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We study the possibility of realizing leptogenesis from three body decay, dark matter (DM) and neutrino
mass in a minimal framework. We propose a first of its kind model to implement the idea of leptogenesis
from three body decay where CP asymmetry arises from interference of multiple 1 → 3 diagrams using
resummed propagators along with DM. The standard model is extended by three heavy singlet fermions,
one scalar singlet, and one scalar doublet with appropriate discrete charges. Two of these singlet fermions
not only play nontrivial roles in generating light neutrino mass at radiative level in scotogenic fashion, but
also act as mediators in three body decay of the third singlet fermion leading to desired CP asymmetry
through interference of such diagrams. With just one additional field compared to the minimal scotogenic
model, we show that successful leptogenesis can occur at a scale as low as approximately 1 TeV which is
much lower than the leptogenesis scale found for minimal scotogenic model. Also, the realization of this
three body decay leptogenesis naturally leads to a two component scalar singlet-doublet dark matter
scenario offering a rich phenomenology. Apart from having interesting interplay of different couplings
involved in processes related to both leptogenesis and dark matter, the model can also be tested at different
experiments due to the existence of its particle spectrum at TeV scale.
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I. INTRODUCTION

The observed asymmetry between matter and antimatter
in the present universe has been a longstanding puzzle in
particle physics and cosmology. The excess of baryon over
antibaryons is so huge that almost all the visible matter in
the universe is in the form of baryons only. It is often
quantified in terms of baryon to photon ratio, which,
according to Planck 2018 data [1,2] is

ηB ¼ nB − nB̄
nγ

¼ 6.1 × 10−10: ð1Þ

This excess derived from the measurements of cosmic
microwave background (CMB) anisotropies matches very
well with the predictions of big bang nucleosynthesis
(BBN). The observed excess gives rise to a puzzle because
we expect the universe to be started in a baryon symmetric
manner. Even if we start with an initial asymmetry, the
cosmic inflationary phase will make it negligible in latter

epochs of the universe. A baryon symmetric universe can
evolve into an asymmetric one dynamically if certain
conditions, known as Sakharov’s conditions [3] are sat-
isfied. They are namely, (1) baryon number (B) violation,
(2) C and CP violation and (3) departure from thermal
equilibrium. While all these criteria can be satisfied, in
principle, in the standard model (SM) of particle physics
and an expanding Friedman-Lemaitre-Robertson-Walker
(FLRW) universe, it falls way short of the required amount
to produce the huge asymmetry. This has led to different
beyond standard model (BSM) proposals out of which the
most popular scenario is to consider the existence of some
heavy particles whose out-of-equilibrium and B, C, CP
violating decays can produce the baryon asymmetry of the
universe (BAU) [4,5]. Instead of generating baryon asym-
metry directly, one can generate an asymmetry in the
leptonic sector first through similar lepton number (L)
violating decays which can later be converted into the
observed baryon asymmetry through (Bþ L)-violating EW
sphaleron transitions [6]. First proposed by Fukugita and
Yanagida more than thirty years back [7], this alternate way
has come to be known as leptogenesis, a review of which
can be found in [8]. An interesting feature of this scenario is
that the required lepton asymmetry can be generated
through CP violating out-of-equilibrium decays of the
same heavy fields that take part in the seesaw mechanism
[9–14] that explains the origin of tiny neutrino masses [1],
another observed phenomenon the SM fails to address.
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While the asymmetric nature of visible matter has been a
longstanding puzzle, another feature of the overall matter
component of the present universe adds more to this puzzle.
It turns out that only approximately 20% of the present
universe’s matter density is composed of baryons or visible
matter while the rest comes from a mysterious, nonlumi-
nous, nonbaryonic form of matter, popularly known as dark
matter (DM). This is strongly supported by both astro-
physical and cosmological observations [1,2,15–17].
Similar to the baryon asymmetry, DM abundance is also
quantified in terms of a dimensionless quantity as [2]:
ΩDMh2 ¼ 0.120� 0.001 at 68% confidence level (CL).
Here ΩDM ¼ ρDM=ρcritical is the density parameter of
DM and h ¼ Hubble Parameter=ð100 km s−1 Mpc−1Þ is
a dimensionless parameter of order unity. ρcritical ¼
3H2=ð8πGÞ is the critical density while H is the Hubble
parameter. Since none of the SM particles can satisfy the
criteria for being a DM candidate, several BSM proposals
have been put forward out of which the weakly interacting
massive particle (WIMP) is the most widely studied one
[18,19]. In the WIMP framework, a DM particle having
mass around the electroweak scale and interactions similar
to the weak interactions gets thermally produced in the
early universe, followed by its decoupling from the thermal
bath leading to a freeze-out abundance remarkably close to
the observed DM abundance. This coincidence is often
referred to as the WIMP miracle.
Motivated by the above two phenomena and neutrino

mass which SM fails to explain, we consider a scenario
where all three phenomena can be explained in a unified
manner. One popular scenario, which can accommodate all
these three phenomena is the scotogenic framework pro-
posed by Ma in 2006 [20]. In the minimal version of this
framework, the SM is extended by two or three copies of Z2

odd fermions singlet under SM gauge symmetries, and an
additional scalar field similar to the Higgs doublet of the
SM, but odd under the unbroken Z2 symmetry. The salient
feature of this framework is the way it connects the origin
of light neutrino masses and DM. The unbroken Z2

symmetry leads to a stable DM candidate while the Z2

odd particles generate light neutrino masses at one loop
level. Apart from this, the out-of-equilibrium decay of the
heavy singlet fermions can also lead to successful lepto-
genesis at a scale as low as 10 TeV. Such low scale
leptogenesis with hierarchical right handed neutrinos has
been discussed by several authors [21–28] while quaside-
generate right handed neutrino scenario was discussed
in earlier works [29,30]. For hierarchical right handed
neutrinos, such a low scale leptogenesis is a significant
improvement over the usual Davidson-Ibarra bound
M1 > 109 GeV for vanilla leptogenesis in type I seesaw
framework [31].
In this work, we consider the possibility of lowering

the scale of leptogenesis further (compared to the ones
obtained in previous works) via decay heavy singlet

fermions into three different particles including one SM
lepton. While leptogenesis from three body decay was
covered in earlier works [32–35], a different way of
achieving the same was also discussed in different contexts
by the authors of [36–40]. These works either considered
soft leptogenesis in a supersymmetric framework or lepto-
genesis due to CP asymmetry arising from interference of
from multiple 2 → 2 or 1 → nðn ≥ 3Þ diagrams with
resummed propagators. While a concrete model to realize
leptogenesis from such 2 → 2 processes along with dark
matter was proposed in [36], there has been no concrete
model yet, as far as we are aware of, to realize leptogenesis
from three body decay where nonzero CP asymmetry
arises due to interference of multiple 1 → 3 decay diagrams
with resummed propagators together with dark matter. Here
we try to implement this idea in a minimal extension of the
scotogenic model to achieve successful leptogenesis at a
low scale. Such an extension is required as in the minimal
scotogenic model we can not have nonzero CP asymmetry
from three body decay of right handed neutrinos. We show
that successful leptogenesis can be achieved at a scale as
low as 2 TeV in this scenario, which gets lowered to even
below 1 TeVafter including the lepton flavor effects. While,
the usual two body decay of right handed neutrinos in the
scotogenic model can also contribute to lepton asymmetry,
we show that the contribution from three body decay
dominates in the low mass regime. While building such
a setup, we also find that the model naturally predicts a two
component dark matter scenario. We discuss interplay of
different couplings involved in leptogenesis as well dark
matter and show the consistency between the possibility of
low scale leptogenesis and correct DM relic density in
agreement with all experimental constraints including light
neutrino masses and mixing.
This paper is organized as follows. In Sec. II, we discuss

our model in details followed by discussion of leptogenesis
and dark matter in Secs. III and IV respectively. We discuss
our results in Sec. V and conclude in Sec. VI.

II. THE MODEL

We briefly discuss our model in this section. We stick to
a minimal setup required to obtain the desired phenom-
enology. The SM particle content is extended by three
singlet chiral fermions N1;2;ψ and two scalar fields η, S
which transform nontrivially under the additional Z2 × Z0

2

symmetry of the model. This additional discrete symmetry
is chosen to remove the unwanted terms so that the desired
leptogenesis and dark matter phenomenology can be
ensured. UV completion of our model can explain the
origin of such discrete gauge symmetries from spontaneous
breaking of gauge symmetries at high energy scale, for
example see [41–46] and references therein. As we discuss
in details below, with the addition of one extra field
compared to the minimal scotogenic model [20], we can
achieve much richer phenomenology with a new way of
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generating lepton asymmetry at a scale, lower compared to
the one obtained in minimal scotogenic model [24–28].
The particle content of the model is shown in Table I

along with their transformations under the symmetries of
the model. The Yukawa Lagrangian can be written as

L¼−YuQL H̃uR−YdQLHdR−YelLHlR−hiαðl̄LÞiη̃Nα

−
1

2
MαNc

αNα−yαψNαS−
1

2
mψψ

cψ ð2Þ

The scalar potential is given by

V ¼ μ2HH
†H þ μ2ηη

†ηþ 1

2
m2S2 þ λ1

2
ðH†HÞ2 þ λ2

2
ðη†ηÞ2

þ 1

2
λSS4 þ λ3ðH†HÞðη†ηÞ þ λ4ðH†ηÞðη†HÞ

þ λ5
2
½ðH†ηÞðH†ηÞ þ ðη†HÞðη†HÞ�

þ λ6
2
ðH†HÞS2 þ λ7ðη†ηÞS2: ð3Þ

After the electroweak symmetry breaking (EWSB), the two
scalar doublets of the model can be written in the following
form in the unitary gauge:

