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We consider an effective field theory framework with three Standard Model (SM) gauge singlet right-
handed neutrinos, and an additional SM gauge singlet scalar field. The framework successfully generates
eV masses of light neutrinos via the seesaw mechanism, and accommodates a feebly interacting massive
particle (FIMP) as a dark matter candidate. Two of the gauge singlet neutrinos participate in neutrino mass
generation, while the third gauge singlet neutrino is a FIMP dark matter. We explore the correlation
between the vev (vacuum expectation value) of the gauge singlet scalar field which translates as mass of the
BSM Higgs, and the mass of dark matter, which arises due to the relic density constraint. We furthermore
explore the constraints from the light neutrino masses in this setup. We chose the gauge singlet BSM Higgs
in this framework in the TeV scale. We perform a detailed collider analysis to explore the discovery
prospect of the TeV scale BSM Higgs through its difatjet signature, at a future pp collider which can
operate with

ffiffiffi
s

p ¼ 100 TeV c.m. energy.
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I. INTRODUCTION

The Standard Model (SM) of particle physics, despite its
accurate predictions, suffers from a few serious deficits. Two
of the most serious drawbacks emerge from the observation
of light neutrino masses and their mixings, and the precise
measurement of dark matter (DM) relic abundance in the
Universe. A number of neutrino oscillation experiments
have confirmed that the solar and atmospheric neutrinomass
splittings are Δm2

21 ∼ 10−5 eV2, jΔm2
13j ∼ 10−3 eV2, the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing
angles [1,2] are θ12 ∼ 33°, θ23 ∼ 49°, and θ13 ∼ 8° [3].
The light neutrinos being electromagnetic charge neutral
can beMajorana particles. One of the profoundmechanisms
to generateMajoranamasses of light neutrinos is the seesaw
mechanism, where tiny eV masses of the SM neutrinos

are generated from a lepton number violating (LNV) d ¼ 5

operator [4,5] through electroweak symmetry breaking.
Among the different UV completed theories that generate
this operator, type-I seesaw [6–9] is possibly the most
economic one, where particle contents of the SM are
extended to include gauge singlet right-handed neutri-
nos (RHNs).
Different models have been postulated, where the gauge

singlet fermion state can act as a DM candidate [10–12]. A
number of proposed models accommodate DM as a weakly
interacting massive particle (WIMP), which is in thermal
equilibrium with the rest of the plasma. However the null
results from various direct detection experiments cause
serious tension for the WIMP paradigm, and therefore
motivate us to explore alternate DM hypothesis. One of
such well-motivated mechanisms is the freeze-in [13,14]
production of DM. In this scenario, the DM has feeble
interactions with the bath particles, and hence is referred to
as a feebly interacting massive particle (FIMP). The sup-
pressed interaction naturally explains the nonobservation of
any direct detection signal. Moreover, because of the very
suppressed interaction, the FIMP never attains thermal
equilibrium with the SM bath. In this scenario, DM is
produced from the decay and/or annihilation of the SM and
beyond the Standard Model (BSM) particles which are in
thermal equilibrium [13]. FIMP DM has been explored in
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different contexts, see [15–19] for FIMP DM in the B − L
model, [20–24] for EFT descriptions, and [25] for dis-
cussion on all nonrenormalizable operators up to dimen-
sion-eight. Specific LHC signatures of FIMP DM have
been investigated in [26–29] and others [30,31].
In this work we propose an effective field theory setup

which includes a FIMP DM and explains the origin of light
neutrino masses. The framework contains, in addition
to SM particles, three RHN states N and one BSM scalar
field χ. Two of the RHN states participate in the seesaw
mechanism while the third RHN is the FIMP DM. In our
model, due to a discrete symmetry, the DM is completely
stable. One of the specificities of our model is that the
usual renormalizable Dirac mass term for light neutrino
mass generation is absent and is only generated via an
effective d ¼ 5 operator LΦNχ=Λ. Due to other sets of
d ¼ 5 operators involving DM and scalars (NNχ2=Λ,
NNΦΦ=Λ), the DM is mainly produced from the decay
of scalars. Annihilation processes involving scalars or SM
gauge bosons and fermions can also significantly contrib-
ute to DM production. The relative importance of decay
and annihilation processes for DM production strongly
depends on the assumption on the reheating temperature of
the early Universe. We consider three different scenarios,
Scenario-I–III; for the first two only d ¼ 5 operators are
responsible for both DM production in the early Universe,
and generation of its mass, while in Scenario-III we add a
bare mass term for the RHN DM and the other two RHN
states. Scenario-I is a subset of Scenario-II where some of
the operators are neglected for simplicity.
We find that for the first two cases, a strong correlation

exists between the vev of χ and mass of DM, that emerges
from the relic density constraint, while for the latter the
correlation is somewhat relaxed.Demanding aTeV scale vev
of χ and a TeV scale heavy Higgs H2 which offers a better
discovery prospect of this model at the collider, a lighter
KeV scale DM is in agreement with the relic density
constraint for Scenario-I–II. For Scenario-III we find that
a much heavier DM with GeV scale mass is also consistent
with a TeV scale vev of χ, and in turn a TeV scale or lighter
BSM Higgs. We furthermore study the impact of the eV
scale light neutrino mass constraint for these different
scenarios. Using micrOMEGAs5.0 [32], we perform a scan
of all the relevant parameters such as, vev of χ, mass of DM,
reheating temperature, and show the variation of relic
density.
Finally, we explore the collider signature of the BSM

Higgs with TeV scale mass which actively participates in
DM production. For this, we consider a future pp collider
that can operate with c.m. energy

ffiffiffi
s

p ¼ 100 TeV. We
consider the decay of the BSM Higgs into two SM Higgs,
followed by subsequent decays of the SM Higgs into bb̄
states. For the TeV scale BSM Higgs, the produced SM
Higgs is highly boosted, thereby giving rise to collimated
decay products. We therefore study difatjet final state as our

model signature. We consider a number of possible SM
backgrounds including QCD, WW=ZZ, W þ j, Z þ j, and
tt̄ which can mimic the signal. By judiciously applying
selection cuts, we evaluate the discovery prospect of the
BSM Higgs. We find that a 3σ significance can be achieved
for a 1.1 TeV BSM scalar with 30 ab−1 luminosity for a
large SM and BSM Higgs mixing angle.
The paper is organized as follows. In Sec. II we describe

the model and discuss associated DM phenomenology
assuming three different scenarios Scenario I-III, where
DM is produced from the decay of the SM and BSMHiggs.
In Sec. III we discuss the contributions from both the decay
and annihilation processes to the relic abundance and show
the variation of DM relic density with respect to various
parameters such as the mass of DM, the vev of the scalar
field, and the reheating temperature. We perform the
collider analysis of the BSM Higgs in the difatjet channel
in Sec. IV. Finally, we conclude and summarize our
findings in Sec. V.

II. THE MODEL

We consider an effective field theory framework with
RHNs and one BSM scalar field, χ, where we consider
operators up to mass dimension d ¼ 5. In addition to the
SM particles, the model therefore contains three SM gauge
singlet RHNs denoted as N1;2;3, and one SM gauge singlet
real scalar field χ. The two RHNs N1;2 generate eV
Majorana masses of the SM neutrinos via the seesaw
mechanism, while the state N3 is a FIMP DM. The generic
Yukawa Lagrangian with N, χ and the SM Higgs field Φ
has the following form,

Leff ¼ MBijNT
i C

−1Nj þ ỸijLi Φ̃Nj þ Z̃ijNT
i C

−1Njχ

þ cij
Λ

NT
i C

−1Njχ
2 þ c0ij

Λ
NT

i C
−1NjΦ†Φ

þ Yij

Λ
L̄iΦ̃Njχ þ H:c:; ð2:1Þ

where Φ̃ ¼ iσ2Φ⋆ and MB is the bare mass term of the
RHNs. Other terms are the Yukawa interaction terms with
couplings Ỹij, Z̃ij, cij, Yij, and c0ij, where i, j ¼ 1, 2, 3 are
the generation indices. The parameter Λ is the cutoff scale
of this theory. In our subsequent discussions we do not
consider Ỹ, Z̃ terms separately. These interaction terms can
be obtained from LNΦχ and NNχ2 operators via the vev of
χ. A successful realization of the fermion state N as a FIMP
DM demands the coupling Z̃, Ỹ to be very tiny. This can
naturally be obtained, if these terms are generated from
NNχ2 and LNΦχ operators, which feature the 1

Λ suppres-
sion factor. Additionally, we also note that by imposing a
Z2 symmetry under which χ → −χ, Ni → −Ni, and all
other SM fields are invariant, the Ỹ, Z̃ terms can be
completely prohibited. We impose such a symmetry, hence
our Lagrangian is
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Leff ¼ MBNT
i C

−1Ni þ
cij
Λ

NT
i C

−1Njχ
2

þ c0ij
Λ

NT
i C

−1NjΦ†Φþ Yij

Λ
L̄iΦ̃Njχ þ H:c:; ð2:2Þ

which only contains d ¼ 5 operators as interaction terms of
RHNs. For simplicity we consider the Yukawa coupling
matrices c, c0, and the bare mass matrixMB to be diagonal.
As advertised before, among the Ni states, N3 is DM.
Therefore, the Yukawa matrix is required to have the
following structure

Y ¼

0
BB@

Y11
ν Y12

ν ϵ

Y21
ν Y22

ν ϵ

Y31
ν Y32

ν ϵ

1
CCA: ð2:3Þ

In the above, we consider all Yij
ν (i ¼ 1, 2, 3 and j ¼ 1, 2) to

be equal, while ϵ is required to satisfy the hierarchy ϵ ≪ Yij
ν .

