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We explore an extension of the type-III scotogenic model through the inclusion of a real scalar singlet,
which play the role of the inflaton by virtue of its nonminimal coupling to the Ricci scalar. This scalar field
not only drives inflation but also decays into other particles embedded within the type-III scotogenic
framework. Within this theoretical structure, both the inert scalar doublet and the fermionic triplet are
instrumental in radiatively generating neutrino masses, while also emerging as viable candidates for dark
matter component of the Universe. We conduct a detailed analysis of their relic abundance and assess their
prospects for direct detection. Additionally, we examine the potential collider signatures associated with
this framework, emphasizing avenues for experimental verification in forthcoming high energy physics
experiments. Owing to the suppressed production cross section of the fermionic triplet at the LHC, we
extend our analysis to the Future Circular Collider in its hadron-hadron mode (FCC-hh). Within this
context, we identify the monoleptonic decay channel of the triplet fermion, accompanied by substantial
missing transverse energy, as a salient and experimentally distinguishable signature of the model.
Furthermore, our study reveals that the leading-order production cross section of low-mass scalar dark
matter lies within the prospective sensitivity reach of both leptonic and hadronic collider experiments,
thereby offering promising avenues for experimental scrutiny.
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I. INTRODUCTION

The experiments in neutrino oscillation physics [1] and
modern cosmology [2] have, among others, led to the
establishment of two important facts about the working of
nature (i) that neutrinos have nonzero mass and (ii) dark
matter (DM) makes about 25% of the total energy density of
the Universe. Standard Model (SM) of particle physics,
though extremely successful in explaining interactions of
elementary particles (except gravity), does not explain
neutrino mass and DM, leading to interesting SM extensions
in this direction. In particular, DM candidates with masses
around the electroweak scale and interaction cross sections
comparable to those of the electroweak interactions can

naturally account for the observedDM relic abundance. This
intriguing alignment between theoretical expectations and
observational evidence is often referred to as the weakly
interacting massive particle (WIMP) miracle [3–5]. It high-
lights, how particles with electroweak-scale properties pro-
vide a compelling and elegant explanation for DM, linking
cosmology to particle physics. The WIMPs are produced
thermally in the early universe, where their annihilation rate
into SM particles balances the expansion of the Universe,
leaving a relic density consistent with current observations
when the expansion rate exceeds the annihilation rate, known
as the freeze-out mechanism.
One of the most promising ways to generate tiny

neutrino mass is the famous seesaw mechanism [6–10].
However, the scotogenic model, an extension of the SM,
provides a unified framework in which neutrino mass is
generated radiatively through quantum loop diagrams and
contains natural candidates for WIMP DM [11–14]. This
interplay is crucial in understanding new physics beyond
SM relevant for explaining two important unresolved
issues: nonzero neutrino mass and DM. The inert doublet
in the loop does not acquire vacuum expectation value
(vev) and is odd under Z2 symmetry making it a suitable
DM candidate. Motivated by the requirement of producing
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consistent values of relic density of DM, baryon asymmetry
of the Universe (BAU), and bounds on charged lepton
flavor violation (cLFV), the minimal scotogenic model has
been extended in a variety of ways [15–29]. Apart from
these extensions, another possibility is that of the singlet-
triplet scotogenic model [18,30,31].
In this work, we study an extension of the type-III

scotogenic model [13] incorporating a real scalar singlet
from theviewpoint of cosmic inflation [32], an idea primarily
proposed to deal with the horizon [33] and flatness problem
[34]. Also, the observations of the cosmic microwave
background (CMB) [2,35,36] reveal that the Universe
experienced a period of rapid, exponential expansion known
as cosmic inflation before entering the hot big bang phase.
This inflationary period can be modeled using scalar fields
within theSM that couple nonminimally to theRicci scalarR,
enabling accelerated expansion. A prominent scenario in this
context is Higgs inflation, which has gained significant
interest, especially in light of recent Planck data suggesting
its compatibility with cosmological observations. However,
challenges arise inHiggs inflationmodels. If theHiggs scalar
doublet serves as the inflaton, vacuum stability and unitarity
issues may emerge, as scattering amplitudes among scalars
with nonminimal couplings to R could lead to unitarity
violation at scales lower than the inflation scale. These issues,
as suggested in Refs. [37–41], can be addressed and
potentially avoided. There exists a plethora of inflation
models (for review, see Ref. [42]). In our model, the singlet
scalar induces inflation similar to the Higgs inflation. The
requirement of perturbative unitarity, also, imposes an upper
bound on the nonminimal coupling of scalar singlet with
Ricci scalar i.e., ξ < 103 [43]. The inflation in the scotogenic
model has been studied in Ref. [44]. The inflation by singlet
scalar in the scotogenic model has been studied in
Refs. [45,46]. After inflation, the inflaton field decays to
the model’s particles and reheat the Universe. We consider
themass of the inflaton to be above the electroweak scale, as a
result, the inflaton decays completely before DM freeze-out.
Both fermionic and scalar possibilities for dark matter

are present in the model. The triplet fermion DM remains
under-abundant below 2.5 TeV due to the large annihilation
cross section, however, if we consider coannihilation
effects due to scalar doublet in the model, the relic density
can be satisfied in the lower mass range of about 1.4 TeV.
The model exhibits rich collider phenomenology.

Dedicated searches for the triplet fermion in type-III seesaw
have been performed at the LHC [47–50]. These bounds,
however, are not directly applicable to our framework. In our
analysis, we have evaluated the mass bound on the triplet
fermionwithin the present model, making use of the existing
LHC searches. We find that the CMS and ATLAS results
imply a lower bound on the mass of the triplet fermion of
about 580 GeV [51–53]. At higher mass ranges, the produc-
tion cross section of the fermion triplet becomes too small to
be effectively probed at the LHC. The eþe− colliders offer a
cleaner environment and enhanced sensitivity for precision

measurements, making them a promising avenue for inves-
tigating the properties of dark sector particles and inter-
actions in scenarios where the LHC lacks sufficient reach.
Also, the combination of beam polarization and control over
longitudinal dynamics positions lepton colliders as comple-
mentary tools to hadron colliders. The inert doublet, lacking
QCD interactions, can be probed at the International Linear
Collider (ILC) [54] and theCompact LinearCollider (CLIC),
a high-luminosity eþe− collider operating at 380 GeV,
1.5 TeV and 3 TeV [55]. The collider phenomenology of
the inert doublet has been studied at eþe− colliders in
Refs. [56,57] (for review, see Ref. [58]), while signatures
of the fermion triplet at colliders have been explored in
Refs. [59–61]. In the presentwork,we focus on exploring the
potential to probe the triplet fermion at both eþe− (ILC and
CLIC) andpp (FCC-hh) colliders with scalar doublet as DM
candidate.
The analyses performed in this paper are organized as

follows. In Sec. II, we discuss the extension of the type-III
scotogenic model and mass term for dark sector particles
and inflaton field. A scenario within the present work has
been discussed in Sec. III to explain the role of scalar
singlet as inflaton. The one-loop generation of neutrino
mass has been discussed in Sec. IV. The phenomenology of
the DM sector, considering two possibilities, such as scalar
doublet and fermion triplet DM in the model, is discussed
in Sec. VI. Section VII deals with the collider signature of
the model. Finally, the main conclusions of the paper are
summarized in Sec. VIII.