H ¼
�

0

vþhffiffi
2

p

�
; η ¼

� η�
ηRþiηIffiffi

2
p

�
; ð4Þ

where h is the SM-like Higgs boson, ηR, ηI are the CP-even
and CP-odd neutral scalars respectively, while η� are the
charged scalars from the additional scalar doublet η. The
vacuum expectation value (VEV) of the SM Higgs is
denoted by v while the other two scalars do not acquire
any VEVs so that the Z2 × Z0

2 symmetry of the model
remains unbroken.
The masses of the physical scalars at tree level can be

written as

m2
h ¼ λ1v2; m2

S¼m2þλ6
v2

2
; m2

η� ¼ μ2ηþ
1

2
λ3v2

m2
ηR ¼ μ2ηþ

1

2
ðλ3þλ4þλ5Þv2¼m2

η� þ
1

2
ðλ4þλ5Þv2;

m2
ηI ¼ μ2ηþ

1

2
ðλ3þλ4−λ5Þv2¼m2

η� þ
1

2
ðλ4−λ5Þv2: ð5Þ

Without any loss of generality, we consider λ5 < 0 so that
the CP-even scalar is lighter than the CP-odd one. Thus ηR
is the lightest component of the scalar doublet η and also
lighter than the singlet fermions N1;2. Similarly the singlet
scalar S is chosen to be lighter than ψ . This ensures ηR; S to
be the lightest Z2-odd and Z0

2-odd particles respectively and
hence viable dark matter candidates of the model.
As can be seen from the Yukawa Lagrangian in Eq. (2),

there is no tree level contribution to light neutrino masses,
simply because they couple to the heavy neutrinos Ni only
via the second scalar doublet η which does not acquire any
VEV. However, light neutrino masses can arise at radiative
level as originally proposed in the context of minimal
scotogenic model [20]. In our setup, the additional scalar
doublet η and the singlet fermions N1;2 will go inside the
loop which generates the light neutrino masses, the
expression for which can be evaluated as [20,47]

ðMνÞij¼
X
k

hikhjkMk

32π2

�
m2

ηR

m2
ηR −M2

α
ln
m2

ηR

M2
k

−
m2

ηI

m2
ηI −M2

k

ln
m2

ηI

M2
k

�

≡X
k

hikhjkMk

32π2
½Lkðm2

ηRÞ−Lkðm2
ηIÞ�; ð6Þ

whereMk is the mass eigenvalue of the mass eigenstate Nk
in the internal line and the indices i, j ¼ 1, 2, 3 run over the
three neutrino generations and k ¼ 1, 2 takes into account
of two Nα. The loop function Lkðm2Þ is defined as

Lkðm2Þ ¼ m2

m2 −M2
k

ln
m2

M2
k

: ð7Þ

From the expressions for physical scalar masses given in
Eqs. (5), we can write m2

ηR −m2
ηI ¼ λ5v2. Therefore, in the

limit λ5 → 0, the neutral components of inert doublet η
become mass degenerate. Also, a vanishing λ5 implies
vanishing light neutrino masses which is expected as the λ5-
term in the scalar potential (3) breaks lepton number by two
units, when considered together with the fermion Yukawa
Lagrangian (2). As we will see later, this parameter also
plays crucial role in both leptogenesis and DM phenom-
enology. It should also be noted that the Yukawa coupling
hik is a 3 × 2 matrix in flavor basis due to the existence of
only two right handed neutrinos appearing in light neutrino
mass. This predicts a vanishing lightest neutrino mass.
In order to ensure that the choice of Yukawa couplings

as well as other parameters involved in light neutrino
mass formula discussed above are consistent with the

TABLE I. Particle content of the model.

Particles SUð3Þc × SUð2ÞL × Uð1ÞY Z2 Z0
2

QL ð3; 2; 1
6
Þ 1 1

uR ð3; 1; 2
3
Þ 1 1

dR ð3; 1;− 1
3
Þ 1 1

lL ð1; 2;− 1
2
Þ 1 1

lR (1, 1, −1) 1 1
N1;2 (1, 1, 0) −1 1

ψ (1, 1, 0) −1 −1
H ð1; 2; 1

2
Þ 1 1

η ð1; 2; 1
2
Þ −1 1

S (1, 1, 0) 1 −1
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cosmological upper bound on the sum of neutrino masses,P
i mi ≤ 0.11 eV [2], as well as the neutrino oscillation

data [48,49], it is often useful to rewrite the neutrino mass
formula given in Eqs. (6) in a form similar to the well
known the type-I seesaw formula:

Mν ¼ hΛ−1hT; ð8Þ

where we have introduced the diagonal matrix Λ with
elements

Λα ¼
2π2

λ5
ζα

2Mα

v2
; ð9Þ

and ζα ¼
�

M2
α

8ðm2
ηR −m2

ηIÞ
½Lαðm2

ηRÞ−Lαðm2
ηIÞ�

�−1
: ð10Þ

The light neutrino mass matrix (8) which is complex
symmetric by virtue of Majorana nature, can be diagon-
alized by the usual Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) mixing matrix U (in the diagonal charged lepton
basis), written in terms of neutrino oscillation data (up to
the Majorana phases) as

U ¼

0
B@

c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

1
CAUMaj ð11Þ

where cij ¼ cos θij, sij ¼ sin θij and δ is the leptonic Dirac
CP phase. The diagonal matrix UMaj ¼ diagð1; eiα; eiðζþδÞÞ
contains the undetermined Majorana CP phases α, ζ. The
diagonal light neutrino mass matrix is therefore,

Dν ¼ U†MνU� ¼ diagðm1; m2; m3Þ: ð12Þ

where the light neutrino masses can follow either normal
ordering (NO) or inverted ordering (IO). As mentioned
earlier, the model predicts a vanishing lightest neutrino
mass implying m1 ¼ 0 (NO) and m3 ¼ 0 (IO). Since the
inputs from neutrino oscillation data are only in terms of the
two mass squared differences and three mixing angles, it
would be useful for our purpose to express the Yukawa
couplings (h) in terms of light neutrino parameters. This is
possible through the Casas-Ibarra (CI) parametrization [50]
extended to radiative seesaw model [51] which allows us to
write the Yukawa coupling matrix satisfying the neutrino
data as

hiα ¼ ðUD1=2
ν R†Λ1=2Þiα; ð13Þ

where R is an arbitrary complex orthogonal matrix satisfy-
ing RRT ¼ ⊮. It is worth mentioning that, since we have
only two right handed neutrinos N1;2 taking part in
generating radiative light neutrino masses, the lightest
neutrino mass is vanishing. Also, in case of only two right
handed neutrinos, the R matrix is a function of only one
complex rotation parameter z ¼ zR þ izI; zR ∈ ½0; 2π�;
zI ∈ R [52] which can affect the results of leptogenesis
as we discuss below.

A. Constraints on model parameters

Precision measurements at LEP experiment forbids
additional decay channels of the SM gauge bosons. For
example, it strongly constrains the decay channel Z → ηRηI
requiring mηR þmηI > mZ. Additionally, LEP precision
data also rule out the region mηR < 80GeV, mηI <
100 GeV, mηI −mηR > 8 GeV [53]. We take the lower
bound on charged scalar mass mη� > 90 GeV. If mηR;ηI <
mh=2, the large hadron collider (LHC) bound on invisible
Higgs decay comes into play. The constraint on the Higgs
invisible decay branching fraction from the ATLAS experi-
ment at LHC is [54]

Bðh→ InvisibleÞ¼ Γðh→ InvisibleÞ
Γðh→ SMÞþΓðh→ InvisibleÞ≤ 26%

ð14Þ

while the recent ATLAS announcement [55] puts a more
stringent constraint at 13%. This can constrain the SM
Higgs coupling with ηR, ηI , S namely λ3 þ λ4 � λ5, λ6
respectively to be smaller than around 10−3 in the regime
mηR , mηI , mS < mh=2 which however remains weaker than
DM direct detection bounds in this mass regime (see for
example, [56]).
Additionally, the LHC experiment can also put bounds

on the scalar masses in the model, specially the components
of scalar doublet η as they can be pair produced copiously
in proton collisions leading to different final states which
are being searched for. Depending upon the mass spectrum
of its components, the heavier ones can decay into the
lighter ones and a gauge boson, which finally decays into a
pair of leptons or quarks. Therefore, we can have either
pure leptonic final states plus missing transverse energy

BORAH, DASGUPTA, and MAHANTA PHYS. REV. D 105, 015015 (2022)

015015-4



(MET), hadronic final states plus METor a mixture of both.
The MET corresponds to DM or light neutrinos. In several
earlier works [57–59], the possibility of opposite sign
dileptons plus MET was discussed. In [60], the possibility
of dijet plus MET was investigated with the finding that
inert scalar masses up to 400 GeV can be probed at high
luminosity LHC. In another work [61], trilepton plus MET
final states was also discussed whereas monojet signatures
have been studied by the authors of [62,63]. The enhance-
ment in dilepton plus MET signal in the presence of

additional vectorlike singlet charged leptons was also
discussed in [64]. Exotic signatures like displaced vertex
and disappearing or long-lived charged track for com-
pressed mass spectrum of inert scalars and singlet fermion
DM was studied recently by the authors of [65].
In addition to the collider or direct search constraints,

there exists theoretical constraints also. For instance, the
scalar potential of the model should be bounded from
below in any field direction. This criteria leads to the
following copositivity conditions [66–68]:

λ1;2;S ≥ 0; λ3 þ
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
≥ 0;

