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The hybrid leptogenesis framework combining the type-I and type-II seesaw mechanisms for neutrino
mass necessarily include scattering topologies involving both the scalar triplet and the right-handed
neutrino. We demonstrate that a systematic inclusion of these mixed scatterings can significantly alter
the evolution of the number densities exhibiting, up to a factor ten, deviation in the predicted asymmetry as
demonstrated by our benchmark scenarios. We provide quantitative constraints on the degeneracy of the
seesaw scales where the complete analysis becomes numerically significant, limiting the validity of
leptogenesis being dominated by the lightest seesaw species only.
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I. INTRODUCTION

Generating the observed baryon asymmetry of the
Universe (BAU) through leptogenesis has been widely
discussed in the literature as it provides a possible con-
nection between the eluding enigmas of the neutrino mass
and the matter-antimatter asymmetry [1–3]. In this context
the seesaw models that provide a natural framework for
generating tiny masses for the neutrinos are of interest as
they can also provide a handle to drive leptogenesis through
CP violating out-of-equilibrium decays of the heavy see-
saw states of different types [4–7], viz. the right-handed
neutrino(s) for the type-I [8,9], scalar triplet(s) for the
type-II [10,11], and the fermionic triplet(s) for type-III [12]
seesaw mechanism.
In general if there are a number of heavy species with

hierarchical masses that contribute to leptogenesis, the
washout effects imply that the final asymmetry is domi-
nated by the lightest species (see [13] for exceptions).
Interestingly, as the scales start coming close, processes
that involve the participation of more than one type of these
heavy species become important (henceforth, called mixed
processes) and consequently, estimation of the asymmetry
requires a detailed study of the coupled Boltzmann equa-
tions including all the relevant states. In this work we
present a hybrid scenario with type-I and type-II seesaw

states simultaneously contributing to the neutrino mass and
leptogenesis. We focus on the region of parameter space,
in consonance with the neutrino oscillation data, where the
mixed processes involving states belonging to the two
different seesaw frameworks become numerically signifi-
cant. We show that the full analysis tracking the number
densities of all relevant species can significantly differ from
the approximate results obtained by assuming that the
dominant role is played by the lightest state.
The minimal version of the hybrid leptogenesis frame-

work considered in this work, extends the Standard Model
(SM) by one SUð2ÞL triplet scalar having hypercharge
Y ¼ 1, while the fermionic sector is augmented with a
single right handed-neutrino (RHN). The appearance of
both RHN(s) and triplet(s) occur naturally in several
extensions of the SM such as the left-right symmetric
model [14,15] and grand unified theories (GUTs) [16–21].
The seesaw neutrino masses, in agreement with the
experimental limits, can be generated by combining the
type-I and type-II seesaw contributions [22]. The minimal-
ity of the framework imply that the CP violating decays of
heavy state(s) necessarily require the simultaneous involve-
ment of the scalar triplet as well the right-handed neutrino.
Leptogenesis in hybrid seesaw frameworks [23–25] has
been discussed in the literature mostly assuming hierar-
chical seesaw scales where leptogenesis is dominantly
driven by decay of the lightest states [26–30]. However,
in this work, we present, for the first time, a systematic
analysis involving both the RHN and the scalar triplet
contributing toward leptogenesis due to their closeness in
mass scales that finally leads to a substantial correction in
final baryon asymmetry estimation. In particular, we show
that there are new and modified ΔL ¼ 1 and ΔL ¼ 2
scattering processes in this simplified scenario of hybrid
leptogenesis which are operative in the region where the
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type-I and type-II mass scales are relatively close and
can significantly alter the baryon asymmetry parameter.
As proof of principle, we present a couple of benchmark
points to demonstrate this feature. We also provide a
quantitative constraint on the closeness of mass scales in
terms of a degeneracy parameter where these processes
with mixed topologies become numerically significant.
The paper is organized as follows. In Sec. II we introduce

the minimal model where the neutrino masses are generated
from a combination of type-I and type-II seesaw mecha-
nisms. Leptogenesis within this hybrid framework is
discussed in Sec. III. We compare the complete analysis
of the hybrid framework including the mixed processes
with approximated solutions in Secs. IV and V before
concluding in Sec. VI.

II. THE HYBRID SEESAW MODEL
AND NEUTRINO MASS

In this section we present the minimal extension of the
SM which generates neutrino masses and drives lepto-
genesis within the hybrid type Iþ II seesaw framework.
The SM is extended with a SUð2ÞL singlet RHN ðNRÞ and
a complex scalar triplet (Δ) with hypercharge Y ¼ 1 which
are responsible to generate tiny neutrino masses via the
type-I and type-II seesaw mechanisms, respectively. The
relevant part of the Yukawa Lagrangian includes,

−LY ¼ YNαLα H̃NR þ 1

2
YΔαβLc

αΔLβ

þ 1

2
MNNRNR

c þ H:c:; ð2:1Þ

where symbols have usual meaning and α, β ¼ 1, 2, 3 are
flavor indices. The complex Yukawa couplings of the
RHN denoted by YNα has six independent real param-
eters, on the other hand for the scalar triplet the Yukawas
are given by a 3 × 3 complex symmetric matrix YΔ with
nine independent elements. The scalar potential of this
hybrid scenario is identical to a pure type -II seesaw and
is represented by

VðH;ΔÞ ¼ −m2
HðH†HÞ þ λ

4
ðH†HÞ2 þM2

ΔTrðΔ†ΔÞ
þ λ2½TrðΔ†ΔÞ�2 þ λ3TrðΔ†ΔÞ2
þ λ1ðH†HÞTrðΔ†ΔÞ þ λ4ðH†ΔΔ†HÞ
þ μ½HTiτ2Δ†H þ H:c:�; ð2:2Þ

where μ is the only dimensionful coupling present in
the theory. After the electroweak symmetry breaking
(EWSB), the Higgs acquires a vacuum expectation value
ðvHÞ which induces a tiny vacuum expectation value
(VEV) of the triplet given by vΔ ∼ μv2H=M

2
Δ, the value of

which has an upper bound from precision electroweak
measurements [31].

Note that the bare-mass term ðMNÞ of NR present in
Eq. (2.1) and the trilinear coupling (μ) of Δ given in
Eq. (2.2) are chosen to be real without any loss of
generality. The mass of the SM neutrinos are generated
through a combination of type-II and type-I seesaw
mechanisms given by

Mν ¼ MII
ν þMI

ν ¼
1ffiffiffi
2

p YΔvΔ −
v2H
2MN

YNYT
N: ð2:3Þ

The neutrino mass matrix generated by a single RHN is
inadequate in explaining both the solar and atmospheric
mass differences. In this context, the inclusion of the
triplet is a welcome feature. Contrarily, the type-II seesaw
mechanism with a single scalar triplet although can satisfy
the neutrino oscillation data by itself [22] (due to the
presence of a larger number of free parameters in the
Yukawa matrix YΔ), it fails to generate any CP asymmetry
in the decay of the single Δ. Thus, in the simplified setup,
presence of both the heavy states is crucial to fulfill the
necessary requirements to simultaneously satisfy the neu-
trino oscillation data and generation of lepton asymmetry,
which we demonstrate in Sec. III.

