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We investigate the possibilities of probing the electroweak scale seesaw scenarios such as type-I, type-II,
and type-III seesaw at e−γ and γγ colliders. For the case of type-I seesaw, the heavy neutrinos can be
produced at e−γ colliders in association with a W boson. We study a variety of final states in this case,
including single and multilepton modes in association with jets to estimate bounds on the light-heavy
neutrino mixing angle. In case of type-II seesaw, doubly charged multiplets of the SUð2ÞL triplet scalar can
be produced in pair at γγ collider. We study the multileptonic decay modes coming from this pair
production of doubly charged Higgs and show how one can probe neutrino mass hierarchy. We also study
same-sign W boson production from the doubly charged Higgs to study multilepton modes in association
with missing energy. From the type-III seesaw, we study same-sign dilepton þ jets and trileptonþ jets
modes at e−γ collider which are coming from the neutral and charged component of the triplet fermion in
association with a W boson and a Z boson, respectively. Due to the existing limits on the triplet fermions
from the LHC we choose heavier mass so that the gauge boson originating from the decay of a neutral
multiplet can be sufficiently boosted producing a fat-jet signature in association with same-sign dilepton
and trilepton. Finally, we estimate bounds on the light neutrino-heavy triplet fermion mixing angle and
compare them with the existing bounds.
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I. INTRODUCTION

The tiny neutrino mass and flavor mixing from different
experiments [1] address a long-standing puzzle of the
massless neutrino sector in the Standard Model (SM).
However, within the SM the answer of the origin of the tiny
neutrino mass and flavor mixing is hitherto unknown
despite a variety of proposals to explain these experimental
anomalies. The most amicable idea was introduced by a
dimension-five operator in the context of the SM (com-
monly known as the Weinberg operator [2]) which literally
inaugurated a simple but powerful direction of beyond
the SM (BSM) physics followed by the introduction
of SM singlet-heavy Majorana-type right-handed neutrinos
(RHNs) [3–8] where a tiny neutrino mass is generated by
the suppression of a lepton-number violating the high-mass

scale. This scenario is called the canonical seesaw or type-I
seesaw scenario. These RHNs can have masses from eV
upto a very heavy scale [9]. The sterile neutrinos having
mass in the eV to keV scale may lead to effects from the
short-distance neutrino oscillation experiments [10–15] to
cosmology [16,17]. The RHNs having mass in the MeV to
GeV scale may lead to the effects which can be studied in
neutrino beam dump [18–20], near detector [21,22], and
meson decay [23–34] experiments. Heavy neutrinos in
the GeV to TeV scale have been studied extensively in
the context of the high-energy colliders from a variety of
initial states via prompt and displaced vertex searches, see
Refs. [35–104].
Type-II seesaw scenario [105–111] is another attractive

possibility to study neutrino mass generation mechanism
which can explain the origin of tiny neutrino mass and
flavor mixing. This is a UV-complete scenario of the
dimension-five Weinberg operator, where a triplet scalar
field with the hypercharge Y ¼ þ2 is introduced to the SM
where we find an extended scalar sector [112–117]. In this
case the complex scalar transforms as a triplet under the
SUð2ÞL group which interacts with the SM gauge bosons,
the lepton doublets, and the SM Higgs doublet. The neutral
component of the triplet scalar acquires a vacuum expect-
ation value (VEV) vΔ which allows us to generate eV-scale
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light neutrino masses through the Yukawa interaction
between lepton doublets and triplet scalar fields. The
type-II seesaw model can naturally allow large neutrino
Yukawa couplings simultaneously with a light seesaw scale
even below the TeV scale. This can be realized with a
relatively small value of induced triplet VEV ðvΔÞ which
naturally generates eV-scale neutrino masses with even
Oð1Þ neutrino Yukawa couplings. Also, in this scenario, the
same Yukawa interaction has a significant impact on
charged Higgs phenomenology. The most intriguing
element of this model is the presence of a doubly charged
Higgs, which can have multiple decay modes whose
branching ratios are determined by neutrino-oscillation
data [118,119]. As a result, the detection of this exotic
particle could have a “smoking gun” signature of this
model. Several experimental searches to study a variety of
signatures from the doubly charged Higgs at high-energy
colliders were conducted in [120–124]. Theoretical aspects
of the type-II seesaw and triplet scalar models at different
colliders were discussed in [125–144]. Depending on the
magnitude of the triplet VEV vΔ, the doubly charged Higgs
mainly decay to same-sign dileptons (vΔ ≤ 10−4 GeV) or
gauge bosons (vΔ > 10−4 GeV). By studying these lep-
tonic or gauge-boson decay modes, constraints on doubly
charged Higgs properties can be probed by the LHC search.
For the small triplet VEV vΔ ≤ 10−4 GeV, the constraint is
mH�� > 870 GeV [120,121], whereas for vΔ > 10−4 GeV,
the constraint is rather loose, mH�� > 220 GeV [122]. On
the other hand, for the case of singly charged and neutral
scalars, the official LHC searches have been conducted in
the context of type-II seesaw model through the gluon-
fusion channels in [145–150] which are further suppressed
by Oðv2ΔÞ, rendering them irrelevant for constraining the
type-II seesaw model.
Apart from the type-I and type-II seesaw scenarios,

type-III seesaw can be considered as another interesting
framework which is realized by extending the SM by an
SUð2ÞL triplet fermion with zero hypercharge. Such a setup
can generate small neutrino mass [151] and flavor mixing
through the seesaw mechanism. The triplet fermion con-
tains singly charged and charge-neutral multiplets. The
light neutrino mass is generated by the vacuum expectation
value of the charge-neutral multiplet after the seesaw
mechanism. These charge-neutral multiplets can mix with
the SM neutrinos through which they interact with the SM
bosons. The charged multiplets of the triplet fermions can
also interact with the SM gauge bosons through such
mixings at the time of their association with the SM
leptons. Therefore, such neutral and charged multiplets
of the triplet fermions can be produced at high-energy
colliders through their interactions with the SM gauge
bosons and such production modes are generally sup-
pressed by the light-heavy mixing square. On the other
hand the charged multiplets of the fermion triplets can
be pair produced directly (i.e., not being suppressed by

light-heavy mixing) from the neutral SM boson mediated
processes. The type-III seesaw scenario has been studied at
high-energy colliders to study a variety of phenomeno-
logical aspects like prompt and displaced signatures from
multilepton and multijet channels [152–165]. Recently
LHC has studied these triplets from the multilepton mode
at

ffiffiffi
s

p ¼ 13 TeV with 138 ð139Þ fb−1 luminosity at CMS
(ATLAS) experiment by setting a limit on their masses as
1 TeV from the flavor-democratic scenario [166,167].
These seesaw scenarios can be tested at different high-

energy colliders from a variety of final states. Among these
high-energy machines lepton colliders are interesting ones;
however, they can also be modified in an interesting way.
Commonly we use electron and positron beams to construct
a lepton collider. In some proposals muons and antimuons
are also considered to be a future collider where the muon
mass helps to achieve a high center-of-mass energy [168–
171]. On the other hand in the context of electron positron
colliders, positron beam can be replaced by a backscattered
photon to think about an electron-photon collider which
can have an extremely rich physics potential [172–202] at
different projected luminosities [203–206] including, con-
ceptually, interesting beam-dump facilities [207,208]. In
addition to that, both electrons and positrons can be
replaced by backscattered photons to propose a photon-
photon collider. Taking e−γ and γγ colliders under con-
sideration we propose some interesting and unique signa-
tures from the seesaw models which could be significant to
test a neutrino mass-generation mechanism in future.
In the case of the type-I seesaw, the SM singlet heavy

neutrino can be produced at e−γ colliders in association
with W bosons. The heavy neutrino then can decay into a
charged lepton and a W boson. The leptonic decay of the
associatedW can produce same-sign dilepton (SSDL) and
hadronic decay can produce multijet signatures provided
that the W boson from the heavy neutrino decays into
jets. In e−γ colliders we directly produce the first-
generation heavy neutrino which couples with electron
dominantly. The SSDL signature is unlikely to be
observed from a single heavy neutrino production at the
electron-positron colliders. As a result this mode could be
an interesting complementarity check of the neutrino
mass-generation mechanism. We also consider the oppo-
site-sign dilepton (OSDL) signal to study limits on the
mixing angle and compare them with those obtained from
the SSDL scenarios.
In the case of the type-II seesaw, the triplet scalar has

single- and double-charged multiplets. Doubly charged
multiplets can be produced at the e−γ collider in association
with charged leptons and at the γγ collider in pairs. The
doubly charged multiplet can decay into pair of W bosons
or a pair of charged leptons giving the lepton-number and
flavor-violating signatures which could be probed at these
colliders. The leptonic decay of the doubly charged Higgs
involve the Yukawa coupling which depends on the
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neutrino mass hierarchy. Investigation of such decay
modes from the charged multiplets of the triplet scalar
may enlighten the order of the light neutrino mass at the
e−γ and γγ colliders.
In the case of the type-III seesaw, the triplet fermion

consisting of neutral and charged multiplets can be pro-
duced at the e−γ colliders. Due to the high-mass bound on
the triplet fermion from the LHC, we investigate the
boosted decay of the gauge bosons from the neutral and
charged multiplets of the triplet fermion. In the case of
neutral multiplets we study the SSDL signature with a
boosted W boson from the neutral multiplet of the triplet
fermion. On the other hand we investigate the production of
the charged multiplet in association with Z boson.
Considering the leptonic decay mode of the associated Z
boson and boosted Z boson decay from the charged
multiplet of the triplet fermion, we investigate a trilepton
signature with a fat jet. Due to the presence of the visible
final states, we may reconstruct the triplet fermion involved
in the neutrino mass-generation mechanism.
The paper is arranged in the following way. In Sec. II we

discuss the testable seesaw models at the tree level. We
calculate the production cross sections of the BSM particles
in Sec. III in the context of electron-photon and photon-
photon colliders. In Sec. IV we discuss collider analyses of
different production modes of the BSM particles. Finally
we conclude the article in Sec. V.

II. TESTABLE SEESAW MODELS
AT THE TREE LEVEL

Mechanism of neutrino mass generation has been pro-
posed in many ways which can explain the origin of tiny
neutrino mass and flavor mixing leading to a variety of
reach phenomenology. The common scenarios are known
as type-I seesaw where the SM is extended by SM singlet
heavy-Majorana neutrinos, type-II seesaw where the SM is
extended by SUð2ÞL triplet scalar and type-III seesaw
where the SM is extended by SUð2ÞL triplet fermion,
respectively. In the following section we give a compre-
hensive review of type-I, II, and III seesaw mechanisims.

A. Singlet fermion induced tree-level seesaw scenario

In case of type-I seesaw scenario, SM singlet RHNs
ðNβ

RÞ are introduced. The RHNs directly couple with the
SM lepton doublets ðlα

LÞ and the SM Higgs doublet (H).
The relevant part of the interaction Lagrangian is written
below as

Lint ⊃ −yαβD lα
LHNβ

R −
1

2
mαβ

N NαC
R Nβ

R þ H:c:; ð1Þ

where α and β are flavor indices. After the spontaneous
electroweak symmetry breaking through the VEV of the
Higgs field, H ¼ ð vffiffi

2
p 0ÞT , we obtain the Dirac mass matrix

as MD ¼ yDvffiffi
2

p . We write down the neutrino mass matrix

below using the Dirac and Majorana mass matrices as

Mν ¼
�

0 MD

MT
D MN

�
: ð2Þ

Hence, diagonalizing Eq. (2) we obtain the seesaw formula
for the light Majorana neutrinos as

mν ≃ −MDM−1
N MT

D: ð3Þ

For example using MN ≃ 100 GeV, we may obtain yD ∼
10−6 with mν ≃ 0.1 eV. However, in the general para-
metrization for the seesaw formula [209], Dirac Yukawa
coupling yD can be Oð1Þ, and in this paper we consider
such a scenario.
Assuming MDM−1

N ≪ 1, the light neutrino flavor eigen-
states (ν) can be expressed as a combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates in the
following way:

ν ≃N νm þ VNm; ð4Þ

where

V ¼ MDM−1
N ; N ¼

�
1 −

1

2
ϵ

�
UPMNS; ð5Þ

with ϵ ¼ V�VT , and UPMNS is the usual neutrino mixing
matrix by which the mass matrix mν is diagonalized as

UT
PMNSmνUPMNS ¼ diagðm1; m2; m3Þ: ð6Þ

In the presence of ϵ, the mixing matrix N is not unitary
[210–213]. Replacing the flavor eigenstates from Eq. (4) in
the charged current (CC) interaction of the SM we obtain
the modified form the LCC in the following as

LCC ¼ −
gffiffiffi
2

p WμēγμPLðN νm þ VNmÞ þ H:c:; ð7Þ

where e denotes the three generations of the charged
leptons in the vector form, and PLðRÞ ¼ 1

2
ð1 ∓ γ5Þ are the

projection operators. Similarly, replacing the flavor eigen-
state of the light neutrinos in terms of the mass eigenstates
from Eq. (4) in the SM neutral current (NC) interaction we
obtain

LNC ¼ −
g

2cw
Zμ½νmγμPLðN †N Þνm þ Nmγ

μPLðV†VÞNm

þ fνmγμPLðN †VÞNm þ H:c:g�; ð8Þ

where cw ¼ cos θw is the weak mixing angle. Because of
nonunitarity of the matrix N , N †N ≠ 1, the flavor-
changing neutral current occurs.
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The dominant decay modes of the heavy neutrino when
it’s heavier than the SM gauge and scalar bosons are
N → lW, νlZ, νlh, respectively and the corresponding
partial decay widths are respectively given by

ΓðNi → lαWÞ ¼ g2jViαj2
64π

ðM2
N −M2

WÞ2ðM2
N þ 2M2

WÞ
M3

NM
2
W

;

ΓðNi → ναZÞ ¼
g2jViαj2
128πc2w

ðM2
N −M2

ZÞ2ðM2
N þ 2M2

ZÞ
M3

NM
2
Z

;

ΓðNi → ναhÞ ¼
jViαj2ðM2

N −M2
hÞ2

32πMN

�
1

v

�
2

: ð9Þ

The partial decay width of the heavy neutrino into charged
gauge bosons being twice as large as neutral one owing to
the two degrees of freedom of ðW�Þ. When heavy neutrinos
are in the mass range 10 GeV ≤ MN < MW , they undergo
mainly through three body decay channels. In this case, the
partial decay widths of Ni can be approximately given by

ΓðNi → l−
αl

þ
β νlβÞ ¼ ΓðNi → lþ

α l−
β νlβÞ

≃ jVαij2
G2

F

192π3
M5

Ni
ðα ≠ βÞ; ð10Þ

ΓðNi → l−
βl

þ
β νlαÞ ¼ ΓðNi → lþ

β l
−
β ν̄lαÞ

≃ jVαij2
G2

F

192π3
M5

Ni

�
1

4
cos22θW þ sin4θW

�
ðα ≠ βÞ; ð11Þ

ΓðNi → l−
αlþ

α νlαÞ ¼ ΓðNi → lþ
α l−

α ν̄lαÞ

≃ jVαij2
G2

F

192π3
M5

Ni

�
1

4
cos2 2θW þ cos 2θW þ sin4 θW

�
; ð12Þ

ΓðNi → νβν̄βνlαÞ ¼ ΓðNi → νβν̄βν̄lα
Þ ≃ jVαij2

1

4

G2
F

192π3
M5

Ni
; ð13Þ

ΓðNi → l−
αqaq̄bÞ ¼ ΓðNi → lþ

α q̄aqbÞ ≃ NcjVαij2jVab
CKMj2

G2
F

192π3
M5

Ni
; ð14Þ

ΓðNi → qaq̄aνlαÞ ¼ ΓðNi → qaq̄aν̄lαÞ ≃ NcjVαij2
G2

F

192π3
M5

Ni
2ðjgqV j2 þ jgqAj2Þ; ð15Þ

where

guV ¼ 1

2
−
4

3
sin2θW; guA ¼ −

1

2
;

gdV ¼ −
1

2
þ 2

3
sin2θW; guA ¼ 1

2
; ð16Þ

respectively which come from the interaction between
Z boson and the quarks. Nc ¼ 3 is the color factor for
the quarks. In Fig. 1, we show the branching ratios of
heavy neutrinos Ni to various final states with the
assumption VeNi

¼ 1; VμNi
¼ 0, and VτNi

¼ 0. For mass
rangeMNi

< MW , three body leptonic or semileptonic final
states dominates, whereas for MNi

> MW, two body decay
channels starts to dominate. Note that for large values of
MN with jVlNi

j ≠ 0, the branching ratios can be obtained as

BRðNi→lWÞ∶BRðNi → νlZÞ∶BRðNi→ νlhÞ¼ 2∶1∶1:

Note that for sufficiently small mixing and relatively small
MNi

, the heavy neutrinos are long-lived particles that can
travel macroscopic distances before they decay, giving rise

FIG. 1. Branching ratios of Ni to different final states
under the assumption VeNi

¼ 1; VμNi
¼ 0, and VτNi

¼ 0. We
show the branching ratios to three-body leptonic channels
el1νl1

þ νell, νeνν̄ and semileptonic channels such as ejj
and νejj, where l ¼ e, μ, τ, l1 ¼ μ, τ. For relatively large
MNi

the two body decay channels such as eW, νeZ, and νeh
dominates.