λ3 þ λ4 − jλ3j þ
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
≥ 0; λ6 þ 2

ffiffiffiffiffiffiffiffiffi
λ1λS

p
≥ 0;

ffiffiffiffiffiffiffiffiffiffiffiffiffi
λ1λ2λS

p
þ 2

�
λ3

ffiffiffiffiffi
λS

p
þ λ7

ffiffiffiffiffi
λ1

p
þ λ6

2

ffiffiffiffiffi
λ2

p �
þ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

�
λ3 þ

1

2

ffiffiffiffiffiffiffiffiffi
λ1λ2

p �
ðλ6 þ

ffiffiffiffiffiffiffiffiffi
λ1λS

p
Þ
�
λ7 þ

1

2

ffiffiffiffiffiffiffiffiffi
λ2λ6

p �s
≥ 0: ð15Þ

The coupling constants appeared in above expressions are
evaluated at the electroweak scale, v. Also, in order to avoid
perturbative breakdown, all dimensionless couplings like
quartic couplings ðλi; λSÞ, Yukawa couplings ðYij; hiα; yiÞ,
gauge couplings ðgiÞ should obey the perturbativity
conditions:

jλ1;2;3;4;5;6;7j < 4π; jλSj < 4π;

jYu;d;e; hij; y1;2j <
ffiffiffiffiffiffi
4π

p
; jgs; g; g0j <

ffiffiffiffiffiffi
4π

p
ð16Þ

III. LEPTOGENESIS

In this section, we discuss the details of a new way of
generating lepton asymmetry at low scale in our model.
Note that, similar to the minimal scotogenic model, here
also there are two different ways of generating lepton
asymmetry: out of equilibrium decay of the Ni [21–30] or
annihilation/scattering of dark sector particles [69,70]. In
[21,22], the authors considered a hierarchical right handed
neutrino spectrum to show that successful leptogenesis
from two body decay can occur at a scale as low as a few
tens of TeV. Leptogenesis with quasidegenerate right
handed neutrinos in scotogenic model was discussed in
[29,30]. In more recent works [24,25], successful lepto-
genesis was shown to be possible at a scale as low as
10 TeVeven with hierarchical right handed neutrinos while
requiring to be in a weak washout regime predicting a
vanishingly small lightest neutrino mass. If leptogenesis
occurs only from two heavy neutrinos, then the scale of
leptogenesis is pushed above the TeV scale by a few order
of magnitudes [26]. This will correspond to our scenario if
we do not have ψ , S in our model. To summarize, it has
been shown in the above mentioned works that the scale of
leptogenesis in scotogenic model can be as low as a few
TeV without requiring any resonance enhancement arising

due to tiny mass splitting of right handed neutrinos. This
significant improvement over the usual Davidson-Ibarra
bound on the scale of leptogenesis MN > 109 GeV for
vanilla leptogenesis in type I seesaw framework [31] makes
the scotogenic model a very attractive and testable frame-
work for leptogenesis. We also note that high scale lepto-
genesis in scotogenic model was also studied recently by
the authors of [71].
In addition to the usual 1 → 2 decay or 2 → 2 annihi-

lations as sources of lepton asymmetry, we can also have
1 → 3 decay in our model. Such three body decay as a
source of lepton asymmetry was discussed earlier by
several authors [32–35] in the different contexts like
radiative seesaw models, R parity violating supersymmetry
and so on. Our present work is motivated two features
namely, (i) dark matter particles assist in such three body
decay processes and (ii) nonzero lepton asymmetry can be
generated due to interference of three body decay diagrams
with two different resummed propagators. We show that for
our chosen regime of parameter space, such three body
decay leptogenesis can be dominant over other possible
sources of leptogenesis and the scale of leptogenesis can be
lower than what was found by considering two body decay
or annihilation processes discussed in earlier works.
In our model, we consider the three body decay of singlet

fermion ψ as the origin of CP asymmetry through the
process shown in Fig. 1.1 To prevent the two body decay
of ψ into Ni; S we impose the kinematical constraint
mψ < Mα þmS. The relevant decay processes that can
generate Lepton asymmetry are ψ → Slη and N1 → ηl.

1In the absence of this process, the source of leptogenesis will
be from decay of N1;2 only and it was shown earlier that in such
two right handed neutrino limit of scotogenic model, the scale of
leptogenesis is pushed toward the higher side [26].

DARK SECTOR ASSISTED LOW SCALE LEPTOGENESIS FROM … PHYS. REV. D 105, 015015 (2022)

015015-5



Although N2 decay can also generate lepton asymmetry in
principle, we consider the asymmetry generated by N2

decay or any pre-existing asymmetry to be negligible due to
strong washout effects mediated either by N1 or N2

themselves, to be discussed below. The corresponding
CP asymmetry parameters are defined as

ϵψ ¼
Γψ→Sliη−Γψ→Sl̄iη�

Γψ→SliηþΓψ→Sl̄iη�
; ϵðN1Þi ¼

ΓN1→liη−ΓN1→l̄iη�

ΓN1→liηþΓN1→l̄iη�
ð17Þ

The details of these CP asymmetry parameters are given in
the Appendix A and B, respectively. Appendix A contains
the details of one-loop calculation for resummed propaga-
tor in such three body decay, together with the usual tree
plus one-loop level interference, giving rise to the same
results. In the unflavored regime, we sum over lepton
flavors i to obtain the net CP symmetries ϵψ , ϵN1

which will
be used in the Boltzmann equations. Since we are consid-
ering sum over all lepton flavors, we are not going to show
the flavor index explicitly in the following discussions.
Along with these two decay processes contributing to

the creation of lepton asymmetry, there are washout
processes too which tend to destroy the asymmetry created.
The relevant washout processes in our model can be
categorized as

(i) Inverse decays: lη → N1, lηS → ψ
(ii) ΔL¼1 scatterings: Sl→ψη, lη→ψS, ψl→ Sη,

lη → N1ðW�; ZÞ.
(iii) ΔL ¼ 2 scatterings: ll → N1N1, ll → ηη,

ηl → η�l̄.
The Boltzmann equations relevant for leptogenesis in

this model can be summarized as

dnψ
dz

¼ −Dψ ðnψ − neqψ Þ þDN1→ψSðnN1
− neqN1

Þ

−WIDN1→ψS
nψ −

s
HðzÞz ½ðnψnη − neqψ n

eq
η Þhσviψη→Sl

þ ½nψnS − neqψ n
eq
S �hσviψS→lη�; ð18Þ

dnN1

dz
¼ −DN1

ðnN1
− neqN1

Þ −DN1→ψSðnN1
− neqN1

Þ

−
s

HðzÞz ½ðn
2
N1

− ðneqN1
Þ2ÞhσviN1N1→ll

þ ½nN1
nSM − neqN1

neqSM�hσviηl→N1ðW�;ZÞ�; ð19Þ
dnB−L
dz

¼ −ϵψDψðnψ − neqψ Þ − ϵN1
DN1

ðnN1
− neqN1

Þ
− ðWN1

þWψÞnB−L
−

s
HðzÞz ½ΓSl→ψη þ Γlη→ψS þ Γll→ηη þ Γll→N1N1

þ Γlη→ðN1W�;ZÞ þ Γηl→η� l̄�nB−L: ð20Þ
In the above equations z ¼ mψ

T and neqf ¼ z2
2
κ2ðzÞ is the

equilibrium number density of f ≡ N1;ψ (with κiðzÞ being
the modified Bessel function of ith kind). The quantity Df

on the right-hand side of the above equations is

DN1
¼KN1

z

�
M1

mψ

�κ1½zðM1

mψ
Þ�

κ2½zðM1

mψ
Þ� ;

Dψ ¼Kψz
κ1ðzÞ
κ2ðzÞ

; DN1→ψS¼KN1→ψSz

�
M1

mψ

�κ1½zðM1

mψ
Þ�

κ2½zðM1

mψ
Þ� :

ð21Þ

Here, the decay parameters are defined as

KN1
¼ ΓN1→lη

HðmψÞ
; Kψ ¼

Γψ→Slη

HðmψÞ
; KN1→ψS¼

ΓN1→ψS

HðmψÞ
ð22Þ

withΓf is the partial decaywidth of particlef for the specified
decay process,H is theHubble parameter. Since leptogenesis
is a high scale phenomena and occurs in the radiation
dominated phase of the universe, the Hubble parameter
can be expressed in terms of the temperature T as follows

H ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8π3g�
90

r
T2

MPl
¼ Hðz ¼ 1Þ 1

z2
ð23Þ

where g� is the effective number of relativistic degrees of
freedomandMPl ≃ 1.22 × 1019 GeV is the Planckmass. The
washout terms are given as

WN1
¼ 1

4
z3
�
M1

mψ

�
2

KN1
κ1

�
z
M1

mψ

�
; Wψ ¼

1

4
z3Kψκ1ðzÞ;

WN1→ψS¼
1

4
z
κ1½zM1

mψ
�

κ2½zM1

mψ
�KN1→ψS

neqN1

neqψ
; ð24Þ

The decay process N1 → ψS does not contribute to the
CP asymmetry but can affect the abundance of ψ ; N1 as can

FIG. 1. Three body decay of singlet fermion ψ .
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be seen from the Boltzmann equations written above. The
decay width for the decay N1 → ψS is given by

ΓN1→ψS ¼
1

16πM3
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M4

1 þm4
ψ þm4

S − 2M2
1m

2
ψ − 2m2

ψm2
S

q
× fðM2

1 þm2
ψ −m2

SÞjy1j2 − 2Re½y21�mψM1g:
ð25Þ

As mentioned earlier, we use the Casas-Ibarra para-
metrization to rewrite the Yukawa coupling hij in terms of
light neutrino parameters. Also, in the case of two right

handed neutrinos taking part in generating light neutrino
masses in our model, the complex orthogonal matrix R is a
function of only one rotation parameter z ¼ zR þ izI; zR ∈
½0; 2π�; zI ∈ IR [50,52]. Our choice of R matrix is