The requirement of stability of DM over the age
of the Universe forces the parameter ϵ to be orders of
magnitude smaller than the other Yukawa couplings of the
matrixY. This scenario has been explored in aminimal type-
I seesaw framework in [19]. Note that the DM state N3 can
be made completely stable by imposing an additional Z2

symmetry, in which N3 has odd charge, and all other fields
are evenly charged. This forbids the mixing betweenN3 and
light neutrino i.e., ϵ ¼ 0. In this study we furthermore
consider such a Z2 symmetry thereby making the DM
state N3 completely stable. The interaction terms propor-
tional to ϵ are hence absent in our case. In principle, the
d ¼ 5Weinberg operator, κΛ ðL̄ Φ̃ÞðΦ̃TLcÞ, is allowed in our
framework. This operator contributes to the light neutrino
mass matrix. However, the Weinberg operator does not
have any impact on the DMphenomenology that we discuss
in the following. Thus we set the coupling κ to be zero such
that its contribution to the light neutrino mass will also be
forbidden.
Scalar potential—As stated above, the model also

contains a gauge singlet scalar field χ. In addition to the
Yukawa Lagrangian, the scalar field χ also interacts with
the SM Higgs doublet field Φ via the scalar potential,

Vðχ;ΦÞ ¼ M2
ΦΦ†Φþm2

χχ
2 þ λ1ðΦ†ΦÞ2

þ λ2χ
4 þ λ3ðΦ†ΦÞχ2: ð2:4Þ

The d ¼ 5 terms 1
Λ ðΦ†ΦÞ2χ, and 1

Λ χ
5, as well as d ¼ 3 term

Φ†Φχ are disallowed by the above mentioned Z2 sym-
metry. Therefore the scalar potential contains only renor-
malizable terms up to d ¼ 5. The spontaneous symmetry
breaking (SSB) in this model is similar to the SM extension
with an additional singlet scalar, which has been widely
discussed in the literature [33,34]. In order for the potential
to be bounded from below, the couplings λ1;2;3 should
satisfy,

4λ1λ2 − λ23 > 0;

λ1;2 > 0: ð2:5Þ

We denote the vevs of Φ and χ by vΦ and vχ , respectively.
After minimizing the potential Vðχ;ΦÞ, with respect to
both the vevs, we obtain

v2Φ ¼ 4λ2M2
Φ − 2λ3m2

χ

λ23 − 4λ1λ2
; ð2:6Þ

v2χ ¼
4λ1m2

χ − 2λ3M2
Φ

λ23 − 4λ1λ2
: ð2:7Þ

The λ3-term in the potential enables mixing between χ and
Φ states. We denote the neutral Higgs component in the Φ
multiplet as H. The mass matrix between the two Higgs
bosons in the basis ðH; χÞ is given by

MðH; χÞ ¼ 2

�
λ1v2Φ λ3vΦvχ=2

λ3vΦvχ=2 λ2v2χ

�
: ð2:8Þ

The mass eigenstates ðH1; H2Þ are related to the ðH; χÞ
states as

�
H1

H2

�
¼

�
cos θ − sin θ

sin θ cos θ

��
H

χ

�
; ð2:9Þ

The mixing angle θ satisfies

tan 2θ ¼ λ3vχvΦ
ðλ2v2χ − λ1v2ΦÞ

: ð2:10Þ

We denote the masses of the physical Higgs bosons asMH1

and MH2
,

M2
H1

¼ λ1v2Φþλ2v2χ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1v2Φ−λ2v2χÞ2þ λ23v

2
χv2Φ

q
;

M2
H2

¼ λ1v2Φþλ2v2χ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1v2Φ−λ2v2χÞ2þλ23v

2
χv2Φ

q
: ð2:11Þ

Among the two Higgs states m2
H1

< m2
H2
, i.e., H1

acts as the lightest state. In our subsequent discussion,
we consider that H1 is SM-like Higgs with mass
MH1

∼ 125 GeV. The interactions of H1 and H2 with
the fermions and gauge bosons are given in the Appendix.
In this work, we consider that the BSM Higgs H2 has a
mass MH2

∼ TeV, or lower, and has a substantial mixing
with the SM-like Higgs state H1. This large mixing
facilitates the production of the BSM Higgs at colliders,
which will be discussed in Sec. IV.
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FIMP dark matter—As discussed above, we consider
that the RHN state N3 is a FIMP DM. The state N3, being
gauge singlet, only interacts via Yukawa interactions
N3N3χ

2=N3N3ΦΦ. Therefore, the production of N3

occurs primarily from the scalar states. In particular, the
dominant contribution arises from the decay of the BSM
Higgs for a low reheating temperature TR < 105 GeV. A
number of annihilation channels, involving the SM/BSM
Higgs and gauge boson also contribute to the relic
density. For high reheating temperatures, the gauge
boson annihilation channels give dominant contributions,
even larger than the decay contribution. The contribu-
tions from Higgs annihilation channels for a higher
reheating temperature are also significantly large. In
our discussion, we consider that the FIMP DM is lighter
than the Higgs states H1;2, such that, the decay of H1;2

into N3 state is open. The different channels that lead to
the DM production are
(a) Decay channels: the Higgs decay H1;2 → N3N3 gen-

erate the relic abundance.
(b) Annihilation channels: the 2 → 2 annihilation channels,

such as, WW=ZZ→N3N3, H1H1→N3N3, H2H2 →
N3N3, H1H2 → N3N3 contribute to the production of
N3. We also consider annihilation of other SM particles
such as, b quark.

In the subsequent discussion, we consider three different
scenarios Scenario I-III, where we only consider the decay
contribution of the SM and BSM Higgs. As stated above,
this can be justified for a lower reheating temperature, for
which the annihilation processes give negligible contribu-
tions and DM production is primarily governed by the
decay of H1 and H2. Among the three scenarios, in
Scenario-I and II, we consider that the bare mass terms
ofN1;2;3 states are zero. In this simplistic scenario the d ¼ 5

operator determines both the relic abundance, as well as
DMmass, thereby leading to a tight correlation between the
mass of DM and vev of χ. In Scenario-III we allow a
nonzero bare mass term that significantly alters the phe-
nomenology. We analyze the constraints from DM relic
density, and neutrino mass generation. We discuss the
annihilation contributions in Sec. III where we depart from
the assumption of a low reheating temperature.

A. Scenario-I

The RHN states Ni interact with the scalar field χ, and
the Higgs doublet Φ via the following Lagrangian

Leff ¼
cij
Λ

NT
i C

−1Njχ
2 þ Yij

Λ
L̄iΦ̃Njχ þ H:c: ð2:12Þ

In the above, cij and Yij are the Yukawa couplings, and Λ is
the cutoff scale of this theory. As discussed in the previous
section, we choose to work with a basis in which the
Yukawa coupling cij is diagonal. The above Lagrangian,
after electroweak symmetry breaking, generates the

following bilinear terms involving the light neutrinos,
and RHNs ðν; NÞ,

Leff ¼
cii
Λ

NT
i C

−1Niv2χ þ
Yij

Λ
ν̄iNjvΦvχ þ H:c: ð2:13Þ

The Λ suppressed d ¼ 5 term NNχ2 in Eq. (2.12) gives a
natural explanation of the small interaction strength
of the FIMP DM N3 with all other SM (and BSM)
particles. As we consider the DM to be completely stable,
therefore, only the N1;2 states participate in light neutrino
mass generation. Below, we analyze the contributions of
N1;2 in light neutrino mass, and the constraint from relic
density.

1. Neutrino masses

The light neutrino masses will be generated due to the
seesaw mechanism, where two RHN states N1;2 participate.
In our case, Yi3 ¼ 0 and the Dirac mass matrix MD
effectively reduces to a matrix of dimension 3 × 2. The
Majorana mass matrix involving N1;2 states is a 2 × 2

matrix. We denote the Dirac mass matrix by MD and the
Majorana mass matrix of N1, N2 states by MR, where

ðMDÞγα ¼
Yγα

Λ
vΦvχ ; ðMRÞαβ ¼

cαβ
Λ

v2χ

ðα; β ¼ 1; 2; γ ¼ 1; 2; 3Þ: ð2:14Þ

In the basis ψ ¼ ðνl; Nc
R1
; Nc

R2
ÞT , the neutral lepton mass

matrix becomes

Mν ¼
�

0 MD

MT
D MR

�
: ð2:15Þ

The seesaw approximation MR > MD translates into the
hierarchy between the two vevs vχ > vΦ. The light neutrino
and heavy Majorana mass matrix are given by

mν ¼ −MDM−1
R MT

D; MN ∼MR: ð2:16Þ

These can further be rewritten as

mν ∼ −
v2Φ
Λ

Yc−1YT; MN ∼
c
Λ
v2χ : ð2:17Þ

In the above, MN ¼ diagðMN1
;MN2

Þ are the physical
masses of the N1;2 states, respectively. For simplicity we
consider MN1

¼ MN2
(i.e., c11 ¼ c22) in all of the scenar-

ios, Scenario-I–III. In terms of light neutrino masses,MN1
,

MN2
become

MN1;2
∼
v2Φv

2
χ

Λ2
ðYYTm−1

ν Þ GeV: ð2:18Þ
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The active-sterile mixing matrix V is related with Dirac
mass matrix MD and Majorana mass matrix MN as

V ∼MDM−1
N ¼ vΦ

vχ
Yc−1: ð2:19Þ

Next we discuss the relic abundance of N3, where we
consider the decays of H1;2 as the primary produc-
tion mode.

