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1 Introduction

Non-zero neutrino masses [1–4] constitute one of the most convincing proofs of new physics.
Underpinning their ultimate origin stands out as one of the biggest challenges in elementary
particle physics. Despite many attempts, the issue remains wide open. A simple way
to generate Majorana neutrino masses is to introduce a non-renormalizable dimension-
five operator into the Standard Model (SM) [5]. The effective dimension-five operator
characterizing lepton number non-conservation is given by

−Ld=5
ν = 1

Λ(LΦ) (ΦL) + H.c., (1.1)

where the contractions involve the left-handed lepton doublet spinors L and the SM Higgs
scalar doublet Φ. Here Λ is the effective mass scale, flavor indices are omitted, for brevity,
and 2-dimensional conjugation matrices in Lorentz and isospin space are understood.

Neutrino mass model-building requires a completion of this operator. The seesaw
mechanism provides a specially interesting one, and is most generally realized within the
simplest SU(3)c ⊗ SU(2)L ⊗U(1)Y gauge structure [6]. In its type-I realization, neutrinos
get mass due to the exchange of heavy singlet fermion mediators. This leads to a Majorana
mass for the left-handed neutrinos as mν ∼ m2

D/MN , with mD = Yνv/
√

2, so that Λ =
MN/Y

2
ν . Hence, formν ∼ O(0.1 eV) and a relatively large Yukawa coupling Yν ∼ O(1),MN

must be large, i.e.,MN � O(TeV). As a result, the conventional high-scale implementation
of the seesaw mechanism has few phenomenological implications other than those directly
related to neutrino masses.

However, the seesaw paradigm can arise from low-scale physics. The low-scale seesaw
varieties are the inverse [7, 8] and the linear seesaw mechanisms [9–11]. These share a com-
mon “(3,6)” template [6, 12],1 which instead of a single right-handed neutrino, requires a
sequential pair of isosinglet leptons associated to each family. The possibility that the heavy
neutrinos could be produced at high energy colliders [13–19] was taken up by experiments,
such as ATLAS and CMS at the LHC [20–22] and also future proposals [23–25].

Interestingly enough, leptonic flavour and CP can be violated even in the limit of
massless neutrinos [26–29]. This implies that such processes need not be suppressed by
the small neutrino masses, and can in fact have observable rates [26, 27, 29–32].2 Detailed
charged lepton flavour violation (cLFV) predictions depend on whether one has an inverse
or linear seesaw realization, and also on details of Yukawa coupling matrices [37].

In this work, we examine the simplest SM-based variant of the linear seesaw mecha-
nism. In contrast to most previous formulations [9–11], here we do not impose left-right
symmetry. The linear seesaw mechanism is realized within the SU(3)c ⊗ SU(2)L ⊗U(1)Y
gauge structure itself, in which lepton number symmetry is ungauged [38]. We assume at
least two pairs of isosinglet leptons. In addition, the scalar sector contains a second Higgs
doublet, carrying two units of lepton number.

Even for TeV-scale mediators, MN ∼ O(TeV), neutrino masses are naturally small
due to the small vacuum expectation value (VEV) of this second Higgs doublet. For

1These contain 6 singlets that make up 3 heavy Dirac leptons in the limit of lepton number conservation.
2For generic references on cLFV in seesaw schemes see, for example [33–36].
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simplicity, we assume that lepton number symmetry is broken explicitly, but softly, in the
scalar potential, thereby avoiding a Nambu-Goldstone boson and the associated stringent
astrophysical restrictions [38]. Such a “neutrino-motivated” version of the two-doublet
model [39–41] allows for direct experimental tests [42], as we will discuss later. The charged
scalar also contribute to lepton flavor violating decays such as, µ→ eγ, with rates that can
lie within reach of current experiment [43], providing extra sensitivity to model parameters.

Note that our pair production of charged scalars at e+e− collider is in sharp contrast
with the usual two Higgs doublet model (THDM), in which it proceeds via the neutral cur-
rent Drell-Yan mechanism involving s-channel γ/Z exchange. In our linear seesaw scheme
the pair production of charged scalars at e+e− collider can be dominated by a t-channel
heavy-neutrino-mediated diagram. The decays of the new scalars are controlled by the un-
derlying U(1) lepton symmetry and we find that when the charged Higgs massmH± > MNi ,
the decay chain H± → `±Ni, Ni → `±j W

∓ leads to striking signatures. Our proposal also
leads to new production mechanisms for heavy neutrinos involving t-channel charged Higgs
mediation, e+e− → NiNi and associated production through e−γ → NiH

−. In contrast to
other type-I seesaw schemes, in our linear seesaw model e+e− → NiNi production is not
suppressed by light-heavy neutrino mixing.

The paper is organized as follows. To make our presentation self-contained, in sec-
tion 2 we briefly recap the model, giving details of its new fields and their interactions.
In section 3, we discuss constraint from electroweak precision parameters S, T and U .
In section 5, we discuss the existing collider constraints on the new scalar masses. In
section 4, we discuss various phenomenological implications for charged lepton flavour vio-
lation processes. In section 6 and 7, we discuss various possible production mechanisms at
e+e− [23, 44–46], e−γ [47–52] colliders, and also various decay channels of heavy neutrinos
and new scalars. In section 8 we show how our linear seesaw model can lead to promising
signatures at future lepton colliders, such as the ILC [44], FCC-ee [23], CLIC [45], and the
CEPC [46]. Finally, in section 9 we conclude.

2 Linear seesaw model

The linear seesaw is a low-scale variant of the seesaw mechanism first proposed within the
SU(3)⊗ SU(2)L ⊗ SU(2)R ⊗U(1)B−Lgauge group [9, 10], and subsequently shown to arise
also within the SO(10) framework [11].

In this work, we propose the simplest variant of the linear seesaw mechanism, realized
within the simplest SU(3)c ⊗ SU(2)L ⊗U(1)Y gauge structure itself. Particle content and
their representations under the SM gauge and global U(1)L lepton number symmetry are
given in table. 1. Here, in addition to the SM Higgs scalar Φ, we add one more doublet χL,
carrying lepton number L[χL] = −2 in order to seed neutrino mass generation. In contrast
with ref. [38] we do not add a gauge singlet scalar to implement the spontaneous breaking of
the lepton number symmetry. The assumed breaking is explicit, thus avoiding the existence
of a physical (nearly) massless Nambu-Goldstone boson, and the associated restrictions
from LEP [53] as well as the stringent astrophysical limits from stellar cooling [38]. In
addition to the new scalar doublet we add three lepton singlets νci with lepton number
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Q uc dc L ec νc S Φ χL

SU(3)C 3 3∗ 3∗ 1 1 1 1 1 1
SU(2)L 2 1 1 2 1 1 1 2 2
U(1)Y

1
6 −2

3
1
3 −1

2 1 0 0 1
2

1
2

U(1)L 0 0 0 1 −1 −1 1 0 −2

Table 1. Linear-seesaw particle content and transformation properties under the SM gauge and
global U(1)L lepton number symmetry. The subscript “L” in χL denotes its non-zero charge under
the U(1)L symmetry.

Yν MR YS

〈Φ〉 〈χL〉

ν νc S ν

Figure 1. Neutrino mass generation in the linear seesaw mechanism.

L[νci ] = −1 and three lepton singlets Si with lepton number L[Si] = 1. The global U(1)
lepton number symmetry is broken only in the scalar sector, explicitly but softly.

2.1 Neutrino mass generation

Here we focus on the simplest linear seesaw setup, a very simple extension of the Standard
Model. In its simplest form the relevant lepton-number-invariant Lagrangian for neutrino
mass generation is written as

− LYuk = Y ij
ν L

T
i Cν

c
jΦ +M ij

R ν
c
iCSj + Y ij

S L
T
i CSjχL + h.c. (2.1)

where Yν and YS are dimensionless Yukawa couplings, MR is an arbitrary bare mass term,
Φ is the SM Higgs doublet, while χL is the other scalar doublet. This form gives an effective
description of more complete realizations with spontaneous breaking of gauged [9–11] or
global lepton number [38].

In the basis ν, νc, S the resulting linear seesaw mass matrix obtained after lepton
number violation is

Mν =

 0 mD ML

mT
D 0 MR

MT
L MT

R 0

 . (2.2)

The mass entry ML is proportional to the VEV vχ driving lepton number violation,

ML = Y ij
S vχ√

2
, (2.3)
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while the other one is the conventional Dirac mass entry

mD = Y ij
ν vΦ√

2
, (2.4)

given in terms of the SM Higgs VEV vΦ. In order to generate VEV for χL, we break the
global U(1)L lepton symmetry explicitly in the scalar sector using the soft term µ2

12(Φ†χL+
h.c.). This gives the following induced VEV for χL,

vχ ≈
µ2

12vΦ
m2
A

, (2.5)

where mA is the mass of pseudoscalar which we define later. The full 9× 9 neutrino mass
matrix in eq. (2.2) can be diagonalized by a unitary matrix U†MνU∗ =Mdiag

ν . Here U is
a product of a block-diagonalization followed by separate diagonalizations in the light and
heavy sectors [12]. The matrix U can be expressed as [12]

U = U0U1 with U†0MνU∗0 =
(
mlight 0

0 Mheavy

)
. (2.6)

Hence, U0 first brings the full neutrino matrix to block diagonal form, while
U1 = Diag(Ulep,UR) diagonalizes the mass matrices mlight and Mheavy. This matrix U
is expressed approximately as follows

U ≈


(1− 1

2ε)Ulep − i√
2V

1√
2V

0 i√
2(1− 1

2ε
′) 1√

2(1− 1
2ε
′)

−V † − i√
2(1− 1

2ε
′) 1√

2(1− 1
2ε
′)

 , (2.7)

where V is a 3× 3 matrix
V = mD (MT

R )−1. (2.8)

The parameters ε and ε′ denote non-unitary corrections. Their explicit form is given as

ε ≈ (mDM
−1T
R )(M−1

R m†D) +O(M2
L/M

2
R), (2.9)

ε′ ≈ (M−1
R m†D)(mDM

−1T
R ) +O(M2

L/M
2
R). (2.10)

The hierarchy MR � mD �ML implies an effective light neutrino mass matrix given as

mlight = mD(MLM
−1
R )T + (MLM

−1
R )mD

T . (2.11)

The limit ML → 0 leads to three massless neutrinos as in the Standard Model, plus three
heavy Dirac neutrinos, N . Approximate analytical forms for the charged and neutral
current weak interaction matrices in this limit are given in [26, 28–30]. The above form
provides the template for the low-scale seesaw schemes, including the inverse [7, 8] and
the linear seesaw mechanisms [9–11]. After lepton number violation, a non-zero ML is
generated, leading to three light Majorana eigenstates νi, with i = 1, 2, 3 and six heavy
neutrinosNj , j = 4, . . . , 9 which form three pairs of quasi-Dirac states [54, 55]. The neutrino
mass generation mechanism is illustrated by the Feynman diagram shown in figure 1.
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One sees that, in contrast to the conventional type-I seesaw setups, the matrix mlight
scales linearly with the Dirac Yukawa couplings contained in mD, thus the name linear
seesaw mechanism. Note that neutrino masses will be suppressed by the small value of ML

irrespective of how low the MR scale characterizing the heavy messengers is, also allowing
for non-negligible YS values. This is achieved with a very small value of vχ. In the limit
µ12 → 0 and hence vχ → 0, lepton number is restored, so the construction is natural in
t’Hooft’s sense.