R ¼
�
0 cos ðzR þ izIÞ sin ðzR þ izIÞ
0 − sin ðzR þ izIÞ cos ðzR þ izIÞ

�
ð26Þ

Then the Yukawa matrix for normal ordering of light
neutrino masses can then be explicitly written as

h ¼

0
BB@

ffiffiffiffiffiffi
m2

p ffiffiffiffiffiffi
Λ1

p
cosðzÞU12 þ ffiffiffiffiffiffi

m3
p ffiffiffiffiffiffi

Λ1

p
sinðzÞU13 − ffiffiffiffiffiffi

m2

p ffiffiffiffiffiffi
Λ2

p
sinðzÞU12 þ ffiffiffiffiffiffi

m3
p ffiffiffiffiffiffi

Λ2

p
cosðzÞU13ffiffiffiffiffiffi

m2

p ffiffiffiffiffiffi
Λ1

p
cosðzÞU22 þ ffiffiffiffiffiffi

m3
p ffiffiffiffiffiffi

Λ1

p
sinðzÞU23 − ffiffiffiffiffiffi

m2

p ffiffiffiffiffiffi
Λ2

p
sinðzÞU22 þ ffiffiffiffiffiffi

m3
p ffiffiffiffiffiffi

Λ2

p
cosðzÞU23ffiffiffiffiffiffi

m2

p ffiffiffiffiffiffi
Λ1

p
cosðzÞU32 þ ffiffiffiffiffiffi

m3
p ffiffiffiffiffiffi

Λ1

p
sinðzÞU33 − ffiffiffiffiffiffi

m2

p ffiffiffiffiffiffi
Λ2

p
sinðzÞU32 þ ffiffiffiffiffiffi

m3
p ffiffiffiffiffiffi

Λ2

p
cosðzÞU33:

1
CCA ð27Þ

with Uij being the elements of the PMNS mixing matrix
mentioned earlier. The other Yukawa coupling which
affects lepton asymmetry namely, yi is not related to the
origin of light neutrino mass and hence we keep it as a free
parameter. The choice of this Yukawa coupling affect both
leptogenesis and dark matter as we discuss in upcoming
sections.
After obtaining the numerical solutions of the above

Boltzmann equations (33), (34) and (35), we convert
the final B − L asymmetry nfB−L just before electroweak
sphaleron freeze-out into the observed baryon to photon
ratio by the standard formula

ηB ¼ 3

4

g0�
g�

asphn
f
B−L ≃ 9.2 × 10−3nfB−L; ð28Þ

where asph ¼ 8
23

is the sphaleron conversion factor (taking
into account two Higgs doublets). We take the effective
relativistic degrees of freedom to be g� ¼ 111.75, slightly
higher than that of the SM at such temperatures as we are
including the contribution of the inert doublet as well as the
scalar singlet too. The heavy singlet fermions N1;2;ψ do
not contribute as they have already decoupled from the bath
by this epoch. In the above expression g0� ¼ 43

11
is the

effective relativistic degrees of freedom at the recombina-
tion epoch.

IV. DARK MATTER

As mentioned earlier, our model has two DM candidates
both of which are stable due to the unbroken Z2 × Z0

2

symmetry. Although a two component DM was not part of
the original motivation, it emerged naturally due to the
chosen charge assignments of different particles namely, η,
S, ψ , Ni under Z2 × Z0

2 symmetry. In fact, the introduction

of the second Z2 symmetry, necessary to forbid direct
coupling of ψ with SM leptons, has given rise to the second
DM component in the model. A very recent study on
such two component DM with scalar doublet and scalar
singlet can be found in [72]. For some earlier works
on multicomponent dark matter, please refer to
[45,46,56,70,73–89,89–104] and references therein.
Relic abundance of two component DM in our model

ηR; S can be found by numerically solving the correspond-
ing Boltzmann equations. Let n1 ¼ nηR and n2 ¼ nS be the
total number densities of two dark matter candidates,
respectively. The two coupled Boltzmann equations in
terms of n2 and n1 are given below [45],

dn1
dt

þ 3n1H ¼ −hσvηRηR→XXiðn21 − ðneq1 Þ2Þ

− hσvηRηR→SSi
�
n21 −

ðneq1 Þ2
ðneq2 Þ2

n22

�
; ð29Þ

dn2
dt

þ 3n2H ¼ −hσvSS→XX̄iðn22 − ðneq2 Þ2Þ

þ hσvηRηR→SSi
�
n21 −

ðneq1 Þ2
ðneq2 Þ2

n22

�
; ð30Þ

where, neqi is the equilibrium number density of dark matter
species i and H denotes the Hubble parameter, defined
earlier. In the annihilation processes, X denotes all particles
where DM can annihilate into. In the above equations, hσvi
is the thermally averaged annihilation cross section, given
by [105]

hσviDMDM→XX̄ ¼ 1

8m4
DMTκ

2
2ðmDM

T Þ
Z

∞

4m2
DM

σðs − 4m2
DMÞ

×
ffiffiffi
s

p
κ1

� ffiffiffi
s

p
T

�
ds; ð31Þ
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where κiðxÞ’s are modified Bessel functions of order i
mentioned before. The annihilation processes of scalar
singlet scalar doublet are shown in Fig. 2 and 3 respec-
tively. While for scalar singlet DM alone, there is no
coannihilation processes, scalar doublet dark matter in
scotogenic model can have several coannihilation proc-
esses, either with the heavier components of the doublet or
fermions as shown in Fig. 3. Such coannihilation effects
within the framework of inert doublet model as well as
scotogenic model have already been studied in details by
several authors [21,58,106–119]. In the presence of coan-
nihilations, one follows the recipe given by [120] to
calculate the relic abundance. Since scalar singlet DM
has just one component, there is no such coannihilations
present. Similar to the inert doublet dark matter model,
scalar singlet dark matter has also been studied extensively
by several authors [121–125].
The second terms on the right-hand side of the above

Boltzmann equations specifically consider the conver-
sions between two DM candidates ηR, S while assuming
the former to be the heavier DM component. Such a
conversion can occur either directly due to the λ6 coupling
of the scalar potential given in equation (3) or via SM

Higgs portal interactions. These conversion processes are
shown in Fig. 4. There can be another conversion process
due to the interactions shown in the Feynman diagram of
Fig. 1. This can occur due to coannihilation processes, not
shown in the above Boltzmann equations. In our model,
however, singlet scalar DM can, in principle, coannihilate
with other particles involved in the same Feynman
diagram of Fig. 1. Since the two DM candidates are
stabilized by two separate Z2 symmetries, their coanni-
hilation can only lead to ψ which is odd under both the
Z2 symmetries. Alternatively, one of the DM can also
coannihilate with ψ and convert into the other DM. These
processes are shown in Fig. 4. Since we consider ψ to be
heavier than both the DM candidates, we do not show it in
the final states.
In order to cover all the features of annihilations,

coannihilations as well as conversions, we use
MICROMEGAS [126] to calculate the relic abundance of
two component DM in our model. The model information
has been supplied to MICROMEGAS using FEYNRULES

[127] while all the relevant annihilation and coannihila-
tion cross sections of dark matter number changing
processes required to solve the coupled equations are
calculated using CALCHEP [128]. While singlet scalar DM
annihilates either through four point scalar interactions or
SM Higgs mediated processes, the scalar doublet DM can
annihilate (coannihilate) via Higgs as well as electroweak
gauge boson portals apart from the four point interactions
with Higgs as well as gauge bosons. Additionally, the
conversion coupling λ6 as well as Yukawa coupling yi can
play significant role in individual as well as total DM relic
densities.
Just like the SM Higgs boson mediates DM annihila-

tion into SM particles, similarly, it can also mediate
spin independent DM-nucleon scatterings. Different
ongoing experiments like Xenon1T [129,130], LUX [131],
PandaX-II [132,133] are trying to detect the DM in the lab-
based experiments and give a strong upper bound on the
spin-independent (SI) direct detection (DD) cross-section
as a function of DM mass. We have extracted the SI elastic
scattering cross-section for both the DM candidates from
MICROMEGAS. DD analysis for two-component DM is
slightly different from the single component scenario. To
compare the result of our model with Xenon1T bound, we
have multiplied the elastic scattering cross section by the
relative number density of each DM candidate and used the
following conditions

FIG. 3. Feynman diagrams of all the relevant processes for
scalar doublet dark matter in the scotogenic model. Here DM is
chosen to be the real scalar component of the doublet.

FIG. 4. Feynman diagrams of all the relevant processes deter-
mining the DM relic density which emerged due to the extension
of the scotogenic model.

FIG. 2. Feynman diagrams for relevant annihilation processes
for singlet scalar DM.
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σeff1 ¼ n1
n1 þ n2

σSI1 ≤ σXenon1T

σeff2 ¼ n2
n1 þ n2

σSI2 ≤ σXenon1T ð32Þ

Further details related to the direct detection of multi-
component DM can be found in [134,135].

V. RESULTS AND DISCUSSION

In this section, we discuss our numerical results for
leptogenesis as well as dark matter separately.

A. Leptogenesis

To calculate the lepton asymmetry, we first solve the
coupled Boltzmann equations (33), (34), and (35) numeri-
cally to estimate the final B-L asymmetry. We considered
two possible ranges for N1 mass M1.
In the first case we have chosen a benchmark as M1 ¼

2 × 105 GeV and in the other case we choose M1 ¼ 2 ×
107 GeV while keeping M2 ¼ 10M1 and other parameters
fixed for both the cases. Using the first choice of bench-
mark values for M1 and M2, in Fig. 5, the evolution of the
comoving number densities of ψ , N1 and B − L are shown

FIG. 5. Evolution of comoving number densities of ψ and N1 (left panel) and B − L (right panel) with z ¼ mψ

T for different values of λ5
(upper panel), Yukawa couplings y1;2 (lower panel). The other parameters are set at benchmark values: M1 ¼ 2 × 105 GeV,
M2 ¼ 2 × 106 GeV, mη ¼ 100 GeV, mS ¼ 500 GeV, mψ ¼ 5 TeV and y1 ¼ y2 ¼ 5 × 10−6 (upper panel) and λ5 ¼ 10−6

(lower panel).
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with z ¼ mψ

T for different values of λ5 and y1;2. Similarly in
Fig. 6, the second benchmark for RHN masses is chosen
and the evolution of the comoving number densities of ψ ,
N1 and B − L are shown with z ¼ mψ