2. Dark matter phenomenology

In general, both decay and annihilation processes can
produce N3. However, for the low reheating temperature
that we consider in this section, the production ofN3 occurs
primarily from the decay of the scalar states. In our
discussion, we consider that the DM is lighter than the
Higgs states H1;2, such that, the decay of H1;2 into N3 state
is kinematically open. For illustrative purposes, in this
section we consider the mass of the BSM Higgs
MH2

¼ 250 GeV. We have verified that for larger TeV
scale masses, such as MH2

¼ 1.1 TeV, the result presented
in this section remains very similar. A more extensive
investigation of the dependence of the relic density on the
mass of the BSMHiggs is deferred to Sec. III. The values of
the BSM Higgs mass and mixing that we adopt to study
DM production are consistent with the collider searches,
which we will discuss in Sec. IV.
First note that the decay of the SM Higgs H1 into N3

state is non-negligible, only if the mixing between H1;2 is
sizeable. For the mixing θ ≃ 0 the DM will be produced
from the decay of χ ≈H2. From Eq. (2.12) and using
Eq. (2.9), the interaction Lagrangian ofN3 with the SM and
BSM Higgs reduces to

LN3
¼ c33vχ

Λ
N̄c

3N3ð−H1 sin θ þH2 cos θÞ þ H:c: ð2:20Þ

We define λ̃1;2 as the couplings ofN3 with theH1;2 states,
respectively1

λ̃1 ¼ −
c33vχ
Λ

sin θ; λ̃2 ¼
c33vχ
Λ

cos θ: ð2:21Þ

Since the bare mass term is zero, the mass of the DM state
N3 in this case is generated from the c33N3N3χ

2=Λ term
once the χ state acquires vev vχ. The mass of N3 is therefore
given by

MN3
¼ v2χc33

Λ
; ð2:22Þ

and the couplings λ̃1;2 can be expressed in terms of MN3
,

λ̃1 ¼ −
2MN3

vχ
sin θ; λ̃2 ¼

2MN3

vχ
cos θ: ð2:23Þ

Note that the interaction of H2 with DM is governed by
cos θ. The LHCHiggs signal strength measurements dictate
sin θ < 0.36 i.e., cos θ ≃ 1 [35]. Therefore, for similar
masses of H1;2, the BSM Higgs state H2 primarily governs
N3 production due to a higher coupling strength λ̃2 ≫ λ̃1.
However, for significantly heavier H2, H1 contribution in
the DM relic density will be larger than from H2.
As we are considering the decay contribution, the relic

density of the FIMP DM can be expressed as [13]

ΩN3
h2 ¼ 2.18 × 1027

gs
ffiffiffiffiffigρp MN3

X2
i¼1

gHi
ΓHi

M2
Hi

: ð2:24Þ

In the above, gHi
is the degrees of freedom of the decaying

particle, gs;ρ ≃ 103.857 are the degrees of freedom of the
Universe related to entropy and matter. The partial decay
widths ΓHi

for Hi → N3N3 are

ΓH1
¼ λ̃21

16π
MH1

; ΓH2
¼ λ̃22

16π
MH2

: ð2:25Þ

The measured relic abundance is Ωh2 ¼ 0.1199� 0.0012
at 68% C.L [36]. Using the above equation and equating
Eq. (2.24) with the central value of the observed relic
density, we obtain the constraints on the couplings as

λ̃i ¼ 1.66 × 10−12

ffiffiffiffiffiffiffiffiffi
MHi

MN3

s
; ð2:26Þ

where we assume that the DM is entirely produced from
either of the two Higgs states, H1;2. From Eq. (2.23), the
couplings λ̃1;2 depend on the mass of the DM, the vev vχ of
the BSM Higgs, and the mixing angle between two Higgs
states H1;2. Hence, using Eqs. (2.23) and (2.25), in
Eq. (2.24) and equating Eq. (2.24) with the observed relic
density, we obtain a correlation between the vev of χ, DM
mass, and other physical parameters of this model, which
are the Higgs mixing angle and mass of the Higgs. Taking
into account both the H1;2 → N3N3 production modes, we
find that, for a FIMP DM with mass MN3

, the required
value of vχ has to satisfy the following constraint,

vχ ¼ 1.22 × 1012M3=2
N3

�
sin2θ
MH1

þ cos2θ
MH2

�
1=2

∼ 1012M3=2
N3

�
θ2

MH1

þ 1

MH2

�
1=2

; ð2:27Þ

where in the right-hand side we assume small values of θ
and took cos θ ≈ 1, sin θ ≈ θ. The strong correlation
between vχ and MN3

emerges, as both the DM mass and1We follow this notation for the rest of our discussion.
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its production are governed by the same N3N3χ
2 operator

in the Lagrangian. In Fig. 1 we show this correlation.
Before presenting the discussion on Fig. 1, we note that,
(a) The contributions of H1 → N3N3 and H2 → N3N3

processes to the relic density are

ðΩN3
h2ÞH1

∼
sin2θ
v2χ

M3
N3

MH1

; ðΩN3
h2ÞH2

∼
cos2θ
v2χ

M3
N3

MH2

:

ð2:28Þ

Among these two, since the relic density from H2

decay is proportional to 1=MH2
, therefore, for a very

high mass of the BSM Higgs state, its contribution can
be subleading. On the other hand, for a much smaller
value of sin θ, the contribution fromH1 decay can also
be subleading.

(b) The ratio between the two contributions is

ðΩh2ÞH1

ðΩh2ÞH2

¼ MH2

MH1

�
sin2θ
cos2θ

�
; ð2:29Þ

Therefore, both the contributions can be comparable if
the Higgs and BSM Higgs mixing angle θ satisfies
θ2 ≃ 1.25 × 102=MH2

. Here we assume a small mixing
angle, hence sin θ ∼ θ.

In Fig. 1, we show the constraint on vχ and on the DM
mass MN3

that arises from requiring the relic density to lie
in the range 0.01 < Ωh2 < 0.12 (blue region), namely we
allow for N3 to account for 10%–100% of the DM
abundance. Here we include both H1 → N3N3 and H2 →
N3N3 contributions to the relic density even though the H2

contribution dominates as we fixed MH2
¼ 250 GeV. For

this figure, we use the benchmark parameters given in
Table. I. Additionally, we also show the constraint from eV
light neutrino mass in the same plot. For simplicity here and
in other figures as well, we consider the light neutrino mass
matrix mν (also MD and MR) as a parameter, and impose
the neutrino mass constraint. Hence, y denotes the Dirac
Yukawa coupling parameter in Table. I. The green shaded
region is compatible with eV light neutrino masses,2

0.0086 eV < mν < 0.05 eV, while the seesaw approxima-
tion MR > MD is satisfied in the entire plot. We further
note that, following Eq. (2.22), for higher vχ and lowerMN3

the cutoff scale Λ increases. The brown dashed line in the
top left corner denotes Λ ¼ 1016 GeV. We also show the
line corresponding to Λ ¼ 10vχ by an orange dashed line.
The magenta dashed line, assuming Λ > 1 TeV rules out
the region with large MN3

and low vχ (magenta shaded
region). We also check that in Fig. 1, the entire parameter
space is consistent with the current experimental limits on
lepton flavor violating (LFV) decays, such as μ → eγ,
μ → 3e, and μ − e conversion [37,38]. In most of the
parameter space the predicted values of the LFV decay
rates are orders of magnitude smaller than the sensitivity
reach of future experiments. This statement is valid for
Scenario-II, and III as well.
The constraint from the relic density depends on the

Yukawa coupling c33, which has been rewritten in terms of
MN3

. However, the constraint from eV light neutrino
masses depend on other parameters, such as, MN1;2

, and
hence the couplings c11, c22 as well as the Dirac Yukawa y.
As can be seen from the figure, to satisfy the observed DM
relic density, the required value vχ increases with DM mass
MN3

. For GeV scale MN3
, one needs vχ > 108 GeV. This

naturally leads to a very heavy BSM Higgs with mass3

MH2
∼ vχ > 108 GeV for the quartic scalar coupling

λ2 ∼ 1. This very heavy BSM Higgs does not have any
detection prospect at colliders. Contrary to that, the
coupling λ2 needs to be extremely tiny (λ2 < 10−12) to
accommodate MH2

∼Oð100Þ GeV, which has better dis-
covery prospects at the ongoing and future colliders. This

FIG. 1. This plot represents constraints on MN3
and vχ for

Scenario-I. The blue band corresponds to the variation of the relic
density from decay in between 0.01 and 0.12, where the latter
satisfies the experimental constraint [36]. The green region
corresponds to light neutrino mass in between 0.0086 eV to
0.05 eV. The red line corresponds to lifetime of N1;2 as 1 second.
The orange line correspond to Λ > 10.0vχ . Here we assume the
mass of the BSM Higgs as MH2

¼ 250 GeV.

2Two of the RHN states N1;2 will participate in neutrino mass
generation. Hence, the lightest neutrino mass m1=m3 ¼ 0
depends on normal/inverted mass hierarchy in the light
neutrino sector. We therefore vary m2

ν in between solar and
atmospheric mass-square splittings, where we consider Δm2

21 ¼
7.42 × 10−5 eV and jΔm2

13j ¼ 2.517 × 10−3 eV [3].
3MH2

can not be much larger than vχ due to the perturbitivity
bound of λ2.
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unnatural fine tuning relaxes if the DM mass is
MN3

∼ KeV. As can be seen from the figure, DM N3 with
few KeV mass is consistent with a vχ ∼ TeV and λ2 ∼
Oð0.1Þ and hence MH2

∼Oð100Þ GeV. In conclusion, in
Scenario-I we find that relic density constraint prefers a
KeV scale DM and a TeV scale vχ to naturally accom-
modate a BSM Higgs at the TeV scale or below.

3. N1 and N2 lifetime

Before concluding the section we also discuss the
lifetime of N1;2. For the range of the relevant parameters
that we consider in Fig. 1, the mass of the RHN states N1;2

vary from 10−2 GeV − 105 GeV, while the mixing V
ranges from V ∼ 10−4 − 10−10. Here, for simplicity, we
consider V as a parameter. For large mixing,N1;2 states will
thermalize and their decays would be constrained from the
big bang nucleosynthesis (BBN). While a detailed evalu-
ation of the BBN bound is beyond the scope of this present
paper, we however show the lifetime contour in Fig. 1 that
corresponds to τðN1;2Þ ∼ 1 sec. The two RHN states N1;2

decay to various final states via their mixing V with the
active neutrinos. For masses much smaller than the pion
mass, the decay mode would be νγ and ννν. The decay
width and lifetime for this mass range are

τ−1N1;2
¼ ΓN1;2

≃
G2

FM
5
N1;2

96π3
V2

¼ 5.16 × 10−24
�
MN1;2

keV

�
5
�

V2

10−7

�
s−1: ð2:30Þ

For larger mass range MN1;2
> mπ þme, additional decay

modes N → lπ�, N → lB�=K�, and others will be open.
For even an higher mass rangeMN1;2

> MW ,MZ,MH1;2
, the

two body modes N → lW, νZ, νH1;2 will be open. The
expressions for these decay widths are

ΓN1;2
ðN → lπÞ ≃ G2

FM
3
N1;2

96π3
V2; ð2:31Þ

ΓN1;2
ðN→ lWÞ≃g2FM

3
N1;2

64πM2
W
V2

�
1−

M2
W

M2
N

�
2
�
1þ2

M2
W

M2
N

�
;

ð2:32Þ

ΓN1;2
ðN → νZÞ ≃ g2FM

3
N1;2

128πM2
W
V2

�
1 −

M2
Z

M2
N

�
2
�
1þ 2

M2
Z

M2
N

�
;

ð2:33Þ

ΓN1;2
ðN → νH1;2Þ ≃

g2FM
3
N1;2

128πM2
W
V2

�
1 −

M2
H1;2

M2
N

�2

: ð2:34Þ

We evaluate the lifetime of N1;2 assuming MN1
¼ MN2

and show the contour of τðN1;2Þ ¼ 1 sec in Fig. 1 by the
red line. Part of the region in the left side of the red line can
be constrained from BBN as N1;2 thermalize, and the decay
of N1;2 happens after τðN1;2Þ ¼ 1 sec. We estimate that for
the region of Fig. 1 in agreement with both relic density
and light neutrino mass, for which MN3

∼ 10–30 KeV and
vχ ∼ 4–10 TeV, the cutoff scale Λ ∼ 107 GeV, and the
mixing angle V ∼ 10−6. Thus, τðN1;2Þ < 1 sec, see
Eq. (2.30), and the decay of N1;2 in the early Universe
occurs before BBN.