III. LEPTOGENESIS IN THE MINIMAL
HYBRID SEESAW MODEL

The study of cosmic microwave background
radiation quantifies the present day abundance of baryon
asymmetry as

YδB ¼ 8.750� 0.077 × 10−11; ð3:1Þ

observed by Planck [32]. Such an asymmetry can be
generated by various mechanisms such as GUT baryo-
genesis [33–42], the Affleck-Dine mechanism [43,44],
electroweak baryogenesis [45–47], and baryogenesis via
leptogenesis [2,46,48–52]. We focus here on the lepto-
genesis scenario where a lepton asymmetry is created by
the out of equilibrium decays of both the RHN and a scalar
triplet in the context of a hybrid Type Iþ II scenario
as sketched above, which finally would be converted
into baryon asymmetry via the sphaleron process [53].
A systematic study of leptogenesis within this framework is
discussed in the following subsections.

A. CP asymmetry generation

In the minimal hybrid seesaw construction, the involve-
ment of two heavy seesaw states, i.e., the RHN and the
scalar, indicates that the initial lepton asymmetry can be
contributed to by the out-of-equilibrium decays of each of
them in general.
The RHN decays into a lepton and Higgs as denoted in

Fig. 1. Crucially the interference between the tree level
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[Fig. 1(a)] and triplet mediated one-loop level [Fig. 1(b)]
diagrams generate the asymmetry given by [29,54]

ϵN ¼
X
α

ΓðN → Lα þHÞ − ΓðN → Lα þHÞ
ΓðN → Lα þHÞ þ ΓðN → Lα þHÞ

¼ −
1

16π2ΓN

X
α;β

Im½YNαYNβY�
Δαβμ�

×

�
1 −

M2
Δ

M2
N
log

�
1þM2

N

M2
Δ

��
: ð3:2Þ

On the other hand, the CP asymmetry from the decay of
the triplet results from the interference between the tree
[Fig. 2(a)] and the RHN mediated one-loop [Fig. 2(b)]
diagrams and is given by [29,54]

ϵΔ¼
X
α;β

ΓðΔ̄→LαþLβÞ−ΓðΔ→LαþLβÞ
ΓðΔ→LαþLβÞþΓðΔ→LαþLβÞ

;

¼ 1

64π2ΓΔ

X
α;β

Im½Y�
NαY

�
NβYΔαβμ�

�
MN

MΔ
log

�
1þM2

Δ
M2

N

��
:

ð3:3Þ
In the above expression, ΓN and ΓΔ denote the total decay
width of RHN and triplet respectively and is given by

ΓN ¼ MN

8π
TrðYN

†YNÞ;

ΓΔ ¼ MΔ

8π

�
TrðYΔ

†YΔÞ þ
�

μ

MΔ

�
2
�
: ð3:4Þ

In this simplified setup, it is interesting to note that
the combination of the neutrino Yukawas and trilinear

couplings that appear in the expression of ϵN and ϵΔ in
Eqs. (3.2) and (3.3), respectively, are complex conjugates
of each other. Thus, the contribution of this specific
combination cancels out in the expression of the ratio of
the CP asymmetry parameters defined as ϵr ¼ ϵN=ϵΔ,
representative of a relative hierarchy between the CP
asymmetries generated from RHN and triplet decays.
Apart from the couplings involved, the triplet to RHN
mass ratio defined by r ¼ MΔ=MN also plays a significant
role in determining ϵr. In order to extract the effects of
various couplings and masses in the asymmetry parameter,
the ratio ϵr can be factorized as

ϵr ¼
�
4r2ð1 − r2 logð1þ 1=r2ÞÞ

logð1þ r2Þ
��TrðY†

ΔYΔÞ þ ð μ
MΔ

Þ2
TrðY†

NYNÞ

�
;

≡ fðrÞgðYN;YΔ; μ=MΔÞ; ð3:5Þ

where the functions fðrÞ and gðYN;YΔ; μ=MΔÞ encap-
sulate the dependence on mass ratio r ¼ MΔ=MN and
Yukawa couplings respectively. In order to exhibit
such dependence more explicitly, we include Figs. 3(a)
and 3(b). As can be seen from it, the mass ratio
dependent factor fðrÞ appearing in Eq. (3.5) attains a
maximum value 4.0 corresponding to a smaller value of
r ∼Oð10−2Þ while it asymptotically approaches zero for
larger value of r ≫ 1. On the other hand, a contour plot
for function g is drawn in YN − YΔ plane for some
fixed values of g and μ=MΔ in Fig. 3(b). As evident, a
relatively large (or small) value of g or initial relative
asymmetry between the RHN or triplet decay is
obtainable by appropriately tuning the quantities μ=MΔ
and/or hierarchy between couplings YN and YΔ. From
Figs. 3(a) and 3(b) it is easy to read off f and g for any
generic hybrid scenario and estimate the initial asym-
metries from Eq. (3.5).

B. Evolution of baryon asymmetry

In this section we discuss the evolution of how the
primordial lepton asymmetry can be associated with the
present-day observation of BAU [32]. In order to inves-
tigate the evolution of B − L asymmetry through the out
of equilibrium decay of heavier species, we need to solve
the set of coupled Boltzmann equations (BEs) associated
with abundances of various particles. This B − L asym-
metry can then be transferred to a net baryon asymmetry
through nonperturbative sphaleron processes [53]. The
sphaleron factor in this model is calculated to be asph ¼
YδB=YδðB−LÞ ¼ 12=37 assuming sphaleron remains at equi-
librium after the EW phase transition [55].
We consider Yukawa couplings in the range of

Oð10−3–10−1Þ for both the RHN and scalar triplet while
being in alignment with the seesaw spirit which fixes the
mass of the heavy particles to be greater than 1012 GeV.
This high scale of leptogenesis can be safely considered to

FIG. 1. Tree-level (left) and triplet-mediated one-loop level
(right) decay of the RHN generating the asymmetry parameter ϵN.

FIG. 2. Tree-level (left) and RHN mediated one-loop level
(right) decay of triplet generating the asymmetry parameter ϵΔ.
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be unflavoured1 as none of the SM Yukawa interactions enter thermal equilibrium at these temperatures. In order to write
down the BEs for this mixed seesaw framework, one needs to track the abundances of the RHN, triplet (both its symmetric
and asymmetric part denoted by ΣΔ ¼ Δþ Δ and δΔ ¼ Δ − Δ̄, respectively), and the B − L asymmetry which form a set
of four coupled differential equations given by