T for different values of
λ5 and y1;2. The parameter λ5 decides the strength of Dirac
Yukawa coupling of neutrinos via Casas-Ibarra parametri-
zation as (13) discussed earlier.
In the three body decay width Γψ→lSη, apart from Dirac

Yukawa couplings of active neutrinos, we also have other
Yukawa couplings y1;2 which can affect leptogenesis,
without affecting neutrino mass. In this section we discuss

the effect of these two types of Yukawa couplings on the
asymmetry. In the upper left panel of Fig. 5 we show the
evolution of the comoving number densities of ψ (solid
lines) and N1 (dashed lines) for different benchmark values
of λ5. In the upper right panel of Fig. 5, we show the
evolution of B − L for different λ5. We have taken both ψ
and N1 to be in equilibrium at very high temperatures and
numerically solved the coupled Boltzmann equations upto
a temperature when the asymmetry gets saturated. From the
evolution of the comoving number densities of ψ and N1

we can see that initially both the particles follow their
equilibrium number densities but soon after the ψ

FIG. 6. Evolution of comoving number densities of ψ and N1 (left panel) and B − L (right panel) with z ¼ mψ

T for different values of λ5
(upper panel), Yukawa couplings y1;2 (lower panel). The other parameters are set at benchmark values: M1 ¼ 2 × 107 GeV,
M2 ¼ 2 × 108 GeV, mη ¼ 100 GeV, mS ¼ 500 GeV, mψ ¼ 5 TeV and y1 ¼ y2 ¼ 5 × 10−6 (upper panel) and λ5 ¼ 10−6

(lower panel).
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abundance deviates from its equilibrium abundance while
the N1 abundance remains very close to its equilibrium
number density and therefore vanishes shortly after it
becomes nonrelativistic. It is mainly because N1 has very
strong two-body decays (N1 → lη and N1 → ψS) and
corresponding inverse decays and therefore its abundance
remains very close to its equilibrium abundance. On the
other hand, ψ has relatively feeble three-body decay
ψ → Sηl and a strong inverse decay ψS → N1. Because
of the strong two-body inverse decay of ψ the abundance of
ψ decreases sharply. This inverse decay stops when the
temperature drops to a value such that the process ψS → N1

becomes kinematically forbidden. After this point the ψ
abundance gets saturated and goes out of equilibrium
before finally decaying through the three-body decay at
a low temperature. The effect of this strong inverse decay
(ψS → N1) can also be seen in the asymmetry evolution
shown on the right panel plot. The solid lines represent the
asymmetry generated from the ψ decay and the dashed line
represents the asymmetry generated from the two-body
decay ofN1. From asymmetry plots on right panel of Fig. 5,
it can be seen that asymmetry generated from the N1 decay
is very less compared to the one generated from the three-
body decay of ψ , which is expected as N1 remains very
close to its equilibrium abundance. Another important point
is the asymmetry generated from N1 gets saturated at a very
high temperature as N1 abundance vanishes when it
becomes nonrelativistic. However, the asymmetry gener-
ated from the ψ decay keep evolving up to a very low
temperature because of the small decay width of ψ .
Because of the small decay parameter for the decay
ψ → Sηl, the inverse decay rate is also very small and
we are always in a weak washout regime (Kψ ≪ 1).
However, the asymmetry generation from the two-body
decay of N1 is always is in strong washout regime as we
have only two RHNs (for two RHNs scenarios, KN1

> 1)
[24,27]. Because of this, the resultant asymmetry is mainly
determined by the three-body decay.
In the upper panel plot of Fig. 5 it is observed that

abundance of ψ become less than its equilibrium abun-
dance because of the inverse decay ψ → N1S (whileN1 has
strong two-body decays into both ψS and ηl final states)
and therefore the asymmetry generated from the ψ decay
remains suppressed initially. However, when the inverse
decay stops, the ψ abundance saturates and finally the
asymmetry becomes overabundant before its decay is
complete. When the ψ becomes more compared to its
equilibrium abundance then the B − L asymmetry starts
rising steadily, as can be seen by comparing left and right
panel plots of Fig. 5. In upper left panel plot of Fig. 5 we
can see that the decay of ψ happens earlier for smaller value
of λ5, which is expected as smaller value of λ5 lead to larger
Dirac Yukawa couplings. For the same reason the satu-
ration of asymmetry happens earlier for smaller value
values of λ5, as seen from upper right panel plot. The
asymmetry generated up to the sphaleron epoch
(TSphaleron ≃ 131 GeV, shown by vertical dashed line) is

important as the asymmetry generated after the sphaleron
freeze-out temperature can not be converted into a baryon
asymmetry. It can be seen from upper right panel plot of
Fig. 5 that for smaller λ5 the asymmetry generated upto
sphaleron temperature is more compared to the ones for
larger λ5. In the lower left panel plot of Fig. 5 we observe
that for larger values of the Yukawa couplings y1;2, the
effect of the inverse decay ψS → N1 is more. For larger
Yukawa coupling y1;2 the ψ abundance decreases sharply
because of the very strong inverse decay ψS → N1 and at
later epochs also when its abundance is more compared to
equilibrium abundance, smaller Yukawa leads to larger
abundance as expected. For the same reason, the B − L
asymmetry also increases more sharply for larger Yukawa
couplings leading to larger asymmetry at the epoch of
sphaleron freeze-out, as seen from the lower right panel
plot of Fig. 5. It should be noted that, we are showing only
the absolute value of B − L asymmetry on the right panel
plots; in reality, the points toward the left of the dip in solid
lines correspond to negative asymmetry. Clearly, for large
Yukawa y1;2, the asymmetry remains negative even at the
sphaleron epoch, as seen from lower right panel plot.
Therefore, we cannot make Yukawa coupling y1;2 arbitrar-
ily large to get more asymmetry at the epoch of shpaleron
decoupling.
Similarly, in Fig. 6 we have shown the evolution ψ , N1

and B − L number densities with z ¼ mψ=T for different
values of λ5 (upper panel) and y1;2 (lower panel) but with
heavier mediator masses namely, M1 ¼ 2 × 107 GeV and
M2 ¼ 10M1, keeping other parameters fixed as in Fig. 5. It
can be seen that for the same value of mψ , λ5, mη, mS, and
y1;2 the effect of the inverse decay ψS → N1 is much less in
this case. This is expected as for larger value of N1 will
make the inverse decay ψS → N1 inefficient even at very
high temperatures. The variation of the B − L asymmetry
with λ5 and y1;2 can be understood in a way similar to the
Fig. 5 discussed earlier. Also, comparing Figs. 5 and 6 we
can see that for the same set of parameters the decay of ψ
and generation of asymmetry occur slowly making the
asymmetry less in Fig. 6 than in 5 at the epoch of sphaleron
decoupling. This is expected as largerN1;2 masses make the
three-body decay width of ψ smaller due to propagator
suppression.
Finally, we perform a numerical scan to find the relevant

parameter space in mψ − λ5 plane that can give rise to the
observed baryon asymmetry for both M1 ¼ 2 × 105 GeV
and M1 ¼ 2 × 107 GeV. While varying these parameters,
we keep the masses of other relevant particles to be fixed at
mS ¼ 500 GeV, mη ¼ 100 GeV. The parameter space in
mψ − λ5 plane for benchmark choices of y1;2 is shown in
Fig. 7 for M1 ¼ M2=10 ¼ 2 × 105 GeV (left panel) and
for M1 ¼ M2=10 ¼ 2 × 107 GeV (right panel). In Fig. 7
we can see that for a benchmark value of y1;2 the mass
required of ψ become large for larger values of λ5, which is
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expected as larger values of λ5 make the Dirac Yukawa
couplings hiα smaller making the three body decay width of
ψ smaller. For similar reason, for a particular value of λ5,
the required mass of ψ for a small Yukawa coupling y1;2 is
more compared to that for larger Yukawa coupling.
However, as mentioned earlier we cannot take arbitrarily
large values of the new Yukawa couplings y1;2 to lower the
scale of leptogenesis. As discussed earlier, beyond a certain
value of y1;2 the inverse decay ψS → N1 will become so
dominant that the asymmetry become negative at the time
of sphaleron. We found that for a TeV scale leptogenesis
with moderately highM1;2 it is safe to take y1;2 ≤ 10−5 such
that the asymmetry become positive at the sphaleron freeze-
out temperature. From Fig. 7 we can conclude that
successful TeV scale leptogenesis is possible dominantly
from the three body decay for appropriate choice of the

model parameters. Also we can see that the scale of
leptogenesis is slightly higher in the right panel plot of
Fig. 7 compared to the left plot of Fig. 7. This is because
with the increases in M1;2 the three body decay width
encounters propagator suppression as discussed earlier.