B. Scenario-II

We consider that in addition to the NTC−1Nχ2 term, the
Yukawa Lagrangian contains the term NTC−1NΦ†Φ. This
is a more generic choice, as Scenario-I can be realized as
only a special case of Scenario-II with c0 ¼ 0. The
Lagrangian has the following terms

Leff ¼
cij
Λ

NT
i C

−1Njχ
2 þ c0ij

Λ
NT

i C
−1NjΦ†Φ

þ Yij

Λ
L̄iΦ̃Njχ þ H:c: ð2:35Þ

In this scenario, the RHN neutrino masses get contributions
from both the NNχ2 and NNΦ†Φ terms. As before, we
consider c, c0 to be diagonal matrix. The mass matrix of the
two RHNs is

ðMRÞαβ ¼
cαβ
Λ

v2χ þ
c0αβ
Λ

v2Φ ðα; β ¼ 1; 2Þ: ð2:36Þ

The DM has a mass

MN3
¼ c33

Λ
v2χ þ

c033
Λ

v2Φ: ð2:37Þ

The Dirac mass matrix has the same expression as in the
previous section, Eq. (2.14), and the physical mass matrix
of N1;2 follows MN ∼MR. With the seesaw condition
MR > MD, the light neutrino mass matrix has a similar
expression as Eq. (2.16). Below, we consider the couplings
c ∼ c0 ≃ c0. Therefore, the light neutrino mass matrix

TABLE I. Parameters relevant for Scenario-I (Fig. 1) and Scenario-II (Fig. 4).

MH2
sin θ y c11 (c011) c33 (c033) MN1;2

Scenario-I 250 GeV 0.1 10−4 1 (0) 2.5 × 10−6 (0) 4 × 105MN3

Scenario-II 250 GeV 0.1 10−4 1 (1) 2.5 × 10−6 (2.5 × 10−6) 4 × 105MN3
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receives a correction ofOðv2Φv2χ Þ. The light neutrino and heavy
RHN mass matrix have the following form

mν ∼ −Y
1

c0Λ
v2ΦY

T

�
1 −

v2Φ
v2χ

�
;

MN ∼
c0
Λ
v2χ

�
1þ v2Φ

v2χ

�
: ð2:38Þ

Similar to the previous scenario, the RHN N3 in this case
is the FIMP DM. The particle is primarily produced from
the two Higgs states H1;2. The couplings of N3 with H1;2

states have the following form

λ̃1∶ −
2vχc33
Λ

sin θ þ 2vΦc033
Λ

cos θ; ð2:39Þ

λ̃2∶
2vχc33
Λ

cos θ þ 2vΦc033
Λ

sin θ: ð2:40Þ

We first discuss two extreme scenarios:
(a) The N3N3H1 coupling λ̃1 is zero, i.e., the FIMP is

produced only from H2 decay.
(b) The N3N3H2 coupling λ̃2 is zero, i.e., the FIMP is

produced from H1 decay.
For the subsequent discussions, we consider the cou-

plings c and c0 independently.
(a) In the first scenario, the DM is entirely produced from

the Higgs state H2. Imposing λ̃1 ¼ 0 in Eq. (2.39) leads to

tan θ ¼ vΦc033
vχc33

: ð2:41Þ

Using Eq. (2.41), λ̃2 can be simplified as

λ̃2 ¼
2MN3

ðvχ cos θ þ vΦ sin θÞ : ð2:42Þ

Using the above coupling in Eq. (2.26) we obtain the
constraint on the vev vχ from Ωh2 ¼ 0.12,

vχ ¼
1.22 × 1012M3=2

N3

M1=2
H2

cos θ
−
vΦ sin θ
cos θ

: ð2:43Þ

Written in this way, the relic density constraint does not
directly depend on the interaction coupling c33 of the
Yukawa Lagrangian; the dependency is only via MN3

.
Rather, the vev vχ depends on the mass of the DM, Higgs
mass, and the SM-BSM Higgs mixing angle θ. The
neutrino mass constraint, as we will derive, would be
highly dependent on additional parameters. The constraint
on the Dirac Yukawa is the same as Eq. (2.18), The mass of
N1 state (i.e., MN1

) however gets additional contribution
c011v

2
Φ=Λ due to the N3N3ΦΦ term

MN1
¼ ðc11v2χ þ c011v

2
ΦÞ=Λ: ð2:44Þ

The cutoff scale Λ can be written in terms of the mass of
the DM,

Λ ¼ c33
MN3

ðv2χ þ β3v2ΦÞ; ð2:45Þ

where β3 ¼ c033=c33. We combine different constraints
from Eqs. (2.18), (2.41), (2.43), (2.44), and (2.45) in
Fig. 2, where we show the variation of the Dirac coupling
y in MN3

-c11 plane. For this, we choose a light neutrino
mass mν ¼ 0.05 eV, a Higgs mixing sin θ ¼ 0.1, MH2

¼
250 GeV (left panel), and 1.1 TeV (right panel). Moreover

FIG. 2. Left and Right panel: the figures correspond to scenario-IIa for two different Higgs masses MH2
¼ 250 GeV and 1.1 TeV,

respectively. The color bar indicates the variation of Dirac Yukawa coupling y with respect to the variation of mass of FIMP DM MN3

and the Yukawa coupling c11. The green band indicates variation of vχ in between 1 TeV to 10 TeV (from left to right). See the text for
additional details.
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we assume c011 ¼ 1 and c033 ¼ 2.5 × 10−6. We have
checked that for this choice of parameters the coupling
c33 which dictatesMN3

, is perturbative in the entire region.
We also display the region where vχ is in the range 1 TeV–
10 TeV. In Fig. 2 this is shown as the vertical green band as
vχ depends on MN3

but not on c11. The cutoff scale also
increases with MN3

; we checked (using Eqs. (2.41) and
(2.43) that at the boundary of the green band Λ ¼ ð1; 2Þ ×
106 GeV for left panel, and Λ ¼ ð7; 14Þ × 105 GeV for the
right panel.
It is evident from Fig. 2, that the choice of a large DM

mass, MN3
, together with a larger c11 demands a larger

coupling y after imposing the light neutrino mass and
relic density constraints. In the entire region the seesaw
condition MR > MD is satisfied. The red and blue lines
represent the lifetime of N1;2 as 1 sec and 10−2 sec,
respectively for the left and for the right panel. The region
enclosed by the red dashed line in the right plot corresponds
to τðN1Þ > 1 sec.
(b) The other scenario is where DM is produced from the

SM Higgs. This can be realized for a suppressed N3N3H2

coupling, we will consider the limit where this coupling is
zero leading to the following constraint,

tan θ ¼ −
c33vχ
c033vΦ

: ð2:46Þ

Using Eq. (2.46), λ̃1 can be simplified to the form

λ̃1 ¼
−2MN3

ðvχ sin θ − vΦ cos θÞ ; ð2:47Þ

Using above coupling in Eq. (2.26) we get

vχ ¼ � 1.22 × 1012M3=2
N3

M1=2
H1

sin θ
þ vΦ cos θ

sin θ
: ð2:48Þ

In the above, the þ and − sign correspond to ðvχ sin θ −
vΦ cos θÞ > 0 and < 0, respectively.
The constraint on the Dirac Yukawa in this case remains

as in Eq. (2.18), where the cutoff scale Λ and the mass of
the DM are related by Eq. (2.45). In Fig. 3 we plot the Dirac
Yukawa as a function of c11 and MN3

. As before we
consider the parameter sin θ ¼ 0.1. Additionally, we con-
sider c011 ¼ 1, c033 ¼ −10−6. The Yukawa coupling c33
varies with MN3

, and is perturbative in the entire range
of MN3

. The seesaw condition MD < MR is satisfied in the
entire parameter space. The green band bounded by black
dashed lines represent the variation of vχ (Λ) between
3 TeV (2 × 104 GeV) and 10 TeV (5 × 104 GeV), from left
to right. The lifetime of N1;2 is less than 1 sec in the entire
range. For illustration, the blue and red dashed lines

indicate lifetime of N1;2 as 0.001 sec, and 0.05 sec,
respectively.
We also consider the generic scenario where both the

H1 → N3N3 and H2 → N3N3 contribute to the relic
density. In Fig. 4, we show different constraints in the vχ −
MN3

plane. The blue band represents the total contribution
from H1 → N3N3 and H2 → N3N3 which varies in the
mentioned range. The green band represents the constraint
from light neutrino mass. While the relic density constraint
does not depend on the Yukawa y, the latter depends on few
additional parameters. See Table. I for the details of the
input parameters. Similar to Scenario-I, we represent

FIG. 3. The figure corresponds to Scenario-IIb, and represents
the variation of the Yukawa coupling y w.r.t the variation of the
DM mass MN3

and the Yukawa coupling c11. Contours of
τðN1;2Þ ¼ 0.001 (blue) and 0.05 (red) are displayed. The vertical
black lines correspond to vχ ¼ 3 TeV (left) and 10 TeV (right).