ARINDAM DAS, SANJOY MANDAL, and SUJAY SHIL PHYS. REV. D 108, 015022 (2023)

015022-4



to displaced vertex signatures. In our study we consider
mass and mixing angle to be free parameter and the mixing
angle is always large enough to have prompt decay.

B. Triplet scalar induced tree-level seesaw scenario

Here we focus on type-II seesaw scenario [105–109]. It
introduces one heavy SUð2ÞL triplet scalar Δ ¼ ðΔþþ;Δþ;
Δ0ÞT , with hypercharge YΔ ¼ 2. It is convenient to describe
Δ in its matrix form as

Δ ¼
�
Δþ=

ffiffiffi
2

p
Δþþ

Δ0 −Δþ=
ffiffiffi
2

p
�
: ð17Þ

The new triplet scalar field Δ, being a triplet under SUð2ÞL
interacts with the SM gauge bosons. In addition to the
gauge interactions, Δ has Yukawa interaction with the SM
lepton doublet. The relevant Lagrangian reads as

Ltype II ¼ ½iYΔαβLT
αC−1τ2ΔLβþH:c:�

þðDμΦÞ†ðDμΦÞþðDμΔÞ†ðDμΔÞ−VðΦ;ΔÞ;
ð18Þ

where Yαβ
Δ is a symmetric complex matrix, Lα are lepton

doublets, C is the charge conjugation operator, and Dμ is
the covariant derivative of the related scalar field. The
scalar potential VðΦ;ΔÞ is given as

VðΦ;ΔÞ ¼ −m2
ΦΦ†Φþ λ

4
ðΦ†ΦÞ2 þ M̃2

ΔTr½Δ†Δ�
þ λ2½TrΔ†Δ�2 þ λ3Tr½Δ†Δ�2
þ ½μΦTiσ2Δ†Φþ H:c:�
þ λ1ðΦ†ΦÞTr½Δ†Δ� þ λ4Φ†ΔΔ†Φ: ð19Þ

A tiny induced VEV for the triplet characterizes the
Higgs triplet UV completion of the Weinberg operator.
Minimization of the total potential VðΦ;ΔÞ leads to the
relations

M̃2
Δ ¼ M2

Δ −
1

2
½2v2Δðλ2 þ λ3Þ þ v2Φðλ1 þ λ4Þ�;

with M2
Δ ≡ v2Φμffiffiffi

2
p

vΔ
; ð20Þ

m2
Φ ¼ 1

2

�
v2Φλ
2

þ v2Δðλ1 þ λ4Þ − 2
ffiffiffi
2

p
μvΔ

�
: ð21Þ

In the limit MΔ ≫ vΦ, which is consistent with all the
existing constraints, we can solve Eq. (20) for vΔ. Keeping
terms of OðvΦ=MΔÞ we get the small induced triplet VEV

vΔ ≈
μv2Φffiffiffi
2

p
M̃2

Δ
: ð22Þ

The light-neutrino mass can be produced from the type-II
scenario using the Yukawa interaction between the scalar
triplet and SM lepton doublets given in Eq. (18) as

mν ¼
ffiffiffi
2

p
YΔvΔ ¼ YΔ

μv2Φ
M̃2

Δ
: ð23Þ

From the observed light-neutrino mass constraints, the
triplet Yukawa and the triplet VEV can be written using the
UPMNS matrix depending on the neutrino oscillation data in
the following way:

YΔ ¼ 1ffiffiffi
2

p
vΔ

UPMNSm
diag
ν UT

PMNS; ð24Þ

where mdiag
ν is the neutrino mass eigenvalues which

further depends on the neutrino oscillation data and the
normal and inverted orderings of the light-neutrino masses.
Equation (22) explicitly shows that the smallness of the
triplet VEV can be induced either by a small μ, or by a large
value for M̃Δ. We can write the doublet and triplet neutral
fields as follows after spontaneous symmetry breaking:

Δ ¼ 1ffiffiffi
2

p
�

Δþ ffiffiffi
2

p
Δþþ

vΔ þ hΔ þ iηΔ −Δþ

�
;

Φ ¼ 1ffiffiffi
2

p
� ffiffiffi

2
p

Φþ

vþ hΦ þ iηΦ

�
: ð25Þ

Scalar sector contains ten degrees of freedom, among
which, after EW breaking, seven remain as physical fields
with definite masses: H��, H�, and the neutral Higgs
bosons h, H0, and A0. The doubly charged Higgs H�� is
simply the Δ�� present in Δ. The physical masses of
doubly charged Higgs bosons H�� can be written as

m2
Hþþ ¼ M2

Δ − v2Δλ3 −
λ4
2
v2Φ: ð26Þ

The other mass eigenstates can be obtained by rotating the
gauge eigenstates as shown below:

�
Φ�

Δ�

�
¼ Rðβ�Þ

�
H�

G�

�
;

�
hΦ
hΔ

�
¼ RðαÞ

�
h

H0

�
;

�
ηΦ

ηΔ

�
¼ Rðβ0Þ

�
A0

G0

�
; RðθÞ ¼

�
cos θ − sin θ

sin θ cos θ

�
;

where β�; β0 and α are the rotation angles with

tan β� ¼
ffiffi
2

p
vΔ

vΦ
, tan β0 ¼ 2vΔ

vΦ
, and tanð2αÞ ¼ 2B

A−C, where
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A ¼ λ

2
v2Φ; B ¼ vΦð−

ffiffiffi
2

p
μþ ðλ1 þ λ4ÞvΔÞ;

C ¼ M2
Δ þ 2ðλ2 þ λ3Þv2Δ: ð27Þ

The two scalar fields Φ� and Δ� from Φ and Δ mix,
giving H� and the unphysical charged Goldstone G�. The
physical masses of singly charged Higgs bosonsH� can be
written as

m2
Hþ ¼

�
M2

Δ −
λ4
4
v2Φ

��
1þ 2v2Δ

v2Φ

�
: ð28Þ

Similarly, ηΔ and ηΦ will mix and give rise to the CP-odd
scalar A0 and the neutral Goldstone boson G0 which
becomes the longitudinal mode of Z boson. The mass of
this CP-odd Higgs field A0 has the following mass:

m2
A0 ¼ M2

Δ

�
1þ 4v2Δ

v2Φ

�
: ð29Þ

Finally, CP-even fields hΔ and hΦ will mix and give rise to
the SM Higgs boson h and a heavy Higgs boson H0. The
masses of h and H0 have the following physical masses:

m2
h ¼

1

2

�
Aþ C −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðA − CÞ2 þ 4B2

q �
; ð30Þ

m2
H0 ¼ 1

2

�
Aþ Cþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðA − CÞ2 þ 4B2

q �
: ð31Þ

The triplet VEV vΔ is subject to constraint coming from ρ
parameter. The ρ parameter leads to upper bound of
Oð1 GeVÞ on the triplet VEV vΔ [1]. For vΔ ≪ vΦ, the
masses of the physical Higgs bosons can be approximated
as follows:

m2
H�� ≃M2

Δ −
λ4
2
v2Φ; m2

H� ≃M2
Δ −

λ4
4
v2Φ;

m2
h ≃ 2λv2Φ and m2

H0 ≈m2
A0 ≃M2

Δ; ð32Þ
so their mass-squared differences are given by

m2
H� −m2

H�� ≈m2
H0=A0 −m2

H� ≈
λ4
4
v2Φ: ð33Þ

We further define the two mass-splittings as follows:

δm1 ¼ mH0 −mH� ; δm2 ¼ mH� −mH�� : ð34Þ
With the assumptions vΔ ≪ vΦ and M2

Δ ≫ jλ4jv2Φ, the two
mass-splittings δm1;2 can be approximated as

Δm≡ δm1;2 ≈
λ4
8

v2Φ
MΔ

: ð35Þ

Hence, the masses of all the physical Higgs states can be
written in terms of just two parameters,mH�� andΔm. Note
that λ4 should be small as a relatively large value of this

quartic coupling at the electroweak scale can become
nonperturbative at high energies even below the Planck
scale. Also the mass splitting Δm ¼ mH� −mH�� affects
the electroweak precision data observables, such as S, T,
andU parameters. These put a tight constraints on the mass
splitting jΔmj≲ 40 GeV [114,117,214,215]. Note that,
three different mass spectra are expected depending on
the value (sign) of λ4, as (1) λ4 ¼ 0∶Δm≈ 0ðmH�� ≃mH�≃
mH0=A0Þ, (2) λ4 < 0∶ Δm < 0ðmH�� > mH� > mH0=A0Þ,
and (3) λ4 > 0∶ Δm > 0ðmH�� < mH� < mH0=A0Þ. These
will be important for our later discussions. The Higgs triplet
has, of course, interaction with gauge bosons, as well as
Yukawa couplings to the SM fermions. This opens up a
number of possible decay modes. We write down all
possible partial decay widths of the charged multiplets
H�� andH� of the triplet scalar. The relevant partial decay
widths of H�� in the case of degenerate scenario (δm ≈ 0)
are written below

ΓðH��→ l�i l
�
j Þ¼

m��
H

ð1þδijÞ8π
����mν

ij

vΔ

����2; mν¼YΔvΔ=
ffiffiffi
2

p
;

ð36Þ

ΓðH��→W�W�Þ¼ g2v2Δ
8πmH��

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4

r2W

s
½ð2þðrW=2−1Þ2Þ�;

ð37Þ

where rW ¼ mH��
MW

. Here mν denotes the neutrino mass
matrix, i, j are the generation indices. For the case of
negative mass splitting ðδm < 0Þ, one must also consider
the additional decay channel,

ΓðH��→H�W��Þ¼ 9g4mH�� cos2β�
128π3

G

�
m2

H�

m2
H��

;
m2

W

m2
H��

�
;

ð38Þ

where tan β� ¼
ffiffi
2

p
vΔ

vΦ
and the functions λðx; yÞ, Gðx; yÞ are

given as

λðx; yÞ ¼ ð1 − x − yÞ2 − 4xy; ð39Þ

Gðx; yÞ ¼ 1

12y

�
2ð−1þ xÞ3 − 9ð−1þ x2Þyþ 6ð−1þ xÞy2

− 6ð1þ x − yÞy
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−λðx; yÞ

p �
tan−1

�
1 − xþ yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−λðx; yÞp �

þ tan−1
�

1 − x − yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−λðx; yÞp �	

− 3ð1þ ðx − yÞ2 − 2yÞy log x
�
: ð40Þ
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The relevant partial decay widths of H� in the case of
degenerate scenario (δm ≈ 0) are written below

ΓðH� → qq̄0Þ ¼ 3m3
H�sin2β�
8πv2Φ

��
m2

q

m2
H�

þ
m2

q0

m2
H�

�

×

�
1 −

m2
q

m2
H�

−
m2

q0

m2
H�

�
− 4

m2
q

m2
H�

m2
q0

m2
H�

�

× λ
1
2

�
m2

q

m2
H�

;
m2

q0

m2
H�

�
; ð41Þ

ΓðH� → l�
i νjÞ ¼

mH�

8πv2Φ
ðδijm2

i sin
2 β�

þ jYij
Δj2v2Φ cos2 β�Þ

�
1 −

m2
i

m2
H�

�
2

; ð42Þ

ΓðH�→W�ZÞ¼ g4v2Δ cos
2β�

32π cos2 θwmH�

�
λ

�
m2

W

m2
H�

;
m2

Z

m2
H�

��
1=2

×

�
2þ m4

H�

4m2
Wm

2
Z

�
1−

m2
W

m2
H�

−
m2

Z

m2
H�

�
2
�
:

ð43Þ

For the case of nonzero mass splitting jδmj ≠ 0, one also
has the following decay channels for H�:

ΓðH�→H0=AW��Þ

¼ 9g4mH�

512π3
ξ2H�W∓H0=AG

�m2
H0=A

m2
H�

;
m2

W

m2
H�

�
; for δm< 0;

ð44Þ

ΓðH�→H��W∓�Þ

¼ 9g4mH� cos2β�
128π3

G

�
m2

H��

m2
H�

;
m2

W

m2
H�

�
; for δm> 0; ð45Þ

where ξH�W∓φ̂¼cosαsinβ�−
ffiffiffi
2

p
sinαcosβ�, sin α sin β�þffiffiffi

2
p

cos α cos β�, sinβ0sinβ�þ
ffiffiffi
2

p
cosβ0cosβ�, for φ̂ ¼

h0; H0; A, tanð2αÞ ¼ 2B
A−C, and tan β0 ¼ 2vΔ

vΦ
. In Fig. 2,

we display the branching ratios of H�� for mH�� ¼
1 TeV with mass splitting Δm ≈ 0 (left panel) and
Δm ¼ −20 GeV (right panel), respectively. For the case
of small-mass splitting, depending on the magnitude of the
triplet VEV vΔ, H�� mainly decay to same-sign dileptons
(vΔ ≤ 10−4 GeV) or gauge bosons (vΔ > 10−4 GeV). On
the other hand from the right panel of Fig. 2 we see that
with relatively large negative mass splitting, the cascade
decay H�� → H�W�� quickly dominate over the leptonic
and diboson decay modes in the intermediate triplet VEV
region. The branching ratio of the singly charged HiggsH�

into various channels is depicted in Fig. 3. H� has four
decay modes: (i) leptonic decay, i.e., l�ν; (ii) hadronic
decay, i.e., qq0; (iii) diboson decay, i.e., W�Z, W�h; and
(iv) cascade decay, i.e., H0=AW�� (δm < 0) or H��W∓�
(δm > 0). When comparing the left and right panels in

FIG. 2. Branching ratios of H�� for mass mH�� ¼ 1 TeV with mass splitting Δm ≈ 0 (left panel) and Δm ¼ −20 GeV (right-panel),
respectively. The red, green, and cyan points stand for the decay mode H�� → l�l�, H�� → W�W�, and H�� → H�W��,
respectively. Note that the decay mode H�� → H�W�� is only open when mass splitting is negative and further dominates in the
intermediate triplet VEV region when mass splitting is relatively large. The Dirac phase δCP is varied in the range ½−π∶π� and other
oscillation parameters are varied within their 3σ ranges whereas the lightest neutrino mass is varied in the range
10−4 eV ≤ mlightest < 0.1 eV.
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Fig. 3, we can see that cascade decays dominate in the
intermediate triplet VEV area for relatively significant
mass splitting. The branching ratio pattern for singly
charged scalar decays is extremely sensitive to mass
splitting and the triplet VEV, as it is for doubly charged
scalar decays. In both Figs. 2 and 3, the band for various
decay modes are due to the variation of oscillation
parameters. The lightest neutrino mass is varied in the
range 10−4 eV ≤ mlightest ≤ 0.1 eV. The Dirac phase δCP is
varied in the range ½−π∶π� and other oscillation parameters
are varied within their 3σ ranges [118,119].
The tightest constraint on triplet scalar comes basically

from doubly charged Higgs scalar searches at LHC. One
clearly sees from Fig. 2 that the collider search strategy for
the doubly charged Higgs boson crucially depends on the
value of the triplet VEV vΔ and mass splitting Δm. The
direct limit on mH�� has been derived from collider
searches of multilepton final states assuming Δm ≈ 0.