B. Flavor effects on leptogenesis

It should be noted that while discussing leptogenesis in
the above sections, we did not consider the effects of lepton
flavors. Since we are considering leptogenesis at low scale,
lepton flavor effects may play nontrivial roles as pointed
out by several earlier works on flavored leptogenesis
[136–139], also summarized in a recent review article
[140]. Adopting the notations of [139], the Boltzmann
equations for flavored leptogenesis can be written as

dnψ
dz

¼ −Dψðnψ − neqψ Þ þDN1→ψSðnN1
− neqN1

Þ −WIDN1→ψS
nψ

−
s

HðzÞz ½ðnψnη − neqψ n
eq
η Þhσviψη→Sl þ ðnψnS − neqψ n

eq
S ÞhσviψS→lηðnψ − neqψ Þneql hσviψl→ηS�; ð33Þ

dnN1

dz
¼−DN1

ðnN1
−neqN1

Þ−DN1→ψSðnN1
−neqN1

Þ− s
HðzÞz ½ðn

2
N1

− ðneqN1
Þ2ÞhσviN1N1→llþ½nN1

nSM−neqN1
neqSM�hσviηl→N1ðW�;ZÞ�;

ð34Þ
dnðB−LÞi

dz
¼−ϵψ i

Dψðnψ −neqψ Þ− ϵN1iDN1
ðnN1

−neqN1
Þ− ðWN1

P1iþWψ i
PψiÞnðB−LÞi −

s
HðzÞz

�
PψiΓSli→ψηþPψiΓliη→ψS

þPψi

X
j

PψjΓlilj→ηηþPψi

X
j

PψjΓlilj→N1N1
þPψiΓliη→ðN1W�;ZÞ þPψi

X
j

Γηli→η� l̄j þPψiΓψli→Sη

�
nðB−LÞi ; ð35Þ

FIG. 7. The variation of mψ with λ5, required to satisfy the observed asymmetry. For the left panel the M1 ¼ 2 × 105 GeV, M2 ¼
2 × 106 GeV and for the right panel M1 ¼ 2 × 107 GeV, M2 ¼ 2 × 108 GeV. The other parameters are set at mη ¼ 10 GeV,
mS ¼ 500 GeV.
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where the projectors Pψi and P1i are defined,
respectively, as

Pψi ¼
Γψ→SηliP
jΓψ→Sηlj

: ð36Þ

P1i ¼
ΓN1→liηP
jΓN1→ljη

ð37Þ

In the projectors, the denominator indicates the total decay
width of ψ ; N1 whereas the numerators correspond to
partial decay width into a particular lepton flavor. The
washout terms remain same as before. We fix the bench-
marks same as the ones used in scanning the parameter
space of unflavored leptogenesis. The resulting parameter
space in mψ − λ5 plane for both the cases are shown
in Fig. 8. Comparing with scan plots for unflavored
leptogenesis shown in Fig. 7, it is seen that the scale
of leptogenesis can be lowered after inclusion of lepton
flavor effects, as expected. Thus, successful leptogenesis
can occur at a scale just above 1 TeV for M1 ¼
2 × 105 GeV and can be as low as approximately 5 TeV
for case M1 ¼ 2 × 107 GeV.

C. Dark matter

We briefly discuss our dark matter results in this
subsection. As mentioned earlier, a two component scalar
singlet and scalar doublet DM has been recently discussed
in detail within a type I seesaw model [72]. Instead of
showing the details in general, here we focus on possible

differences due to new couplings of these two DM
candidates in relation to leptogenesis and neutrino mass
as discussed above. We first discuss the behavior of DM
relic density with its mass for various possible combina-
tions of relevant benchmark parameters. In Fig. 9, we show
the variation in individual and total DM relic densities for
different mass relations between two DM candidates. While
the overall features agree with the known results of scalar
singlet and scalar doublet DM, there are some interesting
differences due to interconversions and coannihilations
here which we highlight.
In top left panel of Fig. 9, the two DM candidates

are assumed to have equal masses. The Higgs portal
interactions of both the DM candidates are open due to
the chosen nonzero couplings λ6, λL ¼ λ3 þ λ4 þ λ5.
Although the Higgs portal coupling of doublet DM is
relatively smaller, the coannihilation channels are very
efficient due to tiny mass splittings ΔmηI ¼ mηI −mηR ,
Δmη� ¼ mη� −mηR , keeping its relic abundance sup-
pressed compared to the singlet DM. In the top right panel
plot of Fig. 9, a noticeable change in doublet DM relic
abundance is observed. While all relevant couplings have
the same value as those on the top left panel plot, the
doublet DM relic increases as singlet DM mass is twice the
mass of doublet DM and hence there can be efficient
conversions from singlet to doublet DM through Higgs
portal interactions. Note that in both of these plots, the
direct conversion coupling λ7 is switched off and hence all
possible DM conversions can occur only via Higgs portal
interactions. To show the effect of DM conversion more
clearly, we keep the mass of doublet DM fixed in the

FIG. 8. The variation of mψ with λ5, required to satisfy the observed asymmetry using lepton flavor effects. For the left panel,
M1 ¼ 2 × 105 GeV andM2 ¼ 2 × 106 GeV and for the right panel,M1 ¼ 2 × 107 GeV andM2 ¼ 2 × 109 GeV. The other parameters
are set at mη ¼ 10 GeV, mS ¼ 500 GeV.
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bottom left panel plot of Fig. 9. As the singlet DM mass
approaches the doublet DM mass, there is a sharp fall in its
relic while at the same time the doublet relic increases due
to relative conversions. In this plot, such conversions can
occur via both Higgs portal and direct coupling λ7. Finally,
on the bottom right panel of Fig. 9, we show one interesting
feature where doublet DM relic density suddenly drops as
its mass becomes close to 1.5 TeV. This particular feature is
not due to DM conversions via Higgs portal or direct
coupling λ7 as that can happen at any mass, given the fact
that doublet mass is twice that of singlet mass all through-
out. This happens due to doublet DM coannihilation with ψ
whose mass is fixed at 1.5 TeV. Due to this coannihilation
ηRψ → Sl, the singlet relic density also increases, though it
is not as prominent as the depletion of doublet relic density
in the figure.
After discussing the general features of DM relic

dependence on various relevant parameters, in Fig. 10,
we specifically show the effects of direct conversion
coupling λ7 and Yukawa coupling y1;2 of ψ − S − N1;2
vertices. Mass of doublet dark matter is assumed to be
twice of singlet dark matter mass. Comparing top panel
plots of Fig. 10 where y1;2 ¼ 0, it is seen that turning on the
direct conversion coupling λ7 leads to sharp fall in heavier
DM relic density. Same effect is visible while comparing
the bottom panel plots also where the effect of y1;2 ≠ 0 is
also shown leading to depletion of doublet DM relic as its
mass approaches mψ .

To find the relevant parameter space of DM that
gives rise to the observed relic density, we perform a
numerical scan of the relevant parameter space
favored from the requirement of successful leptogenesis.
For the first case (M1 ¼ 2 × 105 GeV), the parameter
space in terms of two DM masses is shown on left
panel plot of Fig. 11. To be in agreement with the
parameter space chosen for leptogenesis, here we fixmηR <
mψ and vary other parameters in the range 10 GeV < mS,
mη < 1000 GeV, 10−6< λ5< 10−1, 10−4 < λ6, λ7 < 10−2,
10−7 < y1;2 < 10−5. While singlet DM masses are evenly
distributed across the range, there seems to be an upper
bound on doublet DM mass near 500 GeV. This is due to
the chosen mass splitting within doublet components.
As earlier studies of inert scalar doublet DM shows
[21,58,106–119], for such small mass splitting, the DM
is overproduced in the high mass regime. While under-
production of one DM component in our model can be
compensated by the second DM component, overabun-
dance of one is difficult to reconcile with. Choosing a larger
mass splitting within inert doublet components will allow
more region of parameter space in terms of doublet DM
mass. The right panel plot of Fig. 11 shows the spin
independent DM-nucleon scattering rate of both the DM
components, compared against the latest bound from
Xenon1T experiment [130]. Clearly, all the points satisfy
the direct detection bounds. This is due to the fact that,
we have kept the Higgs portal coupling of both the DM

FIG. 9. Relic abundance versus DMmass for various mass relations between two DM candidates. The other parameters are fixed at the
following benchmark values λL ¼ 10−4, λ6 ¼ 10−3, λ7 ¼ 0, y1;2 ¼ 10−4, ΔmηI ¼ 2 GeV, and Δmη� ¼ 2 GeV.
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FIG. 10. Relic abundance versus DM mass showing the effects of direct conversion coupling λ7 and Yukawa coupling y1;2 of
ψ − S − N1;2 vertices. The benchmark parameters fixed for all the four plots are λ6 ¼ 10−3 and λL ¼ 10−4. The conversion coupling and
the new Yukawa coupling are fixed at y1;2 ¼ 0, λ7 ¼ 0 (upper left panel plot), y1;2 ¼ 0, λ7 ¼ 1 (upper right panel plot), y1;2 ¼ 10−2,
λ7 ¼ 0 (lower left panel plot) y1;2 ¼ 10−2, λ7 ¼ 1 (lower right panel plot).

FIG. 11. Scan plot showing the parameter space inmS −mηR plane allowed from total DM relic abundance (left panel) andmDM − σSI
plot for all the points satisfying the total relic (right panel). For this scan the RHN masses are set at M1 ¼ 2 × 105 GeV and
M2 ¼ 2 × 106 GeV. The other important parameters are randomly varied within the ranges 10−7 < λ5 < 10−1, 10−4 < λ6 < 10−2,
10−4 < λ7 < 10−2 and 10−7 < y1;2 < 10−5.
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candidates fixed at small value. We varied 10−6 < λ6 <
10−2 and fixed λL ¼ 10−3. Since tree level DM-nucleon
scattering arises through Higgs portal couplings only, the
corresponding rates remain low enough to survive
Xenon1T bounds. The color code on left panel plot of
Fig. 11 shows the value of y ¼ jy1j ¼ jy�2j. Similar scan
plot for case 2 is shown on the left panel of Fig. 12. While
we notice a similar upper bound on doublet DM mass due
to chosen mass splitting, the parameter space remains safe
from direct detection bounds.