II. MODEL SETUP

The particle content of our model and their correspond-
ing charge assignments are given in Table I. The SM
particle content is extended by two generations of triplet
fermions Σ, an inert scalar doublet η and a real singlet scalar
χ. This particle content leads to mass generation of light
Majorana neutrinos at the one loop level. All internal
particles in the loop transform as odd, while the SM
particles transform as even under the Z2 symmetry.
Consequently, any possible effective operator leading to
a decay of a particle of the dark sector necessarily implies
another dark sector particle. Therefore, the lightest of them
is completely stable and is the DM candidate.

TABLE I. Particle content and symmetry assignments under
SUð2ÞL × Uð1ÞY × Z2 gauge symmetry.

Fields SUð2ÞL ⊗ Uð1ÞY ⊗ Z2

Fermions Li (2;−1=2;þ)
lRj

(1;−1;þ)
Σ (3; 0;−)

Scalars Φ (2; 1=2;þ)
η (2; 1=2;−)
χ ð1; 0;þÞ
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The full scalar potential of the model is written as

V ¼ μ2ΦΦ†Φþ μ2ηη
†ηþ μ2χχ

2 þ λ1ðΦ†ΦÞ2 þ λ2ðη†ηÞ2 þ λ3ðη†ηÞðΦ†ΦÞ

þ λ4ðη†ΦÞðΦ†ηÞ þ λ5
2
½ðη†ΦÞ2 þ ðΦ†ηÞ2� þ λ6

4
χ4 þ λ7

2
χ2Φ†Φþ λ8

2
χ2η†η

þ μχ3χ
3 þ λΦχχðΦ†ΦÞ þ ληχχðη†ηÞ: ð1Þ

In this work, we will take the vev of χ large and its coupling with other scalar small, such that the field χ does not
drastically affect the EW scale physics. For such large field values χ ≈Oð1015 GeVÞ, the dimensionless quartic interactions
λ6
4
χ4 plays the dominant role in inflation which we will discuss in Sec. III. This is standard assumption often taken in singlet

inflation models [43,45,46,62,63] under which the scalar potential [Eq. (1)] reduces to

V ¼ μ2ΦΦ†Φþ μ2ηη
†ηþ μ2χχ

2 þ λ1ðΦ†ΦÞ2 þ λ2ðη†ηÞ2 þ λ3ðη†ηÞðΦ†ΦÞ

þ λ4ðη†ΦÞðΦ†ηÞ þ λ5
2
½ðη†ΦÞ2 þ ðΦ†ηÞ2� þ λ6

4
χ4 þ λ7

2
χ2Φ†Φþ λ8

2
χ2η†η: ð2Þ

The scalar fields Φ, η and χ denote the usual SM Higgs
scalar doublet, the inert scalar doublet and real1 scalar
singlet, respectively. Expanding the SUð2ÞL components of
the scalar fields, we can express them as

Φ ¼ 1ffiffiffi
2

p
� ffiffiffi

2
p

Gþ

vΦ þ hþ iG0

�
; η ¼ 1ffiffiffi

2
p
� ffiffiffi

2
p

ηþ

ηR þ iηI

�
: ð3Þ

Here h is the SM Higgs and Gþ=G0 are the charged/
neutral Goldstones. Also ηþ represents the charged com-
ponent, while ηR and ηI correspond to the neutral CP-even
and CP-odd components of the inert scalar doublet η,
respectively. After the Higgs takes the vev ðvΦÞ and
spontaneously breaks the electroweak symmetry, the SM
Higgs (h) and singlet scalar (χ) mix through the rotation
matrix OR as follows

�
h1
h2

�
¼ OR

�
h

χ

�
≡
�

cos α sin α

− sin α cos α

��
h

χ

�
; ð4Þ

where α is the mixing angle between them. Then, we have
that

ORM2
RO

T
R ¼ diagðm2

h1
; m2

h2
Þ; ð5Þ

M2
R is the squared CP-even mass matrix whose eigenvalues

are given by

m2
ðh1;h2Þ ¼ ðλ1v2Φ þ λ6v2χÞ ∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ27v

2
Φv

2
χ þ ðλ1v2Φ − λ6v2χÞ2

q
;

ð6Þ
where the − (þ) sign corresponds to h1ðh2Þ and vχ is the
vev of singlet scalar field. Note that η does not mix with χ

orΦ as it has odd Z2 charge. Furthermore, the masses of the
CP-even and CP-odd components of the inert doublet, η,
turn out to be

m2
ðηR;ηIÞ ¼ μ2η þ

λ8
2
v2χ þ

λ3 þ λ4 � λ5
2

v2Φ: ð7Þ

The mass of the charged scalar field is given by,

m2
η� ¼ μ2η þ

λ3
2
v2Φ þ λ8

2
v2χ : ð8Þ

Note that, the large value of vχ necessitates choosing a
small value for the λ8 coupling.
The relevant Yukawa Lagrangian based on the particle

content and symmetries (Table I) is given by

−LY ⊃ Yl
ijL̄iΦlRj

þ Yν
ikL̄iη̃Σk þ

1

2
YΣχTrðΣ̄cΣÞ

þ 1

2
mΣTrðΣ̄cΣÞ þ H:c:; ð9Þ

where η̃ ¼ iτ2η�, τ2 is the 2nd Pauli matrix, Li ¼ ðνLi
;lLi

ÞT
and the indices i; j∈ f1; 2; 3g, k∈ f1; 2g.
The triplet fermion can be expressed in its fundamental

representation as

Σ ¼
 1ffiffi

2
p Σ0 Σþ

Σ− − 1ffiffi
2

p Σ0

!
: ð10Þ

Also, the mass of the triplet fermion is given by

MΣk
¼ mΣk

þ YΣhχi: ð11Þ
It is important to note that components of the triplet fermion
(Σ0;Σ�) remain degenerate at the tree level. However, a
mass splitting arises at the one-loop level. Throughout the
paper, whenever the mass splitting among components of
Σk is not important, we will use MΣk

to collectively denote
1Here, for sake of simplicity, we are taking the scalar singlet as

real.
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the masses of the quasidegenerate components of Σk.
Furthermore, we define MΣ0

k
as the mass of the neutral

component of the triplet fermion Σ0
k andMΣ�

k
as the mass of

its charged component Σ�
k .

In the next section, we will delve into the inflationary
dynamics driven by the singlet scalar field. This analysis
will explore how the singlet scalar field couples to the Ricci
scalar (in general relativity) and its role in shaping the
inflationary potential. We will also discuss the slow-roll
conditions, calculate the associated inflationary observ-
ables, and examine the parameter space that leads to
successful inflation consistent with current cosmologi-
cal data.