Stringent constraints on mH�� have been placed by the
13 TeV LHC searches by analyzing Drell-Yan production
pp → HþþH−− and subsequent decay in the H�� →
l�l� channel. In addition to this LHC has also studied
the associated production of H��H∓ through s-channel
W� exchange, followed by H�� decay to a charged lepton
pair and H� → l�ν. This combined channel of Drell-Yan
production and associated production gives the constraint
mH�� > 820 GeV [121] at 95% CL ATLAS searches
only include the Drell-Yan production and the bound is
mH�� > 870 GeV at 95% C.L. [120]. LEP has also
searched for H��H∓∓ pair production through s-channel
γ=Z exchange, with subsequent decay of H�� into charged
lepton pairs and they put constraint as mH�� > 97.3 GeV
[124] at 95% C.L. These limits hold only for small triplet
VEV, vΔ < 10−4 GeV. For large triplet VEV vΔ >
10−4 GeV, H�� decay dominantly to diboson mode

FIG. 3. Branching ratios of H� for mass mH� ¼ 250 GeV (top panel) and mH� ¼ 1 TeV (bottom panel) with mass splitting jΔmj ¼
1 GeV (left panel) and jΔmj ¼ 20 GeV (right panel). The singly charged Higgs boson H� has four decay modes: (i) l�ν (red), (ii) qq
(blue), (iii)W�Z þW�h (magenta), and (iv) H0=AW�ðΔm < 0Þ (cyan) or H��W∓�ðΔm > 0Þ (cyan). For large mass of H�, hadronic,
and dibosonic decay modes almost coincides. The oscillation parameters are varied again in same manner as in Fig. 2.
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W�W� and hence a search via pair-production H��H∓∓,
with subsequent decay into gauge boson and further to
leptonic final states is required. The ATLAS Collaboration
has studied this channel and constrained the doubly charged
Higgs mass around 220 GeV [122]. Searches for singly
charged and neutral scalars [145–150], on the other hand, do
not apply to the type-II seesaw because the involved
couplings are v2Δ suppressed.

C. Triplet fermion induced tree-level
seesaw scenario

Type-III seesaw is an unique possibility to describe the
origin of tiny neutrino mass and flavor mixing where SM is
extended by zero hypercharge SUð2ÞL triplet fermion (Ψ).
It allows us to generate tiny but nonzero mass term form the
light neutrinos through the seesaw mechanism. We write
down the Lagrangian in the following way:

L ¼ LSM þ TrðΨ̄iγμDμΨÞ −
1

2
MTrðΨ̄Ψc þ ΨcΨÞ

−
ffiffiffi
2

p
ðlLY

†
DΨH þH†Ψ̄YDlLÞ: ð46Þ

Here Dμ and M denote the covariant derivative and
Majorana mass term, respectively. LSM is the relevant part
of the SM Lagrangian involved in the type-III seesaw
scenario. In this analysis we consider three generations of
the triplet fremion which are degenerate in mass. Hence we
considerM is proportional to 13×3. YD is the Dirac-Yukawa
coupling among the triplet fermion (Ψ), SM lepton doublet
ðlLÞ and SM Higgs doublet (H), respectively. We suppress
the generation indices for simplicity. We represent the SM
candidates, the triplet fermion and its charged conjugate
ðΨc ¼ CΨ̄TÞ involved in the type-III seesaw mechanism as

lL ¼
�
νL

eL

�
; H ¼

�
h0

h−

�
;

Ψ ¼
�
Σ0=

ffiffiffi
2

p
Σþ

Σ− −Σ0=
ffiffiffi
2

p
�
; and

Ψc ¼
�
Σ0c=

ffiffiffi
2

p
Σ−c

Σþc −Σ0c=
ffiffiffi
2

p
�
: ð47Þ

When electroweak symmetry is broken, h0 acquires a
VEV as h0 ¼ vþhffiffi

2
p with v ¼ 246 GeV. To study the mixing

between Σ� and the SM charged leptons we write the four
degrees of freedom of each Σ� in terms of a Dirac spinor
such as Σ ¼ Σ−

R þ Σþc
R where as Σ0 are two component

fermions with two degrees of freedom. After electroweak
symmetry breaking the corresponding Lagrangian can be
written as

−Lmass ¼ð ēL Σ̄L Þ
�
ml Y†

Dv

0 M

��
eR
ΣR

�

þ1

2
ðνcL Σ0

R
Þ
� 0 YT

D
vffiffi
2

p

YD
vffiffi
2

p M

��
νL

Σ0c
R

�
þH:c:;

ð48Þ
where ml is the Dirac mass term of the SM charged lepton.
The 3 × 3 Dirac mass of the triplets can be written as

MD ¼ YT
Dvffiffiffi
2

p : ð49Þ

Diagonalizing the neutrino mass matrix in Eq. (48) we
write the light neutrino mass eigenvalue in the following as

mν ≃ −
v2

2
YT
DM

−1YD ¼ MDM−1MT
D: ð50Þ

The mixing between the light and heavy mass eigenstates
can be obtained as OðMDM−1Þ. The light neutrino flavor
eigenstate can be written in terms of the light ðνmÞ and
heavy ðΣmÞ mass eigenstates as

ν ¼ Aνm þ VΣm; ð51Þ

where V ¼ MDM−1 and A ¼ ð1 − 1
2
ϵ̃ÞUPMNS respectively

with ϵ̃ ¼ V�VT and UPMNS is the 3 × 3 neutrino mixing
matrix which diagonalizes the light neutrino mass matrix in
the following way:

UT
PMNSmνUPMNS ¼ diagðm1; m2; m3Þ: ð52Þ

Due to the presence of ϵ̃ the mixing matrix ðAÞ becomes
nonunitary, A†A ≠ 1. Replacing the neutrino flavor eigen-
states with the mass eigenstates from Eq. (51) in the SM we
express the charged current (CC) interactions in the
following way:

−LCC ¼ gffiffiffi
2

p ð ē Σ̄ ÞγμW−
μPL

0
B@ ð1þ ϵ

2
ÞUPMNS − Y†

DM
−1vffiffi
2

p

0
ffiffiffi
2

p ð1 − ϵ0
2
Þ

1
CA� ν

Σ0

�

þ gffiffiffi
2

p ð ē Σ̄ ÞγμW−
μPR

0
B@ 0 −

ffiffiffi
2

p
mlY

†
DM

−2v

−
ffiffiffi
2

p
M−1YDð1 − ϵ�

2
ÞV�

PMNS

ffiffiffi
2

p ð1 − ϵ0�

2
Þ

1
CA� ν

Σ0

�
: ð53Þ
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Similarly, using Eq. (51) in the SM neutral current (NC) interaction for the leptons we obtain the modified NC interaction as

−LNC ¼ g
cos θW

ð ē Σ̄ ÞγμZμPL

0
B@ 1

2
− cos2θW − ϵ

Y†
DM

−1v
2

M−1YDv
2

ϵ0 − cos2θW

1
CA� e

Σ

�

þ g
cos θW

ð ē Σ̄ ÞγμZμPR

 
1 − cos2θW mlY

†
DM

−2v

M−2YDmlv −cos2θW

!�
e

Σ

�

þ ð ν̄ Σ0 ÞγμZμPL

 
1 −U†

PMNSϵUPMNS
U†

PMNSY
†
DM

−1vffiffi
2

p

M−1YDUPMNSvffiffi
2

p ϵ0

!�
ν

Σ0

�
; ð54Þ

where θW is the weak mixing angle. Now we write down the interaction Lagrangian among the triplet fermion, SM lepton
doublet and SM Higgs doublet (H) in the following:

−LH ¼ g
2MW

ð ē Σ̄ ÞhPL

 
− ml

v ð1 − 3ϵÞ mlY
†
DM

−1

YDð1 − ϵÞ þM−2YDm2
l YDY

†
DM

−1v

!�
e

Σ

�

þ g
2MW

ð ē Σ̄ ÞhPR

0
B@ − ml

v ð1 − 3ϵ�Þ M−1Y†
Dml

ð1 − ϵ�ÞY†
D þm2

lY
†
DM

−2 M−1YDY
†
Dv

1
CA� e

Σ

�

þ ð ν̄ Σ0 ÞhPL

0
B@

ffiffi
2

p
mν
v UT

PMNSmνY
†
DM

−1�
YD − YDϵ

2
− ϵ0TYD

2

�
UPMNS

YDY
†
DM

−1vffiffi
2

p

1
CA� ν

Σ0

�

þ ð ē Σ0 ÞhPR

0
B@

ffiffi
2

p
mν
v M−1YDmνU�

PMNS

U�
PMNS

�
Y†
D − ϵ�Y†

D
2

− Y†
Dϵ

0�YD

2

�
M−1YDY

†
Dvffiffi

2
p

1
CA� ν

Σ0

�
: ð55Þ

The charged multiplets of the triplet fermions also interact with photon ðAμÞ. The corresponding interaction Lagrangian can
be derived from Eq. (46) as

−LγΣΣ ¼ g sin θWð ē Σ̄ ÞγμAμPL

�
1 0

0 1

��
e

Σ

�
þ g sin θWð ē Σ̄ ÞγμAμPR

�
1 0

0 1

��
e

Σ

�
: ð56Þ

In the Eqs. (53)–(55) the parameters ϵ ¼ v2
2
Y†
DM

−2YD and ϵ0 ¼ v2
2
M−1YDY

†
DM

−1 are the small quantities according to
Refs. [153,211,216]. We neglect the effects of the higher powers (above 1) of ϵ and ϵ0 in the calculations. Using Eqs. (53)–
(55), we calculate the partial decay widths of ðΣ0Þ in the following way:

ΓðΣ0 → lþWÞ ¼ ΓðΣ0 → l−WÞ ¼ g2jVlΣj2
64π

�
M3

M2
W

��
1 −

M2
W

M2

�
2
�
1þ 2

M2
W

M2

�
;

ΓðΣ0 → νZÞ ¼ ΓðΣ0 → ν̄ZÞ ¼ g2jVlΣj2
128πcos2θW

�
M3

M2
Z

��
1 −

M2
Z

M2

�
2
�
1þ 2

M2
Z

M2

�
;

ΓðΣ0 → νhÞ ¼ ΓðΣ0 → ν̄hÞ ¼ g2jVlΣj2
128π

�
M3

M2
W

��
1 −

M2
h

M2

�
2

: ð57Þ

Similarly the partial decay widths of ðΣ�Þ can be calculated in terms of the mixing ðVlΣÞ as
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ΓðΣ� → νWÞ ¼ g2jVlΣj2
32π

�
M3

M2
W

��
1 −

M2
W

M2

�
2
�
1þ 2

M2
W

M2

�
;

ΓðΣ� → lZÞ ¼ g2jVlΣj2
64πcos2θW

�
M3

M2
Z

��
1 −

M2
Z

M2

�
2
�
1þ 2

M2
Z

M2

�
;

ΓðΣ� → lhÞ ¼ g2jVlΣj2
64π

�
M3

M2
W

��
1 −

M2
h

M2

�
2

; ð58Þ

whereMW ,MZ, andMh are the SMW, Z, and Higgs boson
masses, respectively. The charged and neutral multiplets
Σ�;0 are degenerate in mass at the tree level, however,
radiative corrections induced by the SM gauge boson in the
loop can help in lifting such degeneracy. The estimation of
this mass difference ΔM can be found in [217] and that is
given by

ΔM ¼ α2M
4π

�
f

�
MW

M

�
− cos2 θWf

�
MZ

M

��
; ð59Þ

where the function f and A are defined as fðrÞ ¼
r
2
ð2r3 ln r − 2rþ

ffiffiffiffiffiffiffiffiffiffiffiffi
r2 − 4

p
ðr2 þ 2Þ lnAÞ and A ¼ ðr2 − 2−

r
ffiffiffiffiffiffiffiffiffiffiffiffi
r2 − 4

p
Þ=2, respectively. This mass splitting saturates at

ΔM ≈ 170 MeV for mass M > 500 GeV. If this mass
splitting ΔM is larger than pion mass, then Σ� will have
additional decay modes according to [217] and the corre-
sponding partial decay widths can be written as

ΓðΣ� → Σ0π�Þ ¼ 2G2
FV

2
udΔM3f2π
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
π

ΔM2

r
;

ΓðΣ� → Σ0eνeÞ ¼
2G2

FΔM5

15π
;

ΓðΣ� → Σ0μνμÞ ¼ 0.12ΓðΣ� → Σ0eνeÞ; ð60Þ

which are independent of the free parameters. The value of
the Fermi constant, GF, is 1.1663787 × 10−5 GeV−2, the
value of the CKM parameter ðVudÞ is 0.97420� 0.00021
and the decay constant of the π meson, fπ , is 0.13 GeV
[218]. Notice that for vanishing mixing angles VlΣ, the Σ�

dominantly decay into Σ0, hence the decay width or the
decay length is determined by ΔM. Hence it is a constant.
On the contrary, for very large mixing angles, Σ0 decay
width (decay length) is very large (very small). The
branching ratios (Br) of the neutral and charged multiplets
ðΣ0;�Þ of the SUð2ÞL triplet fermion into SM particles are
shown Fig. 4 as a function of M for Ve ¼ 0.019, Vμ ¼ 0

and Vτ ¼ 0. The same for Ve ¼ Vμ ¼ 0.0001 and Vτ ¼ 0

are shown in Fig. 5. Note that for large values of MΣ with
jVlj ≠ 0, the branching ratios can be obtained as

BRðΣ0→lWÞ∶BRðΣ0→νlZÞ∶BRðΣ0→νlhÞ¼2∶1∶1;

BRðΣ�→νlW�Þ∶BRðΣ�→l�ZÞ∶BRðΣ�→l�hÞ¼2∶1∶1:

III. ELECTRON PHOTON AND PHOTON
PHOTON COLLIDERS

A linear collider with colliding electrons and positrons
can be transformed into an electron-photon collider where

FIG. 4. Branching ratio (Br) of Σ0 (left) and Σ� (right) into the SM particles as a function ofMΣ for Ve ¼ 0.019, Vμ ¼ 0, and Vτ ¼ 0.
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the positron can be replaced by a backward Compton
scattered photon which comes from the collision between
the LASER beam with energy ω0 focused on a bunch of
positrons (it can potentially be electrons if selected) with
energy Ee. The positron beam focused towards the inter-
action point collide with the focused LASER beam at the
conversion region and the scattered high-energy photons
with energy ω follow the direction of incident positron
trajectories with a small angular spread. Hence, they are
also focused towards the interaction point. Thus, the
produced photon beam from the Compton backward
scattering can further collide with the oncoming electron
beam or a similar photon beam giving rise to e−γ or γγ
collisions [175,176]. The distance between the conversion
region and impact point could beOðmmÞ and the schematic
presentation of the e−γ and γγ collisions are shown
in Fig. 6.

