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1 Introduction

The Standard Model of particle physics (SM) has been very successful in describing various

phenomena ranging across a wide range of energy scales that can be reached by current

experiments. Despite this, the SM cannot be considered a complete theory because of its

inability to generate neutrino masses. This is in direct contradiction with experimental

results on neutrino oscillation, which have firmly established the massive, yet tiny, nature

of the neutrinos. Hence the SM must be extended to accommodate small neutrino masses.

The simplest but compelling way to do so is through the seesaw mechanism, where a

dimension-5 operator is induced [1]

1

Λ
LiLjΦkΦlεikεjl. (1.1)

Here L and Φ denote the lepton and Higgs doublets, respectively, while i, j, k, l = 1,2

are SU(2)L indices, and ε ≡ iσ2 is an antisymmetric matrix. Due to the lepton-number-

violating nature of this operator, the generated mass of the neutrino is of Majorana type,

given by mν ∼ v2/(2Λ) with v being the electroweak vacuum expectation value (vev).

The smallness of the neutrino masses is due to the cutoff scale Λ. In the type-I seesaw
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mechanism, Λ is the mass of right-handed neutrinos transforming as singlets under the

SM gauge groups [2–5]. Small neutrino masses of the order 0.1 eV, as implied by oscil-

lation data, can be nicely explained by having a very large right-handed neutrino mass,

i.e., about 1014 GeV. It is, however, very unlikely that this mechanism will be tested di-

rectly in collider experiments since it requires heavy states beyond reach of any ongoing or

planned experiments.

Another variant of seesaw mechanism, the so-called type-II seesaw mechanism [6–

10] also exists. Here, the SM is extended by a weak scalar triplet ∆ that couples to a

pair of lepton doublet via Yukawa interactions. Neutrino masses are induced after the

triplet acquires a vev, i.e., vt ∼ µv2/M2 with µ and M being the coupling of trilinear

term (µΦ∆†Φ) and the triplet mass, respectively. It is not hard to see that this relation

possesses seesaw property as well. But in this model µ is allowed to be small by the ’t

Hooft’s naturalness principle. If this is the case, the new scale associated with triplet mass

M could be low. For instance, µ ∼ vt implies M ∼ v, thereby making this model testable

at colliders such as the Large Hadron Collider (LHC).

The model with a weak-scale triplet is phenomenologically attractive because it can be

produced at colliders through interactions with gauge bosons. For example, let us consider

the doubly-charged component, H++. This particle is mainly produced either in pair via

γ/Z exchanges, or in association with singly-charged partner H− via W+ exchange. The

cross sections of these two processes are quite large [11, 12], so both the singly-charged and

the doubly-charged scalars are produced in a large quantity at the LHC.1 More importantly,

the decays of H++ could give rise to unique signatures that in turn can be used to constrain

some parameter space of the model. Typical channels to look for are the same-sign dileptons

(i.e., H++ → `+`+), which are dominant in the regime of small triplet vev (vt . 10−4 GeV).

Interestingly, branching ratios of these channels are dependent on neutrino mass matrix,

and thus may help reveal the structure of neutrino mass matrix [14–18]. In fact, the CMS

collaboration [19], invoking several benchmarks reflecting various neutrino mass patterns,

have been able to exclude the mass of H++ lighter than 716–761 GeV. Stronger limit

in the range of 800–850 GeV is obtained by both CMS and ATLAS by considering 100%

decay into light lepton pair (ee, eµ or µµ) [19, 20]. However, for larger vt, the triplet

Yukawa couplings become small since the product of the two is fixed by neutrino masses.

As a result, the bounds derived above are not applicable because the dileptons are no

longer the dominant decay channels. In fact for large vt, the same-sign W bosons decay

becomes dominant. The importance of this channel for large vt has been discussed before

in literature [21–24]. Last year, ATLAS could finally set the limit for this doubly-charged

scalar decaying into same-sign on-shell W bosons. In their analysis, ATLAS assumed the

triplet vev vt = 0.1 GeV and the limit was found to be 220 GeV [25], which is considerably

weaker than those obtained from the dilepton channels.

The bounds described above clearly do not apply to the entire parameter space of

the model because they are derived from a set of simplifying assumptions. For instance,

ATLAS assumed that the doubly-charged be produced through pair-production only, thus

neglecting the other production mechanism, i.e., H++H−, which can be actually large.

1Photon-initianed production of doubly-charged scalars has been discussed in ref. [13].
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CMS, on the other hand, did consider the H++H− production in addition to the H++ pair-

production. Moreover, ATLAS and CMS assumed the degeneracy in triplet masses, so the

decays of H++ are limited to the same-sign dilepton and the same-sign diboson channels.

In a more general approach, the triplet masses should be allowed to split so that the

triplet can undergo cascade decays, e.g., H++ → H+W+∗ → φW+∗W+∗ with φ being the

neutral components. This scenario has been realized in previous works [14, 26–38, 40, 41].

Many of these works conclude that in the case of nondegenerate scalar masses, the cascade

decays are important in constraining the model parameter space. The interesting thing

about cascade decays is, as particularly pointed out in ref. [38], they can lead to multilepton

signatures. As CMS data exist [42], to the best of our knowledge, these signatures have

never been used to constrain the parameter space of the type II seesaw model.

In this paper, we perform a collider analysis to find an up-to-date collider bounds.

In order to get a more realistic picture, we consider all relevant production channels. In

addition, the three triplet scalar masses are allowed to split. We then utilize the CMS mul-

tilepton analysis [42] to set bound on the scalar masses. Such multilepton analysis proves

effective in constraining the model parameter space to such an extent that it can probe

regions not covered by the current official LHC searches. Previous analyses emphasizing

the multilepton search have been discussed in [32–38, 40, 41]. To check the self-consistency

of the model we also impose several constraints that can significantly affect the parameter

space of the model. Among these are the electroweak oblique parameters and the Higgs

data. It is well known that the triplet can affect the values of the oblique parameters, in

particular the S and T parameters [43, 44]. The presence of triplet will affect the proper-

ties of the 125-GeV Higgs boson (h) that have been measured to about 10% accuracy [45].

In particular, the two charged components can alter significantly the partial decay width

of the loop-induced h → γγ [44, 46–49]. Moreover, the triplet Yukawa couplings may in-

duce lepton flavor violations at tree level, especially when the triplet is light. We combine

all these precision constraints with the current LHC constraints to understand the viable

parameter space of the model as well.

This paper is organized as follows. In section 2, we set up our notation and convention.

We identify the viable parameter space of the model in section 3. The LHC phenomenology

of the model is discussed in section 4. We then conclude in section 5.

2 The model

In this section, we give a brief overview of the type-II seesaw model. Here we demonstrate

how scalar masses are expressed in terms of model parameters. It is followed by a discussion

on neutrino mass generation in the framework of type-II seesaw mechanism.

2.1 Scalar sector

In the type-II seesaw model, the scalar sector is extended by adding a weak scalar triplet,

in addition to the usual scalar doublet. Explicitly, one can write

Φ(1, 2,+1/2) =

(
φ+

φ0

)
and ∆(1, 3,+1) =

(
∆+/
√

2 ∆++

∆0 −∆+/
√

2

)
. (2.1)
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The numbers in parentheses denote their representations under SU(3)C × SU(2)L ×U(1)Y
gauge groups of the SM. The kinetic terms, containing interactions between scalars and

gauge bosons, are given by

Lkin ⊃ (DµΦ)†(DµΦ) + Tr
[
(Dµ∆)†(Dµ∆)

]
, (2.2)

with covariant derivatives

DµΦ = ∂µΦ− ig
2
W a
µσ

aΦ− ig
′

2
BµΦ, (2.3)

Dµ∆ = ∂µ∆− ig
2

[
W a
µσ

a,∆
]
− ig′Bµ∆. (2.4)

Here σa with a = 1, 2, 3 are Pauli matrices, whereas g and g′ are the SU(2)L and U(1)Y
gauge couplings, respectively. The most general renormalizable scalar potential is given by2

V (Φ,∆) = −m2
ΦΦ†Φ +M2Tr ∆†∆ + (µΦT iσ2∆†Φ + h.c.) +

λ

4
(Φ†Φ)2

+ λ1Φ†ΦTr ∆†∆ + λ2(Tr ∆†∆)2 + λ3Tr (∆†∆)2 + λ4Φ†∆∆†Φ. (2.5)

Without loss of generality, all mass-squared parameters as well as quartic couplings ap-

pearing in eq. (2.5) can be taken to be real. Moreover, the trilinear coupling µ can be

taken to be positive by absorbing its phase into Φ or ∆.