ẎN ¼ −
�
YN

Yeq
N
− 1

�h
γDN

þ 2
�
γNL
Q̄tR

þ γNQ
LtR

þ γNtR
LQ̄

�i
− 2

��
YN

Yeq
N

YΣΔ

Yeq
ΣΔ

− 1

�
γΔN
LH

þ
�
YN

Yeq
N
−
YΣΔ

Yeq
ΣΔ

�
ðγΔH̄L̄N þ γΔLHNÞ

�
; ð3:6aÞ

ẎΣΔ ¼ −
�
YΣΔ

Yeq
ΣΔ

− 1

�
γDΔ

− 2

	�
YΣΔ

Yeq
ΣΔ

�
2

− 1



γA − 2

��
YN

Yeq
N

YΣΔ

Yeq
ΣΔ

− 1

�
γΔNL̄H þ

�
YΣΔ

Yeq
ΣΔ

−
YN

Yeq
N

�
ðγΔH̄L̄N þ γΔLHNÞ

�
; ð3:6bÞ

ẎδΔ ¼ −
�
YδΔ

Yeq
ΣΔ

þ BL
YδL

Yeq
L
− BH

YδH

Yeq
H

�
γDΔ

−
��

2
YδΔ

Yeq
ΣΔ

YN

Yeq
N
þ YδL

Yeq
L
−
YδH

Yeq
H

�
γΔNL̄H þ

�
2
YδΔ

Yeq
ΣΔ

−
YδH

Yeq
H

þ YδL

Yeq
L

YN

Yeq
N

�
γΔH̄L̄N

þ
�
2
YδΔ

Yeq
ΣΔ

þ YδL

Yeq
L
−
YδH

Yeq
H

YN

Yeq
N

�
γΔLHN

�
; ð3:6cÞ

ẎδðB−LÞ ¼ −
�
YN

Yeq
N
− 1

�
ϵNγDN

þ 2

�
YδL

Yeq
L
þ YδH

Yeq
H

�
γDN

−
1

2

�
YΣΔ

Yeq
ΣΔ

− 1

�
ϵΔγDΔ

þBL

�
YδΔ

Yeq
ΣΔ

þ YδL

Yeq
L

�
γDΔ

þ YδL

Yeq
L

�
ðγNQ

LtR
þ γNtR

LQ̄ Þ− YN

Yeq
N
γNL
QtR

�
þ 2

�
YδL

Yeq
L
þ YδH

Yeq
H

�
ðγRISLHL̄H̄ þ γRIS

LL
H̄ H̄Þ

þ
��

2
YδΔ

Yeq
ΣΔ

YN

Yeq
N
þ YδL

Yeq
L
−
YδH

Yeq
H

�
γΔNL̄H þ

�
2
YδΔ

Yeq
ΣΔ

−
YδH

Yeq
H
þ YδL

Yeq
L

YN

Yeq
N

�
γΔH̄L̄N þ

�
2
YδΔ

Yeq
ΣΔ

þ YδL

Yeq
L
−
YδH

Yeq
H

YN

Yeq
N

�
γΔLHN

�
; ð3:6dÞ

where we follow usual notations and conventions which are elaborated on in Appendix A. The comoving number density
is denoted by YX ¼ nX=s which is the ratio of number density ðnXÞ and entropy density (s) for any species X and is a
function of the temperature (T), parametrized by the dimensionless variable z ¼ MN=T. The left-hand side of these
differential equations denote the change in the number density of X which is defined as ẎX ¼ z sðzÞHðzÞdYX=dz, where
X ¼ N;ΣΔ; δΔ and δðB − LÞ and HðzÞ is the Hubble parameter.

FIG. 3. Left panel shows the variation of fðrÞ defined in Eq. (3.5) with respect to the mass ratio r where mass degeneracy of RHN
and triplet is denoted via the vertical gray dashed line. Right panel shows order of magnitude contours of gðYN;YΔ; μ=MΔÞ appearing
in Eq. (3.5) in the plane of Yukawa couplings OðYNÞ vs OðYΔÞ for fixed values of μ=MΔ ¼ 0.01ð0.5Þ denoted by solid (dashed)
blue (red) curves.

1The reheating temperature is expected to be accordingly higher here so that the decay of the heavy seesaw states take place in
radiation-dominated era. For the decay happening in an extended reheating era, the conventional flavor regimes of leptogenesis would be
modifed [56].
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Note that BL and BH are the branching ratios of the
triplet decaying into lepton and Higgs respectively and are
given by

BL ¼ MΔ

8πΓΔ
TrðYΔ

†YΔÞ; BH ¼ μ2

8πMΔΓΔ
: ð3:7Þ

The superscript ‘eq’ denotes the equilibrium number density
of any given species. The asymmetry in the abundance of the
SM lepton doublet ðYδLÞ and the Higgs doublet ðYδHÞ
are linearly dependent on YδΔ and YδðB−LÞ and can be
expressed in terms of the CL and CH coefficient matrices
given in [57–60]. The decay reaction densities of the RHN
and triplet are denoted by γDN

and γDΔ
, respectively, which

also act as source terms (proportional to ϵN and ϵΔ) in the
evolution of B − L asymmetry. All other reaction densities
correspond to 2 ↔ 2 scattering processes and are schemati-
cally represented by γXY ≡ γðX → YÞ. The real intermediate
state (RIS) subtracted reaction densities are denoted as γRIS
for ΔL ¼ 2 processes as discussed later and all of the
reaction densities for various processes are explicitly sum-
marized in Appendix B.
In passing we note that we do not include any decay or

scattering process that involves three or more particles
in the initial or final state [61] and also exclude gauge
interactions related to pure type-I seesaw which involves
thermal corrections to masses of gauge bosons and other
particles [62]. In the following we list down various
processes and the corresponding reaction densities relevant
for this hybrid framework.

1. Decays of the RHN and the triplet

The RHN decays into a lepton and a Higgs, whereas
the triplet can decay into a lepton pair or a Higgs pair as
shown in Figs. 1 and 2, respectively. Both the decay
processes violate the lepton number and the associated
reaction densities for the RHN and triplet decay are given as

γDN
¼ neqN

K1ðzÞ
K2ðzÞ

ΓN ; γDΔ
¼ neqΣΔ

K1ðzÞ
K2ðzÞ

ΓΔ; ð3:8Þ

where the common ratio of the Bessel functions
accounts for the dilution arising from the expansion of
the Universe [49]. ΓN and ΓΔ denotes the total decay width
of RHN and triplet respectively and given by Eq. (3.4).

2. Scattering processes: ΔL= 1

The ΔL ¼ 1 scattering process can be broadly divided
into two classes, one that is already present in the pure
type-I seesaw framework and the other that is only possible
in the mixed type Iþ II seesaw scenario. There are three
such processes that involve the top quark in the external
legs as shown in Fig. 4. The squared amplitudes of these
processes are given in Appendix B 1.
On the other hand, there are also three additional

processes which involve both NR and Δ in the external
legs and are only possible in this hybrid seesaw framework.
They constitute the mixed topology processes that we
include in the analysis for the first time. The novel processes
include ΔN ↔ L̄H, ΔH̄ ↔ L̄N and ΔL ↔ HN which are
shown in Figs. 5–7 with their squared amplitudes are given
in Appendix B 2. These hybrid processes in our framework
are mediated either by the lepton or the Higgs. In the
following section we will see that the inclusion of these
processes can be quite important in certain parameter regions
to significantly modify the final value of baryon asymmetry.

3. Scattering processes: ΔL= 2

Apart from inverse decays and ΔL ¼ 1 scattering
processes, one needs to include the ΔL ¼ 2 scatterings

FIG. 4. 2 ↔ 2 scattering processes ðΔL ¼ 1Þ involving the top quark.