Unlike electron and positron beams, the e−γ colliding
beams will not be monochromatic. The full cross section
should be evaluated from the subprocess by convoluting
with the structure function of photons which is basically the
energy spectrum of the photons described by the Compton
distribution as

1

Nγ

dNγ

dy
≡Fγ=eðx;yÞ

¼ 1

DðxÞ
�

1

1−y
þ1−y−

4y
xð1−yÞþ

4y2

x2ð1−yÞ2
�
; ð61Þ

with

FIG. 5. Branching ratio (Br) of Σ0 (left) and Σ� (right) into the SM particles as a function of MΣ for Ve ¼ Vμ ¼ 0.0001 and Vτ ¼ 0.

FIG. 6. Schematic presentation of the proposed e−γ and γγ colliders in e−eþ collider facilities where positron can be converted into a
beam of high energy photons by Compton back scattering with LASER beams. Similar procedure can be performed with electrons. In
this notation e represents both electron and positron. A pictorial presentation from DESY.
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DðxÞ ¼
�
1 −

4

x
−

8

x2

�
lnð1þ xÞ þ 1

2
þ 8

x
−

1

2ð1þ xÞ2 ;

x ¼ 4Eeω0

m2
e

cos2
�
α0
2

�
;

y ¼ ω

Ee
≤ ym ¼ ωm

Ee
¼ x

xþ 1
: ð62Þ

In the above ω0 is the energy of the incident photon which
is scattered on the positron with energy Ee at a small
collision angle α0 which is shown in Fig. 6. Here ωm is
maximum achievable energy of the scattered photon
and it can be large for large value of x. In Fig. 7 we show
the energy spectrum of the photon for different choices of
electron or positron beam energiesEe ¼ 46 GeV, 125 GeV,
250 GeV, and 500 GeV. We see that photon energy
may reach up to 80%ð90%Þ of the energy of the initial
electrons Ee ¼ 250 GeV (500 GeV) with LASER energy
ω0¼1.17eV. Hence, for larger x, the energy spectrum
for the photon beam will be more monochromatic and will
peak at high energy. The total luminosity of the e−γ beam is

Lγe ¼ κLee, where κ ¼ Nγ

Ne
is the photon-conversion coef-

ficient. This is basically the average number of high-energy
photons per one electron and is defined as [186]

κ ¼ Nγ

Ne
¼ 2jv⃗e − v⃗γjσC

Ne

Z
nenγdV dt; ð63Þ

where v⃗e and v⃗γ is the velocity of electrons/ positrons and
incoming photons. σC is the cross section of the Compton
scattering.

A. Heavy Majorana neutrino production modes

The heavy neutrinos can be produced at the electron
positron colliders from a variety of production modes. An
interesting production of the heavy neutrinos can be
considered as e−eþ → Nν through t and s channels

exchanging the W and Z bosons, respectively. We mention
these modes because of complementarity with the study of
the heavy neutrino production at the electron-photon
collider. In electron-photon colliders we can produce heavy
neutrinos from e−γ → NW− involving the t-channel and
s-channel processes. In both these cases interference
between these s and t channels take place. In both these
colliders heavy neutrino production cross sections are
suppressed by the square of the light-heavy mixing. For
the process e−eþ → Nν, due to the interaction with the
electron we dominantly produce the first-generation heavy
neutrino ðN ¼ N1Þ, however, in the case of the Z mediated
s-channel process e−eþ → Nν process, second- or third-
generation RHNs can be produced. In the following we
discuss about the heavy neutrino production cross sections
at the e−eþ and e−γ colliders, respectively.
Let us first consider the e−eþ → νN1 process.

Corresponding Feynman diagrams are shown in Fig. 8.
We calculate the differential scattering cross section includ-
ing the s-channel, t-channel processes and the interference
term as

dσ ¼ 1

32πs

�
1 −

M2
N

s

�
ðjMsj2 þ jMtj2 þ 2ReðM†

sMtÞÞ;

ð64Þ

The differential cross sections are with respect to angle
cos θ in the center-of-mass frame. The corresponding
scattering-amplitude modulus squared are given below as

jMsj2 ¼
g4ZjVeN1

j2
16ððs −m2

ZÞ2 þm2
ZΓ2

ZÞ
ðð1 − 2xwÞ2ðsþ tÞ

× ðsþ t −M2
N1
Þ þ 4x2wtðt −M2

N1
ÞÞ; ð65Þ

jMtj2 ¼
g42jVeN1

j2
4ððt −m2

WÞ2 þm2
WΓ2

WÞ
ðsþ tÞðsþ t −M2

N1
Þ;

ð66Þ

and the interference term can be written as

2ReðM†
sMtÞ

¼ −
g22g

2
ZjVeN1

j2ð1 − 2xwÞ
4ððs −m2

ZÞ2 þm2
ZΓ2

ZÞððt −m2
WÞ2 þm2

WΓ2
WÞ

× ðsþ tÞðsþ t −M2
N1
Þððs −m2

ZÞðt −m2
WÞ

þmWmZΓWΓZÞ; ð67Þ

with gZ ¼ e
sin θW cos θW

, g2 ¼ e
sin θW

, xw ¼ sin2 θW , t ¼ − 1
2
ðs −

M2
NÞð1 − cos θÞ and assuming initial massless states

and neglecting the light neutrino masses, respectively.
The total cross sections normalized by the square of the
mixing for the N1ν mode with respect to MN1

at different

FIG. 7. Energy spectrum of photons. Four lines stand for three
different electron beam energies Ee ¼ 46 GeVðblackÞ, 125 GeV
(red), 250 GeV(green), and 500 GeV(blue), respectively.
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center-of-mass energies ð ffiffiffi
s

p Þ are shown in the left panel of
Fig. 9 and those for the N2ν are shown in the right panel of
Fig. 9. In the second case, only the Z mediated s-channel
process participates. We find that the cross section can
reach at a maximum value for

ffiffiffi
s

p ¼ 91.2 GeV which close
to the Z pole enhances the effect of the Z mediation for
heavy neutrino production of any generation. The cross
section decreases with the increase in

ffiffiffi
s

p
while going away

from the Z pole.
We now calculate the N1W production cross section

from e−γ process. Corresponding Feynman diagrams are
given in Fig. 10. We estimate the differential scattering
cross section of the process γe− → W−N1 including the
s-channel and t-channel processes and their interference as

dσ ¼ 1

32πs
λ
1
2

�
1;
M2

N1

s
;
m2

W

s

�
× ðjMsj2 þ jMtj2 þ 2ReðM†

sMtÞÞ; ð68Þ

and the corresponding scattering-amplitude modulus
squared are given below as

jMsj2 ¼
g42xwV

2
eN1

4sm2
W

ðtðM2
N1

− sÞ

−m2
Wð2m2

W þM2
N1

− 2ðsþ tÞÞÞ; ð69Þ

FIG. 8. Heavy neutrino production processes at e−eþ colliders in association with neutrino.

FIG. 9. RHN production cross section normalized by the square of the light-heavy neutrino mixing at the linear collider considering
eþe− → νN1 (left panel) and eþe− → νN2 (right panel) process at the different center-of-mass energies.
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jMtj2 ¼
g42xwV

2
eN1

4m2
Wððt −m2

WÞ2 þm2
WΓ2

WÞ
ð−m4

WðM2
N1

þ 5s − tÞ

þm2
Wð−3M4

N1
−M2

N1
tþ 5s2 þ 6stþ 4t2Þ

− tð−M4
N1

þ s2 þ stþ t2ÞÞ; ð70Þ

and the interference term can be written as

2ReðM†
sMtÞ ¼

g42xwV
2
eN1

4sm2
Wððt −m2

WÞ2 þm2
WΓ2

WÞ
× ðt −m2

WÞð−4m2
WðM2

N1
þ s − tÞ

þm2
Wð2M4

N1
− 2M2

N1
ðsþ tÞ þ 3s2Þ

þ 2M6
N1

−M4
N1
ð3sþ 2tÞ þM2

N1
st

þ sðs2 þ stþ 2t2ÞÞ; ð71Þ

where t¼m2
W−s

2
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λð1;M

2
N1

s ;m
2
W
s Þþ

4m2
W
s

q
−λ1

2ð1;M
2
N1

s ;m
2
W
s ÞcosθÞ.

The total cross section can be obtained being averaged over
the photon spectrum and that can be written as

hσγe→N1Wð
ffiffiffiffiffiffi
see

p Þi ¼
Z

ymax

ymin

dyFγ=eðx; yÞσγe→N1Wð
ffiffiffiffiffiffi
seγ

p Þ;

ð72Þ

where see ¼ 4E2
e, ymax ¼ x

1þx, ymin ¼ ðMN1
þMWÞ2
see

, and

seγ ¼ 4yE2
e. The analytical expression for bare process

σγe→N1Wð
ffiffiffiffiffiffiseγ

p Þ can be directly obtained from the differ-
ential scattering cross section in Eq. (68). In the right panel
of Fig. 11, we show the averaged cross section along with
bare cross section for two choices of heavy neutrino masses
MN1

¼ 100 GeV and MN1
¼ 500 GeV, respectively. The

total cross sections averaged over the photon spectrum as a
function of the heavy neutrino mass are shown in the right
panel of Fig. 11 for different

ffiffiffi
s

p
.

B. Triplet scalar production modes

Triplet scalar has doubly charged multiplet ðH��Þ which
can be tested at the e−γ colliders. The Feynman diagrams of
the doubly charged scalars in association with a charged
lepton (l�) are shown in Fig. 12. In this case l� could
be e�, μ� or τ� which could help in testing the lepton

FIG. 11. Left panel: Comparison of N1W production cross section at e−γ collider forMN1
¼ 100 GeV andMN1

¼ 500 GeV. The red
and black dashed lines represent the bare cross section and the red, black solid line represents the total cross section averaged over the
photon spectrum normalized by the square of the mixing. Right panel: Total cross section of the N1W production mode at e−γ colliders
for different

ffiffiffi
s

p
as a function of the heavy neutrino mass after averaged over photon spectrum normalized by the square of the mixing.

FIG. 10. Heavy neutrino production processes at e−γ colliders in association with W−.
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flavor-violating modes from the type-II seesaw mechanism
at the e−γ coilliders. We shown the s-channel and t-channel
processes in Fig. 12. Finally, we estimate the production
cross section of the lþH−− process and the corresponding
differential scattering cross section can be written as

dσ ¼ 1

32πs

�
1 −

M2
H��

s

�
ðjMaj2 þ jMbj2 þ jMcj2

þ 2ReðM†
aMbÞ þ 2ReðM†

aMcÞ þ 2ReðM†
bMcÞÞ;

ð73Þ

where s-channel and two t-channel scattering amplitude
modulus squared terms can be written as

jMaj2¼−g22xwjYel
Δ j2 t

s
; jMbj2¼−g22xwjYel

Δ j2 s
t
;

jMcj2¼ 4g22xwjYel
Δ j2 ðM

2
H�� −s− tÞð2M2

H�� − s− tÞ
M2

H��Γ2
H�� þðsþ tÞ2 ; ð74Þ

and the corresponding interference terms can be written as

2ReðM†
aMbÞ ¼ 2g22xwjYel

Δ j2 ðM
2
H�� − sÞðM2

H�� − tÞ
st

;

2ReðM†
aMcÞ ¼ −2g22xwjYel

Δ j2 ð2M
2
H�� − sÞðsþ tÞðM2

H�� − s − tÞ
sðM2

H��Γ2
H�� þ ðsþ tÞ2Þ ;

2ReðM†
bMcÞ ¼ −2g22xwjYel

Δ j2 ð2M
2
H�� − tÞðsþ tÞðM2

H�� − s − tÞ
tðM2

H��Γ2
H�� þ ðsþ tÞ2Þ : ð75Þ

In the upper and bottom left panel of Fig. 13, we
showed the averaged cross section along with bare cross
section for two choices of charged Higgs mass MH−− ¼
300 GeV and 1000 GeV. The production cross section of
H−−lþ as a function of MH−− for different

ffiffiffi
s

p
are shown

in the upper-right and bottom-right panel. The production
cross section drops with the increase in MH−− and sharply
drops when MH−− →

ffiffiffi
s

p
. Note that this production cross

section is directly proportional to the Yukawa coupling

YΔ. The Yukawa coupling YΔ is determined by Eq. (24)
and is inversely proportional to vΔ. Also, current mea-
surements of the neutrino oscillations parameter
[118,119] determine the pattern of the Yukawa coupling
YΔ and is different for normal hierarchy (NH) and inverted
hierarchy (IH). This fact is clearly visible when comparing
the upper and lower panel of Fig. 13. Figure 13 is also
suggests that cross section will only be sizable if one
consider very small value of VEV vΔ. As the Yukawa

FIG. 12. Feynman diagrams for the production processes lþH−− at the e−γ colliders where lþ ¼ eþ; μþ; τþ.
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coupling is inversely proportional to vΔ, smaller the vΔ,
larger the Yukawa coupling. But the Yukawa coupling YΔ
can not be arbitrarily large as there can be potential
problem with constraints coming from charged lepton
flavor violating observables such as μ → eγ and μ → ēee.
This actually excludes the region with vΔ ≤ 10−8 GeV
[219]. With this kind of vΔ, the cross section will be very
small and hence we decide not to discuss this production
mode further.