After spontaneous symmetry breaking, both scalars Φ and ∆ acquire vevs, denoted

as 〈Φ〉 = vd/
√

2 and 〈∆〉 = vt/
√

2, through the minimization of the scalar potential. The

two minimization conditions, from which we can express m2
Φ and M2 in terms of other

parameters, are

m2
Φ =

λ

4
v2
d +

λ1 + λ4

2
v2
t −
√

2µvt, (2.6)

M2 = −λ1 + λ4

2
v2
d − (λ2 + λ3)v2

t +
µv2

d√
2vt

. (2.7)

We see that the presence of the µ term can induce triplet vev without even requiring

M2 < 0. The two vevs will contribute to masses of W± and Z gauge bosons, which are

m2
W = g2(v2

d + 2v2
t )/4 and m2

Z = (g2 + g′2)(v2
d + 4v2

t )/4, and thus the electroweak vev can

be inferred as v2 ≡ v2
d + 2v2

t = (246 GeV)2. The ratio of these two gauge boson masses is

constrained by the ρ parameter, defined as ρ ≡ m2
W /(m

2
Z cos2 θW ). In the SM at tree level

we have ρ = 1, which is in perfect agreement with the observed value from electroweak

precision measurements that set ρobs. = 1.00039± 0.00019. In this model, such relation is

not trivially satisfied because

ρ = 1 + ∆ρ = 1− 2v2
t

v2
d + 4v2

t

, (2.8)

Therefore, complying with the data implies an upper bound on vt, namely, vt ≤ 4.8 GeV

at 95% CL.

2Other conventions for the scalar potential exist in the literature. All of them can be written in terms

of the others, see for example [50].
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Throughout this paper we assume CP invariance in the scalar sector, and hence all

vevs are real. As a consequence, there will be no mixing between the real and the imaginary

parts of the scalars. In more explicit form we write both scalars as

Φ =

(
φ+

(vd + hd + izd)/
√

2

)
, ∆ =

(
∆+/
√

2 ∆++

(vt + ht + izt)/
√

2 −∆+/
√

2

)
. (2.9)

Out of these 10 degrees of freedom, three become Goldstone bosons, eaten up by W and Z

bosons during the electroweak symmetry breaking. What remain are seven fields, consisting

of doubly-charged scalars H±± ≡ ∆±±, singly-charged scalars H±, CP-even scalars H and

h, and CP-odd scalar A. The doubly-charged Higgs comes solely from the triplet with

mass given by

m2
H++ =

µv2
d√

2vt
− λ4

2
v2
d − λ3v

2
t . (2.10)

The other sectors involve mixing. For instance, the mixing between φ+ and ∆+ is

characterized by mass matrix

M2
charged =

 √
2µvt − λ4v2t

2 −µvd +
√

2
4 λ4vtvd

−µvd +
√

2
4 λ4vtvd

µv2d√
2vt
− λ4v

2
d

 . (2.11)

One can inspect that the mass matrix in eq. (2.11) has zero determinant but nonzero trace,

meaning that one of its two eigenvalues is zero, while the other is not. The spectrum with

vanishing eigenvalue is to be identified as the Goldstone boson eaten up by W+ boson, and it

is defined as G+ ≡ cosβ φ++sin β∆+. The other combination H+ ≡ − sinβ φ++cosβ∆+,

orthogonal to G+, is the physical field with mass

m2
H+ =

(2
√

2µ− λ4vt)

4vt
(v2
d + 2v2

t ). (2.12)

The mixing angle is found to be tan β =
√

2vt/vd, which is always small due to the con-

straint on vt from the ρ parameter. This shows that the singly-charged particle is predom-

inantly triplet.

For the neutral sector, since we assume CP invariance in scalar sector, the mixing can

only occur between states with the same CP property. In the CP-odd case, the imaginary

parts of neutral Φ and ∆ mix through

M2
odd =

(
2
√

2µvt −
√

2µvd

−
√

2µvd
µv2d√
2vt

)
. (2.13)

As in the singly-charged case, this mass matrix also has zero determinant and nonzero

trace. The massless field, G0 ≡ cosβ′ zd+sinβ′ zt, is the Goldstone boson eaten up by the Z

gauge boson, while the massive one is the physical CP-odd scalar, A ≡ − sinβ′ zd+cosβ′ zt,

with mass

m2
A =

µ√
2vt

(v2
d + 4v2

t ). (2.14)
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The mixing angle in this case is found to be small as well, i.e., tan β′ = 2vt/vd, meaning

that the CP-odd particle is predominantly triplet.

For the CP-even scalars the mass matrix of hd and ht is given by

M2
even =

(
λ
2v

2
d −

√
2µvd + (λ1 + λ4)vtvd

−
√

2µvd + (λ1 + λ4)vtvd
µv2d√
2vt

+ 2(λ2 + λ3)v2
t

)
. (2.15)

Similar to what we did previously, the mass matrix of eq. (2.15) can be brought into its

diagonal form by rotating hd and ht into physical eigenstates, h ≡ cosαhd + sinαht and

H ≡ − sinαhd + cosαht. From here, the masses of these CP-even scalars are deter-

mined through (
m2
h 0

0 m2
H

)
=

(
cosα sinα

− sinα cosα

)
M2

even

(
cosα − sinα

sinα cosα

)
(2.16)

with mixing angle

tan 2α =
−2
√

2µvd + 2(λ1 + λ4)vtvd
λ
2v

2
d −

µv2d√
2vt
− 2(λ2 + λ3)v2

t

. (2.17)

In contrast to the case of singly-charged and CP-odd Higgs, wherein their mixing angles

(i.e., β and β′) are naturally small, here the mixing angle α is allowed to be large, in par-

ticular when the diagonal entries of M2
even are exactly the same, leading to the cancellation

of the denominator of eq. (2.17), hence maximal mixing. As a result the two masses, mh

and mH , become nearly degenerate. (Exact degeneracy requires delicate cancellation in

off-diagonal entries as well, implying α = 0.) However this maximal-mixing scenario seems

to be disfavored by recent LHC Higgs data, discussed in more detail in section 3.4, con-

straining | sinα| . 0.3 at 95% CL.3 Taking this bound into account, it is then reasonable to

consider that h be predominantly doublet. Hence, we identify it as the 125-GeV resonance

observed at the LHC. One should note, however, that h could be the lighter or the heavier

of the two eigenstates.

2.2 Neutrino sector

As for neutrino mass generation, the triplet within this model is known for its abil-

ity to induce Majorana neutrino masses via interactions with the left-handed lepton

doublet L ≡ (ν, `)T

Lnew
Y = fabL

T
aCiσ

2∆Lb + h.c. (2.18)

Here C is the charge conjugation matrix and a, b = e, µ, τ are flavor indices. The Yukawa

couplings fab are symmetric under a ↔ b interchange, thanks to Fermi statistics and the

SU(2)L contraction property. Expanding eq. (2.18) in terms of triplet components yields

Lnew
Y =− fab ¯̀c

a`b∆
++ −

√
2fabν̄ca`b∆

+ + fabν̄caνb∆
0 + h.c., (2.19)

where ψc denotes right-handed antilepton field.

3The phenomenology of the large mixing in the CP-even neutral case is considered in refs. [51, 52].
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Parameter Normal Hierarchy Inverted Hierarchy

sin2 θ12 0.310+0.013
−0.012 0.310+0.013

−0.012

sin2 θ23 0.582+0.015
−0.019 0.582+0.015

−0.018

sin2 θ13 0.02240+0.00065
−0.00066 0.02263+0.00065

−0.00066

δ [◦] 217+40
−28 280+25

−28

∆m2
21 [10−5 eV2] 7.39+0.21

−0.20 7.39+0.21
−0.20

∆m2
atm. [10−3 eV2] 2.525+0.033

−0.031 −2.512+0.034
−0.031

Table 1. The global fit of neutrino oscillation parameters. We use the convention of ref. [54], i.e.,

∆m2
atm. ≡ ∆m2

31 in Normal Hierarchy case and ∆m2
atm. ≡ ∆m2

32 in Inverted Hierarchy case.