FIG. 4. Similar as the Fig. 1, but for Scenario-II. See text for
more details.
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τðN1;2Þ ¼ 1 sec by red line, cutoff scale Λ ¼ 10vχ by
orange line. The point represented by a red star mark in this
plot, corresponds to the star point shown in the left panel of
Fig. 2, representing the same benchmark point. Similar to
the previous scenario Scenario-I, a higher vev vχ is required
to satisfy relic abundance for a heavier DM mass. This
happens, as for both these two scenarios, the DM mass is
governed by the vev vχ, which also governs the H1;2 →
N3N3 coupling, and hence the DM production. Therefore, a
TeV scale vχ together with a TeV scale BSM Higgs with
mass MH2

demand that the DM mass in this case can be at
mostMN3

∼ few KeV. We will see in the next section, how
addition of a bare mass term in the Lagrangian relaxes this
strong correlation.

C. Scenario-III

The DM phenomenology changes if a bare mass term for
the FIMP DM N3 state is being added to the Lagrangian.
In this case, the tight correlation between the DM mass
and vev of the gauge singlet scalar relaxes. Adding a bare
mass termMB for N1;2;3, the Lagrangian has the following
form,

Leff ¼
cij
Λ

NT
i C

−1Njχ
2 þ c0ij

Λ
NT

i C
−1NjΦ†Φ

þYij

Λ
L̄iNjHχ þMBNT

i C
−1Ni þ H:c: ð2:49Þ

In the above, MB is a diagonal mass matrix
MB ¼ ðMB1

;MB2
;MB3

Þ, that represents the bare mass
term for RHNs. The RHN mass matrix of N1;2 can be
written as follows,

ðMRÞαβ ¼
cαβv2χ
Λ

þc0αβv
2
ϕ

Λ
þðMBÞαβ ðα;β¼ 1;2Þ: ð2:50Þ

Hence, the DM mass is

MN3
¼ c33v2χ

Λ
þ c033v

2
ϕ

Λ
þMB3

: ð2:51Þ

Note that, for c33 and c033 of Oð1Þ, the mass of N3 can
primarily be governed byMB3

, and the other two terms can
provide subdominant contributions. The Dirac mass
matrix has the same form as in previous scenarios,
Eq. (2.14), and as before, MN ∼MR. The light neutrino
mass matrix has the following expression,

mν ∼ −
1

Λ
Yv2Φv

2
χYT

c11v2χ þ c011v
2
ϕ þ ΛMB1

; ð2:52Þ

where we again consider MN1
¼ MN2

.

In this scenario, the DM can be produced from H1;2 →
N3N3 decays. The interaction vertex of N3 with H1;2 states
have the same form as given in Eq. (2.39) and Eq. (2.40).
As in previous scenarios we consider two extreme cases
where a) λ̃1 ¼ 0 and the DM is produced from H2 decay.
b) λ̃2 ¼ 0 and the DM is produced from H1 decay.
(a) The condition λ̃1 ¼ 0 together with Eq. (2.41) leads to

the N3N3H2 coupling

λ̃2 ¼
2ðMN3

−MB3
Þ

ðvχ cos θ þ vΦ sin θÞ ; ð2:53Þ

and to the constraint on the vev vχ

vχ ¼
1.22 × 1012ðMN3

−MB3
Þ3=2

M1=2
H2

cos θ
−
vΦ sin θ
cos θ

: ð2:54Þ

(b) The condition λ̃2 ¼ 0 together with Eq. (2.46) leads to
the N3N3H2 coupling

λ̃1 ¼ −
2ðMN3

−MB3
Þ

ðvχ sin θ − vΦ cos θÞ ; ð2:55Þ

and to the constraint on the vev vχ

vχ ¼ � 1.22 × 1012ðMN3
−MB3

ÞM1=2
N3

M1=2
H1

sin θ
þ vΦ cos θ

sin θ
:

ð2:56Þ

For both the scenarios a and b, it is evident that the factor
MN3

−MB3
in the numerator of Eq. (2.54) and Eq. (2.56)

will have impact on the tight correlation between vχ and
MN3

, found in Scenario-I–II.
In general both H1 → N3N3 and H2 → N3N3 can

contribute to the relic density. With the choice of input
parameters given in Table II, the constraints onMN3

and vχ
are shown in Fig. 5. The pink color shaded area indicates
that the seesaw approximation MR > MD is satisfied. In
the blue band, DM relic density varies in the range
0.01 < Ωh2 < 0.12 from left to right. The green band
represents the constraint from light neutrino mass while
the red dashed line corresponds to the contour τðN1;2Þ¼
1 sec. The horizontal lines represent the cutoff scale Λ ¼
1010 and 1012 GeV. From Fig. 5 it can be seen that the

TABLE II. The parameters relevant for Scenario-III, Fig. 5.

Scenario-III

MH2
sin θ y c33 (¼ c033) MN3

−MB3
MN1

250 GeV 0.1 1 10−4 10−8 GeV 4MN3

BÉLANGER, KHAN, PADHAN, MITRA, and SHIL PHYS. REV. D 104, 055047 (2021)

055047-10



region compatible with both the relic density and the
neutrino mass constraints corresponds to vχ ∼OðTeVÞ
and MN3

∼OðGeVÞ. In this scenario it is therefore natural
to have a BSM Higgs at the TeV scale for a coupling
λ2 ∼Oð1Þ. In Sec. IV we will consider this scenario and
explore the collider signature of a TeV scale BSM Higgs.

III. DM PRODUCTION: DECAY VS
ANNIHILATION

In the previous sections we considered only decay
contributions of the SM and BSM Higgs in the relic
density. This is justified for a not too large reheating
temperature TR [13]. In this section we deviate from this
assumption and allow for a high TR. Thus we obtain larger
contributions from annihilation channels as well. To
determine the comoving number density of N3, we need
to solve the following Boltzmann equation,

dYN3

dz
¼ 2Mpl

1.66M2
H2

z
ffiffiffiffiffiffiffiffiffiffiffi
g⋆ðzÞ

p
gsðzÞ

�X
i¼1;2

hΓHi→N3N3
iðYeq

Hi
− YN3

Þ
�

þ 4π2

45

MplMH2

1.66

ffiffiffiffiffiffiffiffiffiffiffi
g⋆ðzÞ

p
z2

×

� X
x¼W;Z;h1;h2;f

hσvxx̄→N3N3
iðYeq 2

x − Y2
N3
Þ
�
; ð3:1Þ

where z ¼ MH2
=T and g�ðzÞ depends on gsðzÞ, gρðzÞ in the

following way [39],
ffiffiffiffiffiffiffiffiffiffi
g�ðzÞ

p ¼ gsðzÞffiffiffiffiffiffiffiffi
gρðzÞ

p ð1 − 1
3

d ln gsðzÞ
d ln z Þ. YA is

the comoving number density of A,Mpl is the Planck mass

and the quantity inside h…i corresponds to the thermal
average of decay rate and annihilation cross sections. From
the comoving number density obtained by solving the
Eq. (3.1), one can determine the relic density of DM by
following the expression,

ΩN3
h2 ¼ 2.755 × 108

�
MN3

GeV

�
YN3

ðT0Þ: ð3:2Þ

We perform our numerical simulation using micrOMEGAs5.0

[32] after implementing the model file in FeynRules [40],
where we use appropriate quantum statistics for bosons and
fermions.
In the left and right panel of Fig. 6, we show the variation

of the DM relic density with its mass for Scenario-III and
Scenario-II, respectively. We keep the other parameters
fixed as shown in the caption. For these figures, we choose
a high value of the reheating temperature, TR ¼ 109 GeV.
From both the figures, one can see that the DM relic
density increases with its mass MN3

as also evident
from Eq. (3.2). In the left panel, there is a sharp fall in

the H1 decay contribution at MN3
¼ MH1

2
when the H1

decay to DM is not kinematically allowed. Note that
for large TR the annihilation contribution is larger than
the decay contribution by several orders of magnitude.
This occurs as relic density for annihilation (from
WW=ZZ → N3N3, HiHj → N3N3) is proportional to
the value of the reheating temperature as shown in the
Appendix, (see Eq. (A9).
We also show the variation of relic density with the

reheating temperature TR (shown in the left panel), and the
vev vχ (shown in the right panel) in Fig. 7. Moreover,
the individual contributions from decay and annihilation
processes to the total relic density have also been shown in
both the panels. In the left panel, we can see that the decay
contribution does not depend on the reheating temperature,
TR, but the annihilation contribution strongly depends on
the reheating temperature when TR ≳ 106 GeV. As we
have shown in Eq. (A9) of the Appendix, and also have
been discussed in [13], the annihilation contribution
depends on the reheating temperature and linearly grows
with it. This is visible in Fig. 7, where for large TR
annihilation contributions increase. This occurs because of
the presence of d ¼ 5 HiHjN3N3 (i, j ¼ 1, 2) operators.
We also show in the Appendix that WW=ZZ → N3N3

exhibits similar feature. Furthermore, as evident from
Eq. (A10), the contribution from the annihilation process
ff̄ → N3N3 is dominated by the low scale physics. For a
very high TR this contribution becomes almost independent
of the variation of TR. In the right panel of Fig. 7, the
variation of relic density with the vev vχ has been shown.
One can see that both decay and annihilation contributions
fall linearly with the increase of the vχ . This can be
explained easily, as the coupling of DM with the Higgs

FIG. 5. Scenario-III: Constraints from the DM relic density
(blue band) and eV scale light neutrino mass (green band) in the
MN3

-vχ plane. The values of other free parameters are listed in
Table II. Here we include the decay of H1;2 for DM production.
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is inversely proportional to the square of the vev i.e.,
λ̃1;2 ∝ 1

v2χ
. In addition, the WW → N3N3, ZZ → N3N3

contributions also depend on the coupling λ̃1;2. Moreover
the contact interaction HiHi → N3N3 depends on c33=Λ,
which also varies as 1=vχ . Therefore, as the vev increases,
the relevant coupling becomes smaller, resulting in a
reduced production of DM.