Singly and doubly charged Higgs bosons can be pro-
duced in pair at γγ colliders. The corresponding Feynman
diagrams are shown in Fig. 14. The differential scattering
cross section for the process γγ → H�H∓ðH��H∓∓Þ is
can be written as

dσ ¼ 1

32πs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
k

s

r
ðjMaj2 þ jMbj2 þ jMcj2

þ 2ReðM†
aMbÞ þ 2ReðM†

aMcÞ þ 2ReðM†
bMcÞÞ:

ð76Þ

FIG. 13. Production cross section of H−−lþ process at the e−γ colliders. The upper and lower panel are for normal and inverted
hierarchy. Left panel: comparison of bare and averaged cross section for charged Higgs mass MH�� ¼ 300 GeV and
MH�� ¼ 1000 GeV. The red and black dashed line represents the bare cross section and the red, black solid line represents the
total cross section averaged over the photon spectrum. Right panel: Cross section for different

ffiffiffi
s

p
as a function of the charged Higgs

mass after averaged over the photon spectrum.

FIG. 14. Production processes of the singly ðH�H∓Þ and doubly ðH��H∓∓Þ charged scalars at the γγ colliders.
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The respective terms in Eq. (76) are given below

jMaj2 ¼ 4Q4
k; jMbj2 ¼

Q4
kðM2

k þ tÞ2
M2

kΓ2
k þ ðM2

k − tÞ2 ;

jMcj2 ¼
Q4

kðsþ t − 3M2
kÞ2

M2
kΓ2

k þ ðsþ t −M2
kÞ2

; ð77Þ

and the interference terms can be written as

2ReðM†
aMbÞ¼

Q4
kðM2

k− tÞð4M2
k− sþ4tÞ

2ðM2
kΓ2

kþðM2
k− tÞ2Þ ;

2ReðM†
aMcÞ¼

Q4
kð12M2

k−5s−4tÞðsþ t−M2
kÞ

2ðM2
kΓ2

kþðsþ t−M2
kÞ2Þ

;

2ReðM†
bMcÞ

¼Q4
kðs−4M2

kÞ2ðM2
kΓ2

kþðM2
k− tÞðsþ t−M2

kÞÞ
2ðM2

kΓ2
kþðM2

k− tÞ2ÞðM2
kΓ2

kþðsþ t−M2
kÞ2Þ

; ð78Þ

where Mk¼fMH� ;MH��g, t¼M2
kþ s

2
ðcosθ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− 4M2

k
s

q
−1Þ

and Qk ¼ eð2eÞ for H�ðH��Þ. We show the H� and H��

pair production cross section in Figs. 15 and 16, respec-
tively. In the left panel of Figs. 15 and 16, we show the
cross section averaged over photon spectrum along with
bare cross section for two choices of charged Higgs mass
MH�;H�� ¼ 300 GeV and 1000 GeV. We also show the
averaged cross section as a function of charged Higgs
mass MH� and MH�� for different center-of-mass energies
in the right panel of Figs. 15 and 16. The cross section
decreases with the increase in mass and falls sharply at the
vicinity of

ffiffi
s

p
2
.

C. Triplet fermion production modes

The triplet fermions can also be tested at the e−γ collider.
The triplet fermion has neutral and charged multiplets
which can be produced at the e−γ colliders in association
with W−, Z, and h bosons, respectively. The Feynman
diagrams of Σ0 production are shown in Fig. 17. The
analytical expressions for this process is same as
e−γ → N1W−, see Eqs. (68) and (72). We have to replace
MN1

and VeN1
by MΣ and Ve, respectively. The total cross

sections for different center-of-mass energies are shown in
Fig. 18. The production cross section increases with the

FIG. 15. Production cross section ofH� pair production process at the γγ colliders. Left panel: Comparison of bare and averaged cross
section for charged Higgs mass MH� ¼ 300 GeV and MH� ¼ 1000 GeV. The red and black dashed line represents the bare cross
section and the red, black solid line represents the total cross section averaged over the photon spectrum. Right panel: Cross section for
different

ffiffiffi
s

p
as a function of the charged Higgs mass after averaging over the photon spectrum.

FIG. 16. Same as Fig. 15 but now for process γγ → H��H∓∓.
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increase in
ffiffiffi
s

p
. In case of type-III seesaw the triplet mass is

roughly ruled out below 1 TeV from the LHC searches at
139 fb−1 luminosity [166,167]. Hence, we consider lepton
colliders with

ffiffiffi
s

p ¼ 1.5 TeV and 3 TeV, respectively.
The charged multiplet of the triplet fermion Σ� can be

produced in association with Z and h in the e−γ collider.
The corresponding Feynman diagrams are shown in
Fig. 19. We first describe the e−γ → Σ−Z process and
calculate the differential scattering cross section as

dσ ¼ 1

32πs
λ
1
2

�
1;
M2

Σ−

s
;
m2

Z

s

�
ðjMsj2 þ jMtj2

þ 2ReðM†
sMtÞÞ; ð79Þ

considering the s-channel, t-channel process and their
interference. The corresponding scattering amplitude
modulus squared are given below as

FIG. 17. Neutral component of the triplet fermion production at the e−γ colliders in association with W−.

FIG. 18. Total cross section of theWΣ0 process in e−γ colliders
as a function of MΣ for different

ffiffiffi
s

p
normalized by the square of

the mixing.

FIG. 19. Charged components of the triplet fermion production at the e−γ colliders in association with Z and h.
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jMsj2 ¼
V2
ee4

4sc2Ws
2
Wm

2
Z
ðm2

Zð2M2
Σ− − s − 2tÞ þ ðM2

Σ− − sÞðM2
Σ− − s − tÞÞ; ð80Þ

jMtj2 ¼
V2
ee4

4c2Ws
2
Wm

2
ZðM2

Σ−Γ2
Σ− þ ðM2

Σ− − tÞ2Þ ð4M
2
Σ−m4

Z −m2
ZðM4

Σ− − 2sM2
Σ− þ tðtþ 2sÞÞ

þ tðM4
Σ− −M2

Σ−ðsþ 4tÞ þ tðsþ tÞÞÞ; ð81Þ

and the interference term can be written as

2ReðM†
sMtÞ ¼

V2
ee4

2sc2Ws
2
Wm

2
ZðM2

Σ−Γ2
Σ− þ ðM2

Σ− − tÞ2Þ ðM
2
Σ− − tÞð−m4

ZðM2
Σ− þ 2ðsþ tÞÞ

þm2
ZðM2

Σ− − sÞðt −M2
Σ−Þ þ 2m6

Z þ tððMΣ− − sÞ2 þ stÞÞ; ð82Þ

where mZ is the Z mass. Next we consider the e−γ → Σ−h process and calculate the differential scattering cross
section as

dσ ¼ 1

32πs
λ
1
2

�
1;
M2

Σ−

s
;
m2

h

s

�
ðjMsj2 þ jMtj2 þ 2ReðM†

sMtÞÞ: ð83Þ

We consider the s-channel, t-channel processes and their interference. The corresponding scattering amplitude modulus
squared are given below as

jMsj2 ¼
V2
eð1 − V2

e − V2
μ − V2

τÞ2e2M2
Σ−

sv2H
ðM2

Σ− − tÞ; ð84Þ

jMtj2 ¼
V2
eð1 − V2

e − V2
μ − V2

τÞ2e2M2
Σ−

v2HðM2
Σ−Γ2

Σ− þ ðM2
Σ− − tÞ2Þ ðM2

Σ−ðsþ 2m2
hÞ − tðsþ 2M2

Σ−ÞÞ; ð85Þ

and the interference term can be written as

2ReðM†
sMtÞ ¼

2V2
eð1 − V2

e − V2
μ − V2

τÞ2e2M2
Σ−

sv2HðM2
Σ−Γ2

Σ− þ ðM2
Σ− − tÞ2Þ ðM2

Σ− − tÞðm4
h −m2

hðM2
Σ− þ sþ tÞ þM2

Σ−ðt − sÞ þ stÞ; ð86Þ

wheremh is the SMHiggs mass. The ZΣ− and hΣ− production cross section as a function of triplet mass for different center-
of-mass energies has been shown in the left and right panel of Fig. 20. In the context of type-III seesaw we will consider
e−γ → Σ0W− and ZΣ− modes to probe the triplet fermions at the e−γ colliders.

FIG. 20. Total production cross section of ZΣ− and hΣ− production modes at γe colliders as a function of MΣ for different
ffiffiffi
s

p
normalized by the square of the mixing.
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IV. DIFFERENT SIGNATURES FORM THE
SEESAW MODELS AT THE COLLIDERS

In the following we consider in detail to study various
final states of the singlet heavy neutrino from type-I seesaw,
triplet scalar from the type-II seesaw and triplet fermion
from type-III seesaw respectively. We use MadGraph [220] to
generate the signal and background events and hadronize
through PYTHIA8 [221]. We perform the detector simulation
using DELPHES [222]. We used the IDEA card for

ffiffiffi
s

p ¼
91.2 GeV e−eþ colldier, ILC-gen card for

ffiffiffi
s

p ¼ 250 GeV
and ILD-card for

ffiffiffi
s

p ¼ 500 GeV, 1 TeV and 3 TeV e−eþ,
e−γ and γγ colliders respectively. To simplify the analysis,
we assumed that heavy neutrinos N2;3 are too high to
access at the considered colliders or their couplings to
SM particles are zero. Further we assumed that the
heavy neutrino N1 is only coupled to electron, i.e.,
VeN1

¼ VeN ≠ 0; VμN1
¼ VτN1

¼ 0. Note that our analysis
at e−γ and γγ collider are done assuming unpolarized
electron and photon beams, which is of course not true in
realistic scenario as the backward Compton scattered
photons are in general will be polarized. In the case of
the polarized beam, the signal and background behave
differently for different polarization and this might weaken
our obtained bound discussed below.

A. Different signatures from heavy neutrinos

In our analysis we concentrate on the first generation
RHN which dominantly couples with first generation of the
leptons. We consider the decay mode of the heavy neutrino
as N → eW followed by the hadronic decay of the W
boson. We study the heavy neutrino production at the e−γ
colliders and we estimate the bounds on the light-heavy
mixing after studying various possible signal and their SM
backgrounds. We also study final states coming from heavy
neutrino production at the e−eþ collider as a part of the
complementarity study.

1. Heavy neutrinos at e− γ colliders

At the e−γ collider, we have considered the following set
of signals after the production of the heavy neutrinos in
association with W−:

(1) e−γ → NW− → e�W∓W− → e� þ 4j, where W∓
boson coming from N decays and associated W−

boson both decays into jets. The corresponding
Feynman diagram is shown in the left panel of
Fig. 21. We do not show the Feynman diagram for
the s-channel process, however, included in the
analysis. Note that the final state e− þ 4j is lepton
number conserving (LNC) where as eþ þ 4j final
state is lepton number violating (LNV). Hence one
expect no SM background for eþ þ 4j final state. In
our analysis we combine both the LNV and LNC
final state.

(2) e−γ → NW− → e�W∓W− → e−jjl−ν, where in
this case associated W− decays leptonically. The
corresponding Feynman diagram is shown in the
right panel of Fig. 21. We will refer to this final state
e−jjl−ν as the same-sign dilepton. If l− ¼ e−, we
call it same-sign same flavor (SSSF) scenario and if
l− ¼ μ−, we call it same-sign different flavor signal.
The SSSF or SSDF signal is very interesting which
may help to probe the Majorana nature of the heavy
neutrino involved in this process. We study the
SSDL mode combining SSSF and SSDF modes,
respectively. In our analysis, we combine LNV and
LNC channels to obtain the final states as e� þ 4j.
The LNV signal eþ þ 4j is almost background free
untill some eþ þ jets events appear from some
radiations, however that effect will be negligible.
For LNC channel e− þ 4j, the leading SM back-
grounds come from e−jj; e−jjj, and e−jjjj includ-
ing initial and final state radiations. Generating the
e� þ 4j events we show the distributions of the
polar angle of the lepton, cos θl1

, of the signal and
the corresponding generic background in Fig. 22 forffiffiffi
s

p ¼ 250 GeV, 500 GeV, and 1 TeV respectively.
The polar angle variable for the lepton cos θl in

Fig. 22 is defined as θl ¼ tan−1ðpl
T

pl
z
Þ, where pl

z is the

z component of the three momentum of the lepton.
This is a very effective cut which reduces the SM
background significantly. Note that the invariant
mass cut of jets mjj which is coming from W boson
is also very effective to reduce SM background. This

FIG. 21. e� þ 4j (left) and SSDL (right, l− ¼ e−; μ−) final states in the context of e−γ colliders. The SSDL signal is obtained
combining SSSF and SSDF signals. The corresponding s-channel processes has been included in the analyses.
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is because the invariant mass distribution of jets has
low-energy peaks which come from the hadronic
activity of the low-energy jets. In addition to this one
can also use the invariant mass cut of the RHN. As
the RHN will decay as N → ejj, the invariant mass
of ejj will peak at Mejj ∼MN . Although we do not
need to use this cut as it becomes redundant after
using the lepton polar angle cut and invariant mass
mjj cut. We study the e� þ 4j signal from the RHN
production in a e−γ collider at the

ffiffiffi
s

p ¼ 250 GeV,

500 GeV, and 1 TeV. The signal normalized by the
square of the mixing and corresponding generic
background cross sections for the e� þ 4j final state
at

ffiffiffi
s

p ¼ 250 GeV, 500 GeV, and 1 TeVare given in
Tables I–III, respectively.
For the case of SSDL signal we again use the

polar angle cut of lepton coming from RHN. We

FIG. 22. The polar angle ðcos θl1Þ of the electron for the signal and generic background processes for e−γ collider at
ffiffiffi
s

p ¼ 250 GeV,
500 GeV, and 1 TeV respectively for the e� þ 4j process. The cyan line stands for the leading SM background where as other lines stand
for the signal with different mass of RHN.

TABLE I. Cross sections of the signal (normalized by jVeN j2)
and generic background before and after cuts for e−γ collider atffiffiffi
s

p ¼ 250 GeV for the final state e� þ 4j. We have used the
following cuts: 60 GeV < mjj < 100 GeV, cos θl1 < 0.94,

p
j1;leading
T >25GeV, p

j2;trailing
T >15GeV, p

j3;trailing
T > 10GeV, p

j4;trailing
T >

7 GeV and pl
T > 12 GeV.

Signal Backgroundffiffiffi
s

p
ðGeVÞ

MN
ðGeVÞ

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

20 4108 63.26 102.86 4.21
40 3629 290.3 102.86 4.21

250 60 2923 426.7 102.86 4.21
80 3460 477.8 102.86 4.21

TABLE II. Cross sections of the signal (normalized by jVeN j2)
and generic background before and after cuts for e−γ collider atffiffiffi
s

p ¼ 500 GeV for the final state e� þ 4j. We have used the
following cuts: cos θl1

< 0.94, 60 GeV < mjj < 100 GeV,

p
j1;leading
T >30GeV, p

j2;trailing
T >20GeV, p

j3;trailing
T >20GeV, p

j4;trailing
T >

10GeV, and pl
T > 10 GeV for MN1

¼ 100–150 GeV, where as
for MN1

> 150 GeV we used the following cuts: cos θl1 < 0.92,

60GeV<mjj<100GeV, p
j1;leading
T > 50 GeV, p

j2;trailing
T > 40 GeV,

p
j3;trailing
T > 20 GeV, p

j4;trailing
T > 10 GeV and pl

T > 40 GeV.