III. INFLATION

In our model, we take an approach where only the singlet
scalar χ is allowed to couple significantly with the Ricci
scalar. The singlet scalar inflation has been studied in
Refs. [64–66]. Defining the field χ ¼ hχi þ χ̃, where hχi
is the vacuum expectation value and χ̃ represents quantum
fluctuations around vev, then χ can act as the inflaton,
providing a viable inflationary mechanism without compro-
mising unitarity at the relevant scales. We assume that only
the field χ has a significant nonminimal coupling with the
Ricci scalar.
In the limit where vχ ≫ vΦ, we can use the binomial

expansion to rewrite the Eq. (6) as

m2
h1
≈
�
2λ1 −

λ27
λ6

�
v2Φ; ð12Þ

m2
χ ≈ 2λ6v2χ : ð13Þ

Here, we consider mχ
2 as the mass of the inflaton field,

which is responsible for driving cosmic inflation in the
early Universe and generating the exponential expansion of
space during the inflationary epoch, smoothing out initial
irregularities and providing the initial conditions for the
subsequent evolution of the Universe. In general relativity,
the dynamics of gravity in the absence of other fields is
described by the Einstein-Hilbert action, given as

SEH ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
M2

PR

�
; ð14Þ

where M2
P is the reduced Planck mass, R is Ricci scalar

which encodes the spacetime curvature. For the inflationary
scenario in the Jordan frame, the relevant action is

χJ ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
1

2
M2

plR −
1

2
ξχ2Rþ 1

2
∂
μχ∂μχ − VðχÞ

�
;

ð15Þ

where g is the determinant of the metric tensor gμν and VðχÞ
is the potential associated with the inflaton field χ. During
inflation, other scalar fields assumed to have negligible
values compared to χ. For large values of χ, the potential
VðχÞ can be approximated as VðχÞ ≃ λ6χ

4, where λ6 is a
coupling constant that governs the inflaton self-interaction,
making this model of inflation primarily driven by quartic
self-interactions of the inflaton field. Further, to perform
the conformal transformation from the Jordan frame to the
Einstein frame, we need to rescale the metric such that the
gravitational part of the action takes the standard Einstein-
Hilbert form. The conformal transformation of the metric
given as

gμν ¼ Ω2g̃μν; Ω2 ¼ 1þ ξχ2

M2
pl

: ð16Þ

As a result of the conformal transformation, the action in
the Einstein frame can be written as

χE ¼
Z

d4x
ffiffiffiffiffiffi
−g̃

p �
−
1

2
M2

plRE þ 1

2Ω4

�
1þ ðξþ 6ξ2Þχ2

M2
pl

�

× ∂
μχ∂μχ −

1

Ω4
VðχÞ

�
: ð17Þ

The action in Eq. (17) can be expressed by a canonically
normalized field γ as

dγ
dχ

¼

h
1þ ðξþ 6ξ2Þ χ2

M2
pl

i
1=2

1þ ξχ2

M2
pl

: ð18Þ

In the region with condition χ ≪ Mpl=
ffiffiffi
ξ

p
satisfied, the

canonical normalized field γ coincides with χ. Alternately,
in the region where χ ≫ Mpl=

ffiffiffi
ξ

p
is satisfied, the potential

has the following form

VSR ¼ λ6χ
4

4
	
1þ ξχ2

M2
pl



2
: ð19Þ

This implies that in this region, χ may act as the slow-
rolling inflation field. During this period, the potential
energy Vχ of the inflaton field (χ) dominates over its kinetic
energy, ensuring a quasiexponential expansion of the
universe. The slow-roll conditions are critical to ensuring
that inflation lasts long enough (typically 50–60 e-foldings)
and ends smoothly, as shown in Fig. 1. From potential VSR,
the number of e-foldings can be estimated as2We consider mχ ∼mh2.
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N ¼
Z

γend

γ

VSR

M2
pldVSR=dγ

dγ ≃
3

4

ðγ2 − γ2endÞξ
M2

pl

: ð20Þ

The slow-roll parameters3 (ϵ; η) can be calculated from the
potential VSR as

ϵ ¼ M2
pl

2

dVSR=dγ
VSR

≃
4M4

pl

3ξ2χ4
;

η ¼ M2
pl
d2VSR=dγ2

VSR
≃ −

4M2
pl

3ξχ2
: ð21Þ

For the successful inflation, the slow-roll parameters ϵ,
η ≪ 1. The inflation will end at ϵ ≃ 1, therefore, at this
point γend ≃

ffiffiffiffiffiffiffiffi
4=3

p
M2

pl=ξ, which can be neglected inEq. (20).
Therefore the slow-roll parameters can be expressed in terms
of the number of e-folding parameter N as

ϵ ≃
3

4N2
; η ≃ −

1

N
: ð22Þ

The spectral index ns and tensor-to-scalar ratio r are
represented by using the slow-roll parameters as

ns ¼ 1 − 6ϵþ 2η; r ¼ 16ϵ: ð23Þ

Also, the primordial power spectrum, which describes the
distribution of initial density fluctuations in the early
Universe, typically arising from quantum fluctuations during
cosmic inflation, is given by

PðkÞ ¼ As

�
k
k�

�
ns−1

with As ¼
VSR

24π2M2
plϵ

����
k�

; ð24Þ

is amplitude of the spectrum at the pivot scale k� and k is the
spatial scale or wave number. By using Planck data, As ¼
ð2.101þ0.031

−0.034Þ × 10−9 at k� ¼ 0.05 Mpc−1 [2], we find the
relation

λ6 ≃ 1.49 × 10−6ξ2N−2: ð25Þ

For N ¼ 60, the slow-roll parameters yields ns ∼ 0.965 and
r ∼ 3.3 × 10−3. The experimental value of ns from Planck
data is ns ¼ 0.9649� 0.0042, with an upper bound on r <
0.036 set by combined data from BICEP, Keck Array, and
Planck [2,67]. The requirement of perturbative unitarity
imposes an upper bound on the nonminimal coupling, i.e.,
ξ < 103 [43]. Consequently, fromEq. (25), λ6 cannot exceed
0.41 for the maximum value of ξ at an e-folding number of
N ¼ 60 to achieve the observed value of As. To ensure
consistency, choosing ξ ¼ Oð102Þ reproduces the observed
amplitude of the spectrum, As, for λ6 ¼ Oð10−6Þ.
Inflation concludes when the potential stabilizes at a

minimum or equilibrium point. At this stage, the inflaton
field starts oscillating around the minima of the potential,
resembling a harmonic oscillator or the vacuum hχi. These
oscillations lead to the inflaton decaying into other particles
within the model. This marks the onset of the reheating
phase, a critical period where the Universe repopulated
with particles and radiations. During reheating, energy is
transferred from the inflaton field to the model particles,
initiating the hot big bang and setting the stage for the
subsequent evolution of the Universe. Within the model,
the inflaton field decays into an inert doublet and a fermion
triplet at the tree level, and it can further decay into SM
particles such as gauge bosons, neutrinos and Higgs
through one-loop processes, where η and Σ appear in the
internal propagator lines, as depicted in Fig. 2. This decay
mechanism provides a pathway for the inflaton to transfer
its energy to SM particles, possibly influencing the reheat-
ing process and the subsequent evolution of the early
Universe. The decay width could be estimated as4

Γχ̃ ¼
ðλ8hχiÞ2
32πmχ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
η

m2
χ

s
þ YΣmχ

8π

�
1 −

4M2
Σ

m2
χ

�
3=2

þ ðλ8hχiÞ2
4096π5mχ

�ð2c4w þ 1Þg4
c4w

����I
�
M2

η=Σ

m2
χ

�����2

þ 1

2
ð4λ3 þ 2λ4Þ2

����J
�
M2

η=Σ

m2
χ

�����2
�
; ð26Þ

where

slow-roll

reheating

FIG. 1. The schematic diagram of slow-roll inflation.