A. The parameter space of Scenario-III

In the previous section, we have evaluated the decay and
annihilation contributions to the relic density for specific
benchmark points. In this section we vary all the free
parameters of Scenario-III in a wide range and present the
results in the form of scatter plots. The model parameters
are varied in the following range,
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FIG. 6. Left (right) panel: Ωh2 vs the mass of DM for Scenario-III (Scenario-II) with sin θ ¼ 0.1, Λ ¼ 1011 GeV,MH2
¼ 1100 GeV,

MN1;2
¼ 5MN3

, MN3
−MB3

¼ 10−8 GeV, vχ ¼ 3 TeV (left panel), MB3
¼ 0, vχ ¼ 15 TeV (right panel). The green-dashed horizontal

line represents Ωh2 ¼ 0.12 [36].
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200 GeV < MH2
< 3000 GeV;

10 GeV < MN3
< 100 GeV;

10−3 < θ < 10−1;

1000 GeV < vχ < 10000 GeV;

200 GeV < TR < 109 GeV;

109 GeV < Λ < 1014 GeV: ð3:3Þ

To accommodate H2 at the TeV scale together with
vχ ∼ TeV, the bare mass term of N3 has to dominate its
physical mass MN3

, thus we impose MN3
−MB3

∼
Oð10−8ÞGeV. In our scan we require that N3 contribute

to at least 10% of the total DM, thus we impose that its relic
density falls within the range

0.01 < Ωh2 < 0.1211: ð3:4Þ

In Figs. 8 and 9 we display the allowed parameter space
after taking into account the constraint from Eq. (3.4). The
entire range of MN3

mentioned above can satisfy Eq. (3.4)
with the variation of other model parameters. We did not
find any strong correlation between MN3

and other model
parameters, and hence we do not present any scatter plot
for MN3

.

FIG. 8. Left panel: variation of relic density of N3 in the c33-Λ plane. Right panel: variation of TR in the c33-vχ plane. We consider the
same constraint as in the left panel.
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In the left panel of Fig. 8, we show the variation of relic
density (in color bar) in the c33-Λ plane after satisfying
Eq. (3.4). For Scenario-III, we can express the coupling c33
in terms of the cutoff scale Λ and the vevs vϕ; vχ in the
following way,

c33 ¼
ΛðMN3

−MB3
Þ

v2χ þ β3v2ϕ
: ð3:5Þ

As evident from the above expression, there is a linear
relation between c33 and Λ. Therefore, as we increase Λ,
c33 also increases. This is clearly visible from the figure
shown in the left panel. The blue scattered points satisfy the
experimentally measured DM relic density constraint [36].
In the right panel of Fig. 8, we show the points that satisfy
Eq. (3.4) in the vχ-c33 plane. As expected from Eq. (3.5),
since vχ ≫ β3vϕ, c33 is inversely proportional to v2χ .
Furthermore, right panel of Fig. 8 shows that TR increases
linearly with vχ . This can be understood as follows. We
have seen in Fig. 7 that the relic density (when dominated
by the annihilation contribution) increases with the reheat-
ing temperature at large TR, and decreases as 1=vχ .
Therefore, for a given value of the DM relic density, higher
values of TR will be associated with larger values of vχ . The
yellow points are not clearly visible, as they have been
covered by the green points.
In the left panel of Fig. 9, we show the variation of the

decay and annihilation contributions to the relic density
with TR. For the discussion on the dependency of the relic
density on TR, see Sec. V. In the right panel of the same
plot, we show the relation between vχ andMH2

. As evident
from the left plot, for reheating temperature TR ∼ 105 GeV,
the decay and annihilation contributions are equal, while
for TR > 106–107 GeV, the annihilation contributions
dominate. Lower than TR ∼ 105 GeV, decay contribution
to the relic density dominates. This occurs as the annihi-
lation contribution is directly proportional to the reheating
temperature as has been explained before. In generating the
scatter plots both for Fig. 8 and Fig. 9, we assume that the
reheating temperature is greater than the masses of all
the particles.
In the right panel of Fig. 9, we show the points in the

vχ-MH2
plane which satisfy Eq. (3.4). We represent the

decay contribution by green points and the total contribu-
tion by red points. For the decay contribution, there exists
an inverse correlation between vχ and MH2

. The H2N3N3

coupling for this case takes the following form,

λ̃2 ¼
2ðMN3

−MB3
Þ × ðvχ cos θ þ β3vϕ sin θÞ
v2χ þ β3v2ϕ

: ð3:6Þ

The above equation together with Eq. (2.28) imply that the
DM relic density decreases with the increase of both vχ and
MH2

. Therefore, for a given value of the DM relic density,

higher values of vχ will be associated with smaller values of
MH2

. For annihilation processes the correlation between vχ
and MH2

is somewhat mild, as the additional parameter TR

plays a significant role in annihilation processes, and we
have varied TR in a wide range mentioned in Eq. (3.3).
Finally in Fig. 10, we show the variation of the relic

density with respect to the variation of vev vχ and the
reheating temperature TR. As we have discussed, the
coupling strength to produce DM varies inversely with
the vev, therefore for a smaller vev, the coupling c33
increases. This results in a higher value of the Ωh2 which
is represented by the blue points. We can also see for TR >
106 GeV there exists a sharp correlation between TR and
vχ , which is consistent with the right panel of Fig. 8.

IV. COLLIDER SIGNATURE OF H2

Other than the SM Higgs, the model also contains a
neutral BSM Higgs, which can be probed at collider
experiments. A number of LHC measurements constrain
the presence of such a heavy Higgs, and its mixing with the
SM 125 GeV Higgs [35]. For the collider analysis we
consider BSM Higgs in the TeV mass range. We pursue the
study for Scenario-III. The model signature we study will
remain the same for Scenario-I, and II as well, as the
signature does not depend on DM mass. The LHC searches
that constrain the BSM Higgs and its mixing are: a) The
SM Higgs signal strength measurement, and b) heavy
Higgs searches.
a) Higgs signal strength measurement constrains the

mixing of the SM and BSM Higgs. To evaluate this, we
adopt [35]. The signal strength of SM Higgs is given as

FIG. 10. Variation of relic density with respect to variation of vχ
and TR. The points satisfy the mentioned DM relic density range.
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μh→xx ¼
σH1

σSMH1

BrðH1 → xxÞ
BrSMðH1 → xxÞ : ð4:1Þ

In the above, H1 → xx represents any channel where
SM Higgs can decay. In our model one of the additional
final states in which SM Higgs can decay is to the DM
pair (H1 → N3N3). However, the branching ratio of this
channel is very small; BrðH1 → N3N3Þ < 10−8. The
other modes such as H1 → νN1;2=N1N1=N2N2 also have
small branching ratios. Therefore, for all practical
purposes, these channels can be neglected. The branching
ratio of H1 decaying to any SM final state is hence
almost identical to the branching ratio in the SM, i.e.,
BrðH1 → xxÞ ∼ BrSMðH1 → xxÞ. The production cross
section of pp→H1 becomes σH1

¼ cos2 θσSMH1
. Therefore,

we find that the above Higgs signal strength expression
takes a very simplified form,

μH1→xx ∼ cos2 θ: ð4:2Þ

The
ffiffiffi
s

p ¼ 13 TeV LHC measurements of the Higgs signal
strength in combined channel dictates μ ¼ 1.17� 0.1 [35].
We find, allowing a 3σ deviation around the best fit value of
μ ¼ 1.17, that the Higgs mixing angle sin θ < 0.36. In our
subsequent analysis, we consider both a larger value of
sin θ ¼ 0.34 and a small value, sin θ ¼ 0.1.
b) A number of LHC searches constrain the production

of heavy scalar resonance and its decay into various SM
final states. As discussed in the previous sections, one of
the main production channels of the FIMP DM is the decay
of H2 to two N3 states, which is dominant for a low
reheating temperature. However, due to the negligible
branching ratio BrðH2=H1 → N3N3Þ < 10−8, this channel
is not constrained by the LHC searches for the invisible
decays of Higgs. The main decay channels of the BSM
Higgs include H2 → WW, ZZ, ZZ, bb̄, τþτ−, H1H1

channels. A number of CMS and ATLAS searches con-
strain the production cross section of the BSM Higgs in
gluon fusion (GF), or vector boson fusion (VBF) channels
folded with the branching ratio of the H2 in the above
mentioned modes. In Table. III, we outline the most
sensitive searches for a neutral Higgs at the LHC, where
we quote the limits on σ × Br for few illustrative mass

points. We consider the searches pp → H2 → ZZ [41],
pp → H2 → WþW− þ ZZ [42], pp → H2 → H1H1 →
4b [43,44], and pp → H2 þ jj → H1H1 þ jj [45]. We
find that among them pp → H2 → ZZ [41] is the most
constraining; in particular this channel does not allow
lighter masses, MH2

∼ 200 GeV, for larger value of
sin θ ¼ 0.34. Note that this mixing angle is allowed by
Higgs signal strength measurements. Such values are
marginally allowed by the search pp → H2 → VV. On
the other hand, the large mixing angle, sin θ ∼ 0.34 is
allowed by all the above mentioned searches when
MH2

∼ 1 TeV. The mixing angle sin θ ¼ 0.1 which we
consider for the DM analysis in the previous section is
allowed for the entire range 200 GeV < MH2