For completeness we also specify the charged-lepton and quark Yukawa Lagrangian
terms,

−LYuk = YeL̄LΦeR + YuQ̄LΦ̃uR + YdQ̄LΦdR + h.c. (2.12)

Notice that, due to the U(1)L lepton number symmetry, charged fermions acquire mass
only through their Yukawa coupling with the SM Higgs doublet Φ. Hence, the doublet
χL is leptophilic. In this sense, as far as quarks are concerned, our simplest linear seesaw
scheme resembles the Type I two-Higgs-doublet-Model (THDM) [39]. It follows that the
Higgs Yukawa Lagrangian can be written compactly as

−LYuk = mf

v sin β ψ̄fψf
(

cosαh+ sinαH
)
, (2.13)

for all charged fermions.

2.2 The scalar sector

In addition to the SM Higgs doublet Φ we also have a second scalar doublet χL, charged
under lepton number. The SU(3)c ⊗ SU(2)L ⊗U(1)Y gauge invariant scalar potential is
given by

V = −µ2
ΦΦ†Φ− µ2

χχ
†
LχL + λ1(Φ†Φ)2 + λ2(χ†LχL)2 + λ3χ

†
LχLΦ†Φ

+ λ4χ
†
LΦΦ†χL −

(
µ2

12Φ†χL + H.c.
)
, (2.14)

For definiteness, we assume all parameters to be real. In addition to breaking the elec-
troweak gauge symmetry through the Higgs mechanism, this potential also breaks lepton
number. We choose to do this explicitly, but “softly”, through the last bilinear term
µ2

12(Φ†χL + h.c.), which induces a non-zero VEV for χL.
We now examine the consistency conditions of the potential. To ensure that the scalar

potential is bounded from below and has a stable vacuum at any given energy scale, the
following constraints must hold:

λ1 ≥ 0, λ2 ≥ 0, λ3 ≥ −2
√
λ1λ2 and λ3 + λ4 ≥ −2

√
λ1λ2. (2.15)

To ensure perturbativity, we also restrict the scalar quartic couplings in eq. (2.14) to the
range λi ≤ 4π.
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Higgs boson mass spectrum. After SU(3)c ⊗ SU(2)L ⊗U(1)Y and lepton-number sym-
metry breaking, we obtain the mass spectrum for the scalars by expanding the scalar fields
Φ and χL as

Φ =
(

Φ+

1√
2(vΦ + hΦ + iηΦ)

)
, χL =

(
χ+

1√
2(vχ + hχ + iηχ)

)
, (2.16)

where hΦ, hχ and ηΦ, ηχ are CP even and CP odd neutral scalars, while χ± and Φ± are
charged scalars. In order to get the physical states and describe the mixing between the
two doublets Φ and χL, we diagonalize the charged and neutral scalar mass matrix.

In addition to the three unphysical Goldstone bosons G±, G0 which are “eaten” to
become the longitudinal components of the SM W± and Z gauge bosons, there is one
physical charged scalar H± and three neutral scalars h, H, A, making up the eight degrees
of freedom of the two-doublet-Higgs boson system.

The mass matrix for the charged scalars in the basis (χ+, Φ+) is given by

M2
χ =

 µ2
12
vΦ
vχ
− λ4

v2
Φ
2 −µ2

12 + λ4
vΦvχ

2

−µ2
12 + λ4

vΦvχ
2 µ2

12
vχ
vΦ
− λ4

v2
χ

2

 . (2.17)

This matrix has a zero eigenvalue corresponding to the charged Goldstone boson G+, so
the physical charged Higgs has a mass

m2
H± = v2

(
µ2

12
vΦvχ

− λ4
2

)
, (2.18)

where v =
√
v2

Φ + v2
χ. The charged mass-eigenstates are obtained as

(
χ+

Φ+

)
= R(β)

(
G+

H+

)
=
(

cosβ − sin β
sin β cosβ

)(
G+

H+

)
, with tan β = vΦ

vχ
. (2.19)

Here, in defining the parameter tan β, we have followed the Two-Higgs-Doublet-Model
(2HDM) convention. However, in contrast to standard 2HDM models, where tan β is usu-
ally constrained by perturbativity of Yukawa couplings, in our case tan β can be naturally
very large approaching tan β →∞ as vχ → 0.

The mass matrix for CP even neutral scalars in the basis (hχ hΦ) is given as

M2
h =

(
A C

C B

)
=
(
µ2

12
vΦ
vχ

+ 2λ2v
2
χ −µ2

12 + vΦvχλ34

−µ2
12 + vΦvχλ34 µ2

12
vχ
vΦ

+ 2λ1v
2
Φ

)
, (2.20)

where we defined λ34 ≡ λ3 + λ4. The masses of light and heavy eigenstates are given as

m2
h = 1

2

[
A+B −

√
(A−B)2 + 4C2

]
, (2.21)

m2
H = 1

2

[
A+B +

√
(A−B)2 + 4C2

]
. (2.22)
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The lighter mass eigenstate h is identified as the SM Higgs boson discovered at the LHC [56,
57]. Again following the 2HDM convention, the two mass eigenstates h and H are related
with the hχ, hΦ fields through the rotation matrix R(α) as,(

hχ
hΦ

)
= R(α)

(
H

h

)
=
(

cosα − sinα
sinα cosα

)(
H

h

)
, with tan 2α = 2C

A−B
. (2.23)

The pseudoscalar mass matrix in the basis (ηχ, ηΦ) is given by

M2
η =

(
µ2

12
vΦ
vχ
−µ2

12
−µ2

12 µ2
12
vχ
vΦ

)
. (2.24)

One sees that this pseudoscalar mass matrix has a zero-mass eigenvalue, corresponding to
the Goldstone boson G0 eaten by the Z, while the physical pseudoscalar Higgs has a mass

m2
A = µ2

12
v2

vΦvχ
. (2.25)

The mass eigenstates are again obtained by rotating the component fields as(
ηχ
ηΦ

)
= R(β)

(
G0

A

)
=
(

cosβ − sin β
sin β cosβ

)(
G0

A

)
with tan β = vΦ

vχ
. (2.26)

From eq. (2.25) the pseudoscalar mass is proportional to µ12, which comes from the ex-
plicit lepton number soft breaking term µ2

12Φ†χL. Should this term not be present in the
potential, this pseudoscalar would be an unwanted doublet “majoron”, ruled out by the
measurements of the invisible decay width of the Z boson at LEP [53, 58]. Such a “ma-
joron” would also be copiously produced in stars, leading to an astrophysical disaster. The
most straightforward way to avoid this is to give it a mass, through eq. (2.25).

An alternative possibility to implement the spontaneous breaking of lepton number
symmetry would be to “invisibilize” the majoron by adding another singlet scalar carrying
lepton number. This possibility has already been examined and we refer the interested
reader to [38].

As we assume explicit lepton number violation, the Higgs potential is the minimal one.
One can describe all its quartic couplings in terms of the just four physical masses, mh,
mH ,mA and mH± , and the angles β and α. Indeed, the quartic couplings λ1, λ2, λ3 and
λ4 can be expressed as

λ1 = 1
2v2 sin2 β

(
m2
H sin2 α+m2

h cos2 α−m2
A cos2 β

)
, (2.27)

λ2 = 1
2v2 cos2 β

(
m2
h sin2 α+m2

H cos2 α−m2
A sin2 β

)
, (2.28)

λ3 = 1
v2

(
2m2

H± −m
2
A + (m2

H −m2
h) sin(2α)

sin(2β)

)
, (2.29)

λ4 = 2
v2

(
m2
A −m2

H±

)
, (2.30)

where the VEV v = 246GeV. Note that since v2 sin2 β = v2
Φ and v2 cos2 β = v2

χ, the
quartic couplings λ1 ∝ 1

v2
Φ
whereas λ2 ∝ 1

v2
χ
. This has important implications for the mass

spectrum of the scalars as we discuss next.
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Figure 2. Left panel: |mH − mA| versus the lepton number breaking scale vχ. Right panel:
|mH±/mH/A| versus mH/A, for vχ < 10−1 GeV, so that α ≈ 0 and mH ≈ mA.

Compressed spectrum. As we saw in eq. (2.3), the smallness of neutrino mass requires
a very small value of the lepton number breaking scale vχ but allows us to have a relatively
large Yukawa coupling YS . We note that scalar spectrum tends to be very compressed
when vχ is small. This is required in order for λ2 to be in the perturbative regime, as can
be seen from the expression of λ2 in eq. (2.28). Indeed, as λ2 is inversely proportional to
v2
χ and, for tiny vχ, a small numerator is achieved when mH ≈ mA and α ≈ 0. The left
panel of figure 2 shows the splitting |mH −mA| with respect to vχ. One clearly sees that
the splitting |mH −mA| is very small as long as vχ is small.

In the limit α ≈ 0, mH ≈ mA and vχ � vΦ, the quartic couplings λ3, λ4 simplify
to λ3 ≈ (2m2

H± −m
2
A)/v2, λ4 ≈ 2(m2

A −m2
H±)/v2. This suggests that the mass-splitting

between mH± and mH/A must be restricted in order to keep λ3, λ4 within the perturbative
regime. This is shown in the right panel of figure 2 where we have plotted the ratio
|mH±/mH/A| with respect to mH/A. One sees that H± and H/A can be non-degenerate in
mass when mH/A is relatively small. However, for mH/A > 1TeV, all scalars, H± and H/A,
become very degenerate in mass. Note that all of this changes if vχ is relatively large. In
such a case, the mixing angle α can be large, and the mass degeneracy between H,A, and
H± can be lifted.

3 Electroweak precision parameters S, T and U

The presence of the extra doublet χL in the linear seesaw model modifies the prediction for
different radiative corrections, especially the oblique parameters S, T , U [59]. The general
form of these are given in ref. [60]. For the case of small vχ, the oblique parameters S, T
and U take the following simple form:

T ≈ 1
8πs2

Wm
2
W

F (m2
H± ,m

2
H), S ≈ 1

12π log
(
m2
H

m2
H±

)
, U ≈ 1

12πG
(
m2
H±

m2
W

,
m2
H

m2
W

)
,

(3.1)
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where the functions F and G are as shown in ref. [60]:

F (x, y) =


x+ y

2 − xy

x− y
ln x
y
⇐ x 6= y,

0 ⇐ x = y.
(3.2)

G (x, y) = −16
3 + 5 (x+ y)− 2 (x− y)2 + 3

[
x2 + y2

x− y
− x2 + y2 + (x− y)3

3

]
ln x
y

(3.3)

+
[
1− 2 (x+ y) + (x− y)2

]
f
(
x+ y − 1, 1− 2 (x+ y) + (x− y)2

)
,

where

f (z, w) =



√
w ln

∣∣∣∣∣z −
√
w

z +
√
w

∣∣∣∣∣ ⇐ w > 0,

0 ⇐ w = 0,

2
√
−w arctan

√
−w
z

⇐ w < 0.