Signal Backgroundffiffiffi
s

p
ðGeVÞ

MN
ðGeVÞ

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

100 15601 3744 126.32 7.94
150 7279 2984 126.32 7.94

500 200 5677 1446 126.32 1.96
250 3952 1288 126.32 1.96
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have not shown polar angle distribution as its
behavior is almost same as in Fig. 22. In addition
to this we used the leading-lepton energy cut and
the invariant mass of the jets ðmj1j2Þ are considered
to be 60 GeV < mj1j2 < 100 GeV for the W boson
being originated from the RHN decay. The signal
normalized by the square of the mixing and
corresponding generic background cross sections
at

ffiffiffi
s

p ¼ 250 GeV, 500 GeV, and 1 TeV before and
after our applied cuts are given in Tables IV–VI,
respectively. When necessary we also use the
invariant mass of ejj which peaks at RHN mass.
The specific cuts we have used for each of the

center-of-mass energies are mentioned in the
caption of Tables IV–VI, respectively.
We have also considered the center-of-mass

energy
ffiffiffi
s

p ¼ 3 TeV for the SSDL signal. As, in
this case, one can consider heavy RHN mass, W
bosons from the RHN decay can be boosted so that
the hadronic jets could be collimated to produce a
boosted jet called a fat jet (J). We have shown the
corresponding results in Table VII. We have used a
high pT cut for the fat jet and the invariant mass cut
60 GeV ≤ mJ ≤ 100 GeV, MN1

− 40 GeV ≤meJ ≤
MN1

þ 40 GeV.
(3) We study another interesting signal in the context of

e−γ collider in the form of opposite-sign dilepton
final state considering e−γ → NW− → e�W∓W− →
e−lþjjν=eþμ−jjν, where in this case associatedW−

decays occur either leptonically or hadronically. In
this case we consider l ¼ e, μ in the following:
(a) Note that the final state eþμ−jjν is almost back-

ground free and we call it opposite sign different

TABLE III. Cross sections of the signal (normalized by jVeN j2)
and generic background before and after cuts for e−γ collider atffiffiffi
s

p ¼ 1 TeV for the final state e� þ 4j. We have used the
following cuts: cosθl1<0.92, MN1

−40GeV<mejj<MN1
þ40,

60GeV<mjj < 100GeV, p
j1;leading
T > 60GeV, p

j2;trailing
T > 30 GeV,

p
j3;trailing
T > 20 GeV, p

j4;trailing
T > 10 GeV, and pl

T > 60 GeV for
MN1

¼ 300–400 GeV, whereas for MN1
> 400 GeV, we have

used the following cuts: cosθl1 < 0.92, MN1
−40GeV<mejj <

MN1
þ40, 60 GeV < mjj < 100 GeV, p

j1;leading
T > 100 GeV,

p
j2;trailing
T > 50 GeV, p

j3;trailing
T > 30 GeV, p

j4;trailing
T > 10 GeV and

pl
T > 120 GeV.

Signal Backgroundffiffiffi
s

p
ðTeVÞ

MN
ðGeVÞ

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

300 11161 1339 94.93 0.241
400 9519 1561 94.93 0.241

1 500 7696 1301 94.93 0.082
600 5648 1174 94.93 0.082
700 3368 720.7 94.93 0.082

TABLE IV. Cross sections of the signal (normalized by
jVeN j2) and generic background before and after cuts for
e−γ collider at

ffiffiffi
s

p ¼ 250 GeV for the SSDL final state. We
have used the following cuts: pj1;leading

T , pj2;trailing
T >10GeV,

pl1;leading
T ; pl2;trailing

T > 10 GeV, 60 GeV < mj1j2 < 100 GeV,
and cos θl1;leading < 0.9, cos θl2;trailing < 0.92.

Signal Backgroundffiffiffi
s

p
ðGeVÞ

MN
ðGeVÞ

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

20 539.18 11.93 2.02 0.105
40 467.44 24.71 2.02 0.105

250 60 379.17 47.05 2.02 0.105
80 1676.1 223.91 2.02 0.105

TABLE V. Cross sections of the signal (normalized by
jVeN j2) and generic background before and after cuts for
e−γ collider at

ffiffiffi
s

p ¼ 500 GeV for the SSDL final state. We
have used the following cuts: pj1;leading

T , pj2;trailing
T > 10 GeV,

pl1;leading
T ; pl2;trailing

T > 10 GeV, 60 GeV < mj1j2 < 100 GeV,
MN1

− 40 GeV < mljj < MN1
þ 40 GeV, and cos θl1;leading <

0.9, cos θl2;trailing < 0.92.

Signal Backgroundffiffiffi
s

p
ðGeVÞ

MN
ðGeVÞ

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

100 1480.1 211.82 57.64 5.31
150 931.49 236.61 57.64 7.42

500 200 643.48 189.58 57.64 6.09
250 419.61 135.61 57.64 4.68

TABLE VI. Cross sections of the signal (normalized by
jVeN j2) and generic background before and after cuts for e−γ
collider at

ffiffiffi
s

p ¼ 1 TeV for the SSDL final state. We have used
the following cuts: pj1;leading

T > 80 GeV, pj2;trailing
T > 20 GeV,

pl1;leading
T >120GeV, pl2;trailing

T >20GeV, El1;leading > 120 GeV,
60GeV<mj1j2 < 100GeV, MN1

−40GeV<mljj<MN1
þ

40GeV and cos θl1;leading < 0.92.

Signal Backgroundffiffiffi
s

p
ðTeVÞ

MN
ðGeVÞ

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

300 2596.01 123.3 128.82 1.76
400 2137.9 307.5 128.82 1.68

1 500 1699.8 109.5 128.82 0.22
600 1236.02 190.9 128.82 0.37
700 733.0 139.5 128.82 0.25
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flavor signal. In Table VIII, we have shown
the corresponding results for

ffiffiffi
s

p ¼ 250GeV,
500 GeV, 1 TeV, and 3 TeV, respectively. As this

final state is almost background free, we have
used very basic cuts such aspj

T > 10 GeV, pl
T >

10 GeV and jηl;jj < 2.5 to study the events.
(b) On the other hand the final state e−lþjjν with

lþ ¼ eþ; μþ has sizable SM background from
the process e−γ → e−WþW−. In Table IX, we
show the signal and corresponding backgrounds
for

ffiffiffi
s

p ¼ 250 GeV, 500 GeV, 1 TeV, and 3 TeV,
respectively. The specific cuts we have used for
each of the center-of-mass energies are men-
tioned in the caption of Table IX.

TABLE VII. Cross sections of the signal (normalized by
jVeN j2) and generic background before and after cuts for e−γ
collider at

ffiffiffi
s

p ¼ 3 TeV for the SSDL final state. We have used
the following cuts: pJ

T > 400 GeV, pl1;leading
T > 400 GeV for

MN ¼ 1000 GeV, 1500 GeV, and pJ
T > 800 GeV, pl1;leading

T >
800 GeV for MN ¼ 2000 GeV, 2500 GeV. We have used the
following additional cuts irrespective of heavy neutrino masses:
60GeV<mJ<100GeV, MN1

−40GeV<mlJ <MN1
þ40GeV,

and cos θl1;leading < 0.92.

Signal Backgroundffiffiffi
s

p
ðTeVÞ

MN
ðGeVÞ

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

1000 1342.1 167.94 85.47 0.14
3 1500 1128.67 269.75 85.47 0.13

2000 821.51 130.49 85.47 0.012
2500 325.73 77.05 85.47 0.008

TABLE VIII. Cross sections of the signal (normalized by
jVeN j2) before and after cuts for the e−γ collider at different
center-of-mass energies for the final state eþμ−jjpmiss

T . We have
used the following basic cuts: pj

T > 10 GeV, pl
T > 10 GeV, and

jηl;jj < 2.5. For
ffiffiffi
s

p ¼ 250 GeV, 500 GeV, and 1 TeV we have
demanded at least two jets, whereas for

ffiffiffi
s

p ¼ 3 TeV we have
considered final states with one or more jets as for this one has the
possibility of a fat jet. The criteria for a fat jet are same the SSDL
scenario.

Signalffiffiffi
s

p ðGeVÞ MN ðGeVÞ Before cuts (fb) After cuts (fb)

20 386.6 77.33
40 341.6 102.5

250 60 275.2 110.1
80 195.6 68.46

100 1481 698.3
150 928.5 601.4

500 200 641.1 432.9
250 418.8 283.1
300 1161 678.4
400 954.1 584.1

1000 500 756.9 471.2
600 547.1 339.1
700 322.9 190.2
1000 1299 879.3
1500 1085 804.6

3000 2000 783.6 625.4
2500 309.5 262.9

TABLE IX. Cross sections of the signal (normalized by jVeN j2)
before and after cuts for e−γ collider at different center-of-mass
energies for the final state e−lþjjpmiss

T . For
ffiffiffi
s

p ¼ 250 GeV,
500 GeV, and 1 TeV we have demanded at least two jets,
whereas for

ffiffiffi
s

p ¼ 3 TeV we have considered final states with
one or more jets as for this one has the possibility of a fat-jet. The
criteria for fat-jet are same the SSDL scenario. For all of
considered center-of-mass energies we used the polar angle cuts
for leptons as j cos θl1 j < 0.9, j cos θl2 j < 0.92 and invariant mass
cut 60 < mj1j2 < 100 GeV. For

ffiffiffi
s

p ¼ 250 GeV and 500GeV, we

have used the following basic cuts:pji
T > 10 GeV,pli

T > 10 GeV.
For

ffiffiffi
s

p ¼ 1000 GeV, we used the following cuts: pj1
T > 20 GeV,

pj2
T > 10 GeV, pl1

T > 90 GeV, pl2
T > 20 GeV for MN ¼

300–500GeV whereas for MN > 500GeV, we used pj1
T >

20 GeV, pj2
T > 10 GeV, pl1

T > 150 GeV, pl2
T > 20 GeV. Forffiffiffi

s
p ¼ 3000 GeV, we used the following cuts: pJ

T > 180 GeV,
pl1
T > 450 GeV, pl2

T > 30 GeV, 60 < mJ < 100 GeV in mass
range MN ¼ 1000–1500 GeV, where as for MN > 1500 GeV
we used: pJ

T > 180 GeV, pl1
T > 800 GeV, pl2

T > 40 GeV,
60 < mJ < 100 GeV.

Signal Backgroundffiffiffi
s

p
ðGeVÞ

MN
ðGeVÞ

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

20 866.9 83.69 2.08 0.79
40 752.7 121.65 2.08 0.79

250 60 618.2 153.97 2.08 0.79
80 2953 670.28 2.08 0.79
100 2962 490.53 59.78 10.35
150 1860 455.06 59.78 10.35

500 200 1287 371.46 59.78 10.35
250 838.75 253.79 59.78 10.35
300 2318 248.91 141.75 7.38
400 1908 361.26 141.75 7.38

1000 500 1513 375.15 141.75 7.38
600 1095 240.59 141.75 2.58
700 644.5 151.98 141.75 2.58
1000 2591 91.66 120.56 0.34
1500 2168 242.91 120.56 0.34

3000 2000 1572 133.91 120.56 0.017
2500 616.5 42.46 120.56 0.017
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Using the normalized signal events from Tables I–IX and
the corresponding backgrounds we estimate a 2σ contour
on the MN1

− jVeNj2 plane solving the following equation:

σ ¼ S × jVeN j2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S × jVeN j2 þ B

p ; ð87Þ

where S and B stands for signal and corresponding
backgrounds, respectively. We consider 5.6 ab−1, 4 ab−1,
8 ab−1, and 4 ab−1 luminosities as benchmarks for the
colliders with center-of-mass energies 250 GeV, 500 GeV,
1 TeV, and 3 TeV respectively. The 2σ limits are shown in
Fig. 23 by the thick solid (combined e� þ 4j and SSDL,
“with SSDL”) blue line. Combining the results given in
Tables VIII and IX and applying Eq. (87) we estimate the
bounds on the mixing angle and they are shown by the
dashed (combined e� þ 4j and OSDL, “with OSDL”)
orange line.

2. Heavy neutrinos at e+ e− colliders for complementarity

We consider eþe− → Nν process followed by N →
e�W∓ and hadronic decay of the W boson showing e� þ

2jþ pmiss
T final state. To study this final state we considerffiffiffi

s
p ¼ 91.2 GeV, 250 GeV, and 500 GeV. The distributions
of the polar angle of the electron for the signal and
corresponding backgrounds are same as in Fig. 22. To
study this final state at

ffiffiffi
s

p ¼ 91.2 GeV, we consider a
generic background. The signal normalized by the square
of the mixing and generic background cross sections before
and after cuts at

ffiffiffi
s

p ¼ 91.2 GeV are given in Table X. The
selection cuts for the signal and generic background are
mentioned in the caption of Table X. To study the e� þ
2jþ pmiss

T final state at
ffiffiffi
s

p ¼ 250 GeV e−eþ collider, in
addition to the generic background we also consider the
background coming from the ZZ final state where one Z
boson decays leptonically and the other hadronically. For
relatively larger center-of-mass energy such as

ffiffiffi
s

p ¼
500 GeV one need to also add another important back-
ground in the form of tt̄ process. The signal normalized by
the square of the mixing and generic background cross
sections before and after cuts at

ffiffiffi
s

p ¼ 250 GeV and
ffiffiffi
s

p ¼
500 GeV for e� þ 2jþ pmiss

T final state are shown in
Tables XI and XII, respectively. Using the normalized
signal events (S) from Tables X–XII and the corresponding

FIG. 23. Limits on mixing angles of the first generation heavy neutrino compared with existing and some prospective bounds. Shaded
regions are already ruled out from different searches. The closed ATLAS contours represent limits from different displaced vertex
searches. The prospective limits obtained from e−γ colliders at

ffiffiffi
s

p ¼ 250 GeV, 500 GeV, 1 TeV, and 3 TeVare shown by light-blue and
orange thick-dashed lines. In this case “with SSDL” (blue, thick solid) stands for mixings coming from combined e� þ 4j and SSDL
modes. On the other hand “with OSDL” (orange, thick dashed) stands for mixings coming from combined e� þ 4j and OSDL modes.
The thick light green dot-dashed line represents limits for the e−eþ colliders for

ffiffiffi
s

p ¼ 91.2 GeV, 250 GeV, 500 GeV, 1 TeV, and 3 TeV
respectively as complementarity.
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backgrounds (B), we estimate the significance of a 2σ
contour on the MN1

− jVeN j2 plane solving Eq. (87) with
luminosities 150 ab−1, 5.6 ab−1, and 4 ab−1 for

ffiffiffi
s

p ¼
91.2 GeV [223], 250 GeV, and 500 GeV [224–226],
respectively. In this context we have scaled the previousffiffiffi
s

p ¼ 1 TeV [225] and 3 TeV [226] results using fat-jet
signatures (hadronic decay of the W boson) from [60] at
8 ab−1 and 5 ab−1 luminosities, respectively. These are

represented by the thick, darker-green dot-dashed contour
in Fig. 23 as “e−eþ.” We show these bounds as a part of
complementary study.