Once the triplet develops a vev, the last term of eq. (2.19) will induce a Majorana-type

mass matrix, i.e., Mν = 2f 〈∆〉 =
√

2fvt. The matrix Mν can be expressed in terms of

neutrino oscillation parameters via

Mν = U∗

m1 0 0

0 m2 0

0 0 m3

U †, (2.20)

where we use the convention that neutrino mass eigenvalues are real, thereby making

the two Majorana phases, α1 and α2, appear in the Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) matrix, U , parametrized as [53]

U =

1 0 0

0 c23 s23

0 −s23 c23


 c13 0 s13e

−iδ

0 1 0

−s13e
iδ 0 c13


 c12 s12 0

−s12 c12 0

0 0 1

× diag(1, eiα1/2, eiα2/2). (2.21)

Here sij (cij) denotes the sine (cosine) of the mixing angle θij , and δ denotes the Dirac CP

phase, the only phase contributing to neutrino oscillations.

For our analysis, we will use the global fit of neutrino data performed by the NuFIT

Group [54], summarized in table 1. (For similar analysis, see also ref. [55].) Some best-fit

values of neutrino oscillation parameters are indeed showing dependence on mass hierarchy,

and for that reason the global fit values are given for each hierarchy. The model itself can

admit both the normal hierarchy (NH) and the inverted hierarchy (IH) of neutrino masses.

The Dirac CP phase δ is of particular interest because of its ability to induce the

leptonic CP violation. Besides, the latest results from T2K [56, 57] and NOvA [58, 59]

experiments suggest that such angle differs from zero. Furthermore, combining them into

global fit of neutrino data contributes to excluding even δ = π/2 by about 3σ [54, 55]. This

result is reflected in its best-fit value found to be δ = 217◦ (280◦) for the NH (IH) case.

However, it is worth noting that the 2σ range of δ in the NH case is very close to 180◦,

so it cannot yet be considered as robust evidence for CP violation. In spite of this we still

use the best-fit value of δ in our calculation. On the contrary, Majorana phases remain

hitherto unconstrained and can take any value in the range of 0 ≤ α1, α2 ≤ 2π. In most of

our analysis, unless stated otherwise, we will simply set them to zero.
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For the purpose of deriving collider bounds, we will consider the case of normal hierar-

chy with the lightest neutrino being massless (m1 = 0). However, for completeness, in the

appendix we will also consider the case of inverted hierarchy with m3 = 0. Additionally,

the case where all neutrino masses are nearly degenerate with the lightest neutrino taking

0.1 eV of mass is also studied in the appendix. Using eq. (2.20) with parameter best-fit

values taken from table 1, the explicit form of Mν , in the unit of 10−3 eV, for each case is

given as follows:

(i) Normal hierarchy

Mν =

 3.11 ei0.355 4.00 e−i2.02 7.30 e−i2.71

4.00 e−i2.02 31.6 e−i0.0123 21.2 ei0.00143

7.30 e−i2.71 21.2 ei0.00143 23.5 ei0.0140

 with m1 = 0,

(2.22)

Mν =

 98.6 ei0.0244 14.4 e−i1.64 12.3 e−i1.65

14.4 e−i1.64 106 e−i0.0120 4.93 e−i0.22

12.3 e−i1.65 4.93 e−i0.22 104 e−i0.0085

 with m1 = 0.1 eV.

(ii) Inverted hierarchy

Mν =

 48.5 5.59 e−i1.71 4.82 e−i1.80

5.59 e−i1.71 20.2 ei0.00856 25.1 ei3.13

4.82 e−i1.80 25.1 ei3.13 28.6 ei0.00737

 with m3 = 0,

(2.23)

Mν =

 107 e−i0.00723 23.6 e−i1.58 20.0 e−i1.59

23.6 e−i1.58 102 ei0.00470 8.10 ei3.09

20.0 e−i1.59 8.10 ei3.09 105 ei0.0037

 with m3 = 0.1 eV.

Given that Mν is fixed by neutrino oscillation data, the magnitude of couplings fab
are dependent on vt. For example, extremely small triplet vev like vt ∼ 0.1 eV implies

fab ∼ 1, which are large enough to play a significant role in same-sign dilepton decay

channels H++ → `+a `
+
b . In fact, ATLAS collaboration [20] recently have excluded this

kind of doubly-charged scalar lighter than about 850 GeV by assuming 100% decay into

same-sign muons (albeit not truly reflecting the structure of neutrino mass matrix). In the

type-II seesaw context, this exclusion only applies when vt is small (i.e., vt . 10−4 GeV)

so that other decay channels whose couplings are proportional to vt, like H++ →W+W+,

are suppressed. Of course, when vt is greater than 10−4 GeV, or triplet masses are allowed

to split, the phenomenology becomes much richer because other decay channels become

relevant. We will discuss this in more details in section 4.

Finally we note that a triplet with mass around a few hundreds GeV will induce

tree-level lepton flavor violation (LFV) processes, e.g., µ → 3e, especially when vt .
10−7 GeV where the Yukawa couplings are sizable. In this case, bounds derived from the

LFV processes can be so strong that they may overpower collider bounds. We will discuss

the LFV bounds in more details in section 3.

– 8 –
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3 Constraints on model parameters

In this section, we will elaborate more on the allowed parameter space discussed briefly

in the previous section. In order to get a better understanding of such parameter space,

it is helpful to characterize the parameter space in terms of physical masses, which can

be directly checked against results from LHC searches. All five quartic couplings and the

trilinear coupling, µ, can be expressed in terms of five scalar masses and mixing angle α

by using eqs. (2.10), (2.12), (2.14) and (2.16), as done in [60]. However, one should note

that both λ2 and λ3 always appear with vt in all expressions of scalar masses. Thus, we

expect their impacts are negligible compared to other terms, even when they take on the

largest possible values allowed by perturbativity.4 It is more practical to write, instead,

λ =
2m2

h

v2 − 2v2
t

+

[
4m2

H+ − 2m2
H++ − 2m2

h + (−8m2
H+ + (4λ2 + 2λ3)v2)(vt/v)2

v2 − 2v2
t

]
t2α,

(3.1)

λ1 =
2(m2

H++ + λ3v
2
t )

v2 − 2v2
t

+

[
m2
h − 2m2

H+ +m2
H++ + (4m2

H+ − (2λ2 + λ3)v2)(vt/v)2

v2 − 2v2
t

] √
v2 − 2v2

t

vt
tα, (3.2)

λ4 =
4(m2

H+ −m2
H++)− (8m2

H+ + 4λ3v
2)(vt/v)2

v2 − 2v2
t

, (3.3)

m2
A =

[
2m2

H+ −m2
H++

v2 − 2v2
t

−
(4m2

H+ + λ3v
2)(vt/v)2

v2 − 2v2
t

]
(v2 + 2v2

t ), (3.4)

m2
H =−m2

ht
2
α +

[
2m2

H+ −m2
H++ − (4m2

H+ − (2λ2 + λ3)v2)(vt/v)2
]

(1 + t2α), (3.5)

where tα ≡ tanα, and we have used the relation v =
√
v2
d + 2v2

t . As expected, all contri-

butions of λ2 and λ3 come with suppression factor vt/v. It is then instructive to expand

the above expressions in power series of vt/v, with the lowest order terms found to be

λ '
2m2

h

v2
(1− t2α) +

[
4m2

H+ − 2m2
H++

v2

]
t2α (3.6)

λ1 '
2m2

H++

v2
+

[
m2
h − 2m2

H+ +m2
H++

v2

](
v

vt

)
tα (3.7)

λ4 '
4(m2

H+ −m2
H++)

v2
(3.8)

m2
A ' 2m2

H+ −m2
H++ (3.9)

m2
H ' (2m2

H+ −m2
H++)(1 + t2α)−m2

ht
2
α (3.10)

It is interesting to see that, for sufficiently small sin α, mA and mH become nearly degener-

ate, and the doublet self-quartic coupling λ is close to the SM value, i.e., 2m2
h/v

2 = 0.516.

