. 7. Left panel (a) depicts the evolution of the comoving number density of individual components of lepton asymmetry together
with the overall baryon asymmetry for MΔ ¼ 8.02 × 109 GeV and μ2 ¼ 1.14 × 107 GeV. Right panel (b) displays the same but for
MΔ ¼ 2.01 × 109 GeV and μ2 ¼ 1.48 × 106 GeV. Evolution of comoving number density of Σ, ΔΔ are also shown on both the plots.
The values of MΔ and μ2 are obtained from the lowest allowed points of Fig. 5(a) (indicated by filled star).

5With such mass splitting, the DM having mass mH0 ¼
535 GeV can constitute ∼83% of the observed relic abundance.

6In a recent work [31], authors have shown the importance of
incorporating density matrix formalism to evaluate the baryon
asymmetry for triplet leptogenesis, even beyond T ≳ 1012 GeV.
In this formalism, diagonal entries of the density matrix indicate
asymmetry along each lepton flavor direction while off-diagonal
entries represent quantum correlations between different flavors.
Though this is the most general approach, we have found that
inclusion of the off-diagonal entries can only change the final
result by 20% or less (corresponding to the values of parameters
involved in producing the plots of Fig. 7) and hence neglected
here.
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that the dark blue curve starts to fall around z ¼ 1 due to the
out of equilibrium decay of the triplet(anti-triplet) to
different channels which in turn is reflected in the increase
of lepton asymmetry (purple and violet-dashed lines).
Around z ¼ 5, the number density of the lepton asymmetry
(in all directions) starts to saturate. The red curve shows the
evolution of asymmetry generated in Δ and Δ̄ particles.
Next in Fig. 7(b), the similar evolution of flavors (i ¼ a, τ)
becomes prominent once we choose the lowest possible
value of MΔ corresponding to ΔM ¼ 10−3 GeV from
Fig. 5(a).
Finally, we elaborate on how the mass-splitting ΔM

intervenes in different parts of the present work. Obviously,
ΔM has its most important role in DM phenomenology. As
shown in Fig. 2, a value of ΔM ∼Oð1Þ GeV or less is
appropriate for having DM relic satisfaction having mass
below TeV. Such a value therefore serves as the upper limit
ofΔM while it is bounded from below by ∼10−4 GeV from
the constraint on inelastic scattering amplitude of DM with
detector nuclei. Turning into the neutrino part, we notice
from Fig. 1 that in order to maintain the type-II dominance
toward the neutrino mass, the maximum allowed value of
neutrino Yukawa coupling Y has to be reduced with the
increase of ΔM for a specific choice of RHN massMN . On
the other hand, a larger Y (and hence smaller ΔM) is
favored from the point of view of enhancing the CP
asymmetry with a specific MN . Therefore a judicious
choice has to be made for choosing ΔM which not only
be responsible for type-II dominance but also remains small
enough so as to allow sufficient CP asymmetry. Such a
choice has to be further guided by its upper (∼Oð1Þ GeV)
and lower (10−4 GeV) limits. With this entire viable range
of ΔM, masses of the RHNs are found to be in the
regime ∼10ð9−12Þ GeV.

VI. CONCLUSION

In this work, we present a simple extension of the basic
type-II seesaw (i.e., with one SUð2ÞL triplet in addition to

SM) scenario including an additional RHN and one IHD,
which can accommodate neutrino mass, dark matter as well
as capable of explaining the baryon asymmetry of the
Universe via leptogenesis mechanism. The interesting part
of the study is the involvement of the DM multiplet, along
with the RHN, in the vertex correction of the triplet’s decay
to two leptons which can successfully produce the required
amount of CP asymmetry in order to address the baryon
asymmetry of the Universe. Although the decay of RHN
can also produce lepton asymmetry in the present setup, we
assume a specific mass hierarchy MΔ < MN and hence the
asymmetry generated by the decay of the triplet is the
effective one. We incorporate the flavor effects in this triplet
leptogenesis study as we aim to lower the triplet mass as
much as possible in view of its accessibility at the collider.
We find it is possible to generate sufficient lepton asym-
metry with MΔ as low as ∼108 GeV.
Turning to the neutrino side, where the dominant con-

tribution to the light neutrino mass follows from the tiny vev
of the triplet, there exists a radiative contribution too which
we restrict to be negligible by choosing the associated
Yukawa to be small enough. This consideration is related
to the mass splitting involved in the IHD which plays a
twofold role here. First, the IHD as a DM results with a
specific range of this mass splitting (10−4 −Oð1Þ GeV).
Second, a smaller mass splitting (hence a larger neutrino
Yukawa) turns out to be preferable for generating sufficient
CP asymmetry in this flavored leptogenesis framework.
Since the lower limit of ΔM is somewhat governed by the
inelastic direct detection bound, in a way it restricts the mass
of the triplet within a certain range.
On the other hand, due to the involvement of particles

like Δ�, Δ��, H�, and NR, the present setup is also
subjected to the constraints coming from the lepton flavor
violating decays like μ → eγ. Keeping this in our mind, we
calculate the Brðμ → eγÞ and found it to be many orders of
magnitude smaller than that of the present upper bound on
it (< 4.2 × 10−13 at 90% CL [87]).
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