3ϵ quantifies how slowly the inflaton is rolling down its
potential while η measures the curvature of the potential and
the acceleration of the inflaton. 4See Ref. [46] for analytical calculations.
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IðxÞ ¼ 1þ x

�
ln
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4x
p

1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x

p þ iπ

�2

; ð27Þ

J ðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x

p �
ln
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4x
p

1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x

p þ iπ

�
− 2: ð28Þ

Here, g denotes the SUð2Þ gauge coupling, and cw represents
the cosine of the weak mixing angle. Also, Mη and MΣk

denote the masses of the neutral components of inert doublet
scalar [Eq. (7)] and triplet fermions [Eq. (11)], respectively.

Additionally, the term

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
ηðΣÞ

m2
χ

r
is a kinematic factor,

accounting for the phase space suppression during the
inflaton’s decay to the η (Σ) states. In the scenario where
the inflaton field is significantly more massive than other
fields in the model, this kinematic suppression factor
approaches unity, effectively removing phase space con-
straints and allowing for efficient decay into these particles.
Therefore, the Eq. (26) becomes

Γχ̃ ¼
ðλ8hχiÞ2
32πmχ

þ Y2
Σmχ

8π

þ ðλ8hχiÞ2
4096π5mχ

�ð2c4w þ 1Þg4
c4w

þ 1

2
ð4λ3 þ 2λ4Þ2

�
: ð29Þ

At Γχ̃ ¼ H, the reheating temperature after the inflation is
given by

TR ¼
�

90

π2g�

�
1=4 ffiffiffiffiffiffiffiffiffiffiffiffi

ΓχMpl

p
; ð30Þ

where g� ¼ 121.75 is the relativistic degree of freedom.
At the onset of inflaton oscillations, energy loss to

particles is minimal compared to that from Hubble expan-
sion rate (H). Only when the Hubble rate drops to about Γ
does actual reheating become significant. We numerically
computed the inflation parameters for the number of e-
folding N ¼ 60, varying λ6 randomly over the range from
10−6 to 1. The benchmark values of various parameters
such as ξ, λ6, λ8, mχ , YΣ and reheating temperature TR is
given in the Table II. We obtained the reheating temperature
TR ≈Oð1010Þ GeV. We assume that the vev of the singlet
scalar is extremely larger than the electroweak scale. This
leads to the inflaton field acquiring a mass much higher
than any other particles in the model, ensuring that it decays
completely into lighter particles, including SM particles. As
a result, no relics of the inflaton remain after the reheating
phase, and the χ field becomes fully decoupled from the
rest of the model’s particle interactions. This decoupling
isolates χ from the postreheating particle dynamics,
allowing the model to evolve without additional influences
from the inflaton.

IV. NEUTRINO MASS

In the model under consideration, the Z2 symmetry
forbids neutrino masses at the tree level, however, they can

FIG. 2. The decay modes of the inflaton field at tree and one-loop levels are considered. Here, Gν representsW� and Z gauge bosons.
The SM Higgs boson (h) is, also, permitted as a possible final state.

TABLE II. Five representative values of parameters and corresponding reheating temperature TR.

mχ (GeV) λ6 λ8 ξ YΣ TR (GeV)

8.45 × 106 3.57 × 10−6 1.75 × 10−6 29.38 8.20 × 10−6 2.35 × 1010

2.09 × 106 2.19 × 10−6 3.13 × 10−5 72.77 9.56 × 10−6 8.02 × 1010

2.86 × 106 4.08 × 10−6 5.16 × 10−6 99.24 3.73 × 10−6 7.12 × 1010

2.74 × 106 3.75 × 10−6 4.11 × 10−5 95.16 7.48 × 10−6 1.68 × 1010

2.04 × 106 2.07 × 10−6 3.16 × 10−6 70.79 9.80 × 10−6 1.19 × 1011

SINGH, SRIVASTAVA, VERMA, and YADAV PHYS. REV. D 112, 095014 (2025)

095014-6



be generated at the one-loop level. The relevant invariant
Yukawa Lagrangian for neutrino mass generation is pro-
vided in Eq. (9). It is important to note that, the real singlet
scalar (inflaton) remains effectively decoupled from the
electroweak sector due to its large mass Oð108 GeVÞ and
highly suppressed couplings ðλ7; λ8 ∼ 10−6Þ. As a result, it
does not affect neutrino mass generation or low-energy
lepton-sector phenomenology, while still playing a role in
the early Universe dynamics as discussed earlier. Therefore,
the YΣχTrðΣ̄cΣÞ term in Eq. (9) does not contribute to the
neutrino mass, as the χ field decouples from the other
model particles after the reheating process. Consequently,
neutrino masses arise similar to the minimal type-III
scotogenic model [13], enabling the model to accommo-
date neutrino masses without additional contributions from
χ postreheating. The Feynman diagram illustrating the one-
loop mechanism for neutrino mass generation is shown in
Fig. 3, and the corresponding equation is given by

ðMνÞij ¼
X2
k¼1

Yν
ikY

ν
kjMΣ0

k

32π2

�
m2

ηR

m2
ηR −M2

Σ0
k

log
m2

ηR

M2
Σ0
k

−
m2

ηI

m2
ηI −M2

Σ0
k

log
m2

ηI

M2
Σ0
k

�
; ð31Þ

where MΣ0
k
(k ¼ 1; 2) is the mass of neutral components of

triplet fermion5

The neutrino mass matrix ðMνÞij can also be expressed as

ðMνijÞ ¼ ðYνÞTΛYν

where Λ is given by

Λ ¼
MΣ0

k

32π2

�
m2

ηR

m2
ηR −M2

Σ0
k

log
m2

ηR

M2
Σ0
k

−
m2

ηI

m2
ηI −M2

Σ0
k

log
m2

ηI

M2
Σ0
k

�

Using the Casas-Ibarra parametrization [68,69], the
Yukawa terms can be written as

Yν ¼
ffiffiffiffiffiffiffiffi
Λ−1

p
R
ffiffiffiffiffiffi
mν

p
U†

lep

whereUlep is the leptonic mixing matrix,mν is the diagonal
matrix of neutrino mass eigenvalues and R is a complex
rotation matrix.
In the following section, we explore the dark matter

phenomenology, constraining the model’s parameter space
by utilizing neutrino oscillation data within the 3σ exper-
imental range for normal hierarchy6 only [1].