Note that eq. (3.9) implies the triplet masses-squared are almost equally split, i.e.,

4In this work, a scalar quartic coupling is considered perturbative if its magnitude is less than 4π.
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m2
H+ − m2

H++ ' m2
A − m2

H+ ' λ4v
2/4. With this relation in hand, we can present the

allowed parameter space of the model in the mH++−∆m plane where ∆m ≡ mH+−mH++ .

The advantage of writing couplings and masses as in eqs. (3.6)–(3.10) is that we can

easily check the compatibility of these quartic couplings against various constraints, in

particular h → γγ and vacuum stability conditions of the scalar potential, by which the

model allowed parameter space can be derived. Orthogonal bounds, like the ones coming

from LFV and collider, will be discussed separately. Nevertheless, they will be overlaid on

the allowed parameter space obtained from the scalar sector so that we can get a complete

picture of the model.

3.1 Perturbativity, vacuum stability and perturbative unitarity constraints

All quartic couplings appearing in scalar potential (2.5) must be such that the scalar

potential remains bounded from below in any directions of field space. This, known as

vacuum stability, requires the following conditions to be satisfied simultaneously [50, 60]5

(i) λ ≥ 0,

(ii) λ2 +
λ3

2
≥ 0,

(iii) λ1 +
√
λ(λ2 + λ3) ≥ 0,

(iv) λ1 + λ4 +
√
λ(λ2 + λ3) ≥ 0,

(v) |λ4|
√
λ2 + λ3 − λ3

√
λ ≥ 0 or 2λ1 + λ4 +

√
(2λ− λ2

4/λ3) (2λ2 + λ3) ≥ 0. (3.11)

Note that conditions (i), (ii) and (v) are easy to satisfy. Condition (i), for example, always

holds true because λ ' 0.516 for most cases. As for conditions (ii) and (v), they can be

simultaneously satisfied by choosing appropriate values of λ2 and λ3, which have negligible

impacts on Higgs data.

Quartic couplings of eq. (2.5) can also contribute to tree-level two-body scatterings,

whose amplitudes are required to be unitary in all orders of perturbation calculation [62,

63]. In the present model, perturbative unitarity will be preserved provided [60]∣∣∣∣(λ+ 4λ2 + 8λ3)±
√

(λ− 4λ2 − 8λ3)2 + 16λ2
4

∣∣∣∣ ≤ 64π, (3.12)∣∣∣(3λ+ 16λ2 + 12λ3)±
√

(3λ− 16λ2 − 12λ3)2 + 24(2λ1 + λ4)2
∣∣∣ ≤ 64π, (3.13)

|λ| ≤ 32π, (3.14)

|2λ1 + 3λ4| ≤ 32π, (3.15)

|2λ1 − λ4| ≤ 32π, (3.16)

|λ1| ≤ 16π, (3.17)

|λ1 + λ4| ≤ 16π, (3.18)

|2λ2 − λ3| ≤ 16π, (3.19)

|λ2| ≤ 8π, (3.20)

|λ2 + λ3| ≤ 8π. (3.21)

5An alternative derivation for different notation of scalar potential has also been given in ref. [61].
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It turns out that out of the 10 conditions given above, only (3.13) gives a nontrivial con-

straint. This condition sets an upper bound on λ2 + λ3, which is instrumental in deriving

the allowed parameter space of the model. Other relations are automatically satisfied as

long as the couplings are perturbative.

3.2 Electroweak precision constraints

We have seen before that the electroweak ρ parameter places an upper limit on vt, i.e.,

vt ≤ 4.8 GeV at 95% CL. To obtain further constraints on the model parameter space, we

consider the electroweak oblique parameters. We will focus on the S and T parameters.

They are given by [44]

S = − 1

3π
ln
m2
H++

m2
H

− 2

π

[
(1− 2s2

W )2ξ

(
m2
H++

m2
Z

)
+ s4

W ξ

(
m2
H+

m2
Z

)
+ ξ

(
m2
H

m2
Z

)]
,

T =
1

8πc2
ws

2
w

[
η

(
m2
H++

m2
Z

,
m2
H+

m2
Z

)
+ η

(
m2
H+

m2
Z

,
m2
H

m2
Z

)]
,

(3.22)

where

ξ(x) =
4

9
− 4

3
x+

1

12
(4x− 1)f(x),

f(x) =


− 4
√

4x− 1 arctan
1√

4x− 1
, for 4x > 1,

√
1− 4x ln

2x− 1 +
√

1− 4x

2x− 1−
√

1− 4x
, for 4x ≤ 1,

η(x, y) = x+ y − 2xy

x− y
ln
x

y
.

(3.23)

For our numerical analysis, we take the best fitted value for S and T parameters provided

by the Gfitter Group: S = 0.06 ± 0.09 and T = 0.10 ± 0.07 with a correlation coefficient

+0.91 [64].

3.3 Higgs data

The couplings of the 125-GeV Higgs boson has been studied extensively at the LHC. These

Higgs data provide a nontrivial constraint on the type-II seesaw parameter space. These

couplings can be parametrized by [65, 66]

Lh ⊃ cW
2m2

W

v
hW+

µ W
−µ + cZ

m2
Z

v
hZµZ

µ − cf
mf

v
hf̄f

− c+
2m2

H+

v
hH+H− − c++

2m2
H++

v
hH++H−−

+ ĉg
αs

12πv
hGµνG

µν + ĉγ
α

πv
hAµνA

µν ,

(3.24)

where the ci’s are coupling modifiers, f stands for SM fermions, and Gµν and Aµν are the

field strength tensors of the gluon and the photon, respectively. Note that the couplings in

the first two lines arise at tree level, while the ones in the last line arise at one-loop level.
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In the SM we have cSMW = cSMZ = cSMf = 1 and ĉSMg ' 0.97 and ĉSMγ ' −0.81. In the

type-II seesaw model, these couplings modifiers are

cW =
cosα vd + 2 sinα vt

v
,

cZ =
(cosα vd + 4 sinα vt)v

v2 + 2v2
t

,

cf = cosα
v

vd
,

ĉg = cf ĉ
SM
g .

(3.25)

The expression for ĉγ is more complicated. However, in the limit of small vt and small

sinα, they reduce to

cf ' cW ' cZ ' 1, ĉg ' ĉSMg , (3.26)

ĉγ ' ĉSMγ + δĉγ = ĉSMγ +
1

24
c+As

(
m2
h

4m2
H+

)
+

1

6
c++As

(
m2
h

4m2
H++

)
, (3.27)

where

c+ '
(λ1 + λ4/2)v2

2m2
H+

, c++ '
λ1v

2

2m2
H++

, (3.28)

and

As(τ) =
3

τ2
[F (τ)− τ ],

F (τ) =


arcsin2√τ ,

− 1

4

[
log

1 +
√

1− 1/τ

1−
√

1− 1/τ
− iπ

]2

,

τ ≤ 1,

τ > 1.

(3.29)

Thus we see that, in the small vt and small sinα limit, the relevant Higgs data are the one

concerning h→ γγ decay. Focusing on h→ γγ, we define

Rγγ =
Γh→γγ

ΓSMh→γγ
' 1− 2.43Re(δĉγ) + 1.50|δĉγ |2. (3.30)

We will see in the next subsection that Rγγ plays an important role in determining the

viable model parameter space.

We use the χ2 fit to determine the compatibility of the type-II seesaw parameter space

with the Higgs data. We construct the χ2 function based on both the LHC Run I and

Run II Higgs data. For the Run I data, we use the official ATLAS and CMS measurements

presented in table 8 of ref. [45]. For Run II, we include the data in the diphoton, diboson, bb̄

and τ+τ− search channels, see table 2. In principle, the Higgs data for different production

and decay channels are correlated. These correlations, however, are not readily extractable

from the published measurements. Whenever available, we incorporate the correlations

into our χ2 functions. This includes all the correlations for the Run I Higgs data as shown

in figure 27 of ref. [45] and the Run II ATLAS diphoton measurements as shown in figure 40

of ref. [67].