3. Different limits on light-heavy mixing angle

We compare our results with the existing bounds from a
variety of experiments shown by the shaded-gray region in
Fig. 23. The ATLAS and CMS bounds from the SSDL

TABLE X. Cross sections of the signal (normalized by jVeN j2) and generic background before and after cuts for e−eþ collider atffiffiffi
s

p ¼ 91.2 GeV for the final state e� þ 2jþ pmiss
T . We have used the following cuts: cos θl < 0.92, pj1

T > 15 GeV, pj2
T > 10 GeV,

pmiss
T > 15 GeV, and pl

T > 10 GeV.

Signal Backgroundffiffiffi
s

p ðGeVÞ MN ðGeVÞ Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)

20 370.21 × 104 93.24 × 104 0.163
40 282.10 × 104 105.53 × 104 2.52 0.163

91.2 60 156.23 × 104 63.16 × 104 0.320
80 183.47 × 104 69.63 × 104 0.564

TABLE XI. Cross sections of the signal (normalized by jVeN j2) and backgrounds before and after cuts for e−eþ collider at
ffiffiffi
s

p ¼
250 GeV for the final state e� þ 2jþ pmiss

T . We have used the following cuts: cos θl < 0.92, pj1
T > 30 GeV, pj2

T > 20 GeV, pl
T >

10 GeV and pmiss
T > 20 GeV.

Signal Backgroundsffiffiffi
s

p ðGeVÞ MN ðGeVÞ Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)

250

100 40510 5502 eνjj∶ 4536 267
ZZ∶ 101 4.6

250 38200 3097 eνjj∶ 4536 99
ZZ∶ 101 1.3

150 20300 3813 eνjj∶ 4536 92.4
ZZ∶ 101 1.3

450 8600 2320 eνjj∶ 4536 60
ZZ∶ 101 0.63

TABLE XII. Cross sections of the signal (normalized by jVeN j2) and backgrounds before and after cuts for e−eþ collider at
ffiffiffi
s

p ¼
500 GeV for the final state e� þ 2jþ pmiss

T . We have used the following cuts: cos θl < 0.92, pj1
T > 45 GeV, pj2

T > 10 GeV, pmiss
T > 15

and pl
T > 50.

Signal Backgroundsffiffiffi
s

p ðGeVÞ MN ðGeVÞ Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)

500

100 51028 16409 eνjj∶2251 841
ZZ∶38 1.53
tt̄∶198.5 8.8

250 24506 11023 eνjj∶2251 392.4
ZZ∶38 0.35
tt̄∶198.5 2.54

350 15212 6303 eνjj∶2251 146.3
ZZ∶38 0.2
tt̄∶198.5 0.6

450 4701 2017 eνjj∶2251 51.0
ZZ∶38 0.1
tt̄∶198.5 0.06
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signal at
ffiffiffi
s

p ¼ 8 TeV LHC is shown by the red-dashed and
dotted lines from [227,228] respectively. The bounds from
the L3 detector of LEP are shown by the light-green dot-
dashed line from [229]. The bounds from

ffiffiffi
s

p ¼ 13 TeV
LHC using the SSDL searches from CMS [230] using cyan
dot-dashed and trilepton searches from ATLAS [231] using
cyan dashed and CMS [232] brown dot-dashed lines,
respectively. The bounds obtained from the prompt (Pr)
and long-lived (LL) heavy neutrinos searches from
DELPHEI [233] are shown by dot dashed and dashed
lines respectively. The limits from the EWPD [234–236]
for the electron flavor are shown by the solid cyan line.
Bounds on the mixing using long-lived particle (LLP)
searches from the CMS [237] are shown by the solid
magenta line for Dirac type and dot dashed purple line
for Majorana types heavy neutrinos, respectively. The
conservative limits on the heavy neutrino mixing from
the meson decay are shown by light green dashed line from
[31]. The displaced vertex (DV) searches in ATLAS from
the heavy neutrinos are taken from [238] where Dirac (D)
and Majorana (M) types heavy neutrinos were considered
for single flavor (1F) and different neutrino mass hierar-
chies such as NH and IH. The 1F case for the Dirac and
Majorana types neutrinos are shown by purple and magenta
dotted closed curves whereas other DV scenarios are shown
by the red-solid (M-IH), light-red dot-dashed (D-IH), red-
dashed (D-NH) and light-red dashed (M-NH) closed
curves, respectively. The prospective bounds obtained from
the future circular collider for electron positron (FCC-ee)
are shown by the dashed-magenta line from [239]. The
limits on the light-heavy mixing from SHiP are shown by
the darker-red dot-dashed line from [240,241] and those
from the NA62 experiments are shown by darker red
dashed line [242–245]. Prospective upper limits from
MATHUSLA at FCC-hh for the W=Z boson decays for
MATHUSLA surface version are presented by M-WZ-
FCC-hh(S) and forward version M-WZ-FCC-hh(F) and the
lines are shown by orange-dashed and orange dotted-lines,
respectively. The prospective limits for the heavy neutrinos
produced from the W=Z boson decays at the high lumi-
nosity LHC (HL LHC)are presented by M-HL-LHC-WZ
and shown by the solid orange line. The bounds on the
heavy neutrinos obtained from the B=D meson decays are
represented by M-HL-LHC-BD and shown by orange dot
dashed line [246]. The prospective bounds obtained from
the FASER Collaboration with detector radius 20 cm and
1 m are shown by the darker-cyan dashed and dot-dashed
lines being marked as FASER20 and FASER1, respectively
[247,248]. For MN1

≥ 2 GeV we find that recent bounds
from LHC are stronger and rule out many existing results.
Furthermore, EWPD is stronger for heavier RHNs showing
the gray-shaded regions as ruled out parameter space.
For MN1

≤ 2 GeV we find strong limits from CHARM
[249–251], JNIR [252], PS191 [253], BBN [254,255], and
theoretical bounds can be obtained from the seesaw

scenario [256–258] in the anticlockwise direction. We find
that the prospective limits from the e−γ colliders could be
compared with the bounds obtained from e−eþ colliders
from MN1

≥ 80 GeV. Here we would like to mention that
one can also obtain prospective bound on mixing angle
jVμN j2 at futuristic muon collider, see Refs. [102–104] for
recent studies. They found that the 3 TeV/10 TeV muon
collider can probe mixing angle as jVμN j2 ∼ 10−5=10−6

for MN ∼Oð100 GeVÞ=Oð1 TeVÞ.

B. Different signatures from triplet scalars

At γγ collider, one can easily produce H� and H�� in
pair. We found that γγ → HþH− mode has nearly one order
of magnitude less cross section than the γγ → HþþH−−

process. Therefore, we consider only the pair production of
doubly charged scalar multiplet at the γγ collider. As shown
in Fig. 2, depending on the choices of vΔ and Δm, H��

decays to either l�l�, W�W�, or H�W�� with 100%
branching ratio. In our analysis we will assume the mass
splitting δm ≈ 0 so that H�� either decays to l�l�

(vΔ < 10−4 GeV) or W�W� (vΔ > 10−4 GeV). Hence,
depending on the values of vΔ, pair production of H��

can produce either four leptons l�
i l

�
j l

∓
k l

∓
m or

W�W�W∓W∓ in the final state. TheW�W�W∓W∓ mode
can produce several jets in the final state following the
hadronic decay of the four W bosons.
Let us first discuss the leptonic mode γγ → H��H∓∓ →

l�
i l

�
j l

∓
k l

∓
m at eþe− collider with

ffiffiffi
s

p ¼ 3 TeV. In this
case, we assume vΔ < 10−4 GeV such that the leptonic
decay from the charged Higgs BRðH�� → l�l�Þ can be
dominant. Note that the doubly charged Higgs boson decay
to the leptonic final state goes as ΓH��

lilj
∝ jYij

Δj2. Hence, the
patterns of various leptonic channels will exactly follow the
pattern of Yij

Δ, which is determined by oscillation param-
eter. As a result the BRðH�� → l�

i l
�
j Þwill also depend on

the ordering of light neutrino mass. Hence, one expects that
collider observables such as the cross section σðγγ →
H��H∓∓ → l�

i l
�
j l

∓
k l

∓
mÞ may strongly correlate with

neutrino mass ordering. To show that indeed this is the
case, we consider three possible scenarios:

(i) γγ → HþþH−− → lþ
i l

þ
j l

−
i l

−
j , where the index i, j

is summed over. We are not considering τ channel as
it is harder to detect compare to electron or muon.
Note that this channel is lepton flavor conserving. In
this analysis we consider a generic background of
four-lepton 4l and two-lepton with two W bosons
2l2W where the W bosons decay leptonically. As
for vΔ < 10−4 GeV, there exist tight constraints on
the mass of MH�� , we consider relatively high
MH�� . Due to this reason one expects that the lepton
pT distribution will peak at high pT . Also the lepton
polar-angle distribution will be similar as Fig. 22.
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The signal and backgrounds cross sections before
and after the cuts are given in Table XIII for the NH
and IH cases which affect the branching ratio of the
charged scalars into leptons depending on the light
neutrino mass hierarchy as the corresponding Yu-
kawa couplings carry information from the neutrino
oscillation data. We estimate the significance (σ) of
the process as a function of luminosity ðLÞ and it is
shown in the top row for the NH (IH) case in the left
(right) panel of Fig. 24. For the case of NH, the
signal can reach at a significance of 5σ between
10 fb−1–12 fb−1 luminosity for MH�� ¼ 900 GeV
and 1000 GeV. The signal for MH�� ¼ 1200 GeV
can reach at 5σ at 30 fb−1 luminosity. A signifi-
cance of 3σ can be reached around 150 fb−1

luminosity for MH�� ¼ 1400 GeV. We find slight
improvement in the IH case where more than 5σ
significance could be attained around 10 fb−1

luminosity for MH�� ¼ 900 GeV, 1000 GeV, and
1200 GeV, respectively. However, a 5σ significance
could be attained around a luminosity slightly
above 200 fb−1 for MH�� ¼ 1400 GeV.

(ii) Second we consider the process γγ → HþþH−− →
lþ
i l

þ
i l

−
j l

−
j where i ≠ j and i, j are summed over

electron and muon channel. This final state violates
lepton flavor by two units. In this case we use the
similar mass points and cuts as shown in Table XIII.
For this signal we find there is no irreducible
backgrounds in this case. The signal cross sections
before and after cuts are shown in Table XIV for the
NH and IH case. The estimated significance of this
signal are shown in the middle row of Fig. 24 atffiffiffi
s

p ¼ 3 TeV for NH (IH) case in the left (right)
panel. The NH cases of MHþþ ¼ 900 GeV,
1000 GeV, and 1200 GeV could be observed at
5σ significance around 100 fb−1 luminosity. The

case with MHþþ ¼ 1400 GeV will have low sig-
nificance throughout the considered range of lumi-
nosity. We find significant improvement in the
IH case where 5σ significance could be achieved
within 10 fb−1 luminosity to 20 fb−1 luminosity for
MHþþ ¼ 900 GeV, 1000 GeV, and 1200 GeV re-
spectively, however, that could be achieved around
300 fb−1 luminosity for MHþþ ¼ 1400 GeV.

(iii) Finally we consider γγ → HþþH−− →
lþ
i l

þ
i l

−
i l

−
j þ lþ

i l
þ
j l

−
i l

−
i , where i ≠ j and i, j is

summed over the electron and muon channel. This
final state violates the lepton flavor by one unit. In
this case we use the similar mass points and cuts as
shown in Table XIII. For this signal we find that
the important background only comes from 2l2W
final state. The signal cross sections before and
after cuts are shown in Table XV for the NH and IH
case. The estimated significance of this signal are
shown in the bottom row of Fig. 24 at

ffiffiffi
s

p ¼ 3 TeV
for the NH (IH) case in the left (right) panel. In
the NH case a 5σ significance could be attained
with 50 fb−1 luminosity to 120 fb−1 luminosity for
MH�� ¼ 900 GeV, 1000 GeV, and 1200 GeV, re-
spectively whereas this signal can be probed at 3σ
significance around 500 fb−1 luminosity forMH�� ¼
1400 GeV. On the other hand this signal from the
IH case can be observed with a significance of 5σ
within 60 fb−1 luminosity to 150 fb−1 luminosity for
MH�� ¼ 900 GeV, 1000 GeV, and 1200 GeV, re-
spectively whereas the case for MH�� ¼ 1400 GeV
could be observed at 2σ significance with a lumi-
nosity of 500 fb−1.

Nextwe considervΔ > 10−3 GeVwhereH�� → W�W�
is the dominant mode. We specifically focus on the leptonic
mode coming from the γγ → HþþH−− process followed by

TABLE XIII. Cross sections for the signal and SM backgrounds before and after cuts for lþ
i l

þ
j l

−
i l

−
j final state from the γγ →

HþþH−− process where both i ¼ j and i ≠ j are possible scenarios. We have used the following cuts: cos θl1;3 < 0.9, cos θl2;4 < 0.92,

pl1;3
T > 400 GeV and pl2;4

T > 150 GeV.

Signal (NH) Signal (IH) Background

ffiffiffi
s

p ðTeVÞ MH�� ðGeVÞ
Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

900 5.5 2.6 13.536 6.916 4l∶1.4 0.005
2l2W∶3.74 0.0008

3 1000 4.2 2.2 10.81 5.29 4l∶1.4 0.005
2l2W∶3.74 0.0008

1200 1.91 0.9 4.69 2.34 4l∶1.4 0.0011
2l2W∶3.74 0.00022

1200 0.14 0.07 0.34 0.17 4l∶1.4 0.0011
2l2W∶3.74 0.00022
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FIG. 24. Significance of different final states from γγ → HþþH−− process at
ffiffiffi
s

p ¼ 3 TeV as a function of integrated luminosity.

TABLE XIV. Cross sections for the signal lþ
i l

þ
i l

−
j l

−
j before and after cuts, where i ≠ j and i, j are summed over electron and muon

channel. The cuts are same as in Table XIII.

Signal (NH) Signal (IH)ffiffiffi
s

p ðTeVÞ M��
H ðGeVÞ Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)

900 0.162 0.12 5.31 3.82
3 1000 0.122 0.09 3.99 2.87

1200 0.056 0.04 1.84 1.32
1400 0.0041 0.003 0.13 0.09
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H�� → W�W� andW� → l�ν in associationwithmissing
momentum where l ¼ e, μ. We generate the SM back-
grounds like 4W,W�Z, and 4l. In this caseW andZ bosons
decay leptonically taking electrons and muons under con-
sideration. We estimate the signal and background cross
sections before and after the following selection cuts:

(i) Transverse momentum for the pT-ordered leptons

follow: (1)pl1;3
T >80GeV;pl2;4

T >30GeV forMHþþ ¼
300GeV at

ffiffiffi
s

p ¼ 1 TeV; (2)pl1;3
T > 100GeV,pl2;4

T >
50 GeV forMHþþ ¼ 400 GeVat

ffiffiffi
s

p ¼ 1.5 TeV; and

(3) pl1;3
T > 150 GeV, pl2;4

T > 75 GeV for MHþþ ¼
600 GeV and 800 GeVat

ffiffiffi
s

p ¼ 3 TeV, respectively.
(ii) The energy of the leptons are followed as

(1) El1;3 > 100 GeV and El2;4 > 50 GeV for
MHþþ ¼ 300 GeV at

ffiffiffi
s

p ¼ 1 TeV, (2) El1;3>
150GeV and El2;4>75GeV for MHþþ ¼ 400 GeV
at

ffiffiffi
s

p ¼ 1.5 TeV and (3) El1;3 > 200 GeV and
El2;4 > 100 GeV for MHþþ ¼ 600 GeV and
800 GeV at

ffiffiffi
s

p ¼ 3 TeV, respectively.
(iii) The azimuthal angles of the leptons follow:

(1) cos θl1;3 < 0.9, cos θl2;4 < 0.92 for MHþþ ¼
300 GeV at

ffiffiffi
s

p ¼ 1 TeV; (2) cos θl1;3 < 0.88,
cosθl2;4<0.92 for MHþþ ¼400GeV at

ffiffiffi
s

p ¼
1.5 TeV; and (3) cos θl1;3 < 0.88, cos θl2;4 < 0.92

forMHþþ ¼ 600 GeV and 800 GeVat
ffiffiffi
s

p ¼ 3 TeV,
respectively.