FIG. 5. Lepton (left) and Higgs (right) mediated diagram for
ΔN ↔ L̄H scattering.

FIG. 6. Higgs (left) and lepton (right) mediated diagram for
ΔH̄ ↔ L̄N scattering.
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which are of the same order in the couplings as the
asymmetry parameters. We consider the two processes
LH ↔ L̄ H̄ and LL ↔ H̄ H̄ which are mediated by N and
Δ as shown in Figs. 8 and 9. It is important to note that in
order to avoid double counting, one must consider only the
off shell contribution by subtraction of RIS [2,63] given by

γRIS
X
Y ¼ γXY − γon–shell

X
Y ¼ γXY − γXUBRðU → YÞ; ð3:9Þ

where U is the intermediate unstable particle. The relevant
expressions can be found in Appendix B 3.

IV. MATTER-ANTIMATTER ASYMMETRY IN
FULL AND APPROXIMATED ANALYSIS

In this section we present the estimated present-day
baryon asymmetry obtained by performing a numerical
solution of the coupled differential equations given in
Eq. (3.6) for the hybrid framework depicted in Sec. II.
We solve the Boltzmann equations tracking the asymmetry
created through a synergy of N and Δ decays keeping all
the mixed processes discussed above. This reflects the “full

analysis” in the discussions that follows. We compare this
analysis with hierarchical scenarios where the leptogenesis
is dominated with asymmetries either created by the decay
of the RHN (N) or triplet (Δ). In this approximation the
mixed processes shown in Figs. 5–7 are not present.
Henceforth, we refer to the scenario where leptogenesis
is dominated by the decay of the RHN as “N-approximate”
and the situation where the leptogenesis is dominated by
the decay of scalar triplet as “Δ-approximate” for conven-
ience. The BEs for these two approximate situations can be
obtained by systematically switching off certain terms from
Eq. (3.6) as sketched above.
For a quantitative comparison between the full analysis

of the hybrid framework with the approximate scenarios
specially where there exists a relative closeness between the
two seesaw states we present a numerical simulation of two
benchmark points given in Table I. For the hybrid seesaw
framework we can envisage three different choices of
satisfying the neutrino oscillation data: (i) Neutrino observ-
ables are solely generated by the contribution of NR which
is not feasible in our minimal hybrid setup: (ii) Owing to
large number of independent free Yukawa couplings, the
triplet alone can generate all the neutrino oscillation
observables within experimental uncertainties with negli-
gible contribution from the RHN. This scenario has been
depicted in our second benchmark point (BP2); (iii) Finally,
the neutrino oscillation data can be generated by contri-
butions of both type-I and type-II seesaw mechanisms
which has been shown in our first benchmark point (BP1).
The two benchmark points BP1 and BP2 have been
identified to represent the two extreme possibilities within
the minimal type Iþ II hybrid seesaw framework that can

FIG. 8. RHN mediated s-channel (left), u-channel (middle), and triplet mediated t-channel (right) Feynman diagrams contributing to
the ΔL ¼ 2 scattering process LH ↔ L̄ H.

FIG. 9. Triplet mediated s-channel (left), RHN mediated t-channel (middle), and u-channel (right) Feynman diagrams contributing to
the ΔL ¼ 2 scattering process LL ↔ H̄ H.

FIG. 7. Lepton (left) and Higgs (right) mediated diagram for
ΔL ↔ HN scattering.
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be in consonance with neutrino oscillation data. For each
benchmark point we perform a detailed study of the
neutrino oscillation parameters. We investigate the relative
contribution of the two seesaw mechanisms to the neutrino
mass matrix. Next, we study the generation of baryon
asymmetry through leptogenesis for these benchmark
points in the full analysis and in the N=Δ-approximate
scenario.

In the case of the first benchmark point BP1 given in
Table I, the triplet contribution to the neutrino mass is
dominant over the RHN; however, the Δm2

13 and θ13
satisfies the 3σ allowed ranges for normal hierarchy
(NH) only when both the type-I and type-II contributions
are taken into account as shown in Fig. 10(a). The reaction
densities for all the processes calculated in the full analysis
denoted by (F) are shown in Fig. 10(b). The evolution of

TABLE I. Model parameters for the two benchmark points which satisfy neutrino oscillation data in normal hierarchy as well
as reproduce the correct baryon asymmetry in the full analyses denoted by (F). The final value of YδB in the N-approximate and
Δ-approximate scenarios are denoted by (N) and (Δ), respectively, along with the numerical values of CP asymmetry parameter. The
superscript (0) indicates the final value of the baryon asymmetry in different scenarios.

Model parameters for the benchmark points

MN [GeV] MΔ [GeV] Yν=10−2 YΔ=10−2 μ [GeV]

BP1 1.038 × 1014 2.154 × 1012
 
2.24337þ i2.52128
4.91356þ i2.62518
1.80870þ i3.17213

!  
2.10519 0.94246þ i 2.10688 2.55296þ i 0.94298

· 10.83470 10.77910þ i2.55374
· · 7.91460

!
1.881 × 1010

BP2 9.714 × 1013 2.878 × 1012
 
0.24558þ i0.77045
0.54368þ i0.07879
0.27885þ i0.14405

!  
0.14271 0.07116þ i 0.14434 0.24941þ i0.07004

· 1.04974 0.92076þ i0.25063
· · 0.73111

!
3.689 × 1011

Neutrino oscillation parameters within 3σ in normal hierarchy (F)

Δm2
12 [eV2] Δm2

13 [eV2] θ12 θ23 θ13 δCP JCP
P

mν [eV] jmββj [eV]
BP1 7.4081 × 10−5 2.5745 × 10−3 34.0376° 48.1313° 8.7770° 153.078° −0.019640 0.06427 0.0067
BP2 7.4427 × 10−5 2.5620 × 10−3 31.4090° 49.3888° 8.3471° 157.071° −0.017706 0.06274 0.0056

Leptogenesis related quantities

ϵN ϵD ϵr Y0
δBðFÞ Y0

δBðNÞ Y0
δBðΔÞ

BP1 −4.704 × 10−6 −1.442 × 10−7 32.6 8.772 × 10−11 17.548 × 10−11 6.896 × 10−11

BP2 −2.788 × 10−6 −4.398 × 10−9 633.8 8.803 × 10−11 3.149 × 10−9 1.234 × 10−12

FIG. 10. BP1: Left panel [10(a)] denotes the relative contribution of N and Δ via type-I and type-II seesaw mechanisms respectively
with 3σ allowed oscillation parameters [22] for NH. The red vertical line gives the values of the oscillation parameters for the full
analysis whereas the gray square and triangle are the values obtained by only taking into the contribution of type-I and type-II seesaw,
respectively. Right panel [10(b)] shows the reaction densities (scaled by the product of Hubble parameter and photon number density)
for different processes involved in the hybrid seesaw scenario with respect to z ¼ MN=T which are calculated in full analysis denoted
by (F).
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various abundances are plotted against z ¼ MN=T in
Fig. 11(a) for the full analysis, N-approximate and
Δ-approximate analysis scenarios denoted by solid (F),
dashed (N), and dotted (Δ) lines, respectively. The abun-
dances of the RHN ðYNÞ and triplet ðYΣΔÞ in the
N-approximate and Δ-approximate case follows the full
analysis whereas the abundance of asymmetric component
of the triplet YδΔ in the Δ-approximate scenario differs
significantly from the full analysis. Owing to higher initial
value of ϵN the baryon asymmetry calculated in the full
analysis initially follow the N-approximate result and starts
deviating around z ∼ 5. Interestingly the asymmetry shows
a peaklike behavior at z ∼ 100 as the triplet goes on shell in
the LL → H̄H̄ process. The baryon asymmetry calculated
in the full analysis starts to saturate around z ∼ 500
and matches with the observed value measured by
Planck [32]. As indicated in Fig. 11(b) the N-approximate
(Δ-approximate) scenario exhibit a deviation of the order of
∼100ð20Þ% from the full analysis.
A similar behavior of the baryon asymmetry can be