3.4 Viable model parameter space

In this subsection we investigate the viable parameter space consistent with perturbativity,

vacuum stability, perturbative unitarity, the electroweak precision constraints and the Higgs

data discussed above.
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Search Channel Tagged Signal Strength Reference

γγ (ATLAS) ggF 0.81± 0.19 [67]

VBF 2.0± 0.6 [67]

VH 0.7± 0.9 [67]

ttH 0.5± 0.6 [67]

γγ (CMS) ggF 1.10± 0.19 [68]

VBF 0.8± 0.6 [68]

VH 2.4± 1.1 [68]

ttH 2.2± 0.9 [68]

VV (ATLAS) ttH 1.5± 0.6 [69]

ZZ (CMS) ggF 1.20± 0.22 [70]

WW (CMS) ggF 1.35± 0.20 [71]

ttH 1.60± 0.63 [71]

bb̄ (ATLAS) ttH 0.84± 0.63 [72]

bb̄ (CMS) VH 1.2± 0.4 [73]

ttH 0.72± 0.45 [74]

τ+τ− (ATLAS) ttH 1.5± 1.1 [69]

τ+τ− (CMS) ggF 1.05± 0.50 [71]

VBF 1.11± 0.35 [75]

ttH 1.23± 0.44 [76]

Table 2. The LHC Run II Higgs data employed in this work. The “Tagged” column displays

the production mode of the Higgs boson: gluon fusion (ggF), vector boson fusion (VBF), associ-

ated production with a vector boson (VH) and associated production with a pair of tt̄ (ttH). All

uncertainties shown above are symmetrized.

We have seen in eqs. (3.6)–(3.10) that all quartic couplings are functions of triplet

masses. Since those couplings are bounded by perturbativity, we would expect that those

scalar masses will be constrained as well. Note, however, that some couplings also depend

on the mixing angle α and/or the triplet vev vt, see, e.g., eq. (3.7). The combination of

these two parameters (α and vt) proves to be central in constraining the parameter space of

the model. For instance, when tanα� vt/v, the second term of (3.7) becomes negligible.

Perturbativity then implies that mH++ ≤
√

2πv, which is numerically equal to 616 GeV.

The bounds on other triplet masses can be easily found using eq. (3.9).

In general, the situation is sometimes more complicated. An interplay among couplings

often occurs, resulting in nontrivial bounds. As an example, let us consider a case where

tanα ' 3vt/v, giving λ1 = (3m2
h − 6m2

H+ + 5m2
H++)v−2. Due to a negative sign in the

second term, λ1 can be driven negative for ∆m > 0. Stability conditions, in particular

condition (iii) of eq. (3.11), forbid λ1 from being too negative. This, in turn, constrains

the mass of the singly-charged scalar. In other words, it implies that ∆m decreases as

mH++ increases. At some point, ∆m crosses zero and turns negative, so we have λ4 < 0.

As a result, condition (iv) of (3.11) becomes the one that gives a stronger constraint on
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Figure 1. The region in the mH++−∆m plane, consistent with the electroweak S and T parameters

(open) and the 125-GeV Higgs data (scattered) at 95% CL for the case vt = 0.1GeV (left) and

vt = 10−9 GeV (right), with v sinα/vt = ±2.46, ±24.6.

the model parameter space. One should note that both conditions (iii) and (iv) of (3.11)

involve λ2 + λ3. Such a combination, crucial in determining the allowed parameter space

of the model, is mostly constrained by eq. (3.13).

Another interesting choice is tanα = 2vt/v. In this case, we have λ1 + λ4 = λ, which

always satisfies condition (iv) of eq. (3.11). By using condition (iii), this yields an upper

bound on λ4, i.e., |λ4| < |λ +
√

λ(λ2 + λ3)|. Invoking eq. (3.8), we find that mH++ can

be very large as long as ∆m is sufficiently small. This reflects the seesaw property of the

model. One should notice that tanα = 2vt/v can also be obtained from eq. (2.17) with a

very large triplet mass.

To identify the viable parameter space of the model, we perform the full parameter

scan taking vt, sinα, mH++ , ∆m, λ2 and λ3 as free parameters.6 In our scan, we take

vt ∈ [10−9, 5] GeV, | sinα| ∈ [10−13, 0.5], mH++ ∈ [60, 1000] GeV,

∆m ∈ [−50, 50] GeV, λ2, λ3 ∈ [−4π, 4π].

We first generate 100,000 model parameter points compatible with the perturbativity, the

vacuum stability, the perturbative unitarity and the electroweak constraints. From these

points, we determine the minimum χ2 of the model to be 33.89. For comparison, the point

corresponds to the SM has a χ2 value of 34.21. We also find that | sinα| � 0.3 at 95% CL,

reaffirming our identification of the h with the 125-GeV resonance. As mentioned in the

previous subsection, the parameter space compatible with the Higgs data is determined

mostly by the h → γγ decay. From our fit, we determine 0.81 ≤ Rγγ ≤ 1.27 at 95% CL.

Next, we investigate the effect of each constraint on the allowed model parameter space.

The ρ parameter and our full parameter space scan imply that vt and sinα are small. As

a result, the scalar masses follow an approximate relations m2
H � m2

A � 2m2
H+ − m2

H++ ,

see eqs. (3.9) and (3.10). Using this approximation, the S and T parameters in eq. (3.22)

depend only on two parameters, mH++ and ∆m. Thus we can identify the region in the

6The effect of λ2 and λ3 on the model phenomenology are minimal since they are suppressed by vt/v.
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Figure 2. The viable parameter space in the sinα vs vt plane. In the left figure sinα is positive

while in the right figure it is negative. In both cases, there is a clear correlation between the two

parameters. On the dotted line | sinα| = 2.46vt/v.

mH++ −∆m plane inconsistent with the S and T parameters at 95% CL. This is shown as

a shaded region in figure 1.

For the constraint imposed by the Higgs data, in particular Rγγ , we note that in

the small vt and sinα regime, the couplings c+ and c++ depend approximately only on

mH++ , ∆m and the combination v sinα/vt, see eqs. (3.7) and (3.28). Thus we can derive

a constraint on mH++ − ∆m plane for a fixed value of v sinα/vt. In figure 1, we show

the parameter space consistent with the Higgs data, oblique parameters and theoretical

constraints for four representative values of v sinα/vt = ±2.46, ±24.6.

One thing that is worth mentioning is that the allowed parameter space only depends

on the ratio of (v/vt) sinα. So, as long as the ratio is kept the same, such parameter

space would not differ very much as shown in figure 1. There, one can see that the viable

parameter space for the case vt = 0.1 and 10−9 GeV are almost identical. This is partly

due to the fact that both sinα and vt are correlated, see figure 2.

3.5 Lepton flavor violation constraints

The Yukawa interactions presented in eq. (2.18) will lead naturally to flavor-changing lep-

tonic decays such as `−a → `+b `
−
c `
−
d and `−a → `−b γ. The former arises at tree level and is

mediated by the doubly-charged Higgs H++. Its rate is found to be

Γ(`−a → `+b `
−
c `
−
d ) =

1

2(1 + δcd)

m5
`a

192π3

∣∣∣∣ fabfcdm2
H++

∣∣∣∣2 , (3.31)

where the Kronecker delta δcd accounts for possible two identical final states.