V. CONSTRAINTS ON THE MODEL

The numerical estimation of various parameters is put to
the following theoretical and experimental constraints.

A. Boundedness from below

Bounded from below for the full scalar potential
[Eq. (2)], is ensured by the vacuum stability constraints
[70,71] such as

λ1; λ2; λ6 ≥ 0; ð32Þ

λ3 ≥ −2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
; ð33Þ

λ7 ≥ −2
ffiffiffiffiffiffiffiffiffi
λ1λ6

p
; ð34Þ

λ8 ≥ −2
ffiffiffiffiffiffiffiffiffi
λ2λ6

p
; ð35Þ

λ3 þ λ4 − jλ5j ≥ −2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
: ð36Þ

In our scenario, however, χ obtains a high-scale vev
(inflation scale), and the associated physical excitation is
heavy and decouples from the electroweak sector. Its
couplings to Φ and η (λ7 and λ8) are taken to be very
small (∼10−6) to suppress χ–Higgs mixing and to ensure
inflationary decoupling. After χ settles to its vev, the
effective low-energy potential relevant for neutrino mass
generation and dark matter reduces to the inert doublet
potential with vacuum stability constraints given by
Eqs. (32), (33), and (36).

B. Electroweak precision data

The various parameters in the model can be constrained
by the data from electroweak precision data. Particularly, it
is known that the oblique parameters S, T, and U represent
the influence of heavy new fields on the gauge boson
propagators. In numerical analysis, we utilize the
bounds [1]

FIG. 3. The Feynman diagram used to generate neutrino masses
at one-loop in type-III scotogenic model.

5For simplicity, we assume mΣk
∼MΣk

after inflationary
dynamics. 6The results for the inverted hierarchy remain the same.
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S ¼ −0.04� 0.10; ð37Þ

T ¼ 0.01� 0.12; ð38Þ

U ¼ −0.01� 0.09: ð39Þ

C. Higgs boson mass

Dark matter particles interacting with the Higgs boson
contribute to loop corrections that affect the Higgs boson
mass [72]. Therefore, we are applying the experimental
constraint based on the mass of the Higgs boson [1].

D. Neutrino oscillation data

We constrain the DM parameter space by using the
neutrino oscillation data in the 3σ experimental range [1].
We obtained the Yukawa parameters by using Casas-Ibarra
parametrization [68,69].

E. LEP constraints

The precise LEP-I measurements of the Z-boson decay
width impose lower bounds on the masses of dark neutral
scalar particles. This limit is simply mηR þmηI > mZ

ensures that the decay Z → ηRηI is kinematically forbid-
den. Also, reinterpreting LEP-II results from chargino
searches, in the context of singly charged scalar production,
provides a conservative bound on the mass of dark charged
scalar particles mηþ > 70 GeV [73,74]. The decays of
gauge bosons into Z2-odd pairs are excluded by their
invisible width measurements, leading to the con-
straints, MΣ0

k
þMΣ�

k
> MW , 2MΣ�

k
> MZ. Further, since

the Z2-odd fermions couple to gauge bosons with the same
couplings as the gauginos, we can apply the bounds on
direct chargino searches at LEP II, MΣ�

k
> 103.5 GeV, see

Refs. [59,75–77].

F. LHC constraints on Σ�

The collider bound on MΣ1
arises from a search strategy

analogous to that used for supersymmetric charginos. The
charged component of the triplet fermion, Σ�

1 , predomi-
nantly decays via Σ�

1 → Σ0
1π

� due to a radiatively induced
mass splitting ΔM ¼ MΣ�

1
−MΣ0

1
≃ 166 MeV [52,53,78].

This small gap leads to a significant lifetime τ ∼ 0.1 ns
(cτ ≈ 3 cm), producing the characteristic disappearing-
track signature at colliders. The ATLAS constraints on
such disappearing charged track signatures [51] for a long-
lived chargino decaying into a pion and wino dark matter is
shown as the solid black line in Fig. 4. Since the triplet
fermion is a multiplet similar to the multiplet containing
chargino and wino, we compare our model predictions
against this constraint from ATLAS. The lifetime predic-
tions for Σ�

1 as a function of triplet fermion mass is shown
as the solid red line in Fig. 4. ATLAS searches for such
events with 13 TeV, 136 fb−1 data exclude triplet fermion
masses below MΣ1

≳ 580 GeV at 95% CL.

VI. DARK MATTER PHENOMENOLOGY

Inourmodel,wehave twoDMcandidates: the realpart of an
inert scalar doublet (ηR) and the neutral component of the
lightest triplet fermion (Σ0

1). In this work, we shall phenom-
enologically explore both DM scenarios. We set mχ to be
sufficiently large so that the inflaton decays well before DM
freeze-out. In order to study the DM phenomenology, we
implement the model in the SARAH 4.15.1 [79]7 to generate
themodel filesandsubsequentlyemployed in theSPheno4.0.5
version [81] to calculate various mass matrices and vertices.
Finally, in order to numerically solve the Boltzmann equation
to calculate the DM relic density and spin-independent DM
direct detection cross section, we implement themodel files in
the micrOMEGAs-5.3.41 [82]. We performed a detailed
numerical scan with input parameters given in Table III.

A. Scalar doublet dark matter (ηR)

We start our DM analysis by focusing on the case in
which the lightest state of the dark sector is the neutral

FIG. 4. Lifetime of Σ�
1 as a function of the triplet fermion mass,

compared with ATLAS limits from disappearing charged track
searches.

TABLE III. The ranges of input parameters used in the
numerical analysis to calculate DM relic density and direct
detection cross section.

Parameter Range Parameter Range

λ1 ½10−2; 0.128� λ2 ½10−8; 4π�
jλ3j ½10−8; 4π� jλ4j ½10−8; ffiffiffiffiffi

4π
p �

jλ5j ½10−6; ffiffiffiffiffi
4π

p � μ2η ½102; 108� GeV2

mΣ1
½10; 104� GeV mΣ2

½10; 104� GeV

7See [80] for a pedagogical introduction to the use of
computational tools in the particle physics such as SARAH,
SPheno, micrOMEGAs and MadGraph.
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FIG. 5. Predictions for the doublet DM case. In both panels, yellow/cyan points represent over/under abundant relic density [2],
respectively. The orange-colored points are excluded by LEP constraints [73,74]. The blue points satisfy the correct relic density. Left
panel: relic density vs mass of the doublet DM particle. Right panel: spin-independent WIMP-nucleon direct detection cross section vs
mass of the doublet DM particle. Red shaded region is ruled out by Higgs constraints similar to [72].

FIG. 6. Relic density vs mass of the triplet fermion DM particle. Top: considering both annihilation and coannihilation channels, bottom
left: considering only annihilation channels, bottom right: considering only coannihilation channels. Color code is same as in Fig. 5.