observed for the second benchmark point BP2 (as defined
in Table I), although all the oscillation parameters are
solely determined by the type-II contributions, as can be

read off from Fig. 12(a). Due to a high value of ϵr, the
baryon asymmetry is controlled initially by the RHN up
to z ∼ 10 as can be seen from Fig. 13(b). For this
benchmark point we obtain a factor 100 deviation in
the final baryon asymmetry for both the approximated
scenarios from the full analysis.
These two representative benchmark points indicate that

in spite of the lower-scalar triplet mass the baryon asym-
metry is not well-estimated by the Δ-approximate scenario.
This is indicative of the phenomena that with relatively
close mass scales the underlying mixed processes play a
significant role in determining the final baryon asymmetry.
Thus a full analysis keeping all mixed and ΔL ¼ 2
processes revealing the full synergy of the two seesaws
is crucial for an accurate determination of the baryon
asymmetry in hybrid scenarios.

V. VALIDITY OF APPROXIMATE ANALYSIS
IN HYBRID LEPTOGENESIS

We present a quantitative analysis for the region of
validity of the approximate analysis of leptogenesis with
hierarchical hybrid scenarios. We consider a representative

FIG. 11. BP1: Left panel [11(a)] demonstrates the evolution of various abundances for the scenario of full analysis, N-approximate
and Δ-approximate indicated by solid, dashed, and dot-dashed lines and denoted by F, N, and Δ in the parentheses, respectively.
Right panel [11(b)] shows only the evolution of the baryon asymmetry for these three scenarios.

FIG. 12. BP2: Same as Fig. 10.
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RHN mass at MN ¼ 9.714 × 103 GeV and fix the Yukawa
couplings at Yν ∼Oð10−2Þ and YΔ ∼Oð10−3Þ. The exact
values chosen are given in Table II for completeness.
The trilinear coupling to triplet mass ratio is also kept
unchanged at μ=MΔ ¼ 0.038 and the ratio of CP asym-
metry parameter is ϵr ¼ 1.227.
We define a degeneracy parameter D given by

D≡ r − 1

rþ 1
¼ MΔ −MN

MΔ þMN
; ð5:1Þ

which ranges between ½−1; 1� and gives an estimate of the
mass degeneracy in the hybrid leptogenesis scenario and
the error with respect to the full analysis is defined as

ζ ¼ Y0
δB − Y0

δBðFÞ
Y0
δBðFÞ

: ð5:2Þ

The final value of the baryon asymmetry is calculated in
the full analysis and in approximated scenarios. This is
plotted against the degeneracy parameter shown in
Fig. 14(a). The relative error ζ in the N=Δ-approximate
scenarios are plotted as a function of degeneracy parameter
in Fig. 14(b). The lightest of the decaying particle usually
dictates the fate of the final baryon asymmetry in the case of
hierarchical spectrum with comparable values of CP
asymmetry parameters. As can be clearly seen in Fig. 14(a)
for large degeneracy with D≳ j0.25j the full analysis
represented by the black dashed line agrees with the
ΔðNÞ-approximate results represented by the blue (red)
solid lines. More quantitatively this region maps to the blue
(red) shaded region in Fig. 14(b) where the ΔðNÞ-approxi-
mate analysis is within 10% of the results obtained with the
full calculation.
As the seesaw masses come closer, the mixed topology

processes become numerically significant. The approximate

FIG. 14. Left panel shows the final value of baryon asymmetry in the full analysis, N-approximate and Δ-approximate scenarios
denoted by black dashed, solid red, and solid blue lines, respectively. Right panel denotes the error which one obtains in the NðΔÞ-
approximate calculations in comparison with the full analysis denoted by blue (red) solid curves. The red (blue) shaded region denotes
that the NðΔÞ-approximate calculations are good approximations of the full analysis with an error of less than 10% denoted by the gray
shaded region.

TABLE II. Yukawa couplings of RHN and the scalar triplet.

Yν=10−2 YΔ=10−3 
2.456þ i7.704
5.437þ i0.788
2.788þ i1.440

! 
5.708 2.846þ i5.774 9.976þ i2.802

· 41.990 36.830þ i10.025
· · 29.244

!

FIG. 13. BP2: Same as Fig. 11.
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result starts deviating from the complete analysis modulo
local numerical artifacts arising due to fine-tuned cancella-
tions. Given the competing errors from thermal corrections
[62] at 10% we can consider D≳ j0.25j as the limit for the
validity of the approximated results below which a more
careful complete analysis including all mixed processes is
warranted. In case of hierarchical primordial CP asymme-
tries the region of validity of the approximate solution
shrinks further making the usage of the complete analysis
more imperative.

VI. CONCLUSION

It is conceivable that under various circumstances, more
than one seesaw framework is operative, simultaneously
contributing to the neutrino mass parameters and driving
baryogenesis through leptogenesis. The conventional
approach has been to consider leptogenesis being dominated
by the lightest species with the understanding that the
asymmetry created at a higher scale is expected to bewashed
out due to the dynamics of the lighter degrees of freedom. It
has been pointed out previously that this assumption gets
modified when the initial asymmetry created by the CP
violating decays of the heavy state(s) is substantial such that
it may still account for the present-day matter-antimatter
asymmetry due to incomplete washout.
In this work we point out a complementary scenario in a

hybrid seesaw framework where the interplay of both the
heavier and lighter species remains important. As the mass
scales approach each other, certain (often neglected) scatter-
ing processes involving both the states become numerically
significant. Even with moderate hierarchy of scales, these
mixed topology processes require a complete tracing of
the asymmetry keeping all the species in play. The final
asymmetry in this case can significantly differ from the usual
approximated estimates obtained by assuming leptogenesis
being dominated by the lightest seesaw state.
We demonstrate the impact of such mixed processes for a

hybrid type Iþ II leptogenesis framework. We show that
for certain regions of the parameter space the complete
analysis including these novel processes can result in more
than 100% correction in the final asymmetry as compared
to the approximated results. The region of validity of the
approximate result crucially depends on the extent of
degeneracy between the two seesaw scales. While we
demonstrate the importance of the complete analysis with
the inclusion of the mixed topology scattering processes
within the context of a specific scenario, the implications
are more general and would be applicable to any hybrid
leptogenesis framework.
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APPENDIX A: NOTATION AND CONVENTIONS
UTILIZED IN THE BOLTZMANN EQUATIONS