< few TeV.
We have cross checked our results with the results obtained
from HiggsBounds [46].
Other than the WW, ZZ channels, one of the spectacular

signatures of a heavy BSM scalar is the di-Higgs signal.
The di-Higgs channel is, in particular, important to probe
Higgs trilinear coupling. Any deviation from the SM
prediction will indicate new physics. Di-Higgs production
in SM, which is nonresonant, has extensively been studied
at the LHC. There are different studies that analyzed bb̄γγ
[47–50], bb̄WþW− [51,52], bb̄τþτ− [51,53,54], bb̄bb̄
[54–57], and bb̄þ ET [58] final states. With a heavy
BSM Higgs which couples to two SM Higgs, the di-
Higgs production cross section becomes large. The studies
[59–68] focus on resonant production of a BSM Higgs and
its decay to di-Higgs. Both resonant and nonresonant di-
Higgs production processes have been extensively explored
by CMS and ATLAS [43,69–78]. Most of the above
mentioned studies focused on the resolved final states
with isolated final state leptons, jets, and photons.
However, for a very heavy mass of the BSM Higgs, the
produced SM Higgs will be boosted, leading to collimated
decay products. Note that, the di-Higgs production from
a heavy Higgs with few TeV mass is less favourable atffiffiffi
s

p ¼ 13 TeV LHC due to smaller production cross sec-
tion. For nonresonant di-Higgs production at the proposedffiffiffi
s

p ¼ 100 TeV LHC, see [79–83].
We instead focus on resonant di-Higgs production from

the decay of a heavy BSM Higgs at 100 TeV collider,
decaying into two SM Higgs. The branching ratio of this

TABLE III. LHC constraints on BSM Higgs production in GF and VBF channel. We follow [41] for ZZ channel (ATLAS search-
139 fb−1), [42] for VVðWW þ ZZÞ channel (ATLAS search-139 fb−1), [43] forH1H1 (ATLAS search-36.1 fb−1), and [45] forH1H1 þ
jj channel (ATLAS search-126 fb−1). For H1H1 channel, the limits from CMS search-35.9 fb−1 [44] are mentioned in bracket, that we
obtained after dividing σðpp → H2 → H1H1 → 4bÞ by Br2ðH1 → bb̄Þ.
σ (pb) MH2

¼ 250 GeV MH2
¼ 500 GeV MH2

¼ 1100 GeV

σðpp → H2 → ZZÞ <0.12 <0.02 <0.005
σðpp → H2 → VVÞ <1.6 (MH2

¼ 300 GeV) <0.2 <0.008
σðpp → H2 → H1H1Þ <0.8 (3) <0.15 (0.25) <0.03 (0.04)
σðpp → H2jj → H1H1jjÞ <1 <0.05 <0.004 (MH2

¼ 1 TeV)
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channel BrðH2 → H1H1Þ ∼ 25% for H2 mass around
1 TeV [84]. We analyze the di-Higgs channel with
subsequent decay of H1 to bb̄. We assume MH2

>1TeV,
for which the two Higgs bosons produced from H2 are
moderately boosted, leading to a peak in ΔR separation
between the two b quarks as ΔRðb; b̄≲ 0.4Þ. Instead of a
resolved analysis with four or more number of isolated
b jets in the final state, we perform an analysis where we
adopt a large radius jet as the jet description, which is
effective in suppressing a number of SM backgrounds.
Therefore, our model signature is

pp → H2 → H1H1 → 2jfat: ð4:3Þ

where, each of the fatjet jfat contains two b quarks
appearing from Higgs decay.

To evaluate the signature, we implement the Lagrangian
of this model in FeynRules(v2.3) [40] to create the UFO [85]
model files. The Event generator MADGRAPH5_aMC@NLO

(v2.6) [86] is used to generate both the signal and the
background events at leading order. Generated events are
passed through PYTHIA8 [87] to perform showering and
hadronization. Detector effects are simulated using
DELPHES(v3.4.1) [88]. We use FastJet [89] for the clustering
of fatjets and consider Cambridge-Achen [90,91] algo-
rithm, with radius parameter R ¼ 1.0.
In Fig. 11, we show the production cross section of

pp → H2 → H1H1 at
ffiffiffi
s

p ¼ 100 TeV as a function of the
mass ofH2 for sin θ ¼ 0.1, 0.34. There are a number of SM
backgrounds, that can mimic the signal. This include both
QCD and electroweak processes. The QCD is generated by
combining bb̄bb̄ and bb̄jj final state. The other back-
grounds which include electroweak coupling are ditop (tt̄),
diboson (WW and ZZ), Wj and Zj. Here we consider full
hadronic decays of top quark, W and Z boson. At the
generator level, we implement these following cuts on
background samples:
(a) The transverse momentum of the partons: pj

T >
20 GeV, pb

T > 15 GeV
(b) The pseudo-rapidity of the partons: jηjj < 5.0,

jηbj < 3.0
(c) The separation between partons: ΔRjj > 0.4, ΔRbb>

0.2, ΔRbj > 0.4
(d) Invariant mass of the two b quark: mbb > 30 GeV
(e) The scalar sum of the transverse momentum of

all the hadronic particles HT of the background:
HT > 800 GeV

The third cut on ΔR is to avoid any divergence, that may
arise from the QCD samples. The distribution of HT is
shown in Fig. 12. The cut on HT ensures the sufficiently

FIG. 11. Production cross section of pp → H2 → H1H1 vs
mass of H2 for different values of the Higgs mixing angle.
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large background population in the desired region, where
the signal populates. We do not take the SM di-Higgs
channel into consideration, as we find that after the HT cut,
the di-Higgs channel including the h → bb̄ branching ratio,
only gives σ < 2.5 fb cross section, which is suppressed
compared to other backgrounds. The signal as compared to
background shows distinct features in the distributions of
different kinematic variables. In Fig. 13, we show pT
distributions of the two fatjets, for two mass points of the
BSM Higgs MH2

¼ 1.1, 1.5 TeV. As is clearly seen in
the figure the pT distributions of the two leading jets for the
signal and backgrounds are not very well separated. The
peak of the pT distributions for the first and the second jets

occurs at a relatively high values of pT as compared to the
background. Therefore, to reduce the background without
affecting the signal we demand a higher value of pT on
leading and subleading fatjets as a cut, which are pTðj1Þ >
250 GeV and pTðj2Þ > 250 GeV.
In Fig. 14, the leading and subleading fatjet masses have

been displayed. For the signal the two jets are produced
from the decay of the SM-like Higgs, hence the peaks for
the distribution ofMðj1Þ andMðj2Þ occur around the Higgs
mass (MH1

∼ 125 GeV). Since these fatjets are formed
after showering and hadronization of bb̄ pair, therefore we
expect a nontrivial two prong substructure inside each of
the fatjets. We use the Soft Drop algorithm [92] which uses
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FIG. 13. pT distribution of leading fatjet j1 (Left panel) and subleading fatjet j2 (right panel). We also show the pT distributions of the
fatjets arising from background samples.
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the condition minðpTðsubjet1Þ;pT ðsubjet2ÞÞ
ðpTðsubjet1ÞþpT ðsubjet2ÞÞ > 0.1 to determine

whether subjets are created from Higgs decays. All subjets
which satisfy this condition are qualified as the subjets
originating from Higgs decay. In Delphes a subjet can not
be tagged as b-jet. We implement a naive b-jet tagging for
subjets in our analysis. We use B-hadron to tag the subjet
originating from the b quark. We consider b-tag efficiency
for the subjet is 80% with mistag efficiency 1%. In Fig. 15,
we show the invariant mass distribution of the fatjet pairs,

the signal peaks around MH2
. We use these features to

reduce the backgrounds while not reducing too much the
signal. Therefore our selection cuts are the following:
(a) c1: We demand at least two fatjets in the final

state, Nj ≥ 2.
(b) c2: Bound on the leading and subleading fatjets pT are

pTðj1Þ ≥ 250 GeV and pTðj2Þ ≥ 250 GeV.
(c) c3: The mass of leading and subleading fatjets must be

within 20 GeVof the SM Higgs mass, jMH1
−Mj1;2 j ≤

20 GeV.
(d) c4: The invariant mass of the two fatjets will

deviate at most by 150 GeV from the BSM Higgs
mass, jMH2

−Mðj1j2Þj ≤ 150.
(e) c5: Pseudorapidity separation between j1 and j2,

jΔηðj1j2Þj ≤ 1.5.
(f) c6: The leading and subleading fatjets must contain at

least two subjets.
(g) c7: For the leading and subleading fatjets, each of the

fatjets will contain two b-tagged subjets.
We show the partonic cross sections of different SM

backgrounds in Table. IV. As can be seen, the main
background is QCD, with a cross-section σQCD ∼ 107 fb
at the partonic level. The other backgrounds, such as tt̄,Wj,
Zj have a cross section σ ∼ 104 fb. In the third and fourth
column, we show the cross sections of the backgrounds
after implementing all the cuts c1 − c7.
We also checked that for a resolved analysis with

standard set of cuts that: a) number of b jet ≥ 4,
b) pTðbÞ > 30 GeV, c) invariant mass of Higgs mbb ¼
125� 20 GeV, d) b-tagging efficiency same as the fatjet
analysis, and e) invariant mass of 4b jet similar to the fatjet
analysis, the QCD cross section is large σ ¼ 4878 fb
(2795 fb) for MH2

¼ 1.1 TeV (1.5 TeV). For the resolved
analysis, additional background contributions such as
W þ 2j, Z þ 2j, jbb, and others are also relevant.
In Table V, we show the signal cross sections before and

after applying the cuts c1 − c7. We consider two illustrative
BSM Higgs masses MH2

¼ 1.1, 1.5 TeV. The background
in this table corresponds to the QCD background, shown in
Table. IV, as this is the major background. As can be seen
from the table the background is huge as compared to the
signal. Applying the cuts however allows to improve the
significance of the signal. The main remaining background
is QCD. We find that forMH2

¼ 1.1 TeV, one can achieve
3σ significance of the signal over background for 30 ab−1
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FIG. 15. Invariant mass distribution of the fatjet pair.

TABLE IV. Background cross section before and after the cuts.