TYPE-III SCOTOGENIC MODEL: INFLATION, DARK … PHYS. REV. D 112, 095014 (2025)

095014-9



component of inert scalar doublet ηR. The left panel of
Fig. 5 shows the dependence of the DM relic abundance on
the mass of the doublet DM particle, taking into account its
annihilation and coannihilation diagrams into SM particles
(Fig. 15 in Appendix A). The parameter space utilized for
the numerical analysis is outlined in Table III. We are
varying the value of λ1 to fix the Higgs boson mass at
mh1 ¼ 125.20� 0.11 GeV [1]. We have selected the nor-
mal hierarchy for the neutrino spectrum and adopted the
best-fit values for the neutrino oscillation parameters as
determined by the global fit [83] employing Casas-Ibarra
parametrization. In the left panel of Fig. 5, the narrow band
represents the 3σ experimental range of DM relic density,
i.e., Ωh2 ¼ ð0.1126 ≤ Ωh2 ≤ 0.1246) taken from the
Planck satellite experiment [2]. The regions of under-
abundant and overabundant relic density are represented
by cyan and yellow points, respectively. The orange-
colored points are excluded by LEP constraints [73,74].
The underabundance is attributed to various dips, which
result from different annihilation and coannihilation chan-
nels. The first and second dips are due to the annihilation
and coannihilation of ηR mediated by the exchange of W
and Z bosons, which results in a reduction of the DM relic
density. The third dip occurs when the relic density
decreases at half the mass of the Higgs boson (h1), where
ηR annihilates via Higgs exchange. At masses near 90 GeV,
the quartic interactions between the DM particle and SM
particles become significant. These interactions lead to an
increase in the DM annihilation cross section, particularly
into W boson pairs. Consequently, the effective thermal
freeze-out temperature rises, resulting in a reduction of the

DM relic density. This effect is noticeable as a fourth dip in
the relic density plot. Similarly, when the DM particle
reaches a mass of approximately 125 GeV, annihilation into
Higgs boson pairs becomes a dominant channel due to the
strengthened coupling between the DM particle and the
Higgs boson. The blue points fall within the 3σ range of the
cold DM relic density, as determined by the Planck
collaboration measurements. These points are distributed
across two distinct mass regions: the low mass range from
40 GeV to 85 GeV, and the high mass region from 550 GeV
to approximately 4.5 TeV. We are not getting correct relic
points after 4.5 TeV in the relic density plot. This is because
the loop corrections to the Higgs mass become too large
and cannot be counterbalanced by adjusting the tree-level
Higgs-quartic (λ1) coupling.
The right panel of Fig. 5 illustrates the spin-independent

direct detection cross section of DM, where the interaction
between DM and nucleons is mediated by the h1 and Z-
bosons as shown in Fig. 19. The experimental bound on
CDM-nucleon cross sections from XENONnT [84],
PandaX-4T [85] and LZ [86] are shown as distinct colored
lines. The black line corresponds to the neutrino floor. The
combination of all relevant constraints leads to an allowed
mass range of mηR ∼ 40 GeV − 85 GeV and mηR ∼
550 GeV − 4.5 TeV for scalar doublet DM. These results
are consistent with those obtained in the canonical scoto-
genic model. However, they differ from the findings for
scalar doublet dark matter in the Dirac scotogenic model
[29], where coannihilation between ηR and ηI is absent. In
the upcoming subsection, we will focus on fermionic DM
in the model.

TABLE IV. Relevant model parameters for three representative benchmark points, B1 (low mass scalar doublet
DM), B2 (medium mass scalar doublet DM), and B3 (fermion triplet DM).

Parameter B1 B2 B3

λ1 0.128 0.1275 0.1275
λ2 6.71 × 10−3 7.67 × 10−3 1.31 × 10−3

λ3 5.65 × 10−2 9.5 × 10−2 0.06
λ4 5.47 × 10−2 −7.4 × 10−2 −3.37 × 10−2

λ5 −0.11 −1.5 × 10−5 −1.54 × 10−6

μ2η½GeV2� 5.89 × 103 3.36 × 105 2.06 × 106

Yν  
0.000007 0.000006
0.000006 0.000033
−0.000008 0.000028

!  
0.031 0.020
0.026 0.102
−0.037 0.087

!  
0.005 0.003
0.004 0.01
−0.006 0.01

!

mh1½GeV� 125.29 125.14 125.24
mηR ½GeV� 76.24 578.99 1426.20
mηI ½GeV� 112.89 578.99 1426.20
mη� ½GeV� 87.48 581.27 1426.83
MΣ0

1
½GeV� 1497.90 1273.39 1424.70

MΣ0
2
½GeV� 4181.02 1650.59 2283.02

MΣ�
1
½GeV� 1497.95 1273.44 1424.75

MΣ�
2
½GeV� 4181.03 1650.63 2283.05

Ωh2 0.1143 0.1239 0.1127
σSI½cm2� 1.57 × 10−48 6.28 × 10−48 0
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B. Triplet fermion dark matter (Σ0
1)

In the second scenario, we consider the Z2-odd neutral
component of the fermion triplet (Σ0

1) as the DM candidate.
To be definite, we choose Σ0

1 as the lightest dark sector
particle. This implies that MΣ0

1
< MΣ0

2
;MΣ�

1
;MΣ�

2
and it is

lighter than both the neutral and charged component of the
scalar doublet (MΣ0

1
< mηR ; mηI ; mηþ). Since the Σ0

1 has a

gauge invariant mass, we can easily take it to be lighter than
other dark sector particles. Figure 6 illustrates the variation
of the DM relic density with the mass of the triplet fermion.
In the top panel, both annihilation and coannihilation
channels are considered, while the bottom left and bottom
right panels focus on annihilation and coannihilation
channels separately. Regions of overabundance and under-
abundance are indicated by yellow and cyan colors,
respectively. The annihilation and coannihilation processes
contributing to the DM relic density are detailed in Figs. 16,
17, and 18 in Appendix A. A dip occurs atMDM ¼ MW;Z=2
due to annihilation processes mediated by the exchange of
W or Z bosons. The correct relic density is obtained at
around 2.4 TeV as shown in bottom left panel of Fig. 6,
consistent with the findings reported in Ref. [13]. It is
important to note that Higgs mass constraints are not
applicable here as triplet fermion do not couple with

Higgs boson. Alternatively, we can consider the DM
candidates to have nearly degenerate masses. In this case,
coannihilation processes with scalar doublet and charged
components of triplet fermion (Σ�

k ) play a crucial role in
determining the relic density of the triplet neutral fermion.
The inclusion of coannihilation effects with other dark
sector particles significantly broadens the available param-
eter space for triplet fermion DM, allowing masses to range
from approximately 1.4 TeV to 2.4 TeVas shown in the top
panel of Fig. 6. This mechanism provides a viable pathway
to achieve the correct relic abundance within this extended
mass range. Various coannihilation channels contributing
to lowering the DM mass scale up to 1.4 TeV are
summarized in Fig. 18 in Appendix A.
It is important to note that as the mass difference between

the two Z2-odd particles approaches zero, coannihilation
processes become more significant. As a result, the dark
matter relic density is achieved at a slightly lower scale. In
Table IV, we illustrate three benchmark points. For the sake
of completeness, we have, also, calculated the branching
ratio of LFV process μ → eγ for both scalar doublet and
triplet fermion DM case shown in Fig. 20 of Appendix B.