The evolution of the number density nX for a species X is
conventionally described by the Boltzmann transport equa-
tion given by

dYX

dz
¼ −

1

zsðzÞHðzÞ
X
ij;fk

�
YX

Yeq
X
·
Ym
j¼1

Yij

Yeq
ij

· γ

�
X þ

Xm
j¼1

ij ⟶
Xn
k¼1

fk

�

−
Yn
k¼1

Yfk

Yeq
fk

· γ

�Xn
k¼1

fk ⟶ X þ
Xm
j¼1

ij

��
; ðA1Þ

where YX ¼ nX=s is the comoving number density and
z ¼ MN=T. The Hubble parameter HðzÞ and the entropy
density sðzÞ is given by

HðzÞ ¼
ffiffiffiffiffiffiffi
8g�
π

r
M2

N

MPl

1

z2
; sðzÞ ¼ 2π2

45
g�

�
MN

z

�
2

; ðA2Þ

where we calculate the effective degrees of freedom in the
thermal bath is given by g� ¼ 114.5 and the Planck mass is
set at MPl ¼ 1.22 × 1019 GeV. The equilibrium number
density of RHN, triplet and SM (lepton and Higgs) doublets
appearing in Eq. (3.6) are respectively given by

neqN ¼ 1

π2
M3

N
K2ðzÞ
z

; neqΣΔ ¼ 3r2

π2
M3

Δ
K2ðrzÞ

z
;

neqL=H ¼ 2

π2

�
MN

z

�
3

; ðA3Þ

where r is the mass ratio of triplet to the RHN defined
above as r ¼ MΔ=MN throughout the text.

APPENDIX B: CALCULATION OF REACTION
DENSITIES

In this section we provide a systematic calculation of
all the reaction densities used in this work. The reaction
density of any generic process Xþ i1þ i2þ i3þ���im⟶
f1þf2þf3þ���fn is given by
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γXi1i2i3���imf1f2f3���fn ≡ γ

�
X þ

Xm
j¼1

ij →
Xn
k¼1

fk

�

¼
Z

d3pX

ð2πÞ32EX
fXðEXÞ

Ym
j¼1

d3pij

ð2πÞ32Eij

fijðEijÞ
Yn
k¼1

d3pfk

ð2πÞ32Efk

½1� ffkðEfkÞ�

× ð2πÞ4δ
�
pX þ

Xm
j¼1

pij −
Xn
k¼1

pfk

�
×

����M
�
X þ

Xm
j¼1

ij →
Xn
k¼1

fk

�����2; ðB1Þ

where fpðEpÞ ∼ e−Ep=T is the distribution function of any
particle p as a function of the its energy ðEpÞ and jMj2 is
the squared transition amplitude of that specific process.
The positive or negative sign in the factor ½1� ffkðEfkÞ�
depends on whether the kth final state is a boson or a
fermion, however, in the dilute gas approximation one can
approximate the factor to unity. We also use Maxwell-
Boltzmann distribution function for the initial state par-
ticles for various processes.
For 1 → 2 decay the general formula given in Eq. (B1)

simplifies to [2],

γXf1f2 ¼ neqX
K1ðzÞ
K2ðzÞ

ΓX; ðB2Þ

where ΓX is the decay width of X in the rest frame.
For a generic 2 → 2 scattering process the reaction

densities in the center-of-mass frame is given by [2,62]

γ1234 ≡ γð12 → 34Þ ¼ T
64π4

Z
∞

smin

ds
ffiffiffi
s

p
K1ðz

ffiffiffi
s

p Þσ̂ðsÞ; ðB3Þ

with smin ¼ Max½ðm1 þm2Þ2; ðm3 þm4Þ2� and the
reduced cross section σ̂ given by [64]

σ̂ðsÞ ¼ 1

8πs

Z
tþ

t−

jM12→34ðs; tÞj2dt; ðB4Þ

where t is the Mandelstam variable with the limits [31],

t� ¼ 1

4s
½ðm2

1 −m2
2 −m2

3 þm2
4Þ2

− fλ1=2ðs;m2
1; m

2
2Þ ∓ λ1=2ðs;m2

3; m
2
4Þg2�: ðB5Þ

For a s-channel process this can be expressed in the closed
form by

σ̂ðsÞ¼ 1

8π
λ1=2ð1;m2

1=s;m
2
2=sÞλ1=2ð1;m2

1=s;m
2
2=sÞjM12→34j2;

ðB6Þ

where λ is the Kallen function defined as λða; b; cÞ≡
a2 þ b2 þ c2 − 2ab − 2bc − 2ca.

It is evident from Eq. (B3) and Eq. (B6) that the reduced
cross section is dimensionless and thus it is more conven-
ient to express several expressions in terms of dimension-
less quantities defined as

x ¼ s
M2

N
; y ¼ t

M2
N
; y� ¼ t�

M2
N
; r ¼ MΔ

MN
;

ai ¼
m2

i

M2
N
; aΓi

¼ m2
i

M2
N

∀ i∈ ½L;H�; ðB7Þ

where aH and aL are set to be 10−5 and 10−8, respectively
[64,65] to handle the infrared divergences. Using these
dimensionless quantities the reaction density given in
Eq. (B3) and reduced cross section given in Eq. (B4)
can be respectively written as

γ1234 ¼
M4

N

64π4z

Z
∞

xmin

dx
ffiffiffi
x

p
K1ðz

ffiffiffi
x

p Þσ̂ðxÞ;

σ̂ðxÞ ¼ 1

8πx

Z
yþ

y−

jM12→34ðyÞj2dy; ðB8Þ

where xmin ¼ smin=M2
N . With these notations we list

down the reduced cross section of all the various processes
that are important for our analysis in the following
subsections.

1. Standard processes within type I/II leptogenesis

The ΔL ¼ 1 processes that are present in the pure type-I
seesaw are shown in Fig. 4 which involves the top
quark and its Yukawa coupling with the Higgs denoted by
yt ¼

ffiffiffi
2

p
mt=vH.

a. Process: Nðp1Þ+Lðp2Þ → Q̄ðp3Þ+ tRðp4Þ

xmin ≃ 1;

jMj2ðxÞ ≃ 3 · 2TrðYN
†YNÞy2t

�
x − 1

x

�
2

;

σ̂ðxÞ ¼ 3

4π
TrðYN

†YNÞy2t
�
x − 1

x

�
2

: ðB9Þ
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b. Process: Nðp1Þ+ Q̄ðp2Þ → Lðp3Þ+ tRðp4Þ and Nðp1Þ+ tRðp2Þ → Lðp3Þ + Q̄ðp4Þ

xmin ≃ 1;

y− ≃ 1 − x and yþ ≃ 0;

jMj2ðyÞ ≃ 3 · 2TrðYN
†YNÞy2t

yðy − 1Þ
ðy − aHÞ2

;

σ̂ðxÞ ¼ 3

4π
TrðYN

†YNÞy2t
�
x − 1

x

�	
x − 2þ 2aH
x − 1þ aH

þ 1 − 2aH
x − 1

ln

�
x − 1þ aH

aH

�

: ðB10Þ

The reduced cross section for gauge induced triplet scattering processes in type-II seesaw framework are given as [60]

xmin ≃ 4r2;

σ̂ðxÞ ¼ 1

36π

�
ð5C2 − 11C1Þw3 þ 3ðw2 − 1Þf2C1 þC2ðw2 − 1Þg ln

�
1þw
1−w

�
þ ð15C1 − 3C2Þw

�
þ
�
41g41 þ 50g42

48π

�
r3=2;

with C1 ¼ 3g41 þ 12g21g
2
2 þ 12g42; C2 ¼ 3g41 þ 12g21g

2
2 þ 6g42; w¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4r2

x

r
; ðB11Þ

where g1 and g2 are the gauge couplings for Uð1Þ and SUð2ÞL gauge groups, respectively.