The `−a → `−b γ decay occurs through one-loop penguin diagrams, mediated either by

the H+ or the H++. In a process mediated by the H+, the photon is emitted only from

the H+, whereas in a process mediated by the doubly-charged Higgs, the photon can be

emitted from either the H++ or the charged fermion propagating inside the loop. Since

both scalars in this model couple to leptons with the same chirality, their contributions

coherently interfere, yielding

Γ(`−a → `−b γ) =
m5
`a
αem

(192π2)2
|f †f |2ab

(
1

m2
H+

+
8

m2
H++

)2

. (3.32)
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Process Branching ratio bound Constraint

µ− → e+e−e− 1.0× 10−12 mH++ > |(Mν)µe(Mν)ee|1/2/vt × 145 TeV

τ− → e+e−e− 2.7× 10−8 mH++ > |(Mν)τe(Mν)ee|1/2/vt × 7.4 TeV

τ− → e+e−µ− 1.8× 10−8 mH++ > |(Mν)τe(Mν)eµ|1/2/vt × 9.8 TeV

τ− → e+µ−µ− 1.7× 10−8 mH++ > |(Mν)τe(Mν)µµ|1/2/vt × 8.3 TeV

τ− → µ+e−e− 1.5× 10−8 mH++ > |(Mν)τµ(Mν)ee|1/2/vt × 8.6 TeV

τ− → µ+µ−e− 2.7× 10−8 mH++ > |(Mν)τµ(Mν)µe|1/2/vt × 8.8 TeV

τ− → µ+µ−µ− 2.1× 10−8 mH++ > |(Mν)τµ(Mν)µµ|1/2/vt × 7.9 TeV

µ→ eγ 4.2× 10−13 mH++ >
√

(8 + r)|M†νMν |µe/vt × 15.3 TeV

τ → eγ 3.3× 10−8 mH++ >

√
(8 + r)|M†νMν |τe/vt × 0.6 TeV

τ → µγ 4.4× 10−8 mH++ >
√

(8 + r)|M†νMν |τµ/vt × 0.56 TeV

Table 3. List of various LFV processes constraining the model. Here we use Mν =
√

2fvt to express

Yukawa couplings fab in terms of neutrino mass matrix elements. We also define r ≡ m2
H++/m2

H+ .

All bounds are taken from ref. [53].

In deriving this equation, we have neglected all internal lepton masses because they are

much smaller than mH+ or mH++ . αem is the electromagnetic fine-structure constant. In

our calculation we take α−1
em(mZ) = 128. Note the factor of 8 in the H++ term. A portion

of it comes from the normalization factor of ∆+ (which will become H+), see eq. (2.1),

leading to relative enhancement for H++ term by a factor of 2. The rest is due to the fact

that the loop function of diagram with photon being emitted from the internal fermion `c

is two times larger than the one with photon being emitted from the H++. But the electric

charge of the fermion is two times smaller than that of H++, resulting in the additional

factor of 4 at the amplitude level.

Current bounds for these flavor-violating processes are presented in table 3. The two

most constraining processes are µ → 3e and µ → eγ, from which we can derive the lower

bound on the mass of the triplet. It is clear that the bound will depend on the value of

vt and the type of neutrino mass hierarchy. For illustration purpose, let us consider a case

where vt = 10−9 GeV with the normal neutrino mass hierarchy and m1 = 0. We use the

neutrino mass matrix given in eq. (2.22). For simplicity, we further assume degenerated

triplet masses, and thus r = m2
H++/m

2
H+ = 1. (Allowing non-degenerated masses will

merely induce a 10% correction, thanks to the T parameter limiting the mass splitting of

the triplet.) We infer from table 3 that µ → 3e and µ → eγ set mH++ > 510 GeV and

mH++ > 750 GeV, respectively. Comparing this result with the allowed region shown in

figure 1, we conclude that the benchmark choices in figure 1 are incompatible with LFV

for vt = 10−9 GeV. But it should be kept in mind that other benchmark choice, e.g.,

sinα = 2vt/v, corresponding to the seesaw limit, is still compatible with LFV constraints

because the triplet masses are allowed to be large. Bounds for other vt are also determined

in the same way. One should note that for larger vt, the obtained bounds become weaker

by a factor of vt/(10−9 GeV), see the third column of table 3.
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We see, for this case, that the µ → eγ gives a more stringent constraint compared

to µ → 3e decay despite being originated radiatively. This is because the µ → eγ rate

contains terms that are elements of (2,3) sector of Mν , which are dominant entries in NH.

The µ → 3e decay rate, on the other hand, involves a product of much smaller elements,

i.e., (Mν)ee and (Mν)µe, resulting in a weaker limit.

The situation will be different if we consider a NH case with m1 = 0.1 eV. (Note that

the three neutrino masses are almost equal here.) Now the main diagonal entries of Mν

are much larger than the off-diagonal parts. So the couplings involved in both processes

are roughly of the same order, but the µ→ eγ is suppressed by a loop factor. This is the

reason why the tree-level decay µ→ 3e sets a stronger limit, mH++ > 5.5 TeV, compared to

mH++ > 950 GeV from the µ→ eγ process. Similar argument also applies for the IH case.

The bounds here are much stronger, eliminating the few-hundred-GeV parameter space of

the model with sinα assumed to be 2.46vt/v. We find mH++ > 2.38 TeV for m3 = 0 and

mH++ > 7.3 TeV for m3 = 0.1 eV, respectively.

It is worth noting that the entire bounds discussed in this section are derived based

on the neutrino mass matrix given in eqs. (2.22) and (2.23), where all neutrino oscillation

parameters are taken to be their best-fit values, while Majorana phases are set to zero. In

principle, varying each parameter within its allowed range will lead to different bounds,

which could be weaker in some cases. For example, allowing all parameters to vary within

their 3σ range will push the doubly-charged mass to about 650 GeV for NH case. Upon

closer inspection, we find the bound is mainly driven by θ23. The above bound is achieved

by lowering θ23 to its 2σ lower bound.

As for the IH, the lower bound can even be as low as 510 GeV, thereby allowing quite a

significant parameter space from the Higgs data and vacuum stability. However, in contrast

to the NH case, it seems that more parameters are involved. This is due to the fact that

in the IH scenario there are two dominant neutrino masses, i.e., m1 and m2, which are

narrowly split. Thus, a slight change on neutrino mass parameters may lead to a totally

different result.

4 Collider phenomenology

In this section, we turn our attention to constraints placed on the type-II seesaw model by

collider experiments. In particular, the extra scalar bosons can be produced and searched

for at the LHC. As discussed in the previous sections, the relevant parameter space of

the model consists of vt � v and small sinα. This leads to an approximate relation on

the scalar masses as shown in eqs. (3.9) and (3.10). Thus, for simplicity, we will assume

m2
H = m2

A = 2m2
H+ −m2

H++ for the rest of this section.

There are several official LHC searches for the charged and the neutral scalar bosons.

Most of the searches, however, are in the context of two Higgs doublet model. For the singly-

charged Higgs searches, both the CMS and the ATLAS are interested in the gg → t̄bH+ and

gb̄ → t̄H+ production channels [77–81]. These production channels depend on the tbH+

coupling, which is suppressed by tan2 β = 2v2
t /v

2
d . O(10−4). Hence the bounds imposed

from these LHC searches do not apply in our case. Additionally the H+ is also searched in
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Figure 3. The production cross sections for each production channel for mH++ = 250GeV as a

function of the mass difference ∆m. In this figure we assume m2
H = m2

A = 2m2
H+ −m2

H++ .

the vector boson fusion production channel [82, 83]. Moreover, for mH+ < mt−mb, the H
+

can be searched for in the decay of t → bH+ [78–80, 84–86]. As in the previous case, these

searches also suffer from tan2 β suppression, rendering them irrelevant for constraining the

type-II seesaw model.

In the case of neutral scalars φ = H and A, the official ATLAS and CMS searches

concentrate on the gluon fusion production [87–89], associated with b-jet productions [87,

88, 90] and associated production with a vector boson [89]. These production channels are

suppressed by sin2 α and/or sin2 β′. Hence, the bounds derived by the official ATLAS and

CMS searches for neutral scalars are not applicable to the type-II seesaw model.

The doubly-charged Higgs has also been searched for by the ATLAS and CMS collab-

orations. Unlike the case of the neutral and the singly-charged Higgs, the official searches

focus on the H++ produced via the Drell-Yan process, which is not suppressed by sin α or

tanβ. ATLAS have been searching for H++ → W+W+ [25] andH++ → �+�+ [20] from the

pair production of H++H−− using 36.1 fb−1 of data at 13TeV. For the W+W+ channel,

ATLAS have established a lower boundmH++ ≥ 220GeV. For the �+�+ channel, the bound

depends on the assumed branching ratio of H++ → �+�+. It ranges from mH++ ≥ 450GeV

for Br(H++ → �+�+) = 10% to mH++ ≥ 770GeV for Br(H++ → �+�+) = 100%. We

will refer to these bounds as the official ATLAS same-sign diboson and same-sign dilepton

bounds, respectively. Meanwhile, CMS have searched for H++ → �+�+ in the H++H−−

and H++H− production channels using 12.9 fb−1 of data at 13TeV [19]. As in the case

with ATLAS, the official bounds quoted by CMS depend strongly on the assumed branch-

ing ratios of H++ into same-sign dilepton. We will refer to these bounds as the official

CMS same-sign dilepton bounds.