VII. COLLIDER PHENOMENOLOGY

Numerous collider searches have been conducted to
investigate the potential existence of the inert doublet
[74,87–101]. As in any model with a DM candidate, the
generic signature is missing energy =E, measured from the
total transverse momentum recoil of the visible particles in
the events. The inert doublet of our model can be tested at
LHC through a variety of signatures, including monojet,
mono-Z, mono-Higgs, and vector boson fusionþ =E [96].
The inert scalar doublet of our model can also be explored
at future high-energy electron-positron colliders, such as
the Compact Linear Collider (CLIC) and the International
Linear Collider (ILC). CLIC, a high-luminosity linear

FIG. 7. The Feynman diagrams for the process e−eþ → ηRηI
and e−eþ → ηþη−.

FIG. 8. Production cross section of pair production of the inert scalar doublet at ILC with center-of-mass energy
ffiffiffi
s

p ¼ 500 GeV
for BR1.
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collider operating at the TeV scale, is designed to run at
three center-of-mass energies: 380 GeV, 1.5 TeV, and 3 TeV
[55], with respective integrated luminosities of 1 ab−1,
2.5 ab−1, and 5 ab−1. Similarly, the ILC, planned to operate
at a collision energy of 500 GeV [102], aims for an
integrated luminosity of 4 ab−1, offering another robust
platform to investigate the phenomenology of the inert
scalar doublet of our model.
To calculate production cross sections of the various

processes, we first generated the model’s UFO files using
the SARAH package [79], which then implemented into
MadGraph5 3.5.4 version [103] for further computation.
To calculate the production cross section, we examine
two benchmark ranges (BR), BR1 and BR2, representing
the low-mass and medium-mass regions of scalar DM,
respectively, as shown in Fig. 5 and detailed in Table IV.
At lepton colliders, the pair production of ηRηI can be
possible by s-channel (t-channel) exchange of Z-boson
(Σ�

k ). The s-channel production of inert pairs is shown in
Fig. 7. Also, the pair production of charged η�η∓ can be
possible by s-channel (t-channel) exchange ofZ-boson (Σ0

k).
Figure 8 presents the variation in cross sections for
the pair production of the processes eþe− → ηRηI and
eþe− → η�η∓ for centre of mass-energy

ffiffiffi
s

p ¼ 500 GeV

forBR18 consistentwith theLEPbound, i.e.,mηRþmηI >mZ

and mηþ > 70. The η� decays predominantly into W�ηR,
where W� to be on-shell if mη� −mηR > mW , which can
further decay to quarks (jets) or/and mono or dileptons. The
ηR predominantly decays to ZηR, which can further decay
dileptonically. Further, Fig. 9 illustrates the production cross
sections for the processes eþe− → η�η∓ and eþe− → ηRηI
at center-of-mass energies 1.5TeVand3TeVofCLIC, shown
for BR1 (upper panel) and BR2 (lower panel). The produc-
tion cross section is significantly larger for BR1 (low-mass
DM region) compared to BR2 (medium-mass DM region) at
the same center-of-mass energy. This difference arises
because, at lower masses, the production process benefits
from a larger available phase space, allowing for higher
kinematic efficiency. Additionally, the reduced mass of the
final-state particles in the BR1 scenario lowers the suppres-
sion from phase-space factors, further enhancing the cross
section. Conversely, in the BR2 case, the higher mass of the
particles results inmore constrained phase space, leading to a
suppressed production rate. Thevarious decaymodes and the
corresponding signatures of the particles are detailed in

FIG. 9. Production cross section of the pair production of scalar doublet at lepton collider for BR1 (upper panel) and BR2
(lower panel).

8Note that certain points in these ranges are also ruled out by
dark matter constraints as discussed in Sec. VI.
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TableV.Additionally, the production of charged components
of the triplet fermion is possible at lepton colliders through
s-channel (t-channel) via exchange of Z-boson (ηI;R). The
production of the triplet fermion is dominated by exchange
of Z-boson because the Yν coupling is significantly small
i.e., Oð10−5;−6Þ. Figure 10 shows the production cross
section of charged triplet fermion at center-of-mass energyffiffiffi
s

p ¼ 3 TeV. The pair production of Σ�Σ∓ would manifest
as events with two oppositely charged lepton jets and
neutrinos along with missing energy due to undetected
neutral particles as shown in Table V. Further, the produced
heavy particles can decay to the SM particles with missing
energy and their collider signatures can be probed. The cross
section of a dileptonic decay process with missing energy at
ILC (CLIC), operating at a center-of-mass energy of
500 GeV (1.5 TeV and 3 TeV) for BR1, is presented in
Fig. 11 (upper panel). For this specific channel, the produc-
tion cross section is approximately Oð10−2 fbÞ. The small-
ness of the cross section is primarily attributed to phase space
suppression, which significantly reduces the probability of
the process occurring in the kinematic regime under con-
sideration. The lower panel of Fig. 11 shows the cross section
for the process eþe− → Σ�

1 Σ
∓
1 → 2lþ =ET at 3 TeV. Here,

the cross section is Oð10 fbÞ.
The model can also be probed at the future circular

collider for hadron-hadron collision (FCC-hh) [104] with
center-of-mass energy

ffiffiffi
s

p ¼ 100 TeV. At FCC-hh, the
pair production of charged component Σ�Σ∓ is possible
through s-channel via exchange of Z, γ-boson, which is
famously known as the Drell-Yan process. On the other
hand, the pair production of Σ�Σ0 is possible through
s-channel via exchange of W� boson, as shown in Fig. 12.
If the triplet fermion is assumed to be a DM candidate, it

satisfies the relic density requirements within the mass
range of approximately 1.4–2.4 TeV. However, at such high
masses, the production cross section of the triplet fermion
becomes exceedingly small, rendering it challenging to
probe at the LHC with 13 TeV center-of-mass energy.
Therefore, we utilize BR1 where scalar doublet is our DM
candidate and we look for its collider signatures at future

FCC-hh with center-of-mass energy 100 TeV. Figure 13
(upper panel) shows the production cross section of pair
production of the process pp → Σ�Σ∓ (left panel) and
pp → Σ�Σ0 (right panel). While the production rates are
relatively suppressed for higher masses due to phase-space
limitations and the Yukawa coupling’s dependence on
mass, these processes remain crucial for investigating the
triplet fermion sector. Further, the triplet fermion can decay
Σ�
1 → η�νl → ηRl�νl;Σ0

1 → ηRνl giving monoleptonic and
dileptonic signatures at LHC as shown in Table V. The pair
produced Σ�Σ0 can further decay monoleptonically with
missing energy. Figure 13 (lower panel) depicts the cross
section of monoleptonic decay of pair-produced Σ�Σ0. It is
worth mentioning that the 1lþ =ET signature (given in
Table V) arises dominantly from processes such as pp →
Σ�
1 Σ0

1 → l�ηRνl [Feynman diagram given in Fig. 14 (left
panel)]. The presence of a single isolated charged lepton
accompanied by substantial missing transverse energy is a
distinctive prediction when fermion triplets decay via inert

FIG. 10. Production cross section of pair production of charged
triplet fermion at lepton collider CLIC with center-of-mass
energy

ffiffiffi
s

p ¼ 3 TeV for BR1.