VI. CONCLUSION

We have proposed a model to implement the idea of
leptogenesis from three body decay of a heavy particle
where nonzero CP asymmetry arises due to interference of
multiple three body decay diagrams with resummed propa-
gators along with dark matter. Adopting a minimal frame-
work to implement the idea, we augment the standard
model of particle physics by three singlet fermions and two
scalar fields: one singlet and one doublet. While two of
these singlet fermions and the additional scalar doublet help
in generating light neutrino masses one loop level, the other
two particles help in realizing the desired three body decay
leptogenesis. The two singlet fermions taking part in
radiative neutrino mass generation also act like mediators
in two different three body decay diagrams the interference
of which results in the required nonzero CP asymmetry. It
turns out that this setup automatically gives rise to a two
component dark matter scenario in terms of scalar singlet
and neutral component of scalar doublet. After deriving the

particle spectrum of the model and applying the theoretical
as well as experimental bounds, we calculate the CP
asymmetry from three body decay of heavy singlet fermion
by considering interference of two different diagrams. We
then solve the Boltzmann equations relevant for lepto-
genesis incorporating the sources of lepton asymmetry as
well as washouts to obtain the parameter space that can give
rise to successful leptogenesis. While both two body decay
of right handed neutrino N1 (similar to the scotogenic
model) and three body decay of the new singlet fermion ψ
introduced in our model can contribute to lepton asym-
metry, we check that in the low scale leptogenesis scenario
we focus, the contribution from two body decay remains
subdominant. After analyzing the role or effects of some
key parameters on generation of lepton asymmetry, we
performed a numerical scan and show that successful
leptogenesis can occur at a scale as low as 3 TeV. This
is a factor of around 3 times lower than the scale of
leptogenesis in the minimal scotogenic model considering
two body decay of hierarchical heavy neutrinos studied in
earlier works [21–30]. In fact, we also checked that after
incorporating lepton flavor effects, the scale can be as low
as 2 TeV. Such low scale leptogenesis possibility could
have tantalizing prospects of being probed at ongoing or
near future experiments. This difference in scale of lepto-
genesis from minimal scotogenic model arises due to three
body decay as a dominant source and also due to the
freedom in choosing yαψNαS coupling in (2) which does
not play any role in generating light neutrino masses.
Lowering of leptogenesis scale due to introduction of such
new couplings (not related to origin of neutrino mass) have

FIG. 12. Scan plot showing the parameter space inmS −mηR plane allowed from total DM relic abundance (left panel) andmDM − σSI
plot for all the points satisfying the total relic (right panel). For this scan the RHN masses are set at M1 ¼ 2 × 107 GeV and
M2 ¼ 2 × 108 GeV. The other important parameters are randomly varied within the ranges 10−7 < λ5 < 10−1, 10−4 < λ6 < 10−2,
10−4 < λ7 < 10−2 and 10−7 < y1;2 < 10−5.
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been explored in earlier works also. For example, in [141],
the scale of leptogenesis in a scalar singlet extension of
type I seesaw model was shown to be as low as 500 GeV
even with hierarchical right handed neutrinos which is
significantly lower than the scale of leptogenesis in usual
type I seesaw model.
After finding the parameter space that gives rise to

successful TeV scale leptogenesis, we calculate the relic
abundance of two DM components. Since such two com-
ponent scalar DM have been already studied in earlier
works, we focus primarily on the role of new parameters
involving the two DM candidates in our model which also
play nontrivial roles in leptogenesis. We first analyze these
effects with benchmark choices of parameters and finally
show the parameter space of two DM masses that is
consistent with correct relic abundance and direct detection
rates. Such a low scale model with two component DM,
successful leptogenesis and light neutrino masses should
face further scrutinywith future data from collider, neutrino,
cosmology as well as rare decay experiments looking for
charged lepton flavor violation, neutrinoless double beta
decay etc. While neutrinoless double beta decay contribu-
tion will effectively arise from light neutrino contributions
only and will remain below the current experimental
sensitivity of KamLAND-Zen experiment, i.e., jmeej ≤
ð0.061–0.165Þ eV [142] for vanishing lightest neutrino
mass. While charged lepton flavor violation like μ → eγ,
μ → 3e and μ → e (Ti) conversion in scotogenicmodels can
be sizeable and saturate experimental upper bounds on
corresponding branching ratios for fermion DM scenario
[65,143,144], in our model they are likely to be suppressed
as the singlet fermions N1;2 are heavier than the scale of
leptogenesis. Another interesting prospect of probing our
model can be in the form of gravitational waves from a
strongly first order phase transition (SFOPT). In a recent
work [144], it was shown that in the minimal scotogenic
model, the criteria of SFOPT constrains the scalar sector a
lot, leading to a scalar DM parameter space in tension with
direct detection bounds. Due to the presence of an additional
singlet scalar in our model whose mass is not as constrained
as the inert doublet components, the SFOPT criteria is likely
to be satisfied with more freedom.We leave a detailed study
of this model from SFOPT point of view to future works.
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APPENDIX A: CP ASYMMETRY FROM THREE
BODY DECAY OF ψ

Let us start deriving the most general expression of
asymmetry from an out of equilibrium process. The usual
amplitude for a process is given as

iMi→f ¼ E ×A × ω; ðA1Þ

where E comprises of all the couplings and ω comprises of
all the wave functions of outgoing and incoming particles.
Finally A contains all the rest of the term of the amplitude.
For a nonzeroCP asymmetry to be created one need at least
two amplitudes for a process as shown in Fig. 13.
Then the total amplitude for the process can be

written as,

iMi→f ¼ ½E1A1 þ E2A2�ω: ðA2Þ

Similarly, the amplitude for the process corresponding to
its antiparticle counterpart is given as,

iMī→f̄ ¼ ½E�
1A1 þ E�

2A2�ω†: ðA3Þ

The corresponding amplitude squared terms are given as,

jMi→fj2¼ðjE1j2jA1j2þjE2j2jA2j2þ2Re½E�
1E2�Re½A�

1A2�
þ2Im½E�

1E2�Im½A�
1A2�Þjωj2 ðA4Þ

jMī→f̄j2¼ðjE1j2jA1j2þjE2j2jA2j2þ2Re½E1E�
2�Re½A�

1A2�
þ2Im½E1E�

2�Im½A�
1A2�Þjωj2 ðA5Þ

and therefore, the asymmetry is calculated to be,

δ ¼ jMi→fj2 − jMī→f̄j2 ¼ −4Im½E�
1E2�Im½A�

1A2�jωj2:
ðA6Þ

In the following subsections we first calculate the
CP asymmetry by using the resummed propagators and
then verify the same by tree-loop diagram interference
calculation. We have adopted the two spinor notations from
[145] throughout the derivations.

1. Calculation of the CP asymmetry
using resummed propagator

Before doing the CP asymmetry calculation using
resummed propagator let us calculate the resummed propa-
gators first. In Fig. 14 we show the diagrammatic repre-
sentations of the full loop corrected propagators for
two component fermions. For a detailed calculation on
resummed propagator please see [145].
The full propagators can be organized in terms of

one particle irreducible (1PI) self-energy functions [145].

FIG. 13. Two processes for the three body decay.
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These are defined as the sum of Feynman diagrams to all
orders in perturbation theory (with the corresponding tree
level graph excluded) that contribute to the 1PI two-point
Green functions.

�
iD̄ ip:σC

ip:σ̄CT iD

�
¼
�

iðmþΩÞ −ip:σð1−ΞTÞ
−ip:σ̄ð1−ΞÞ iðm̄þ Ω̄Þ

�
−1

ðA7Þ

The right-hand side of the above equation can be
evaluated by employing the following identity for the
inverse of a block diagonal matrix,

�
P Q

R S

�
−1

¼
� ðP −QS−1RÞ−1 ðR − SQ−1PÞ−1
ðQ − PR−1SÞ−1 ðS − RP−1QÞ−1

�

ðA8Þ

under the assumption that all inverses, appearing in the
Eq. (A8) exist. Applying this result to the Eq. (A7) we get,

C−1 ¼ sð1 − ΞÞ − ðm̄þ Ω̄Þð1 − ΞTÞ−1ðmþ ΩÞ; ðA9Þ

D−1 ¼ sð1 − ΞÞðmþ ΩÞ−1ð1 − ΞTÞ − ðm̄þ Ω̄Þ; ðA10Þ

D̄−1 ¼ sð1 − ΞTÞðm̄þ Ω̄Þ−1ð1 − ΞÞ − ðmþΩÞ; ðA11Þ

where s ¼ p2. Taking the inverse and keeping the calcu-
lation up to one-loop order,

C¼½sð1−ΞÞð1−ΞTÞ−ðm̄mþm̄ΩþmΩ̄Þ�−1ð1−ΞTÞ¼CT

¼ 1−ΞT

sð1−ðΞþΞTÞÞ−ðm̄mþm̄ΩþmΩ̄Þ

¼ 1−ΞT

½s−m2−ðsðΞþΞTÞþmΞ̄þm̄ΩÞ�

¼ 1−ΞT

ðs−m2Þ½1− ðsðΞþΞT ÞþmΩ̄þm̄ΩÞ
s−m2 �

¼ 1−ΞT

ðs−m2Þ
�
1þsðΞþΞTÞþmΩ̄þm̄Ω

s−m2

�

¼ 1

s−m2
þsΞþm2ΞTþmΩ̄þm̄Ω

ðs−m2Þ2 ðA12Þ

Similarly, for the mass insertion section it can found
out that,

D ¼ m
s −m2

þ sðmΞþmΞT þΩÞ þm2Ω̄
ðs −m2Þ2 ðA13Þ

D̄ ¼ m̄
s −m2

þ m̄sðΞþ ΞTÞ þ sΩ̄þ m̄2Ω
ðs −m2Þ2 ¼ ðDÞ�: ðA14Þ

To calculate the CP asymmetry let us consider the tree level
diagrams with the resummed propagators. The amplitudes
for the tree level diagrams with the resummed propagators
(denoted by subscript i and j) can be written as

Mi ¼ Diix
†
l y

†
Ψy

�
i h

�
iα þ Ciix

†
l σ̄pxΨyih

�
iα; ðA15Þ

FIG. 14. The full loop corrected propagators for two component fermions are associated with functions Cðp2Þji and its matrix
transpose,Dðp2Þij and D̄ðp2Þij. The square boxes represent all the sum of all connected Feynman diagrams, with external legs included.
The four-momentum p flows from right to left.
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Mj ¼ Djjx
†
l y

†
Ψy

�
jh

�
jα þ Cjjx

†
l σ̄pxΨyjh

�
jα: ðA16Þ

With the total amplitude M being,

M ¼ Mi þMj: ðA17Þ

Taking the interference, the asymmetry in the amplitude
level can be found to be

δ ¼ jMj2 − jM̄j2
¼ Im½y�i h�iαyjhjα�Im½DiD�

j �Tr½pl:σpΨ:σ̄�
þ Im½yiy�jh�iαhjα�Im½CiC�

j �Tr½pl:σσ̄:ppΨ:σσ̄:p�
þ ½Im½yih�iαyjhjα�Im½CiD�

j � þ Im½y�i h�iαy�jhjα�
× Im½DiC�

j ��Tr½pl:σσ̄:p�mΨ: ðA18Þ

The relevant quantities coming from the interference of the
resummed propagators can be found out to be (keeping the
calculation up to one-loop order),