The signal and backgrounds cross sections before and after
the cuts are given in Table XVI. We show the significance of
this process as a function of the integrated luminosity in
Fig. 25. The significance can reach at 5σ with a luminosity
between 600 fb−1 luminosity to 1 ab−1 luminosity.

TABLE XV. Cross sections for the signal and SM backgrounds before and after cuts for lþ
i l

þ
i l

−
i l

−
j þ lþ

i l
þ
j l

−
i l

−
i , where i ≠ j and i, j

is summed over electron and muon channel. The cuts are same as in Table XIII.

Signal (NH) Signal (IH) Background 2l2W

ffiffiffi
s

p ðTeVÞ M��
H ðGeVÞ

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb) After cuts (fb)

900 1.51 0.67 0.87 0.39 3.74 9.72 × 10−4

3 1000 1.13 0.55 0.66 0.32 3.74 9.72 × 10−4

1200 0.52 0.23 0.31 0.13 3.74 7.48 × 10−5

1400 0.04 0.02 0.02 0.01 3.74 7.48 × 10−5

TABLE XVI. Cross sections for the signal and SM backgrounds before and after cuts for 4W final state from the γγ → HþþH−−

process where W bosons decay leptonically.

Signal Backgroundffiffiffi
s

p ðTeVÞ M��
H ðGeVÞ Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)

1 300 1.21 0.08 4W∶0.02 0.0004
4l∶8.0 0.112

W�Z∶1.45 0.035
1.5 400 0.88 0.052 4W∶0.092 0.0008

4l∶4.45 0.066
W�Z∶3.21 0.038

3 600 0.42 0.054 4W∶1.0 0.0023
4l∶1.4 0.00027

W�Z∶7.2 0.0145
800 0.25 0.05 4W∶0.46 0.0023

4l∶1.4 0.03
4l∶7.2 0.014

FIG. 25. Significance of different final states from γγ →
HþþH−− process at different

ffiffiffi
s

p
as a function of integrated

luminosity.
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C. Different signatures from triplet fermions

We study the production of triplet fermion at the e−γ
collider. The triplet fermion has neutral and charged
multiplets. The lower limit on the triplet fermion mass
form the LHC is nearly 1 TeV. As a result we consider
MΣ ≥ 1.2 TeV and center-of-mass energy of e−γ collider
as 3 TeV. The dominant decay mode of the neutral multiplet
is W∓l and the second dominant mode of the charged
multiplet is Zl. Due to the heavy triplet fermion mass
under consideration, theseW and Z bosons will be boosted
and produce fat-jets. In this scenario we consider two
different aspects in the following.

1. SSDL mode

We first consider the W−Σ0 case where W− decays
leptonically and Σ0 decays into the dominant mode e−Wþ
whereWþ decays hadronically. In this analysis we consider
a heavy triplet MΣ ≥ 1.2 TeV. As a result Wþ from the Σ0

decay can be boosted so that the hadronic jets could be
collimated to produce a boosted object called a fat jet (J).
The fat jet topology is a very powerful tool to significantly
reduce the SM backgrounds. In our analysis the jets are
reconstructed by Cambridge-Achen algorithm [259,260]
implemented in the FastJet [261,262] package with the
radius parameter as R ¼ 0.8. Hence, we consider SSDLþ
J signature in association with missing momentum. Again,
as in the case of Type-I seesaw, we have two possibilities
such as SSSF and SSDF depending on the flavor of l−

coming from the associated W− decay. Hence we consider
both the SSSF and SSDF signals with a fat jet in association
with missing momentum which can be useful to probe the
Majorana nature of Σ0. The corresponding Feynman
diagram is given in Fig. 26. In Fig. 27, we show the
distributions of the fat-jet transverse momentum ðpJ

TÞ,
transverse momenta of the leptons ðpl1;2

T Þ, fat-jet mass
ðmJÞ, the polar angles of the leptons ðcos θl1;2Þ of the signal
and corresponding backgrounds at

ffiffiffi
s

p ¼ 3 TeV. In view of
these distributions we use the following cuts for the signal
and generic background:

(i) The events selected with at least one fat-jets (J) and
leptons ðl ¼ e; μÞ having transverse momenta
pJ
T>400GeV, pl1;leading

T > 400GeV and pl2;trailing
T >

10GeV, respectively for the neutral component of
the triplet fermion with mass MΣ0 ¼ 1200 GeV,
1400 GeV, 1600 GeV, and 1800 GeV, respectively.
For MΣ0 ¼ 2000 GeV, 2200 GeV, and 2400 GeV,
the cuts are pJ

T > 600 GeV, pl1;leading
T > 600 GeV

and pl2;trailing
T > 10 GeV, respectively.

(ii) The jet mass ðmJÞ of the fat jet is considered to be
within 60 GeV < mJ < 100 GeV.

FIG. 26. SSDLþ J final state in association with missing
momentum at e−γ collider where l− ¼ e−; μ−. There is an
additional s-channel process giving the same final state which
has been added in the analysis but not shown here.

FIG. 27. The distributions of different kinematic variables from the SSDL signal from type-III seesaw and corresponding generic
background from e−γ collider at

ffiffiffi
s

p ¼ 3 TeV.
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(iii) We reconstruct Σ0 considering the electron and
fat-jet system ðe−JÞ and using the invariant mass
cut MΣ0 − 40 GeV < mlJ < MΣ0 þ 40 GeV where
MΣ0 is the mass of the neutral component of the
triplet fermion.

(iv) The cosine of the polar angle of the leptons are
considered to be cosθl1;leading < 0.92 and cos θl2;trailing <
0.9, respectively.

The signal normalized by the square of the mixing and
corresponding background cross sections for the SSDL
final state at

ffiffiffi
s

p ¼ 3 TeV are given in Table XVII.

2. Trilepton mode

The charged multiplets of the triplet fermion can also be
produced at the e−γ collider in association with Z boson.
Σ− decays into e−Z followed by the hadronic decay mode
of the Z boson. Due to the heavy mass of the triplet fermion
after the recent LHC limits we considerMΣ ≥ 1 TeV hence
it can produce a boosted Z boson which can produce a fat
jet after the hadronic decay which could have a unique
feature. The associated Z boson decays into a pair of
charged leptons. Hence we finally observe a trilepton plus
fat-jet signal which could be an interesting signature at the

e−γ colliders. In addition to this mode another interesting
channel could be the Σ−h mode where h can decay into b-
jets dominantly followed by the Σ− → e−J mode from the
charged multiplet of the triplet fermion. However, in this
article we finally concentrate on the gauge boson associated
triplet production processes not including the Higgs asso-
ciated channel in further consideration. The corresponding
Feynman diagram is given in Fig. 28. Generating the
trilepton events with jets we show the distributions of
the fat-jet transverse momentum ðpJ

TÞ, transverse momenta

of the leptons ðpl1;2;3
T Þ, the fat-jet mass ðmJÞ, the polar

angles of the leptons ðcos θl1;2;3Þ of the signal and corre-
sponding backgrounds in Fig. 29. In view of these
distributions we use the following cuts to generate trilepton
plus fat-jet events for the signal and generic background:

(i) The events selected with at least one fat jet (J)
and three leptons having transverse momenta
pJ
T > 300 GeV, pl1;leading

T >400GeV, pl2;trailing
T >

150GeV, and pl3;trailing
T > 75 GeV, respectively

for M−
Σ ¼ 1200 GeV, 1400 GeV, 1600 GeV, and

1800 GeV, respectively.
(ii) The jet mass ðmJÞ of the fat-jet is considered to be

within 60 GeV < mJ < 100 GeV.
(iii) We reconstruct Σ− considering the electron and fat-

jet system ðe−JÞ and using the invariant mass
cut MΣ− − 40 GeV < mlJ < MΣ− þ 40 GeV.

(iv) The cosine of the polar angle of the leptons
are considered to be cos θl1;leading < 0.9, cos θl2;trailing <
0.92 and cos θl3;trailing < 0.94, respectively.

The signal normalized by the square of the mixing and
corresponding background cross sections for the trilepton
plus fat-jet final state at

ffiffiffi
s

p ¼ 3 TeV are given in
Table XVIII.

3. Limits on the mixing angle

For both the case of SSDLþ J and e−lþl− þ J, study-
ing the signal (S) and the corresponding backgrounds (B)
we estimate the 2σ limits on the mixing using Eq. (87)
taking 5 ab−1 of integrated luminosity as a benchmark. The
limits coming from SSDLþ J and e−lþl− þ J are

TABLE XVII. Cross sections of the signal (normalized by jVeΣj2) and generic background before and after cuts for e−γ collider atffiffiffi
s

p ¼ 3 TeV for the SSDL final state.

Signal Backgroundffiffiffi
s

p ðTeVÞ MΣ ðGeVÞ Before cuts (fb) After cuts (fb) Before cuts (fb) After cuts (fb)

1200 2716.82 312.4 95.8 0.204
1400 2527.68 377.15 95.8 0.243

3 1600 2317.24 394.13 95.8 0.252
1800 2068.63 380.31 95.8 0.371
2000 1763.19 711.1 95.8 0.128
2200 1386.45 273.5 95.8 0.102
2400 939.3 204.43 95.82 0.068

FIG. 28. Feynman diagram for the process e−γ → e−lþl− þ J.
There is an additional t-channel process giving same final state
which has been added in the analysis but not shown here.
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represented by the thick blue and dashed blue line,
respectively in Fig. 30. We compare the results with the
limits from EWPD for electron ðVeΣ ¼ 0.019Þ and univer-
sal EWPD ðVeΣ ¼ 0.016Þ, respectively from [235]. We find
that the 2σ bound on the mixing for the SSDL signal can
reach Oð10−5Þ for MΣ ¼ 2 TeV which is well below the
expected limits. The 2σ limit on the mixing from the
trilepton plus fat-jet signal can reach up to 2.2 × 10−4 for
MΣ ¼ 1.475 TeV which is slightly stronger than the

EWPD-U limit. We find that the limits almost remain flat
through out the mass range we consider apart from some
heavy masses where the fat-jet signatures become stronger
for the signal over the backgrounds. We do not probe the
energy threshold because the cross section sharply falls
near that region which may provide comparatively weaker
bounds on the mixing.

FIG. 29. The distributions of different kinematic variables from the trilepton plus fat-jet signal from the type-III seesaw and
corresponding backgrounds from the e−γ collider at

ffiffiffi
s

p ¼ 3 TeV.

TABLE XVIII. Cross sections of the signal e−γ → e−lþl− þ
J (normalized by jVeΣj2) and generic background before and after
cuts for e−γ collider at

ffiffiffi
s

p ¼ 3 TeV. In the background column
“-” stands for extremely low cross section of the background
elljj compared to eWWZ.

Signal Backgroundffiffiffi
s

p
ðTeVÞ

MΣ
ðGeVÞ

Before
cuts (fb)

After
cuts (fb)

Before
cuts (fb)

After
cuts (fb)

1200 24.67 3.63 -
0.0014

1400 21.23 5.11 -
0.000741

3 1600 16.82 4.06 elljj∶0.491 -
eWWZ∶1.353 0.00115

1800 12.1 2.73 -
0.00017

FIG. 30. 2σ limits on the mixing angle from SSDLþ J in
association with missing momentum (thick, blue) and 3lþ J
final state (dashed, blue) at the e−γ collider with

ffiffiffi
s

p ¼ 3 TeV at
5 ab−1 luminosity. We compare the results with the limits from
EWPD for electron (black dot-dashed) and universal EWPD
(black dashed).
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V. DISCUSSIONS AND CONCLUSIONS

In this paper we study three types of electroweak scale
seesaw scenarios at electron-photon and photon-photon
colliders at different center-of-mass energies. We have
systemically calculated the cross sections of different
production modes of the BSM particles at these colliders
averaging over photon spectrum for fixed

ffiffiffi
s

p
as a function

of the corresponding BSM particle mass. First we con-
sider the production of heavy Majorana neutrinos from the
type-I seesaw scenario at the electron-photon collider in
association with W boson. From this channel we study
e� þ 4j scenario where the heavy neutrino dominantly
decays to W∓e�, followed by the hadronic decay of W
bosons produced in this channel. In addition to that we
consider the leptonic decay of the associated W boson so
that SSDL and OSDL modes could be obtained.
Considering these final states in association with two jets
from the hadronic decay of the W boson coming from the
heavy neutrino we estimate the limits on the light-heavy
mixing. Hence combining SSDL mode with e� þ 4j and
OSDL mode with e� þ 4j we estimate limits on the
mixing angle separately for comparison at 2σ significance.
For completeness we compare the limits with the existing
bounds and prospective limits at electron-positron col-
liders at different center-of-mass energies. Depending on
the center-of-mass energy, heavy neutrino mass and the
choice of the final state signal, the limits on the light-
heavy mixing obtained from electron-photon colliders
could be stronger compared to existing limits. The
obtained limits are stronger than the limits obtained from
the eletroweak precision study. Second, we consider the
type-II seesaw scenario where we produce doubly charged
scalars at the photon-photon collider studying a variety of
multilepton modes. Studying the signals and SM back-
grounds we find that signals with 5σ significance could be
obtained at 3 TeV photon-photon collider where the triplet
scalar masses around 1 TeV. Like the singlet fermion we

have studied triplet fermion production in electron photon
collider from the type-III seesaw scenario as the third case.
In this case we consider 3 TeV collider as the triplet mass
is greater than 1.2 TeV due to the current LHC limit. We
study SSDL mode from the neutral multiplet and trilepton
mode from the charged multiplet of the triplet fermion in
association with a fat jet. Studying the signal and SM
backgrounds we estimate limits on the light-heavy mix-
ings and find stronger bounds compared to those obtained
from the electroweak precision measurements. We men-
tion that a systematic study involving multivariate analysis
may improve these results. When the electron-positron
collider is built in future, unique opportunities of con-
structing electron-photon and photon-photon colliders
will be possible where one can test electroweak-scale
seesaw scenarios. This will help to fix the neutrino mass-
generation mechanism. In addition to that, possible
studies on the Majorana or Dirac nature of neutrinos
could also be possible.
Finally, we would like to stress that in our study we have

used the cut-based analyses where the cuts do depend on
the mass of the heavy degrees of freedom. This search
strategy is always less efficient than a “bump-hunting”
algorithm or a boosted-decision tree based on general
kinematic variables which are not based on search mass
priors. Also we would like to again mention that if one
considers a polarized beam, the bound might be weaker
compared to what we obtained.
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