(3.4)

Note that the function G crucially depends on the mass splitting mH±−mH/A and goes to
zero in the limit mH± ≈ mH/A. Hence, within the linear seesaw model, the U parameter is
highly suppressed for small vχ. When U is fixed at zero, the current global fit of electroweak
precision data gives [58]:

S = 0.00± 0.07, T = 0.05± 0.06. (3.5)

Combining eq. (3.1) with eq. (3.5), we obtain the following constraint on the mass-splitting:

|mH± −mH/A| ≤ 80 GeV at 90% C.L. (3.6)

On the other hand, a very recent measurement of W boson mass at CDF shows about
7σ deviations from the SM predictions [61]. If one takes this measurement seriously, the
global electroweak fit will lead to [62]:

S = 0.15± 0.08, T = 0.27± 0.06, (3.7)

with the correlation ρST = 0.93. Hence, in order to accommodate this new W mass
measurement, one needs a sizable central value of the T parameter. The latter is very
sensitive to the mass-splitting mH± −mH/A and vanishes for mH± = mH/A. As a result,
in order to explain the CDF-II measurements the H/A should not be exactly degenerate
in mass with H±. We have shown in our previous paper [60] that the W boson mass will
be compatible with the CDF-II measurements (at 3-σ) only when this mass difference lies
in the following region:

50 GeV ≤ |mH± −mH/A| ≤ 120 GeV at 95% C.L. (3.8)

Note that although the absolute scale of the charged Higgs boson mass is not fixed, the
CDF-II result suggests that it must lie below a few TeV.
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ℓi nk=(νk, Nk) ℓj

W± W±

γ

ℓi nk=(νk, Nk) ℓj

H± H±

γ

Figure 3. Feynman diagrams for charged LFV processes e.g. `i → `jγ present in the model.

4 Charged lepton flavour violation

The Yukawa interactions are not only responsible for neutrino mass generation, but they
also give rise to charged lepton flavour violation (cLFV). In this section we provide the
theoretical formulas for the two-body decay amplitudes `i → `jγ. In figure 3 we show
relevant Feynman diagrams for `i → `jγ in the mass basis.

The first diagram is the conventional one involving light-heavy neutrino mixing in
the effective charged current interactions. Ref. [6] provides a thorough description of the
effective lepton mixing matrix K that characterizes the charged current weak interaction of
mass-eigenstate neutrinos in any kind of seesaw model. It can be expressed in rectangular
form

−LCC = g

2
√

2

3∑
α=1

9∑
β=1

Kαβ
¯̀
αγµ(1− γ5)nβWµ + H.c., (4.1)

where nβ = (ν,N). In the diagonal basis for the charged lepton mass matrix, we can write
the K matrix as follows,

K =
(
KL KH

)
, (4.2)

where KL is a 3 by 3 matrix and KH is a 3 by 6 matrix. The submatrices KL and KH are
not unitary. From eq. (2.7), we can express KL and KH as

KL =
(

1− 1
2mDM

−1T
R M−1

R m†D

)
Ulep =

(
1− 1

2V V
†
)
Ulep, (4.3)

KH =
(
− i√

2
V

1√
2
V

)
. (4.4)

We parametrize the deviations from unitarity as follows:

KL = (1− η)Ulep with η = 1
2V V

†. (4.5)

For the template scheme with massless neutrinos, these blocks can be parametrized in
a vey simple manner, see e.g. eqs. (11), (12) in [13], because of the high degree of symmetry.
It follows that the matrix η characterizes unitarity deviation in the light-active 3× 3 sub-
block of the lepton mixing matrix.3 As this non-unitarity parameter can be relatively

3For high scale type-I seesaw, the deviations from unitarity are negligible, V ∼ 10−10, however they can
lead to a rich phenomenology in low-scale seesaw.
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Parameter Range
mH± [100, 2000] GeV
MNi [1, 100] TeV
a, b, c [0, 10−2]
α [−π

2 ,
π
2 ]

vχ [10−9, 1] GeV
Y ii
S [10−4,

√
4π]

Table 2. Parameter range used for the numerical scan of cLFV processes.

large for low-scale seesaw schemes, such as the linear seesaw, it will break the Glashow-
Illiopoulos-Maiani (GIM) cancellation mechanism for the light-neutrino contribution [63],
see the left panel of figure 3. As far as the charged-current interaction is concerned, besides
the enhanced light-neutrino contribution, the `i → `jγ decay also proceeds through the
exchange of the six sub-dominantly coupled heavy states [64].

The radiative decay rate is given by [27, 65–68],

BR(`i → `jγ)CC
n = α3

ws
2
w

256π2

( m`i

MW

)4(m`i

Γ`i

)∣∣∣∣∣
9∑

k=1
K∗ikKjkG

W
γ

(
m2
nk

M2
W

) ∣∣∣∣∣
2

, (4.6)

where αw = g2
w/4π, s2

w = sin2 θw. The loop function GWγ (x) is given as:

GWγ (x) = 1
12(1− x)4

(
10− 43x+ 78x2 − 49x3 + 18x3lnx+ 4x4

)
. (4.7)

In order to examine the variation of the cLFV rates in parameter space we perform a
scan procedure using the approximate Casas-Ibarra-like expression [69] of the Dirac Yukawa
couplings in terms of oscillation parameters given as [64, 70, 71],

Yν =
√

2
vΦ

Ulepdiag{
√
mi}ATdiag{

√
mi}UTlep

(
MT
L

)−1
MT
R , (4.8)

where Ulep is approximately the mixing matrix determined in oscillation experiments [72],
mi are the three light neutrino masses and A has the following general form:

A =


1
2 a b

−a 1
2 c

−b −c 1
2

 , (4.9)

with a, b, c are real numbers. Using this analytical parametrization optimizes the scan,
ensuring that only viable solutions consistent with oscillation data are included. Having
said that, we stress that in the numerical code, the exact expressions are used in order to
“extract” the Yukawas from the measured neutrino observables.

In figure 4, we show the charged current contribution to the µ → eγ rate involving
light neutrinos (blue) and heavy neutrinos (orange) as a function of the relevant unitarity
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Figure 4. Charged current contribution to µ→ eγ as a function of the unitarity violation parameter
η. A full calculation is performed varying the parameters described in table 2 as explained in the
text. The horizontal band is excluded by the MEG experiment [43].

violation parameter η varying the parameter space according to table. 2. As η is a 3 × 3
matrix, we choose to show the results in terms of the parameter Tr(η). From figure 4, one
sees that the light neutrino contribution (blue points) can exceed that coming from the
heavy neutrinos (orange points). It is clear from this figure that the charged current con-
tribution need not be suppressed by the small neutrino masses, and can lead to observable
rates even in the limit of vanishing vχ as neutrinos become massless [26, 28–32]. The GIM
cancelation is broken in the light neutrino sector due to the non-unitarity of the leptonic
mixing matrix. In particular, the contribution involving light neutrino exchange can be as
large as that coming from heavy neutrinos.

Notice that cLFV processes also receive contributions coming from the Yukawa inter-
actions. The relevant Yukawa interactions are given as

− LYuk
N ≈ sin β

2
√

2

3∑
α,β=1

Y αβ
S

¯̀
α(1 + γ5)(iN2β+2 +N2β+3)H− + H.c., (4.10)

− LYuk
ν ≈ v sin2 β

2
√

2

3∑
α,β=1

(YSM−1
R Y †ν )αβ ¯̀

α(1 + γ5)νβH− + H.c. (4.11)

The individual contributions to the rate for the radiative `i → `jγ decay coming from these
Yukawa terms is given by [73],

BR(`i → `jγ)Yuk
N = αem

4

(
m5
`i

Γ`i

)∣∣∣∣∣(YpY †p )jiIp

(
MH± ,

M2
N

M2
H±

) ∣∣∣∣∣
2

, (4.12)

BR(`i → `jγ)Yuk
ν = 1

(192π2M2
H±)2

αem
4

(
m5
`i

Γ`i

)∣∣∣∣∣v2 sin4 β

2M2
N

(YSY †ν YνY
†
S )ji

∣∣∣∣∣
2

, (4.13)

where αem = e2/4π and YP = YS sin β. The loop function Ip(mB, x) has the following
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Figure 5. Total BR(µ → eγ) as a function of vχ. We have varied the parameters according to
table 2 as explained in the text. The upper band indicates the limit from the MEG experiment [43].

form:

Ip(mB, x) = − 1
16π2m2

B

( (3x− 1)
4(x− 1)2 − x

2 logx
2(x− 1)3

)

+ 3
32π2m2

B

(
11x2 − 7x+ 2

18(x− 1)3 − x3 logx
3(x− 1)4

)
. (4.14)

In figure 5 and 6, we show the resulting cLFV decay rates as a function of the relevant
parameters, varied according to table. 2. We impose the additional constraint of pertur-
bativity of the Yukawa couplings Yν and YS . Notice that in the limit vχ → 0, ML → 0,
neutrinos are massless and the Yukawa coupling Yν becomes unrestricted by neutrino mass
limits. The latter affects the magnitude of ML, which can be dynamically suppressed by
vχ even if the Yukawa couplings Yν and YS are sizeable. As a result one can have large
contributions to cLFV from charged current interaction. This is indeed confirmed in fig-
ure 5, that shows the total µ→ eγ rate as a function of vχ.
As noted long ago [26, 28–32], the fact that the charged-current contributions to cLFV

can be sizeable is a generic feature of low-scale seesaw mechanisms, including also the in-
verse seesaw mechanism [7, 8]. A novel feature of the linear seesaw is the presence of a
second Yukawa interaction characterized by the coupling matrix YS and involving a second
doublet Higgs scalar. Indeed, this Yukawa coupling YS can be sizeable for small vχ, as it
is not directly restricted by the neutrino mass constraint. In the left and right panels of
figure 6, we show the total BR(µ → eγ) as a function of Tr(Y †ν Yν) and Tr(Y †SYS), respec-
tively. One sees that the Yukawa contributions to the µ→ eγ decay rate can exceed those
of the charged current and also exceed the present experimental bound from the MEG
experiment [43] for reasonable choices for the Yukawa couplings Yν and YS .

In summary, as the main message, we stress that the rates for cLFV processes need not
be “neutrino-mass-suppressed” so that cLFV processes can be non-zero even in the mass-
less neutrino limit. Moreover, the linear seesaw framework brings in novel and potentially
dominant cLFV contributions associated with the Yukawa sector and the charged scalar
boson.
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Figure 6. BR(µ → eγ) for various mediator mass values MN . Left panel: charged current
contribution versus Tr(Y †ν Yν). Right panel: yukawa contribution versus Tr(Y †SYS). The horizontal
band indicates the limit from the MEG experiment [43]. The charged Higgs boson mass is taken as
mH± = 100GeV, 1TeV and 2 TeV (blue, orange and green points, respectively). Other parameters
are varied as in table 2.

Before closing, we comment on another class of relevant processes, involving (total)
lepton number violation, such as neutrinoless double beta decay (0νββ). In addition to
light and heavy neutrino contributions, within the linear seesaw model there will be a
contribution to 0νββ from the charged Higgs boson exchange. However, very much like
the charged-Higgs-boson contribution [74] present in the triplet seesaw mechanism [6], the
charged-Higgs-boson of the linear seesaw is also strongly “leptophilic” in the small vχ limit,
leading to a negligible contribution to 0νββ. See ref. [75] for further discussion on lepton
number violating processes.