2. New hybrid processes

Within the hybrid framework there are three mixed scattering processes where both N and Δ appear in the external legs.
A discussion about their reduced cross sections are now in order.

a. Process: Δðp1Þ+Nðp2Þ → L̄ðp3Þ+Hðp4Þ
As shown in Fig. 5 that consists of two Feynman diagrams with amplitude denoted as MLðMHÞ for lepton (Higgs)

mediated t-channel processes. The total squared amplitude and the reduced cross sections are given as

jMj2ðyÞ ¼ jiML þ iMHj2 ¼ jMLj2 þ ðMLM
†
H þM†

LMHÞ þ jMHj2; ðB12Þ

σ̂ðxÞ ¼
Z

yþ

y−

jMj2ðyÞdy ¼ σ̂LLðxÞ þ σ̂LHðxÞ þ σ̂HHðxÞ; ðB13Þ

where

xmin ¼ Max½ðrþ 1Þ2; ð ffiffiffiffiffi
aL

p þ ffiffiffiffiffiffi
aH

p Þ2� ¼ ðrþ 1Þ2; ðB14Þ

y� ¼ ½ðr2 − 1 − aL þ aHÞ2 − x2fλ1=2ð1; r2=x; 1=xÞ ∓ λ1=2ð1; a2L=x; a2H=xÞg2�; ðB15Þ

σ̂LLðxÞ ¼
TrðYΔYνY

†
νY†

ΔÞ
8πx

�
ð4aL − xþ 1Þ ln jy − aLj þ

ð4aL − r2Þð−1þ aH − aLÞ
y − aL

�
yþ

y−

; ðB16Þ

σ̂LHðxÞ¼
1

8πx
2Re

�
μ

MN
TrðYΔYνY

†
νÞ
�

1

x−r2−1
½ð4aL−r2Þ ln jy−aLjþðx−1−4aLÞ ln jyþx−r2−1−aLj�yþy− ; ðB17Þ

σ̂HHðxÞ ¼
1

8πx

�
μ

MN

�
2

TrðYνY
†
νÞ
�
ln jyþ x − r2 − 1 − aLj −

1þ aL − aH
yþ x − r2 − 1 − aL

�
yþ

y−

: ðB18Þ
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b. Process: Δðp1Þ+ H̄ðp2Þ → L̄ðp3Þ+Nðp4Þ
The process includes two Feynman diagrams; a s-channel Higgs mediated diagram and a t-channel lepton mediated

diagram as shown in Fig. 6 with transition amplitudes denoted by Ms and Mt, respectively. The total squared amplitude
and reduced cross section can be written as

jMj2ðyÞ ¼ jiMs þ iMtj2 ¼ jMsj2 þ ðMsM
†
t þM†

sMtÞ þ jMtj2; ðB19Þ

σ̂ðxÞ ¼
Z

yþ

y−

jMj2ðyÞdy ¼ σ̂ssðxÞ þ σ̂stðxÞ þ σ̂ttðxÞ; ðB20Þ

where

xmin ¼ Max½ðrþ ffiffiffiffiffiffi
aH

p Þ2; ð ffiffiffiffiffi
aL

p þ 1Þ2�; ðB21Þ

y� ¼ ½ðr2 − aH − aL þ 1Þ2 − x2fλ1=2ð1; r2=x; aH=xÞ ∓ λ1=2ð1; a2L=x; 1=xÞg2�; ðB22Þ

σ̂ssðxÞ ¼
1

8π

�
μ

MN

�
2

TrðYνY
†
νÞλ1=2ð1; r2=x; aH=xÞλ1=2ð1; aL=x; 1=xÞ

x − 1 − aL
ðx − aHÞ2

; ðB23Þ

σ̂stðxÞ ¼
1

8πx
2Re

�
μ

MN
TrðYΔYνY

†
νÞ
�

1

x − aH
½yþ ð4aL − r2Þ ln jy − aLj�yþy− ; ðB24Þ

σ̂ttðxÞ ¼ −
TrðYΔYνY

†
νY†

ΔÞ
8πx

�
yþ ðr2 − 4aLÞð1þ aL − aHÞ

y − aL
þ ðx − aH − r2 þ 4aLÞ ln jy − aLj

�
yþ

y−

: ðB25Þ

c. Process: Δðp1Þ+Lðp2Þ → Hðp3Þ+Nðp4Þ
The process is depicted in Fig. 7 with two Feynman diagrams mediated by s-channel lepton [as shown in Fig. 7(a)]

and t-channel Higgs [as shown in Fig. 7(b)] with amplitude Ms and Mt, respectively. The corresponding expressions are
given by

xmin ¼ Max½ðrþ ffiffiffiffiffi
aL

p Þ2; ð ffiffiffiffiffiffi
aH

p þ 1Þ2�; ðB26Þ

y� ¼ ½ðr2 − aL − aH þ 1Þ2 − x2fλ1=2ð1; r2=x; aL=xÞ ∓ λ1=2ð1; a2H=x; 1=xÞg2�; ðB27Þ

σ̂ssðxÞ ¼
TrðYΔYνY

†
νY†

ΔÞ
8πx

1

2ðx − aLÞ2
�
yðx − r2 þ 3aLÞ

�
y
2
þ x − aL − aH

�
þ yðr2 − 4aLÞ

�
y
2
− aL − 1

��
yþ

y−

; ðB28Þ

σ̂stðxÞ ¼
1

8πx
ð−2ÞRe

�
μ

MN
TrðYΔYνYT

ν Þ
�
x − r2 þ 3aL

x − aL
½ln jy − aHj�yþy− ; ðB29Þ

σ̂ttðxÞ ¼ −
1

8πx

�
μ

MN

�
2

TrðYνY
†
νÞ
�
1þ aL − aH

y − aH
þ ln jy − aHj

�
yþ

y−

: ðB30Þ

3. ΔL= 2 processes

There are two ΔL ¼ 2 processes mediated by a heavy RHN or the triplet. Each of these processes given in Figs. 8 and 9
consists of three Feynman diagrams in this hybrid scenario whereas the number of diagrams reduces if one considers vanilla
seesaw frameworks. It is important to consider only the off shell part of the heavy unstable propagators in order to avoid
double-counting [62,63,66,67]. We adopt the following conventions for the Breit-Wigner propagator,