It is worth noting that the official ATLAS and CMS searches for H++ do not cover all

the relevant parameter space of the current model. The results quoted above only represent

the extreme corners of the model parameter space, i.e., high and low vt regimes. Besides,
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Figure 4. The channels with largest partial decay width for the scalars in the plane of ∆m–vt for

mH++ = 250 GeV. Here we take sα = 2.46vt/v. We assume m2
H = m2

A = 2m2
H+ −m2

H++ . In the

case of heavier H, the region of H → hh gets bigger and replaces H →WW,ZZ and H → bb̄ since

more phase space opens. A similar scenario also happens as A gets heavier, in which the A→ hZ

region replaces the A→ bb̄. In the case of heavier H+, the regions H+ → W+Z and H+ → tb̄ get

replaced by H+ →W+h, subject to phase space allowance. The largest channel for H++ does not

significantly change as the mass of H++ gets heavier.
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they do not take into account all possible production channels and decay modes, which

may be relevant in constraining the full parameter space of the model. As already noted,

the relevant production mechanism for the scalars is φφ′ (with φ, φ′ ∈ {H,A,H+, H++})
via the Drell-Yan process. Since the splitting among scalar masses occurs according to

eqs. (3.9) and (3.10), we can write one mass in terms of the others. Thus, we can express

the production cross-sections as functions of two model parameters only: ∆m and mH++ .

In figure 3, we present four production cross-sections at the LHC 13 TeV as functions

of scalar mass splitting ∆m, with the doubly-charged mass mH++ fixed at 250 GeV. Note

that the cross sections in this case are O(100) fb, suggesting a significant number of them

being produced. From that figure, we can also see that the production cross-sections for

H±H and H±A, not considered in both ATLAS and CMS analyses, are sizable, and even

larger than H±±H∓ and H±±H∓∓, particularly in ∆m < 0 region. This is because the

neutral scalars are lighter than their charged counterparts. This indicates that the H±H

and H±A production channels need to be included in the analysis. As we will see later,

the inclusion of these two channels, along with the possible decay modes, will play an

important role in deriving the LHC bounds for ∆m < 0. On the other hand, for ∆m > 0,

the pair productions of H±±H∓∓ and H±±H∓ are the two most important channels for

this purpose.

In addition to the production mechanism, the LHC signatures also depend on the decay

channels of each scalar boson being produced. Within this model, the scalar decay modes

can be affected by four parameters: ∆m, mH++ , vt and sinα. Plots in figure 4 describe

the main decay channels for each scalar as functions of vt and ∆m with mH++ fixed at

250 GeV. For this illustrative purpose, the mixing angle α is set to sα = 2.46vt/v because,

as we have learned from figure 2, both sα and vt are correlated. The proportionality factor

of 2.46 comes from the fact that this particular choice gives quite large allowed parameter

space (see figure 1), although practically this makes the mixing angle nearly vanishing. We

also assume that the triplet Yukawa couplings, relevant for small vt cases (vt . 10−7 GeV),

are chosen such that they are consistent with neutrino mass matrix presented in eq. (2.22),

i.e., NH with m1 = 0.

In what follows, we will investigate how collider searches for the scalars can further

probe the parameter space of the type-II seesaw model. We will utilize all the relevant

production channels and decay modes discussed above. And since we will consider more

general aspect of the model, we cannot completely be reliant on those two official results.

Because of that, due to the great similarities in the production and decay modes, we will

also implement the CMS multilepton analysis [42], intended to constrain supersymmetric

particles. To this end, we first use Madgraph5 [91] to generate these scalars. We then

pass them through Pythia8 [92] for showering and hadronization. Finally, we use the

Checkmate2 [93] public code to obtain the relevant LHC constraints.

In the next two subsections, we will discuss how to get the collider bounds, and

hence the constraint for the parameter space. We will present bounds for vt =

0.1, 10−4, 10−7, 10−9 GeV that can encompass wide range of the model parameter space.

Due to different nature in production and decay processes, we split our discussion into

∆m > 0 and ∆m < 0. The bounds are summarized in figure 5.
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Figure 5. The summary of the bounds from collider, invisible Higgs decay and the electroweak

precision test. The excluded regions from collider searches are represented by hashed green, blue,

orange and magenta regions for vt = 0.1GeV, 10−4 GeV, 10−7 GeV and 10−9 GeV respectively. The

invisible Higgs and electroweak bounds are independent of vt and represented by light and dark

grey shaded regions respectively.
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Figure 6. The comparison between the ATLAS same sign diboson bounds [25] and the bounds

from recasting the CMS multilepton analysis [42] for vt = 0.1GeV. The region on the left of the

respective line is excluded.
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4.1 ∆m > 0

For ∆m > 0, the charged Higgses are most likely to get produced. Thus, we focus our

attention on the LHC signatures arising from H++ and H+ decays.

First, let us consider the case of large vt in which the H++ decays exclusively into

W+W+. In this case, the official ATLAS same-sign diboson bound, where only the pair

production of H++H−− is considered, is mH++ ≥ 220 GeV. We will investigate the effect of

adding theH++H− production channel, which is the most dominant production mechanism

for ∆m > 0, on the extraction of mH++ bound. To do this, we note that, for small ∆m, the

H+ decays predominantly into W+Z, see figure 4(c). Thus, the final state relevant for the

H++H− production channel is W+W+W−Z. This suggests that the H++H− channel can

be constrained by multilepton search. We recast the CMS multilepton search at 13 TeV

with 35.9 fb−1 of data [42] using Checkmate2 [93].7 We find that the signal region G05,

defined in table 4, which involves four or more leptons and a large missing energy, provides

the strongest bounds. The comparison between the recasted CMS multilepton bounds and

the official ATLAS same-sign diboson bounds, for the case of vt = 0.1 GeV, is shown in

figure 6. One can see that for this value of vt, the multilepton bounds are comparable with

the same-sign diboson bound.

Next, we consider the case of tiny vt, in which H++ decays predominantly into a pair

of same-sign dilepton. In the official ATLAS same-sign dilepton search [20], the bounds

are presented for the following decay channels: e+e+, µ+µ+ and e+µ+. Reinterpreting

these bounds in the context of eq. (2.22) with m1 = 0, we find that the strongest bounds

come from the µ+µ+ channel, giving mH++ ≥ 667 GeV for both vt = 10−7 GeV and

vt = 10−9 GeV. Since ATLAS did consider possible decay into states other than light

leptons, as vt gets larger, the leptonic modes naturally get smaller, leading to relatively

weaker bound. As an example, for vt = 10−4 GeV, the bound becomes mH++ & 450 GeV.

Note that we do not consider the official CMS same-sign dilepton search here because it

was performed on a smaller LHC data set and are more difficult to recast. We will discuss,

however, some CMS benchmark points later in the appendix.

Again we compare the official ATLAS same-sign dilepton bounds against the ones

obtained from recasting the CMS multilepton search. Similar to the previous case, the

multilepton signature mainly comes from H++H− production. For vt = 10−9 GeV, the

singly-charged Higgs decays into a lepton and a neutrino, while the doubly-charged Higgs

decays into same-sign dilepton pair. This gives rise to 3`+ν final state. The most significant

multilepton signal region is A44, defined in table 4, which requires three leptons and a large

missing energy. We obtain the bound mH++ & 740 GeV, which is stronger than the ATLAS

same-sign dilepton bound. The reason for a stronger bound is because the signal region

considered contains little SM background. However, it is possible that the ATLAS same-

sign dilepton bound can be comparable to, or even stronger than, the multilepton bounds

when all the possible production and decay channels are combined.