5 Collider constraints

At the LHC, the additional neutral Higgs scalarsH and A are produced dominantly through
gluon-gluon fusion, generated by top (t) and bottom (b) quark exchange in the loops [76,
77]. The CMS and ATLAS collaborations have searched for such new scalars decaying to
various SM channels. The official CMS and ATLAS searches [78–80] employ gg → tbH±

and gb → tH± as the production channels for the singly charged Higgs. However, within
our linear seesaw model, the relevant couplings involved in these processes are suppressed
as O(vχ/v), hence these constraints are not directly applicable.

The LEP experiments have looked for pair production of charged Higgs bosons through
the process e+e− → γ/Z → H±H∓. Although the couplings that appear in the production
process are gauge couplings, the H± decay to hadronic states are again suppressed as
O(vχ/v) [81]. In conclusion, due to the suppressed H,A and H± couplings to SM particles,
all the constraints coming from searches for additional scalars at LHC and LEP can be
easily satisfied. Thus H,A and H± are allowed to have broad mass ranges.

Moreover, the precise measurements of the W and Z widths at LEP require [82, 83]:

mH +mA, 2mH± > mZ , and mH/A +mH± > mW . (5.1)
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Figure 7. h→ γγ process mediated by the new charged scalar H+ running in the loop.

In the limit vχ → 0, α and β can be approximated as α ≈ 0 and β ≈ π/2. Therefore, Φ
behaves almost identically to the SM Higgs doublet, so we do not anticipate any observable
deviation from the Higgs couplings to the SM particles. A possible exception are loop-
induced couplings, such as hγγ, to which we turn next.

Constraints from Higgs Physics. The h → γγ decay width is modified in the linear
seesaw model due to the existence of a new physical charged scalar H+ running in the loop
as shown in figure 7.

The h→ γγ decay width including this new contribution can be written as [84, 85]

Γ(h→ γγ) = Gµα
2m3

h

128
√

2π3

∣∣∣∣∑
f

gfNcQ
2
fA

h
1/2(τf ) + gWA

h
1(τW ) + ghA

h
0(τH±)

∣∣∣∣2, (5.2)

where
gW = sin (β − α), gf = cosα

sin β , gh = − mW

gm2
H±

λhH+H+ . (5.3)

Qf and Nc are the electric charge and colour of the fermion f , while g is the weak coupling
constant and λhH+H+ is the trilinear hH+H+ coupling,

λhH+H+ = − 1
2v sin(2β) [(m2

h−2m2
H±) cos(α−3β)+(3m2

h+2m2
H±−4m2

A) cos(α+β)]. (5.4)

Notice that, among all SM fermions f , the dominant contribution comes from the top
quark, followed by a small bottom-quark contribution. The form factors Ah1/2, A

h
1 and Ah0

are given as

Ah1/2(τ) = 2[τ + (τ − 1)f(τ)] τ−2,

Ah1(τ) = −[2τ2 + 3τ + 3(2τ − 1)f(τ)] τ−2,

Ah0(τ) = −[τ − f(τ)] τ−2, (5.5)

where τi = M2
h/4M2

i ; i = f,W,H± with Mi denoting the mass of the particle running in
the h→ γγ loop, and the function f(τ) is defined as:

f(τ) =


arcsin2√τ τ ≤ 1

−1
4

[
log 1 +

√
1− τ−1

1−
√

1− τ−1
− iπ

]2

τ > 1
(5.6)
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Figure 8. Dependence of the diphoton signal strength Rγγ on the charged scalar mass. For
vχ ∈ [10−9, 10]GeV we varied the other relevant parameters as mH± ,mH/A ∈ [100, 2000] and
α ∈ [−π2 ,

π
2 ]. The shaded regions are excluded from the experimental limits on Rγγ [88].

q′

q

`∓

Ni

W∓

q

q

νj

Ni

Z

e+

e−

νj

Ni

Z

e+ Ni

e− νj

W+

Figure 9. Feynman diagrams for single heavy neutrino production through the SM gauge portal
at pp and e+e− colliders. However, these channels are suppressed by light-heavy neutrino mixing.

To quantify the deviation from the Standard Model prediction, we define the following
parameter

Rγγ = BR(h→ γγ)
BR(h→ γγ)SM

. (5.7)

The value we use for the Standard Model is BR(h → γγ)SM ≈ 2.27 × 10−3. This decay
mode has been explored by the ATLAS and CMS collaborations, and their combined study
of the 8TeV data yields Rexp

γγ = 1.16+0.20
−0.18 [86]. There is currently no combined final data

for the 13TeV Run-2, and the available data is separated by the production process [87].
In our analysis we use the 13TeV ATLAS result which gives the global signal strength
measurement of Rexp

γγ = 1.04+0.10
−0.09 [88].

Figure 8 shows a scatter plot of Rγγ as a function of mH± . One sees that no charged-
Higgs mass values can be ruled out from the experimental limits on Rγγ from ATLAS [88].

6 Production of heavy neutrinos and new scalars

Within our linear seesaw scheme, the heavy neutrino mediators Ni as well as the new scalars
H,A,H± can all naturally lie below the TeV scale, hence accessible to direct experimental
discovery at future particle colliders. The possibility of producing the heavy neutrinos that
mediate neutrino mass generation at high energy colliders [20–22] has a long history [13–
19, 89–96].
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Indeed, heavy neutrino mediators can be produced at proton-proton or e+e− colliders
in a variety of ways. At pp colliders, the most studied production mechanism is the charged-
and neutral-current-induced Drell-Yan process, pp → W±∗ → `±N and pp → Z∗ → νN ,
see figure 9. At e+e− colliders, the heavy neutrinos can be singly-produced as e+e− → νN

through gauge-mediated t and s-channel processes, see figure 9. However, barring resonant
production [13], the heavy neutrino’s production cross-section is very small due to light-
heavy neutrino mixing supression (O(mDM

−1
R ) in the amplitude).

In what follows we discuss the new unsuppressed production mechanisms for neutrino
mass mediators within our linear seesaw scheme. We show how they could produce inter-
esting distinctive signatures at various collider setups.

6.1 Direct heavy-neutrino pair production at e+e− collider

Our linear seesaw scheme offers new unsuppressed heavy-neutrino production mechanisms.
For example, as illustrated in the right panel of figure 10, heavy neutrinos can be produced
as e+e− → NN through t-channel exchange of the charged Higgs boson. In contrast to
the first two diagrams in figure 10 which are light-heavy neutrino mixing suppressed, the
contribution to the production cross section arising from the Higgs exchange diagram in
figure 10 is proportional to Y 4

S . As we already discussed, for small vχ, sizeable YS values
are consistent with small neutrino masses. The analytical expression for this production
cross-section is given explicitly as

dσ

d cos θ = |Y 1i
S |4

256π
√
s

(
s− 4M2

Ni

) 3
2((

2m2
H± − 2M2

Ni
+ s

)2 − s cos2 θ
(
s− 4MNi

)2)2

[
2 cos2 θ

(
2
(
m2
H± −M

2
Ni

)
− s2 − 2s

(
m2
H± − 2M2

Ni

))
+
(
s+ 2m2

H± − 2M2
Ni

)2
+ s cos4 θ

(
s− 4M2

Ni

)]
, (6.1)

where
√
s and θ are the CM energy and scattering angle. One sees from eq. (6.1) that, for

adequately large but experimentally allowed values of the Yukawa coupling YS , the process
e+e− → NN provides a promising way to produce heavy neutrinos. In figure 11 we dis-
play the heavy-neutrino pair-production cross-section σ(e+e− → NiNi) for two benchmark
Yukawa couplings YS = Diag(0.5, 0.5, 0.5) (left panels) and YS = Diag(1, 1, 1) (right pan-
els) for center of mass energy

√
s = 1TeV (top panels) and

√
s = 3TeV (bottom panels).

The three lines in each panel correspond to three charged-Higgs masses mH± = 100GeV,
500GeV and 1000GeV. One can clearly see that a relatively large Yukawa coupling YS
leads to a sizeable t-channel cross section. Therefore, from this discussion it follows that
heavy-neutrino pair-production at e+e− colliders deserves further study to ascertain the
potential detectability of the associated signatures.

6.2 Heavy neutrino production associated with charged Higgs at e−γ collider

In the context of e+e− colliders, the e+ beam can be replaced by a back-scattered photon,
leading to an e−γ collider which can have extremely rich physics potential [47–52]. Within
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Figure 10. Feynman diagrams for heavy-neutrino pair production at an e+e− collider. The gauge
diagrams are suppressed by light-heavy neutrino mixing (first two panels) while the t-channel scalar
exchange diagram is unsuppressed (last panel).
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Figure 11. Cross-section for heavy-neutrino pair production versus its mass MNi at an e+e−

collider with center of mass energy
√
s = 1TeV (top) and

√
s = 3TeV (bottom). Results are shown

for different YS and charged-Higgs boson mass values, as indicated.

our linear seesaw setup an e−γ collider can also produce the heavy neutrino mediator in
association with the charged Higgs boson. The relevant Feynman diagrams for this process
are shown in figure 12. Notice that the first diagram is suppressed by light-heavy neutrino
mixing, whereas the last two diagrams are proportional to Y 2

S . Hence, for relatively large
YS , we also expect to have large cross section for this process.
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Figure 12. Feynman diagrams for NH− production at an e−γ collider. The first diagram is
light-heavy neutrino mixing suppressed.

The analytical expression for this production cross-section is given as

dσ

dcosθ = αem|Y 1i
S |2

16s2(m2
H±−t

)2λ 1
2

(
1,
M2
Ni

s
,
m2
H±

s

)
[
t
(
2M4

Ni−2M2
Ni(s+t)+t(s+t)

)
−m2

H±
(
2M4

Ni+t
2)+m4

H±
(
2M2

Ni+s+t
)
−m6

H±

]
,

(6.2)

with t = −1
2(s−M2

Ni
−m2

H±) + cos θ
2 λ

1
2 (s,M2

Ni
,m2

H±). Using eq. (6.2) we obtain figure 13,
which shows the NiH

− production cross section versus MNi (left panels) and mH± (right
panels) for center of mass energy

√
s = 1TeV (top panels) and

√
s = 3TeV (bottom panels).

For all panels we fix the Yukawa coupling to be YS = Diag(1, 1, 1). The three lines in the
left panels (right panels) correspond to three values of charged Higgs (heavy neutrino) mass
mH±(MNi) = 100GeV, 200GeV and 500GeV for the top panels andmH±(MNi) = 100GeV,
500GeV and 1000GeV for the bottom panels. Comparing different lines in figure 13, we see
that the cross-section tends to increase with the heavy neutrino mass MNi , provided the
phase-space is sufficiently open (left panels). This behavior can also be seen in figure 14,
where we compare the leading contributions coming from s- and t-channels in figure 12, as
well as the interference between them.