BG σpartonic [fb]

σanalysis [fb]
(950 < Mðj1j2Þ

< 1250)

σanalysis [fb]
(1350 < Mðj1j2Þ

< 1650)

QCD 4.1479 × 107 1789.9 211
tt̄ 7.603 × 104 0.03 9.9 × 10−5

Wj 5.311 × 104 0.0018 0.43
Zj 5.89 × 104 1.9 0.006
WW 1.2815 × 102 2 × 10−6 3 × 10−7

ZZ 3.614 × 101 1.3 × 10−6 5 × 10−8

TABLE V. Signal (pp → 2jfat) and background cross sections after different selection cuts at
ffiffiffi
s

p ¼ 100 TeV for sin θ ¼ 0.34ð0.1Þ.
MH2

¼ 1.1 TeV MH2
¼ 1.5 TeV

σs [fb] σb [fb] σs [fb] σb [fb]

Before cut 36.22 (3.13) 4.17 × 107 8.64 (0.75) 4.17 × 107

After cut 0.745 (0.064) 1791.9 0.19 (0.016) 211.43
σs

ffiffiffi
L

pffiffiffiffiffiffiffiffiffiffi
σsþσb

p , L ¼ 30 ab−1 3.05 (0.26) 2.26 (0.19)
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luminosity. For higher-mass values of the BSM Higgs,
significance reduces. The significance of the signal can be
improved over the background if one uses multivariate
analysis and neural network methods. Additional final
states such as bb̄γγ=bb̄τþτ− are expected to give better
significance, as these are clean channels. Detailed evalu-
ation of the discovery prospect of all these channels is
beyond the scope of this paper, and we will present this
elsewhere.

V. CONCLUSION

In this work, we adopt an effective field theory
framework that contains RHN and one SM gauge singlet
scalar. Our model accommodates a FIMP DM candidate
and explains the observed eV masses of light neutrinos,
where SM neutrinos acquire their masses via the seesaw
mechanism. Three gauge singlet RHN states N1;2;3 and
one gauge singlet real scalar χ are present in addition to
the SM fields. The two RHN states N1;2 participate in light
neutrino mass generation and N3 is the DM. There is a
sizeable mixing between the BSM scalar and the SM
Higgs, that offers better detection prospect of the BSM
Higgs at colliders.
The FIMP DM candidate N3 in our model interacts with

the SM and BSM scalars only via effective d ¼ 5 Yukawa
interaction. The d ¼ 5 term generates the trilinear inter-
action term responsible for decay once χ and Φ acquire
vev. Hence FIMP DM can be produced from the decay of
the SM and BSM Higgs. Annihilation of scalars and other
SM particles can also lead to DM production. However,
for a low reheating temperature, the decay contribution
dominates. In our analysis, we therefore first consider a
low reheating temperature and analyze only decay con-
tributions. In Scenario-I and II, where there is no bare
mass term of N1;2;3 being added, both the DM mass and its
interaction with other particles depend on the same
operator. Therefore, the relic density constraint leads to
a strong correlation between the vev of BSM scalar (vχ)
and the mass of DM (MN3

). Keeping other parameters
fixed, the required value of vχ to satisfy the observed relic
density increases with the mass of DM. The same vχ also
primarily governs the BSM Higgs massMH2

. Since in our
model SM and BSM Higgs mixing can be sizeable, a TeV
scale or lighter H2 therefore has a better discovery
prospect at collider as compared to a very heavy H2.
We find that, for the TeV scale vχ which is a natural choice
for TeV scale or lower BSM Higgs states, the DM relic
density constraint is satisfied only if its mass is in the KeV
range. We also consider another scenario (Scenario-III)
where we accommodate a bare mass term of the RHN
states. We find that in this case, the tight correlation
between vev of χ and mass of DM is somewhat relaxed,
and a GeV scale DM is possible to accommodate with a
TeV scale BSM Higgs/ vev vχ.

We also consider a variation of the reheating temperature
TR and study the different annihilation channels. For a high
reheating temperature we consider both the decay and
annihilation contributions in relic density, where the latter
dominates the relic abundance. A number of annihilation
channels WW=ZZ=HiHi → N3N3 can give significant
contributions. In our analysis, we show the variation of
relic density with respect to various parameters, such as vχ ,
the mass of DM, and the reheating temperature. We find
that the relic density increases with the mass of DM, and TR
(for gauge boson and scalar annihilation only), and
decreases for higher vevs of the BSM scalar. Assuming
BSM Higgs varying in OðTeVÞ range, we vary these
parameters in a wide range and show the variation of relic
density as scatter plot.
Finally, we explore the collider signature of the TeV scale

BSM scalar at the 100 TeV future ppmachine. We consider
the production of the BSM scalar which has sizeable mixing
with the SM Higgs, and its decay to a pair of SM Higgs
states. We further consider the decay of the SM Higgs to bb̄
states. For a TeV scale heavy Higgs, the SM Higgs is rather
moderately boosted leading to collimated decay products.
We consider difatjet final states as our model signature. We
perform a detailed analysis considering several back-
grounds, such as, QCD, tt̄, WW=ZZ, W þ 1j, Z þ 1j.
Following a cut based analysis we find that a 3σ significance
can be achieved for a 1.1 TeV BSM scalar with 30 ab−1

luminosity. Thus, the difatjet channel which is sensitive to
the trilinear Higgs coupling H2H1H1 is a complementary
probe for the heavy BSM Higgs, in addition to other
channels, such as pp → H2 → WW=ZZ.
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APPENDIX

In this section we discuss various expressions of the
annihilation contributions to relic density.

1. Analytical expression of relevant cross sections

We list the cross sections for the AB → N3N3 processes
where A, B are any SM particles contributing to DM
production in the freeze-in mechanism.
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(a) WW → N3N3:

gH1WþW− ¼ MWe cos θ
sw

;

gH2WþW− ¼ MWe sin θ
sw

;

AWW ¼ gH1WþW−gH1N3N3

ðs − M2
H1
Þ þ iMH1

ΓH1

þ gH2WþW−gH2N3N3

ðs − M2
H2
Þ þ iMH2

ΓH2

;

MWW ¼ 2

9

�
1 þ ðs − 2M2

WÞ2
8M4

W

�
ðs − 4M2

N3
ÞjAWW j2;

σWW→N3N3
¼ 1

16πs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4M2

N3

s − 4M2
W

s
MWW: ðA1Þ

(b) ZZ → N3N3:

gH1ZZ ¼ MWe cos θ
c2wsw

;

gH2ZZ ¼ MWe sin θ
c2wsw

;

AZZ ¼ gH1ZZgH1N3N3

ðs − M2
H1
Þ þ iMH1

ΓH1

þ gH2ZZgH2N3N3

ðs − M2
H2
Þ þ iMH2

ΓH2

;

MZZ ¼ 2

9

�
1 þ ðs − 2M2

WÞ2
8M4

W

�
ðs − 4M2

N3
ÞjAZZj2;

σZZ→N3N3
¼ 1

32πs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4M2

N3

s − 4M2
Z

s
MZZ: ðA2Þ

(c) ff̄ → N3N3:

gH1ff ¼ −
eMf cos θ

2MW
;

gH2ff ¼ −
eMf sin θ

2MW
;

Aff ¼ gH1ffgH1N3N3

ðs −M2
H1
Þ þ iMH1

ΓH1

þ gH2ffgH2N3N3

ðs −M2
H2
Þ þ iMH2

ΓH2

;

Mff ¼ 2

nc
ðs − 4M2

fÞðs − 4M2
N3
ÞjAffj2;

σff̄→N3N3
¼ 1

64πs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4M2

N3

s − 4M2
f

s
Mff: ðA3Þ

(d) HiHj → N3N3 (i, j ¼ 1, 2):

gH1H1H1
¼ −3½2vλH1

cos3θ þ 2vχλH2
sin3θ þ λH1H2

sin θ cos θðv sin θ þ vχ cos θÞ�;
gH1H1H2

¼ ½6vλH1
cos2θ sin θ − 6vχλH2

sin2θ cos θ − ð2 − 3sin2θÞvλH1H2
sin θ − ð1 − 3sin2θÞvχλH1H2

cos θ�; ðA4Þ
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gH2H2H2
¼ 3½2vλH1

sin3θ − 2vχλH2
cos3θ þ λH1H2

sin θ cos θðv cos θ − vχ sin θÞ�;
gH2H2H1

¼ −½6vλH1
sin2θ cos θ þ 6vχλH2

cos2θ sin θ − ð2 − 3sin2θÞvχλH1H2
sin θ

þ ð1 − 3sin2θÞvλH1H2
cos θ�;

gH1H1N3N3
¼

�
c033
Λ

cos2θ þ c33
Λ

sin2
�
;

gH2H2N3N3
¼

�
c033
Λ

sin2θ þ c33
Λ

cos2θ

�

gH1H2N3N3
¼ sin α cos α

�
c033
Λ

−
c33
Λ

�
;

MHiHj
¼ gHiHjH1

gH1N3N3

ðs −M2
H1
Þ þ iMH1

ΓH1

þ gHiHjH2
gH2N3N3

ðs −M2
H2
Þ þ iMH2

ΓH2

þ gHiHjN3N3
;

σHiHj→N3N3
¼ 1

16πs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4M2

N3
Þ

ðs − ðMHi
þMHj

Þ2Þðs − ðMHi
−MHj

Þ2Þ

s
jMHiHj

j2: ðA5Þ

As given in [13], we can approximately calculate
the DM contribution analytically for higher value of the
reheating temperature by solving the following Boltzmann
equation,

dnN3

dt
þ 3nN3

H ≃
T

1024

Z
dsdΩ

ffiffiffi
s

p jMj2AB→N3N3
K1

� ffiffiffi
s

p
T

�
:

ðA6Þ

We parametrize the amplitude for the AB → N3N3

process to be proportional to some power of
center of mass energy at very high temperature i.e.,
jMj2AB→N3N3

¼ αsn where α is a constant which depends
on the couplings and n is a rational number. After
substituting the above amplitude and focusing on the
dependence of the comoving number density on temper-
ature, we obtain

dYUV

dT
¼ κT2n−2; ðA7Þ

where YUV is the co-moving number density of DM and
κ is a constant. In the present work the amplitude varies
in the following way at large s,

jMj2 ¼ αABs where A; B ¼ W;Z;H1; H2

¼ αff where f is SM fermion: ðA8Þ
Therefore, for gauge bosons and Higgses we can easily

show that

YUV ¼ κTR; ðA9Þ
and for the fermion it will be

YUV ¼ κ

�
1

T0

−
1

TR

�
: ðA10Þ

Finally, we can conclude that for the Higgs bosons and
gauge boson the relic density contribution increases lin-
early with TR, whereas for fermions the contribution does
not change significantly with the TR for high value of TR.
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