Im½DiD�
j �

¼ Im

�
Mi

p2−M2
i

�
p2ðMjΞ�

j þMjΞjÞþp2Ω�
j þMjΩ̄�

j

ðp2−M2
jÞ2

��

þ Im
�

Mj

p2−M2
j

�
p2ðMiΞiþMiΞ�

i Þþp2ΩjþM2
iΩ�

i

ðp2−M2
i Þ2

��

ðA19Þ
Similarly,

Im½CiC�
j � ¼ Im

�
p2Ξ�

j þM2
jΞj þMjΩj þMjΩ�

j

ðp2 −M2
i Þðp2 −M2

jÞ2

þ p2Ξi þMiΞ�
i þMiΩ�

i þMiΩi

ðp2 −M2
i Þ2ðp2 −M2

jÞ2
�
; ðA20Þ

Im½CiD�
j � ¼ Im

�
p2ðMiΞ�

i þMiΞ�
i þ Ω�

i Þ þMiΩ�
i

ðp2 −M2
jÞðp2 −M2

i Þ2

þMiðp2Ξ�
j þM2

jΞj þMjΩj þMjΩ�
jÞ

ðp2 −M2
i Þðp2 −M2

jÞ2
�
;

ðA21Þ

Im½DiC�
j � ¼ Im

�
p2ðMiΞi þMiΞ�

i þ ΩiÞ þM2
iΩ�

j

ðp2 −M2
jÞðp2 −M2

i Þ2

þMiðp2Ξ�
j þM2

jΞj þMjΩj þMjΩ�
jÞ

ðp2 −M2
i Þðp2 −M2

jÞ2
�
:

ðA22Þ
For our case the self-energy functions in two component

spinor notation are diagrammatically shown in Figs. 15–17
and they can be found out to be,

ðΞÞij ¼
y�i yj
16π2

IFSðs;m2
Ψ; m

2
SÞ

þ
X
l

h�ilhjl
16π2

IFSðs;m2
l ; m

2
ηÞ ¼ ðΞÞ; ðA23Þ

ðΞTÞij ¼
yiy�j
16π2

IFSðs;m2
Ψ; m

2
SÞ

þ
X
l

hilh�jl
16π2

IFSðs;m2
l ; m

2
ηÞ ¼ ðΞTÞ; ðA24Þ

ðΩÞij ¼ yiyj
16π2

mΨIFSðs;m2
Ψ; m

2
SÞ ¼ ðΩÞ; ðA25Þ

ðΩ̄Þij ¼
y�i y

�
j

16π2
mΨIFSðs;m2

Ψ; m
2
SÞ ¼ ðΩ̄Þ: ðA26Þ

Here,

IFSðs;x;yÞ¼
1

2ϵ
þ
�ðsþx−yÞB0ðs;x;yÞþA0ðxÞ−A0ðyÞ

2s

�
:

ðA27Þ

IFSðs; x; yÞ ¼
1

ϵ
− B0ðs; x; yÞ ðA28Þ

where, A0 and B0 are the Passarino-Veltman functions. For
identical right handed neutrinos Ni on external legs, we use

FIG. 15. Diagrammatic representation of ðΞÞji .

FIG. 16. Diagrammatic representation of ðΞÞij.

FIG. 17. Diagrammatic representation of ðΩÞij and ðΩ̄Þij.
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the notation Ξi, Ωi, as seen in Eq. (A19), (A20), (A21),
(A22) mentioned above.
Using Eqs. (A19), (A20), (A21), and (A22) in Eq. (A18)

we get final expression of the CP asymmetry. To find the
CP asymmetry parameter ϵψ , defined in Eq. (17) we
perform the three body phase space integration numerically
without any assumption. While we do not write the final
CP asymmetry expression in this subsection, it is identical
to the one derived using the interference of tree-loop
diagrams as we show in the next subsection.

2. CP asymmetry calculation from tree-loop
interference

In this Appendix we calculate asymmetry parameter
from the interference of tree and one-loop diagrams. The
relevant diagrams in the tree level are shown in Fig. 18. The
amplitudes for the tree level diagram can be written as,

iMi
0 ¼ y�i h

�
iα

x†l y
†
Ψ

ðp2 −M2
i Þ
Mi þ yih�iα

x†l σ̄:pxΨ
ðp2 −M2

i Þ
: ðA29Þ

For a Majorana fermion ψ there are two sets of diagrams
contributing to the three body decay at one-loop. These
diagrams are shown in Figs. 19 and 20 respectively. For the
diagrams in Fig. 19, the corresponding amplitudes can be
written as,

iM10
j ¼ y�jh

�
jα

x†l σ̄:pσ:py
†
ΨðΞÞTj Mj

ðp2−M2
jÞ2

þy�jh
�
jα

x†l σ̄:pðΩÞjσ:py†Ψ
ðp2−M2

jÞ2

þy�jh
�
jα

x†l σ̄:pσ:py
†
ΨMjðΞÞj

ðp2−M2
jÞ2

þy�jh
�
jα

x†l M
2
jðΩ̄Þjy†Ψ

ðp2−M2
jÞ2

¼ y�jh
�
jα

x†l y
†
Ψ

ðp2−M2
jÞ
½p2½MjðΞÞTj þMjðΞÞj

þðΩÞj�þM2
jðΩ̄Þj�: ðA30Þ

Similarly, for the other set of four one-loop diagrams in
Fig. 20, the amplitude can be written as,

iM100
j ¼ yjh�jα

x†l ¯σ:pσ:pσ̄:pðΞÞjxΨ
ðp2 −M2

jÞ2
þ yjh�jα

x†l σ̄:pMjðΩ̄ÞjxΨ
ðp2 −M2

jÞ2

þ yjh�jα
x†l σ̄:pxΨM

2
jðΞÞTj

ðp2 −M2
jÞ2

þ yjh�jα
x†l σ̄:pxΨMjðΩÞj
ðp2 −M2

jÞ2

¼ yjh�jα
x†l σ̄:pxΨ
ðp2 −M2

jÞ
½p2ðΞÞj þM2

jðΞÞTj þMjðΩÞj

þMjðΩ̄Þj�: ðA31Þ

Therefore, the total amplitude for the decay at one-loop
level can be written as,

M1
j ¼ M10

j þM100
j : ðA32Þ

The asymmetry parameter is given by

FIG. 18. Tree level diagram contributing to the three body
decay of ψ .

FIG. 19. Feynman diagrams contributing to the three body
decay of Ψ at one-loop level.

FIG. 20. Feynman diagrams contributing to the three body
decay of Ψ at one-loop level.
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δ ¼ jMj2 − jM̄j2 ¼ 4Im½M0
iM

1�
j þM1

iM
0�
j �

¼ 4Im½y�i h�iαyjhjα�
�
Im½Miðp2½MjðΞÞTj þMjðΞÞ�j þΩ�

j � þM2
jΩ̄�

jÞ�
ðp2 −M2

i Þðp2 −M2
jÞ2

�
Tr½pl:σpΨ:σ̄�

þ 4Im½y�i h�iαyjhjα�
�
Im½Mjðp2½MiðΞÞTi þMiðΞÞi þ Ωi� þM2

i Ω̄iÞ�
ðp2 −M2

jÞðp2 −M2
i Þ2

�
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�
Im½p2ðΞÞ�j þM2

jðΞÞj þMjΩ�
j þMjΩ�

j �
ðp2 −M2

i Þðp2 −M2
jÞ2

�
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�
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Note that for the full loop corrected propagators
ðΞTÞ� ¼ Ξ and Ω̄ ¼ Ω�. One can easily figure
out that the asymmetry we have from the tree-loop
interference calculation matches with the asymmetry
we got in Eq, (A18) after replacing the resummed
propagators.

APPENDIX B: TWO BODY DECAY OF Ni

The decay width for the decay N1 → ηl is given by

ΓN1→ηl ¼
M1

8π
ðh†hÞ11

�
1 −

m2
η

M2
1

�
2

ðB1Þ

The CP asymmetry parameter for N1 → liη; li η is
given by

ϵðN1Þi ¼
1

8πðh†hÞ11

�
f

�
M2

2

M2
1

;
m2

η

M2
1

�
Im½h�i1hi2ðh†hÞ12�

−
M2

1

M2
2 −M2

1

�
1 −

m2
η

M2
1

�
2

Im½h�i1hi2H12�
�

ðB2Þ

where, the functionfðrji; ηiÞ is coming from the interference
of the tree-level and one loop diagrams and has the form

fðrji; ηiÞ ¼ ffiffiffiffiffi
rji

p �
1þ ð1 − 2ηi þ rjiÞ

ð1 − η2i Þ2
ln

�
rji − η2i

1 − 2ηi þ rji

��

ðB3Þ
with rji ¼ M2

j=M
2
i and ηi ¼ m2

η=M2
i . The self-energy con-

tribution Hij is given by

Hij ¼ ðh†hÞij
Mj

Mi
þ ðh†hÞ�ij ðB4Þ

Now, the CP asymmetry parameter, neglecting the flavor
effects (summing over final state flavors α) is

ϵN1
¼ 1

8πðh†hÞ11
Im½ððh†hÞ12Þ2�

1ffiffiffiffiffiffi
r21

p Fðr21; η1Þ ðB5Þ

where the function Fðrji; ηÞ is defined as

Fðrji; ηiÞ ¼ ffiffiffiffiffi
rji

p �
fðrji; ηiÞ −

ffiffiffiffiffirji
p
rji − 1

ð1 − ηiÞ2
�
: ðB6Þ
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