The left and right panels in figure 14 correspond to two different charged Higgs masses,
mH± = 100GeV and mH± = 1TeV, respectively. From the left panel, we see that for
lighter charged Higgs mass mH± = 100GeV, the t-channel contribution dominates over
s-channel and grows with heavy neutrino mass MNi , leading to the rising trend of the
total cross-section with MNi . For larger charged Higgs mass mH± = 1TeV, the t-channel
and s-channel contributions are of the same order, and the t-channel contribution does
not grow with heavy neutrino mass MNi due to the phase space suppression. This is why
the cross-section in figure 13 grows with mass MNi for light charged Higgs but decreases
when the charged Higgs or heavy neutrino become heavy enough to suppress the phase
space. Note however that, even in the idealized limit of infinite energy (corresponding to
a collider with infinite

√
s energy) the cross-section will ultimately stop growing owing to

the unitarity of the theory.

6.3 Heavy neutrinos from charged-scalar pair and associated pair production

In contrast to the inverse seesaw, the presence of a charged Higgs boson in our linear seesaw
is a key feature required in order to seed the neutrino mass, see eqs. (2.3) and (2.11). This
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Figure 13. NH− production cross-section versus the heavy neutrino mass MNi
(left panel) and

versus the charged scalar mass mH± (right panel) at an e−γ collider at center of mass energy√
s = 1TeV (top) and

√
s = 3TeV (bottom). Left panels (right panels) correspond to three values

of the charged Higgs (heavy neutrino) mass mH±(MNi) = 100GeV, 200GeV and 500GeV for the
top panels, and mH±(MNi

) = 100GeV, 500GeV and 1000GeV for the bottom panels.
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NiH

− at center of mass energy
√
s = 3TeV. Left (right) panels correspond to charged Higgs masses

mH± = 100GeV (1TeV). See text for details.
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Figure 15. Feynman diagrams for Drell-Yan Higgs boson production at pp (upper panel) and
e+e− (bottom panel) colliders. Charged Higgs production at an e+e− collider is discussed separately
below, see figure 17, 18 and the accompanying discussion.

brings in the possibility of producing the heavy neutrinos via the charged and neutral Higgs
boson decays.

Indeed, the decays of such Higgs bosons to the heavy neutrinos are not suppressed
by the light-heavy neutrino mixing. This is because the pair production and associated
production of scalars ΦΦ′ (with Φ,Φ′ ∈ {H,A,H±}) via the neutral or charged current
Drell-Yan mechanism involving s-channel γ/Z,W± exchange (see figure 15) can be large.
In figure 16 we display these cross-sections both at pp (

√
s = 14TeV, 100TeV) as well as

e+e− colliders (
√
s =1TeV, 3TeV). One sees that at such large center of mass energies the

production cross section is large enough that multi-TeV Higgs masses can be explored.
Beyond Drell-Yan production, in the linear seesaw, one can have heavy-neutrino-

mediated t-channel charged Higgs boson pair-production, as shown in figure 17. This
new process is a characteristic feature of e+e− colliders, absent at pp colliders. The con-
tribution from the t-channel exchange of heavy neutrinos is proportional to Y 4

S . Hence,
for relatively large YS , this production cross section can be large and can even surpass the
Drell-Yan production.

The analytical expression for this contribution to the production cross-section is given as

dσ

d cos θ =
|Y 1i
S |4 sin2 θ

(
s− 4m2

H±
) 3

2

128π
√
s
(
s+ 2M2

Ni
− 2m2

H± + cos θ
√
s(s− 4m2

H±)
)2 . (6.3)

In figure 18, we compare the Drell-Yan contribution with the t-channel contribution for this
production channel. The left and right panels correspond to two different choices of Yukawa
couplings YS = Diag(0.5, 0.5, 0.5) and YS = Diag(1, 1, 1). The top and bottom panels
correspond to two different choices of center of mass energies

√
s = 1TeV and

√
s = 3TeV,

respectively. In each panel, the double-dotted dashed green line gives the pure Drell-Yan
contribution, whereas the other three lines give the combined contribution coming from
Drell-Yan and t-channel heavy neutrino mediation for three benchmark values of the heavy
neutrino mass MNi = 100GeV, 500GeV and 1TeV. One sees that there is a substantial
enhancement in the cross-section once the t-channel contribution is included along with
the Drell-Yan contribution.

– 21 –



J
H
E
P
0
7
(
2
0
2
3
)
2
2
1

100 300 500 700 900 1100 1300 1500
mH± [GeV]

10−4

10−3

10−2

10−1

100

101

102
σ

[f
b]

√
s = 14 TeV

pp→ HA

pp→ H±H∓

pp→ H±A

pp→ H±H

100 300 500 700 900 1100 1300 1500
mH± [GeV]

10−1

100

101

102

103

σ
[f

b]

√
s = 100 TeV

pp→ HA

pp→ H±H∓

pp→ H±A

pp→ H±H

200 400 600 800 1000 1200 1400
mH± [GeV]

10−2

10−1

100

101

σ
(e

+
e−
→

H
A

)
[f

b]

√
s = 1 TeV√
s = 3 TeV

Figure 16. Cross section for pair and associated production of new scalars vs the charged scalar
mass at pp (upper panel) and e+e− (bottom panel) colliders. We took center of mass energies√
s = 14TeV (left panel) and

√
s = 100TeV (right panel) for pp colliders and

√
s = 1TeV (red

line) and
√
s = 3TeV (blue line) for the e+e− collider. These results assume mH± ≈ mH ≈ mA, in

agreement with the constraints discussed in previous sections.

e+
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H+

H−

Z/γ

e− H−

e+ H+

Ni

Figure 17. Feynman diagrams for the charged Higgs production in an e+e− collider. Left panel:
Drell-Yan production. Right panel: t-channel heavy neutrino mediated production.

Before closing this section, we would like to stress that once the new charged and
neutral Higgs bosons are produced at a pp or e+e− collider, the heavy seesaw mediator
neutrinos can be generated from their decays, such as H± → `±Ni or H/A→ νN . Hence
this will effectively enhance the heavy neutrino production. The pair-production cross-
section of the charged scalar at a hadron collider becomes smaller for large charged-Higgs
masses, see figure 16. Moreover, the existence of multiple SM backgrounds reduces the
physics reach for charged Higgs boson discovery at a hadron collider. In contrast, an e+e−

collider with enhanced charged-scalar pair-production cross-section thanks to the new t-
channel contribution and with a considerably cleaner environment is more promising for
charged-scalar searches.
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Figure 18. Cross-section for the charged scalar pair production in an e+e− collider at center of
mass energy

√
s = 1TeV (top) and

√
s = 3TeV (bottom) versus the charged scalar mass. The

green line represents the s-channel contribution only, whereas the other three lines include both the
s- and the t-channel. They correspond to three mediator masses, MNi

= 100GeV, 500 GeV, and
1TeV. Left and right panels assume YS as Diag(0.5, 0.5, 0.5) and Diag(1, 1, 1), respectively.

7 Decay modes of heavy neutrinos and new scalars

The decays of the new scalars are controlled by the underlying U(1)L lepton symmetry.
In the limit of very small vχ, the neutral scalars H and A are almost degenerate in mass.
They can be lighter or heavier than the charged Higgs boson, i.e. mA,H ≥ mH± for λ4 ≥ 0
and mA,H ≤ mH± for λ4 ≤ 0. The new scalar masses can also be smaller or larger than
the mass of heavy neutrinos. Let us now discuss the decay modes of the H/A, H± scalars
as well as the heavy neutrino mediators.

7.1 Decay modes of heavy neutrinos N

The general structure of the weak interactions of the heavy neutrino mass mediators Ni

in seesaw models is well-known [6, 12]. The heavy neutrinos can decay into various final
states depending on their mass MNi via their mixing with light neutrinos present in the
SM charged and neutral currents.

For MNi < mW these are 3-body decays, either purely leptonic Ni → `1`2ν, 3ν or
semileptonic, such as `1ud̄ and ν`1qq̄. The analytical expressions for these decay widths
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Figure 19. Left panel: the heavy neutrino decay length as a function of its mass for different
values of the light-heavy mixing parameter VeNi

. Right panel: branching ratios of Ni to various
SM final states under the assumption VeNi 6= 0, VµNi = 0 and VτNi = 0.

can be found in refs. [89, 97]. On the other hand, for relatively large MNi , two-body decay
channels such as `W , ν`Z and ν`h start to dominate.

In the left panel we show the heavy neutrino decay length as a function of its mass
and light-heavy neutrino mixing angle. The white triangular region is excluded from elec-
troweak precision data (EWPD-e) [98, 99]. Note that the discontinuity in LN is due to
the jump of the ΓN around MNi ∼ 80GeV which comes from the threshold of gauge boson
massesMW,Z . We see 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 to displaced vertex signatures. However, for MNi > 50GeV and |VeNi |2 > 10−8,
the heavy-neutrino decay-length is quite small, so we can take the heavy-neutrino decay
as prompt in most of the parameter space.

In the right panel of figure 19, we show the branching ratios (BR) of heavy neutrinos
Ni to various final states. For simplicity we took VeNi 6= 0, VµNi = 0 and VτNi = 0, and
assumed that the mixing angle is large enough so that the decay is prompt. With our
assumption that the heavy neutrino only mixes with one lepton generation, the branching
ratio does not depend on neutrino mixing and the heavy neutrino can decay to one, two or
three lepton final states. For relatively small MNi three-body decays dominate, specially
`jj. Once the heavy neutrino mass cross the W,Z and h mass thresholds, it starts to decay
dominantly to two-body final states. Indeed, figure 19 shows that for large MNi two-body
decay such as eW , νeZ and νeh dominate.

Note that in our model, as long as the lepton number violation VEV vχ is very small,
the Yukawa coupling YS can be large and still be consistent with neutrino mass. One sees
that, as long as MNi > mH± ,mH/A, the following decay channels will dominate over decay
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Figure 20. Total Ni decay width versus its mass for different YS and scalar mass values. The left
and right panels are for mH/A,H± = 250GeV and mH/A,H± = 500GeV, respectively. The blue and
red lines correspond to different Yukawa coupling values YS , as indicated.

channels coming from light-heavy neutrino mixing:

Γ(Ni → `±H∓) ≈ |(YS)`i|2 sin2 β

32π MNi

(
1−

m2
H±

M2
Ni

)2
, (7.1)

Γ(Ni → ν`H) ≈ |(YS)`i|2 cos2 α

64π MNi

(
1− m2

H

M2
Ni

)2
, (7.2)

Γ(Ni → ν`A) ≈ |(YS)`i|2 sin2 β

64π MNi

(
1− m2

A

M2
Ni

)2
, (7.3)

for Large YS and neglecting the lepton masses.
In figure 20, we show the total decay width of Ni for MNi > mH± ,mH/A. One can see

that, for larger YS values, the decay width is much larger than that coming just from light-
heavy mixing and, as expected, increases asMNi increases. One sees that, as long as masses
are far enough from the edge of phase space, 250GeV and 500GeV in our case, there is no
substantial effect on the decay width. Moreover, even for relatively small YS ∼ O(10−2),
the decay width is always large enough such that Ni is not long-lived. In this case, its
branching ratios obey the following relations:

BR(Ni → `±H∓) : BR(Ni → ν`H) : BR(Ni → ν`A) = 2 : 1 : 1. (7.4)

Note that for smaller mass of Ni, one can have decay modes such as `±i qq′, `
±
i `
∓
j ν and

ν`νν̄ through the off-shell decay of H±, H/A. However in our range of interest for vχ, the
contribution of new scalars to these 3-body decay modes will be negligible compared to the
contribution coming from SM gauge boson exchange involving light-heavy neutrino mixing.
This feature is apparent in the small variation of the Ni decay width with changing masses
of the scalars. This follows from the leptophilic nature of the new scalars, for example,
their couplings to quarks q′qH±, qqH, qqA are all suppressed as O(vχv ). We will discuss
this further in the next section.