TABLE V. Summary of various signatures of the inert doublet members and the lightest triplet fermion at the
lepton colliders and FCC-hh.

Process Decay mode Signature

eþe− → η�η∓ η� → W�ηR → q1q̄2ηR; η∓ → W∓ηR → q3q̄4ηR 4jetsþ =ET

η� → W�ηR → l�νlηR; η∓ → W∓ηR → q3q̄4ηR 1lþ 2 jetsþ =ET

η� → W�ηR → l�1 νlηR; η
∓ → W∓ηR → l∓2 νlηR 2lþ =ET

η� → W�ηR → l�1 νlηR; η
∓ → l∓2 Σ1 → l∓2 ηRνl 2lþ =ET

η� → W�ηR → q1q̄2ηR; η∓ → l∓Σ1 → l∓ηRνl 1lþ 2 jetsþ =ET

eþe− → ηRηI ηI → ZηR → l�1 l
∓
2 ηR 2lþ =ET

pp; eþe− → Σ�
1 Σ

∓
1 Σ�

1 → η�νl → ηRl�1 νl;Σ
∓
1 → η∓νl → ηRl

∓
2 νl 2lþ =ET

pp → Σ�
1 Σ0

1 Σ�
1 → η�νl → ηRl�νl;Σ0

1 → ηRνl 1lþ =ET
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scalars. Unlike multilepton or purely hadronic final states
common in other BSM scenarios, the 1lþ =ET channel here
directly links the production of heavy triplet fermions to the
dark sector, making it a smoking gun for this radiative
neutrino mass framework. Figure 14 (right panel) depicts
the cross section of the 1lþ =ET process at FCC-hh collider
for the BR1 given in the Table IV. Future high-energy
collider FCC-hh, with enhanced luminosities and collision
energies, could significantly improve the sensitivity to such

FIG. 13. Production cross section of triplet fermion through Drell-Yan process at FCC-hh with
ffiffiffi
s

p ¼ 100 TeV.

FIG. 11. Upper panel: Cross section of dileptonic decay process at ILC (left) and CLIC (right) for BR2. Lower panel: the cross section
for the process eþe− → Σ�

1 Σ
∓
1 → 2lþ =ET .

FIG. 12. Feynman diagrams for the primary production mecha-
nism for ΣþΣ− and Σ�Σ0 pairs at the LHC also known as Drell-
Yan process.
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signatures, offering a robust test of the triplet fermion’s role
in DM phenomenology.

VIII. CONCLUSIONS

We have extended the type-III scotogenic neutrino mass
model by incorporating a real singlet scalar field. This
enhancement enables the model to address challenges
associated with Higgs inflation while simultaneously pro-
viding a viable framework for cold cosmic inflation. The
inflationary mechanism operates analogously to Higgs
inflation. In our framework, the real singlet scalar remains
effectively decoupled from the electroweak sector owing to
its large mass and extremely suppressed couplings
ðλ7; λ8 ∼ 10−6Þ, thereby leaving neutrino mass generation,
dark matter stability, and electroweak vacuum stability
unchanged. The inflaton mass is set to Oð108 GeVÞ, with
a reheating temperature ofOð1011 GeVÞ, ensuring efficient
postinflationary production of heavy inert scalars and
fermion triplets in the dark sector. This choice guarantees
that inflaton decays into TeV-scale dark-sector particles are
kinematically allowed, while the high reheating temperature
sustains their unsuppressed production, consistent with the
observed relic abundance. Consequently, although the
singlet does not influence low-energy collider or neutrino
observables, it serves as the crucial link between early
Universe inflationary dynamics and the viable dark matter
production mechanism in the model. The dark sector of the
model consists of two DM candidates: the real part of the
neutral component of the scalar doublet and the neutral
component of the triplet fermion. For the scalar doublet DM
case, two distinct mass regions are viable: a lowmass region
near half Higgs mass and a medium mass region ranging
from 550 GeV–4.5 TeV. In the triplet fermion case, the
correct relic density is obtained at around 2.4 TeV by
considering annihilation channels. However, if the mass

of other dark sector particles is close to themass of the triplet
neutral fermion, in which case the coannihilation channels
become important, opening up an extra parameter space
ranging from 1.4 TeV–2.4 TeV.
We, also, discuss the collider phenomenology of the

model by presenting the cross sections for various proc-
esses corresponding to two benchmark ranges: BR1,
representing low-mass scalar dark matter, and BR2, rep-
resenting medium-mass scalar dark matter, which satisfies
all the theoretical constraints on the model. We analyze the
model for both leptonic and hadronic colliders. Various
decay modes and respective signatures at colliders are
shown in Table V. The eþe− colliders, such as ILC and
CLIC, are ideal for precise studies of weakly interacting
particles and processes like eþe− → ηþη− and eþe− →
ηRηI can be studied with minimal background noise. Given
the small production cross section of the triplet fermion at
the LHC, we evaluated our model at FCC-hh and find that
the monoleptonic decay of the triplet fermion, accompanied
by missing energy, is a significant signature, as shown in
Fig. 14. We find that the leading order production cross
section of low-mass scalar dark matter can be probed at
both leptonic and hadronic colliders.
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FIG. 14. Feynman diagram (left) for the process pp → Σ�
1 Σ0

1 → 1lþ =ET , and the corresponding cross section (right) at the future
FCC-hh collider for the benchmark point BR1 in Table IV. The shaded region denotes the parameter space excluded by current ATLAS
bounds on triplet fermions given in Sec. V F.
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APPENDIX A: FEYNMAN DIAGRAMS FOR ANNIHILATION/COANNIHILATION, PRODUCTION,
AND DETECTION OF DM

In Figs. 15–18, we list the possible diagrams for production/annihilation of DM, relevant in the early Universe, for the
cases in which the DM is a doublet scalar or a triplet fermion, respectively. In Fig. 19, we show the direct detection prospects
of the scalar doublet DM by exchange of a Higgs or Z bosons.

FIG. 15. Relevant diagrams (annihilation/coannihilation channels) for computing the relic density of doublet scalar DM candidate.
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FIG. 16. Annihilation channels for computing the relic density of triplet fermion DM candidate.

FIG. 17. Coannihilation channels (with Σþ) for computing the relic density of triplet fermion DM candidate.
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FIG. 18. Coannihilation channels for computing the relic density of triplet fermion DM candidate.

FIG. 19. Relevant diagrams for the direct detection of the doublet scalar DM candidate.
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APPENDIX B: LFV PLOTS

In Fig. 20, we show the branching ratio for μ → eγ decay for both scalar doublet and triplet fermion DM case. For
comparison, current limits at 90% CL are also shown in the figure as a solid purple line [105], as well as the expected future
sensitivity as dashed black line [106]. From Fig. 20, it is clear that these rates are below the current experimental bound for
correct relic density points.
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