P−1ðx; a; bÞ ¼ 1

x − aþ i
ffiffiffi
b

p ; jD−1
subðx; a; bÞj2 ¼ jP−1ðx; a; bÞj2 − πffiffiffi

b
p δðx − aÞ; ðB31Þ
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where δðxÞ is the Dirac delta function. The detailed expressions of the reduced cross section of these processes are
given below.

a. Process: Lðp1Þ+Hðp2Þ → L̄ðp3Þ + H̄ðp4Þ
The process consists of three Feynman diagrams; the RHN mediated s-channel diagram [Fig. 8(a)], the u-channel

diagram[Fig. 8(b)], and triplet mediated t-channel diagram [Fig. 8(c)] for which the transition amplitude is denoted myMs,
Mu, and Mt, respectively. The squared amplitude and the corresponding reduced cross section can be written as

jMj2ðyÞ ¼ jMsj2 þ jMuj2 þ jMtj2 þ ðMsM
†
u þM†

sMuÞ þ ðMuM
†
t þM†

uMtÞ þ ðMtM
†
s þM†

tMsÞ; ðB32Þ

σ̂ðxÞ ¼
Z

yþ

y−

jMj2ðyÞdy ¼ σ̂ssðxÞ þ σ̂uuðxÞ þ σ̂ttðxÞ þ σ̂suðxÞ þ σ̂utðxÞ þ σ̂tsðxÞ; ðB33Þ

where the explicit expressions of various quantities are given below,

xmin ¼ ð ffiffiffiffiffi
aL

p þ ffiffiffiffiffiffi
aH

p Þ2; ðB34Þ

y− ¼ −xλð1; aL=x; aH=xÞ and yþ ¼ 0; ðB35Þ

σ̂ssðxÞ ¼
1

8πx
ðTrðYνY

†
νÞÞ2jD−1

subðx; 1; aΓN
Þj2
�
2aLy −

y2

2

�
yþ

y−

; ðB36Þ

σ̂uuðxÞ ¼
1

8πx
ðTrðYνY

†
νÞÞ2
�

DffiffiffiffiffiffiffiaΓN

p tan−1
yþ CffiffiffiffiffiffiffiaΓN

p −
1

2
ln jðyþ CÞ2 þ aΓN

j
�
yþ

y−

; ðB37Þ

σ̂ttðxÞ ¼ −
1

8πx

�
μ

MN

�
2

TrðYΔY
†
ΔÞ
�
1

2
ln jðy − r2Þ2 þ r2aΓΔ

j þ r2 − 4aL
r ffiffiffiffiffiffiffiaΓΔ

p tan−1
y − r2

r ffiffiffiffiffiffiffiaΓΔ

p
�
yþ

y−

; ðB38Þ

σ̂suðxÞ ¼
ðTrðYνY

†
νÞÞ2

8πx
2ðx − 1Þ

jPðx; 1; aΓN
Þj2
�
y − ffiffiffiffiffiffiffi

aΓN

p
tan−1

yþ CffiffiffiffiffiffiffiaΓN

p −
D
2
ln jðyþ CÞ2 þ aΓN

j
�
yþ

y−

; ðB39Þ

σ̂utðxÞ ¼
1

8πx
2Re

	
μ

MN
TrðYνYT

νYΔÞ�
�
Eþ F
F −G

ln jyþ Fj − Eþ G
F −G

ln jyþ Gj
�
yþ

y−



; ðB40Þ

σ̂tsðxÞ ¼ −
1

8πx
2RefTrðYΔYνYT

ν ÞP−1ðx; 1; aΓN
Þ½yþ ð−G� − EÞ ln jyþG�j�yþy−g; ðB41Þ

with

C ¼ xþ 1 − 2aL − 2aH;

D ¼ xþ 1 − 2aH;

E ¼ 4aL;

F ¼ xþ 1 − 2aL − 2aH − i
ffiffiffiffiffiffiffi
aΓN

p
;

G ¼ −r2 − ir
ffiffiffiffiffiffiffi
aΓΔ

p
: ðB42Þ

b. Process: Lðp1Þ+Lðp2Þ → H̄ðp3Þ+ H̄ðp4Þ
The process consists of three Feynman diagrams, triplet mediated s-channel diagram [Fig. 9(a)] and the RHNmediated t-

channel and u-channel diagrams [Figs. 9(b) and 9(c)] for which the transition amplitude is denoted my Ms, Mt, andMu,
respectively. The squared amplitude and the corresponding reduced cross section can be written as
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jMj2ðyÞ ¼ jMsj2 þ jMtj2 þ jMuj2 þ ðMsM
†
t þM†

sMtÞ þ ðMtM
†
u þM†

tMuÞ þ ðMuM
†
s þM†

uMsÞ; ðB43Þ

σ̂ðxÞ ¼
Z

yþ

y−

jMj2ðyÞdy ¼ σ̂ssðxÞ þ σ̂ttðxÞ þ σ̂uuðxÞ þ σ̂stðxÞ þ σ̂tuðxÞ þ σ̂usðxÞ; ðB44Þ

where the explicit expressions of various quantities are given below,

xmin ¼ 4aH; ðB45Þ

y� ¼ −
x
4

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4aL
x

r
∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4aH
x

r !
2

; ðB46Þ

σ̂ssðxÞ ¼
1

8π

�
μ

MN

�
2

TrðYΔY
†
ΔÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4aL
x

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4aH
x

r
2ðx − 4aLÞjD−1

subðx; r2; r2aΓΔ
Þj2; ðB47Þ

σ̂ttðxÞ ¼
1

8πx
ðTrðYνY

†
νÞÞ2 x − 2aLffiffiffiffiffiffiffiaΓN

p
�
tan−1

y − 1ffiffiffiffiffiffiffiaΓN

p
�
yþ

y−

; ðB48Þ

σ̂uuðxÞ ¼
1

8πx
ðTrðYνY

†
νÞÞ2 x − 2aLffiffiffiffiffiffiffiaΓN

p
�
tan−1

yþ CffiffiffiffiffiffiffiaΓN

p
�
yþ

y−

; ðB49Þ

σ̂stðxÞ ¼
1

8πx
2Re

	
μ

MN
TrðYΔY�

νY
†
νÞ� x − E

x −H
½ln jyþHj�yþy−



; ðB50Þ

σ̂tuðxÞ ¼
1

8πx
2Re

	
ðTrðYνY

†
νÞÞ2 x − 2aL

xþ 2ð1 − aL − aHÞ
½− ln jyþH�j þ ln jyþ F�j�yþy−



; ðB51Þ

σ̂usðxÞ ¼
1

8πx
2Re

	
μ

MN
TrðYνYT

νY
†
ΔÞ

x − E
xþ G

½ln jyþ Gj�yþy−


; ðB52Þ

with H ¼ −1 − i ffiffiffiffiffiffiffiaΓN

p and other expressions same as given in Eq. (B42).
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