7.2 H/A and H± decay modes

We now turn to the decays of the new scalar particles, which are basically determined
by the U(1)L symmetry. The decay pattern of new scalars will also depend on whether
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Figure 21. Neutral and charged Higgs boson decay branching ratios versus vχ for mH,A,H± =
500GeV < MNi and MNi randomly varied from 1TeV to 100TeV.

these are heavier or lighter than heavy neutrinos Ni. For example, figure 21 shows the
branching ratios of H, A and H± to various decay channels as a function of vχ assuming
mH,A,H± < MNi . Hence as long as vχ is small, in this kinematical regime the dominant
decay modes are H/A → νν and H± → `±ν. Since in our model the new neutral and
charged scalars H/A and H± are mainly composed by χL with just a tiny admixture of Φ,
couplings such as (H/A)WW , (H/A)ZZ, (H/A)``, (H/A)qq, AhZ, H±qq′ and H±W∓h
are all suppressed by O(vχ/v). It follows that for small values of vχ the H/A → νν and
H+ → l+ν decay channels dominate. On the other hand, figure 21 shows that other
channels such as H/A → qq, H± → qq′ or H/A or H± decaying to the SM gauge bosons
dominate over the H/A → νν or H+ → l+ν channels if vχ is relatively large. Similar
results follow for the case of mA/H,H± > MN . In this case for small vχ, the dominant
decay modes are H/A→ νN and H± → `±N .

Hence, in our range of interest for vχ, the relevant decay modes are either H/A→ νν,
H± → `±ν (mA/H,H± < MN ) or H/A → νN , H± → `±N (mA/H,H± > MN ). In the
following subsection we discuss in detail the expressions of these relevant decay widths and
how they depend on the model parameters.

7.2.1 mH/A,mH± < MNi

In this scenario for very small values of vχ, or α ≈ 0, β ≈ π
2 , the charged Higgs boson

dominantly decays to light neutrinos and charged leptons via the Yukawa interaction. The
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decay width is

Γ(H± → `±νi) ≈
|(YSM−1

N Y †ν )`i|2v2 sin4 β

32π mH± . (7.5)

On the other hand neutral scalars H/A for small values of vχ dominantly decay to light
neutrinos:

Γ(H → νiνj) ≈
|(YSM−1

N Y †ν )ij |2v2 cos2 α sin2 β

64π mH , (7.6)

Γ(A→ νiνj) ≈
|(YSM−1

N Y †ν )ij |2v2 sin4 β

64π mA. (7.7)

Hence, in the limit of very small vχ, the decay width ofH±, H/A will be strongly suppressed
for small values of YS or for heavy neutrino mass and therefore, these particles can be long-
lived. On the other hand, for relatively large vχ, the Yukawa coupling Yν is small if YS 6= 0
implying that decay modes such as H± → `±ν and H/A → νν will again be suppressed.
However, the scalars will not necessarily be long-lived as with relatively large vχ, the small
mixing in the scalar sector becomes crucial. In this scenario, charged and neutral Higgs
will dominantly decay into quarks or gauge bosons. The expressions for these decay widths
are given in appendix A.

Figure 21 shows the branching ratios of H, A and H± to various decay channels as a
function of vχ assuming mH,A,H± < MNi . For these plots, we have scanned the parameter
space according to table. 2. We have ensured vacuum stability and perturbativity of the
λ parameters. We have also taken into account neutrino oscillation data in varying the
Yukawas Yν , YS , imposing also the perturbative requirements Tr(Y †ν Yν) < 4π, Tr(Y †SYS) <
4π. One can see that for small values of vχ, the H → νν, A → νν and H+ → l+ν decay
channels dominate over all other channels. This is easy to understand since in this case the
Yukawa coupling Yν can be relatively large. For large values of vχ, as the Yukawa coupling
Yν needs to be small, other channels involving scalar mixing (particularly the H → V V ,
A→ qq̄, A→ hZ and H+ → tb̄, H± →W±h channels) dominate over the H/A→ νν and
H+ → l+ν channels.

7.2.2 mH/A,mH± > MNi

In the complementary case wheremH/A,mH± > MNi , the charged Higgs bosons dominantly
decay through the Yukawa interaction into charged leptons `± and on-shell heavy neutrinos
Ni as

Γ(H± → `±Ni) ≈
|(YS)`i|2 sin2 β

16π mH±

(
1−

M2
Ni

m2
H±

)2
, (7.8)

whereas the neutral Higgs bosons dominantly decay into light neutrinos ν` and on-shell
heavy neutrinos Ni as

Γ(H → ν`Ni) ≈
|(YS)`i|2 cos2 α

32π mH

(
1−

M2
Ni

m2
H

)2
(7.9)

Γ(A→ ν`Ni) ≈
|(YS)`i|2 sin2 β

32π mA

(
1−

M2
Ni

m2
A

)2
. (7.10)
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Figure 22. Illustrative representation of heavy-neutrino pair-production and decay channels. The
upper row is for the case of MNi

< mH± and the bottom one is for MNi
> mH± .

Note that in the limit of small vχ, the dominant decay modes in this case are proportional
to Y 2

S . Therefore, in contrast to the previous case, within the linear seesaw the decays
are not suppressed by heavy-neutrino mass beyond the phase-space factor, as the Yukawa
coupling YS can be large even for weak-scale mediators consistent with neutrino mass. It
follows that the scalars will not be long-lived even for small vχ. As in the previous case, for
YS small or vχ relatively large, the small mixing in the scalar sector becomes important and
the charged and neutral Higgs scalars will dominantly decay into quarks or gauge bosons.
The expressions for these decay widths are given in appendix A.

8 Collider signatures

Having discussed the various heavy-neutrino-mediator and new scalar production modes,
we now discuss the associated collider signatures. Once the heavy neutrinos or new scalars
are produced, they will further decay to various possible decay channels depending on
kinematical considerations. For example, if MNi > mH± ,mH/A and YS is large, heavy
neutrinos will dominantly decay to final states such as `±H∓ and ν`H/A. On the other
hand, if MNi < mH± ,mH/A, heavy neutrinos will decay to SM final states such as `W , νZ
and νh through light-heavy neutrino mixing. Let us now discuss the possible signatures
associated to various production processes:

e+e− → NiNi. In figure 22, we show the various possible final states coming from the
pair production of heavy neutrinos at e+e− collider. The first row of figure 22 corresponds
to the case of MNi < mH± , whereas the second row is for the case of mNi > mH± . When
MNi < mH± , Ni will dominantly decay to SM final states through light-heavy neutrino
mixing and we depict the charged-current-mediated decay mode Ni → `W with W boson
decaying leptonically or hadronically.

If both W boson decays hadronically, we have lepton number violating (LNV) and
lepton number conserving (LNC) final states `±i `

±
i 4j and `±i `

∓
i 4j, respectively. When the

decay width ΓN is comparable or smaller than the mass splitting within the quasi-Dirac
pair ∆M ∼ mν , the cross section for both the LNV and LNC final states can be of the
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Figure 23. Cross-section for the process e+e− → NiNi → e±e±4j versus the mass of heavy
neutrinos MNi

(left panel), and versus the mass of charged Higgs mH+ (right panel).

same order, see appendix B for a detailed discussion. The LNV same-sign dilepton final
state is quite interesting as it may help probing the Majorana nature of neutrinos [74].
Moreover, the LNV signal `±i `

±
i 4j is almost free of SM backgrounds.

In figure 23, we show the cross section for the process e+e− → NiNi → e±e±4j at√
s = 3TeV under the assumption |VeNi | 6= 0, |VµNi | = |VτNi | = 0. The left and right

panel stands for the cross-section with respect to MNi and mH± where we fix the Yukawa
coupling YS = Diag(0.5, 0.5, 0.5). Different lines in each panel correspond to different values
of charged Higgs or heavy neutrino mass.

If both the W bosons decay leptonically, we will have multileptonic final states associ-
ated with missing transverse energy such as `±i `

±
i `
∓
k `
∓
m + /ET . On the other hand, if one of

the W bosons decays leptonically and other one decays hadronically, we can have semilep-
tonic final states in association with missing transverse energy such as `±i `

±
i `
∓
k jj + /ET .

Such final states will have large enough cross-sections, as the leptonic branching ratio
BR(W → `ν) is almost 10% while the hadronic branching ratio is BR(W → jj) ≈ 67%.
However, unlike the LNV final states, for these final states there will be SM backgrounds,
requiring a dedicated analysis in order to reduce them.

The lower diagrams in figure 22 show the other final states possible for the case of
MNi > mH± ,mH/A. In this case Ni will dominantly decay to `±H∓ or νH/A. Here we only
show the possible final states coming from the decay chain Ni → `±H∓ and H± → `±ν

or H± → tb. As seen in figure 21, when vχ is very small the dominant decay mode is
H± → `±ν, while for relatively large vχ, the dominant mode is H± → tb. Although in the
small vχ limit H± → `±ν is the dominant decay mode, the decay width can be strongly
suppressed for small values of YS or for very heavy neutrino masses. In this case H± can
be long-lived and hence the secondary charged tracks of the long-lived charged Higgs boson
can be tagged at the ILC. However, if YS is relatively large or MNi is not so large, then H±

will not be long-lived and H± to `±ν can give rise to multilepton final states containing
missing energy, i.e. `±i `

±
i `
∓
k `
∓
m + /ET . The cross-section for this final state is of the same

order as for the LNV same-sign dilepton final state shown in figure 23. On the other hand,
for relatively large vχ, the decay chain H± → tb will give rise to both LNV and LNC final
states such as `+i `

+
i bbt̄t̄ and `+i `

−
i ttb̄b̄, respectively. However, these are suppressed in the

small vχ limit.
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Figure 24. Illustrative representation of the heavy neutrino production in association with charged
Higgs and the expected decay channels for the case MNi

< mH± .
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Figure 25. Cross-section for the process e−γ → H−Ni → e−e±e±4j versus the heavy-neutrino
mediator mass MNi (left panel), and versus the charged Higgs mass mH+ (right panel).

e−γ → NiH−. In figure 24 we show the possible interesting final states coming from the
process e−γ → NiH

− when mH± > MNi . A possible decay chain is H± → `±i Ni, with
Ni → `±i W

∓, and either leptonic or hadronic decay of the W boson. If both W bosons
decay hadronically, one can have LNV or LNC trilepton final state such as `±i `

−
k `
±
k 4j and

`±i `
−
k `
∓
k 4j, respectively. Again, the LNV signal `±i `

−
k `
±
k 4j seems more interesting, as it is

free from the SM background and might help probing the Majorana nature of neutrinos [74].
In figure 25 we show the cross section for the LNV final state e±e−e±4j at

√
s = 3TeV

assuming |VeNi | 6= 0, |VµNi | = |VτNi | = 0. The left and right panels show the cross-section
versusMNi and mH± fixing the Yukawa coupling as YS =Diag(0.5, 0.5, 0.5). Different lines
in each panel correspond to different values of the charged Higgs or heavy neutrino masses.
Similar to the previous case, if both the W bosons decay leptonically, or if one W decays
hadronically and other one leptonically, we will have pure multileptonic or semi-leptonic
final states, respectively, accompanied by missing energy.

Figure 26 shows the possible final states arising from the process e−γ → NiH
− for the

case when MNi > mH± and YS is large. This case seems not too interesting phenomeno-
logically, as the final states have large missing energy. Other decay modes of H± for the
MNi > mH± case are small for small vχ, hence are not discussed here.
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Figure 26. Illustrative representation of the heavy neutrino production in association with charged
Higgs and their various decay channels for the case of MNi

> mH± .
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Figure 27. Illustrative representation of the pair of charged Higgs production and the expected
decay channels for the case MNi

< mH± .

e+e−/pp→ H+H−. In figure 27, we show interesting final states coming from the pro-
duction process e+e−/pp→ H+H− when mH± > MNi . Note that at a pp collider produc-
tion comes only through the Drell-Yan mechanism, whereas for large YS the production
at lepton colliders is dominated by the t-channel heavy neutrino mediation. From the de-
cay chain H± → `±i Ni, Ni → `±i W

∓, W → jj, we find two very interesting semileptonic
final sates: `+i `

±
i `
−
k `
±
k 4j (LNV) and `+i `

±
i `
−
k `
∓
k 4j (LNC). In figure 28 we show the cross

section for the LNV final state XX → e+e±e−e±4j under the assumption |VeNi | 6= 0,
|VµNi | = |VτNi | = 0. Different lines in each panel correspond to different values of the
heavy neutrino masses. The upper panel is for

√
s = 3TeV e+e− collider where in the left

panel we only take into account the contribution coming from the Drell-Yan mechanism
while in the right panel we include both the Drell-Yan and the t-channel contribution with
Yukawa coupling YS =Diag(1, 1, 1). Comparing the left and right panels of figure 28 one
sees that there is a huge enhancement in the production rate once we take into account the

– 31 –



J
H
E
P
0
7
(
2
0
2
3
)
2
2
1

10-3

10-2

10-1

100

100 200 500 1000

σ
 (

e+
e-

 →
 e

+
 e

-  
e±

 e
±
 4

j)
 [

fb
]

mH± [GeV]

MN𝒊
 = 100 GeV

MN𝒊
 = 200 GeV

MN𝒊
 = 500 GeV

MN𝒊
 = 1000 GeV

10-3

10-2

10-1

100

101

102

103

100 200 500 1000

σ
 (

e+
e-

 →
 e

+
 e

-  
e±

 e
±
 4

j)
 [

fb
]

mH± [GeV]

MN𝒊
 = 100 GeV

MN𝒊
 = 200 GeV

MN𝒊
 = 500 GeV

MN𝒊
 = 1000 GeV

Ys = Diag[1, 1, 1]

10-3

10-2

10-1

100

101

102

100 200 500 1000

σ
 (

p
p
 →

 e
+
 e

-  
e±

 e
±
 4

j)
 [

fb
]

mH± [GeV]

MN𝒊
 = 100 GeV

MN𝒊
 = 200 GeV

MN𝒊
 = 500 GeV

MN𝒊
 = 1000 GeV

Figure 28. Cross-section for the process XX → H+H− → e+Nie
−Ni → e+e−e±e∓4j versus the

charged scalar mass. For the upper left panel we have taken only the s-channel contribution to the
process e+e− → H+H− whereas for the upper right panel we took both the s- and the t-channel
contributions for Ys =Diag(1, 1, 1). We took the center of mass energies

√
s = 3TeV and

√
s =

100TeV for the e+e− collider and pp collider, respectively.

Production Decay Final states
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Z/γ
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H±
ℓ−i ℓ

+
k νiνk+

e− H−

e+ H+
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Figure 29. Illustrative representation of the charged-Higgs pair-production and their various decay
channels for the case of MNi > mH± .

t-channel contribution. In the bottom panel of figure 28 we show the LNV cross-section
at a proton-proton collider with

√
s = 100TeV. Note that the specific Yukawa coupling

values do not matter for the case of hadron collider, as the cross-section comes just from
the Drell-Yan contribution. Therefore, the pair production cross-section of charged scalars
at hadron collider becomes smaller for large charged Higgs masses.
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Figure 29 shows the possible final states coming from pp→ H+H− or e+e− → H+H−

for MNi > mH± case. For small vχ values, H± dominantly decays to `±ν, which leads to
the large missing energies in the final states. H± can decay to heavy quarks, tb, but this
channel is O(vχ/v) suppressed. Altogether, the phenomenology for the MNi > mH± case
seems not too interesting.

Note that in all of our above discussion of collider signatures, we have considered the
heavy neutrinos decay through the charged current interaction. One can also consider
scenarios where both heavy neutrinos decay through neutral current interaction, such as
N → νZ or a scenario where one of them decays as N → `W and other one decay as
N → νZ. Taking into account the Z boson leptonic decay mode, and the leptonic/hadronic
decay modes of the W boson, one finds many interesting final states with high lepton
multiplicity, as listed in appendix C.

9 Conclusions

In summary we studied the linear seesaw mechanism where neutrino masses arise from a
second scalar doublet χL with lepton number L[χL] = −2. The model has three pairs of
fermion singlets νci , Si with lepton number L[νci ] = −1 and L[Si] = 1 as neutrino mass
mediators, see figure 1. The smallness of neutrino mass is dynamically explained by the tiny
induced VEV of the new Higgs doublet χL. The scenario provides an attractive benchmark
for collider physics, in which the new scalar Higgs bosons H±, H/A as well as the heavy
neutrinos can be kinematically accessible.

We have discussed existing restrictions from neutrino masses and electroweak precision
data, that leads to a compressed scalar boson spectrum, see figure 2. One sees from figure 8
that LHC searches for rare γγ Higgs boson decays do not place any important restrictions
on the charged Higgs mass in figure 7. Moreover, we have investigated the novel features
associated to cLFV, see figures 5 and 6. Apart from the charged current contribution
involving heavy or light neutrinos, there are also charged Higgs contributions to the cLFV
rates coming from the Yukawa interactions in the right panel of figure 3.

Note that the scale of the new fermions mediating neutrino mass generation can lie at
the TeV scale and may be accessible at various collider setups. As a consequence, our linear
seesaw mechanism offers a very intriguing alternative to the classic high-scale type-I seesaw
mechanism. Indeed, the fact that the Yukawa couplings Yν and YS can be sizeable makes
our model testable at collider experiments. We find that unlike the simplest type-I seesaw
mechanism, our proposal offers new unsuppressed heavy-neutrino production mechanisms
at various colliders. For example, as illustrated in figures 10, 11 and figures 12, 13, 14, the
heavy neutrinos can be produced at e+e− and e−γ colliders through charged-Higgs boson
exchange. These production rates are proportional to Y 4

S , and hence can be sizeable while
consistent with smallness of neutrino masses, since the latter can be ascribed to the small
value of vχ.

We looked at the production of new scalars in pp as well as the e−e+ colliders as shown
in figures 15, 16, 17 and 18. Specifically we found that e+e− → NN and e−γ → NH−

followed by H± → `±N decay provides a promising way to produce heavy neutrinos.
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Moreover, besides the usual Drell-Yan mechanism in e+e− collisions, one can have heavy-
neutrino-mediated charged-Higgs boson pair production e+e− → H±H∓ as shown in fig-
ures 17 and 18. The latter can dominate over Drell-Yan production for large Yukawa
coupling YS .

Once the charged-Higgs bosons are produced, the heavy seesaw mediator neutrinos
will be produced in their decays, H± → `±N , effectively enhancing the heavy neutrino
production rates. Moreover, assuming mH±,H/A > MNi , the produced heavy neutrinos
dominantly decay to SM final states such as `W , νZ and νh through the light-heavy
neutrino mixing. We find that the decay chain Ni → `±j W

∓ with W∓ → jj leads to
interesting collider signatures.

Figure 19 shows the decay length and branching fractions of the heavy neutrinos due
to the light-heavy neutrino mixing, while figure 20 displays the decay widths of the heavy
neutrinos when MNi > mH/A/H± . In this case, the scalars decay to various SM final states
as shown in figure 21. For the case mH/A/H± > MNi , the scalars dominantly decay into
heavy neutrinos and SM leptons. The production and decay of the heavy neutrinos at e+e−

collider as illustrated in figure 22, leads to lepton number conserving as well as violating
final states. The cross-section for LNV/LNC final states e±e±4j/e±e∓4j at e+e− colliders
is shown in figure 23.

Moreover, we also discussed the decays of charged-Higgs and heavy-neutrinos at e−γ
colliders, as shown in figure 24. In figure 25 we display the cross-section for the resulting
three-lepton-four-jet final states e−e±e±4j/e−e±e∓4j. Likewise the production and decay
of charged scalars can also lead to four-lepton-four-jet final states e+e−e±e±4j/e+e−e±e∓4j
as depicted in figure 27. In figure 28 we show the associated cross-sections at pp and e−e+

colliders for the production of various LNV/LNC high multiplicity final states e+e−e±e±4j/
e+e−e±e∓4j.

We also stress that some of the above signatures involve lepton number violating final
states, hence their possible detection would provide an indirect test of the Majorana nature
of neutrinos, complementary to that provided by neutrinoless double beta decay searches.

Last, but not least, note that the discussion presented in our paper can be easily
extended to the proposed muon collider [100, 101]. In this case too one expects a plethora
of interesting signatures arising from our leptophilic Higgs portal.
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A Scalar decay width expressions

Here we discuss the various possible decay modes of the new scalars present in our linear
seesaw model, including decay channels to quarks, gauge, as well as Higgs bosons.

A.1 Hi → ff̄ ′

The decay width of the new scalars H, A and H± to fermions are given in equations (A.1),
(A.2) and (A.3).

Γ(H → ff̄ ′) = NcmH

8π
{[

1− (x1 + x2)2]|CHff ′ |2}λ1/2
(
1, x2

1, x
2
2

)
, (A.1)

Γ(A→ ff̄ ′) = NcmA

8π
{[

1− (x1 − x2)2]|CAff ′ |2}λ1/2
(
1, x2

1, x
2
2

)
, (A.2)

Γ(H± → ff̄ ′) = NcmH±

8π
{

[1− (x1 + x2)2]|CS |2 + [1− (x1 − x2)2]|CP |2
}
λ1/2(1, x2

1, x
2
2)

(A.3)

where x1 = mf/mHi , x2 = mf̄ ′/mHi , CHff ′ = sinαmfv , CAff ′ = cosβmfv and

λ(1, x, y) = (1− x− y)2 − 4xy, (A.4)

For the physical electrically chareged Higgs boson H± → uid̄j we have defined

CS = 1√
2v

(−mdj +mui)V
ij

CKM cosβ

CP = 1√
2v

(mdj +mui)V
ij

CKM cosβ

here i, j = 1, 2, 3.
For decays into quarks, the QCD radiative corrections are included as:

Γ = Γ0

[
1 + 5.67αs

π
+ (35.94− 1.36nf )

(
αs
π

)2
]

(A.5)

where nf is the number of quark flavours with mq < mHi .

A.2 Hi → V V

Only the new scalar H has a sizeable decay width to two gauge bosons. The expression
for this decay width is shown in equation (A.6).

Γ(H → V V ) = δV
|CHiV V |2m3

H

128πm4
V

(
1− 4k + 12k2

)√
1− 4k. (A.6)

where k = m2
V

m2
H
, δV = 2 (1) for V = W (Z),

CHW+W− = 1
2 ig

2v(cosα cosβ + sinα sin β)

CHZZ = 1
2 iv(cosα cosβ + sinα sin β)(gcw + gY sw)2

Here g = e/cw and gY = e/sw
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A.3 Hi → V Hj

The decay of the new scalars to one SM gauge boson and the Higgs boson are given in
equations (A.7) and (A.8).

Γ(A→ hZ) = |CAhZ |
2m2

V

16π2mA
λ

(
1, m

2
A

m2
V

,
m2
Hj

m2
V

)
λ1/2

(
1, m

2
V

m2
A

,
m2
Hj

m2
A

)
, (A.7)

Γ(H± →W±h) =
|CH±W±h|2m2

W±

16π2mH±
λ

(
1,
m2
H±

m2
W±

,
m2
h

m2
W±

)
λ1/2

(
1,
m2
W±

m2
H±

,
m2
h

m2
H±

)
(A.8)

Here

CAhZ = 1
2(cosβ cosα+ sinα sin β)(−gcw − gY sw)

CH±W±h = − i2g(sinα sin β + cosα cosβ)

A.4 Hi → γγ

The loop-induced decay width of the new neutral scalars H and A to photons are given in
equations (A.9) and (A.10).

Γ(H → γγ) = α2M3
H

256π3v2 |S
γ(MH)|2 , (A.9)

Γ(A→ γγ) = α2M3
A

256π3v2 |P
γ(MA)|2 , (A.10)

where the loop factors are

Sγ(MH) = 2
∑
f

NcQ
2
fCHff̄

v

mf
Fs(τf )− CHW+W−

v

2m2
W

F1(τW )− CHH+H−
v

2m2
H+

F0(τH+)

(A.11)
and

P γ(MA) = 2
∑
f

NcQ
2
fC

P
Aff̄

v

mf
Fp(τf ) (A.12)

Here Nc = 3 (1) for quarks (leptons), and Qf is the electric charge and

CHH+H− = −iv
(

cosα cosβ3λ3 + sinα sin β3λ3 + cosβ2 sinα sin β(2λ1 − λ4)

+ cosα cosβ sin β2(2λ2 − λ4)
)

The functions Fs(τ), Fp(τ), F0(τ) and F1(τ) are given as in equation (A.13).

Fs(τ) = τ−1
[
1 +

(
1− τ−1

)
f(τ)

]
Fp(τ) = f(τ)

τ

F0(τ) = τ−1
[
τ−1f(τ)− 1

]
F1(τ) = 2 + 3τ−1 + 3τ−1(2− τ−1)f(τ)

. (A.13)

where τf = m2
Hi
/4m2

f , τW = m2
Hi
/4m2

W , τH+ = m2
Hi
/4m2

H+ and

f(τ) =


arcsin2 (

√
τ) τ ≤ 1

−1
4

[
ln
(√

τ +
√
τ − 1

√
τ −
√
τ − 1

)
− iπ

]2

τ > 1.
(A.14)
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A.5 Hi → gg

The loop-induced decay width of the new neutral scalars H and A to gluons are given in
equations (A.15) and (A.16).

Γ(H → gg) = α2
sM

3
H

32π3v2 |S
g(MH)|2 , (A.15)

Γ(A→ gg) = α2
sM

3
A

32π3v2 |P
g(MA)|2 , (A.16)

with the loop factors

Sg(MH) =
∑
q

CHqq̄
v

mq
Fs(τq), P g(MA) =

∑
q

CAqq̄
v

mq
Fp(τq) (A.17)

B LNV versus LNC in Linear seesaw model

B.1 Linear seesaw with quasi-Dirac heavy neutrinos

Here we discuss the prospects of having large rates for LNV processes. Let’s start by
recalling that the rates for LNV and LNC processes are predicted to be the same when
mediated by heavy Majorana neutrinos. Within the linear seesaw with softly broken lepton
number, LNV processes should be severely suppressed. This follows from the fact that the
quasi-Dirac heavy neutrinos can be thought of as two fermions of opposite CP-phase and
small Majorana mass-splitting (∆M ∼ mν). This leads to a cancellation between the
individual contributions to LNV processes involving virtual heavy-neutrino propagation.

However, at collider energies heavy neutrino mediators can be produced on-shell, so
that oscillations can occur between the members of the quasi-Dirac pair. This can prevent
the cancellation suppressing LNV signals. This applies to all low-scale seesaw setups, such
as the inverse seesaw or our linear seesaw model. Note that the oscillations between the
members of quasi-Dirac pair are determined by the mass-splitting ∆M and if ∆M � ΓN ,
they will decay before they have time to oscillate. In this case, the destructive interference
between heavy neutrinos will hold and LNV processes are suppressed. On the other hand, if
∆M � ΓN , as the heavy neutrinos oscillate many times before they decay, the oscillations
are averaged out and the LNV rates are expected to be similar to those of LNC processes.
A more dedicated discussion was given in refs. [55, 102, 103], where it was found that the
ratio of the rates for opposite and same-sign dilepton events is effectively characterised by
the following expression

R`` = ∆M2

2Γ2
N + ∆M2 = x2

2 + x2 , with x = ∆M
ΓN

. (B.1)

Note that R`` → 1 as x → ∞ (limiting Majorana case) and R`` → 0 as x → 0 (limiting
Dirac case). In models with quasi-Dirac neutrinos, the ratio R`` can take any value between
0 and 1. In the left panel of figure 30 we show R`` versus x = ∆M

ΓN for a benchmark value
of the heavy neutrino mass, MN = 100GeV. We see that when the mass splitting ∆M is
larger than a few times the width ΓN , R`` approaches rapidly the Majorana limit R`` = 1.
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Figure 30. Left panel: LNV to LNC ratio R`` versus the quantity x = ∆M
ΓN

. Right panel: parameter
region in the plane |V`N |2 −MN for mν ∼ 0.1 eV yielding R`` in the range 1/3 ≤ R`` ≤ 1. We
also required that the heavy neutrino decay length LN < 1 meter, so that N decays inside the
linear collider detector. The gray band is excluded by electroweak precision data, and the red line
represents a naive seesaw expectation |V`N |2 ∼ mν/MN .

Note that this result is independent of the absolute heavy-neutrino mass scale. In our
case the mass splitting is ∆M ∼ mν and hence is very tiny. On the other hand the
decay width ΓN is controlled by the mixing parameter V`N (when MN < mH±,H/A) or by
the Yukawa coupling YS (MN > mH±,H/A). In either case the decay width ΓN is large
for relatively large mixing V`N or large Yukawa coupling YS , see figure 19 and figure 20.
Of course, for large decay width and small mass-splitting, the quantity x is small and
hence R`` is small. However the decay width can be small for small mixing V`N , (at least
when MN < mH±,H/A), comparable or even smaller than the mass splitting ∆M , so that x
becomes large and R`` becomes close to 1. This is precisely what is shown in the right panel
of figure 30. Assuming a light neutrino mass mν ∼ 0.1 eV we show the value of the mixing
parameter |V`N |2 and mass MN required to achieve LNV to LNC ratio R`` ≥ 1/3. We use
the criterion R`` = 1/3 (∆M ≈ ΓN ) to distinguish between suppressed and unsuppressed
LNV rates. For smaller light-neutrino-mass values the required value of the mixing angle
|V`N | will be even smaller for a given mass MN . Note that, although the mixing angle
required to achieve maximum R`` is relatively small, the decay width is large enough to
have heavy-neutrino decays inside the detector.

All in all, the above discussion shows that within our linear seesaw setup there is a
wide parameter region with ∆M ≈ ΓN , so that the ratio R`` can have any value within
the range [0, 1]. This indicates the intrinsic presence of detectable lepton number violation
rates at colliders, suggesting the that they may play a complementary role in probing the
Majorana nature of neutrinos.

B.2 A generalized scheme

So far we have always assumed a genuine linear seesaw scenario where the heavy neutral
leptons form quasi-Dirac pairs. Another way to achieve a large R`` ≈ 1 is to consider a
generalized scheme containing a large Majorana mass entry breaking lepton number by two
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Production Decay Final states
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Figure 31. Illustrative heavy-neutrino pair production and their decays via the charged and neutral
currents for the case of MNi

< mH± .

units and characterized by a large violation scale. Indeed, we can introduce such a ∆L = 2
term M for the right-handed neutrinos νc, in co-existence with the ∆L = 1 linear seesaw
terms in eq. (2.1), that break lepton number by one unit, i.e.

− LYuk = Y ij
ν L

T
i Cν

c
jΦ +M ij

R ν
c
iCSj +M ijνciCν

c
j + Y ij

S L
T
i CSjχL + h.c. (B.2)

The resulting neutral lepton mass matrix in the basis (νL, νc, S) is given as

Mν =

 0 mD ML

mT
D M MR

MT
L MT

R 0

 . (B.3)

Under the assumption M > MR � mD � ML we integrate out the heavy fields νc and S
and obtain the complete diagonalization of the extended seesaw mechanism. This results
in the following physical masses for the neutral leptons,

mν ≈ mD(MLM
−1
R )T + (MLM

−1
R )mT

D − (MLM
−1
R )M(MLM

−1
R )T (B.4)

Mνc = 1
2
(
M +

√
M2 + 4M2

R

)
and MS = 1

2
(
M −

√
M2 + 4M2

R

)
. (B.5)

One sees that the light neutrinos acquire mass from the same source ML ∼ vχ but now
there is a quadratic term in addition to those characteristic of the linear seesaw mechanism.
This new term is reminiscent from the conventional ∆L = 2 seesaw mechanism. It is clear
from the above mass matrices that the mass splitting of the heavy neutral leptons is now
large, so they are closer to being pure Majorana. Thus, the addition of the large Majorana
mass term for the singlet lepton νc makes it easier to induce large values for the ratio R``
characterizing LNV processes.

C Other collider signatures

Our study can be expanded to include also the case where heavy neutrino mediators decay
through the neutral current interaction. In figures 31, 32 and 33, we show possible final
sates that result when all heavy neutrinos decay through the neutral current, such as
N → νZ, or when one of them decays as N → `W and other one decay as N → νZ. We
have assumed the leptonic mode of the Z boson and leptonic/hadronic decay mode of the
W boson.
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Figure 32. Illustrative SM final states arising from the decay of the heavy neutrinos via the
charged and neutral currents after being produced in association with charged Higgs, for the case
of MNi

< mH± .
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Figure 33. Illustrative SM final states arising from the decay of the heavy neutrinos via the
charged and neutral currents after being produced as the decay products of charged Higgs, for the
case of MNi

< mH± .
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