The effect of other decay channels in constraining the model parameter space becomes

ubiquitous as vt increases. As example, let us consider the case of vt = 10−7 GeV. For

7We also consider other channels available in Checkmate2. We find that only multilepton channel is

relevant for constraining the model.
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SR A44 G05

pT, leading electron (muon) 25(20) GeV 25(20) GeV

pT, subleading electrons (muons) 15(10) GeV 15(10) GeV

n` 3 ≥ 4

pT,τh 20 GeV 20 GeV

nτh 0 0

pT,b-jet 25 GeV 25 GeV

nb-jet 0 0

nOSSF ≥ 1 ≥ 2

m`` ≥ 105 GeV ≥ 12 GeV

pmiss
T ≥ 200 GeV ≥ 200 GeV

mT ≥ 160 GeV —

nexp. 2.5± 0.8 0.97± 0.32

nobs. 0 0

Table 4. Relevant multilepton signal regions, taken from ref. [42]. If the leading lepton is muon,

while the rest of the leptons are electrons, the leading muon pT has to be greater than 25 GeV for

both of signal regions.

quite large mass splitting, i.e., ∆m & 20 GeV, the H+ decays predominantly into H++W−.

Consequently, the final state for H++H− production channel contains four leptons and one

W boson. In contrast to the case of vt = 10−9 GeV, the stronger bounds are obtained from

the signal region G05, which involves at least four leptons and large missing energy. Since

the expected background in the G05 signal region is lower than the A44 signal region, the

bound for vt = 10−7 GeV is slightly stronger than the bound for vt = 10−9 GeV, as depicted

in figure 5. But, when mass splitting becomes less than 20 GeV, the channel H+ → `+ν

becomes sizable, so again, A44 is the most constraining signal region. That explains why

in this region the bound is weaker than that of 10−9 GeV.

For intermediate value of vt (i.e., vt ∼ 10−4 GeV), one can see from figure 4(c) that, for

the majority of the parameter space (with ∆m > 5 GeV), H+ decays mainly into H++W−∗,

while H++ can decay into the same-sign diboson and dilepton with roughly the same rates.

For sufficiently large vt, where the decay of H++ is dominated by W+W+, it leads to a final

state with five W bosons. On the other hand, if H++ → `+`+ dominates, one gets a final

state with one W and four leptons. Since the leptonic branching fraction of W is about

20%, we expect that in both scenarios the G05 signal region of CMS multilepton search [42]

will produce the strongest bound. We can see from figure 5 that mH++ & 470 GeV for

vt = 10−4 GeV and ∆m & 5 GeV, which is slightly stronger than ATLAS bound for the

same triplet vev value. But when the mass splitting is less than 5 GeV, the bound gets

weaker because now `+ν starts to dominate H+ decay, leading to 3` + ν final state. We

have known from the previous discussion that such final state, consistent with A44 signal

region, has a larger SM background, and thus, explaining the relaxed bound.
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4.2 ∆m < 0

For ∆m < 0, the most dominant scalar pair production channels are the HA and the

H+H/A. The H++H− and H++H−− production cross-sections, however, remain roughly

the same as in the ∆m > 0 case for a fixed value of mH++ . We will see that we need to

utilize all of these production channels to constrain the type-II seesaw model.

Let us first consider the case where vt is small. The H and A scalars decay predom-

inantly into neutrinos, rendering them invisible to the detector. At the same time, the

dominant decay modes for H+ and H++, for sufficiently small vt, are lepton pairs. Thus,

for sufficiently small vt, we expect to get a similar bound to the ones obtained from the

H++H− and the H++H−− production channels in the ∆m > 0 scenario. This is the case

for vt = 10−9 GeV and vt = 10−7 GeV with ∆m & −20 GeV. For vt = 10−7 GeV with

∆m . −20 GeV, the H++ decays into H+ and W+ and the H+ decays into W+ and H/A.

As has already been noted, both H and A decay invisibly into neutrinos. Therefore, we

do not expect any LHC constraint in this particular case. However, if H and A masses

are smaller than mh/2, then the decays of h→ HH,AA are open. These decay modes are

constrained by the invisible decay width of the h [94–97].8

Both H and A start to have substantial visible decays for vt & 10−4 GeV. If their

masses are large enough, the decay of the H will be dominated by the gauge boson pair

or the hh pair, while the dominant decay mode of A will be to Zh. Moreover, the H+

decays into W+H/A for most of the parameter space. In this case, the most important

production channel is the pair production H+H/A. This production channel leads to final

states containing some combination of W , Z and h. Since W , Z and h all have sizable

decay into leptons, the LHC multilepton search is the most sensitive channel in this case.

We find that the signal region G05 is the most relevant signal region in this case.

When the mass of H is below the W+W− threshold, it decays mainly into bb̄. Simi-

larly, the pseudoscalar A also decays primarily into a b-quark pair since its mass is below

the hZ threshold. Therefore, the LHC multilepton search does not apply. There are some

relevant LHC searches in this case. For example the CMS search for pair-produced reso-

nances decaying into quark pairs [100] is relevant for constraining the HA pair production.

However, the QCD backgrounds for this process completely overwhelm the weak scale pro-

duction of the HA signal. To avoid the large QCD background, we instead consider the

LEP MSSM Higgs boson search [101]. The LEP searched for the HA pair production at

the e+e− collider with the center of mass energy up to 209 GeV. One of the scenarios

presented in ref. [101] is to assume that both H and A decay 100% into bb̄ pair. There, the

bounds are presented as the ratio of the maximum allowed HA production cross-section to

the hZ production cross-section multiplied by kinematic factors. Hence, after taking into

account the branching fraction of H and A into bb̄, we can compare directly the bounds

presented in ref. [101] with the cross-section in our model. The bound is determined to be

mH > 97.5 GeV from the LEP search.

For vt = 10−4 GeV and relatively light neutral scalars, both H and A decay mainly

into neutrinos. Hence the bound on invisible decay mH/A > 62.5 GeV applies in this case,

8The bound from invisible Higgs decay is stronger than the monojet bounds [98, 99], which we found to

be mH/A > 40 GeV.
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Figure 7. The bounds for vt = 10−4 GeV from invisible Higgs branching fraction [94–97] and the

LEP chargino searches [102]. The region on the left of each line is excluded.

while the LEP MSSM Higgs boson search is irrelevant. However, in this case the LEP

search for chargino [102, 103] can be used to constrain the model parameter space. Due to

the cuts in the analysis, we find that the most relevant LEP search is the OPAL chargino

search at
√
s = 189GeV using 182.1 pb−1 of data [102]. In their analysis, the OPAL

collaboration look for a pair production of charginos followed by the chargino decays into

a W and a neutralino. In our model, we have a pair production of H+H− followed by

the H± decay into W± and H/A. Since both H and A decay invisibly, the H+H− pair

production mimics the charginos pair production. We find that for a large enough ∆m,

the bound obtained from the chargino search is mH+ > 83GeV. This bound is better than

the invisible Higgs decay bound, mH > 62.5GeV, only for ∆m > −17GeV. For smaller

mass splitting values, the bound becomes worse. The comparison between the two bounds

are shown in figure 7.

As mentioned above, collider bounds depend strongly on the value of vt and ∆m since

they determine the branching fraction of each decay channels. The bounds also depend on

the value of sinα, albeit not as strong as the previous two parameters. In figure 5, we show

the bounds for various values of vt. For a particular value of vt and ∆m, we varied sinα to

be between ±24.6vt/v and took the weakest bounds. Additionally we plot the bounds from

the electroweak precision test discussed in section 3.2 and the bounds from the invisible

Higgs decay; both are independent of vt and sinα.

From the plot we can see that for the case of ∆m > 0, LHC can constrain the parameter

space of the model very well. The bounds in this case are mH++ � 200GeV, with the

weakest bound comes from a large value of vt, in which the H++ decays into W+W+.

Hence the search from this channel with a further addition of H++H− → W+W+W−

channel will push the constraint for the case of ∆m > 0.

In the case of ∆m < 0 and vt � 10−4GeV, there is no current collider bound when

the mass of H falls below the W+W− mass threshold. In this case, both H and A decay

into bb̄ or νν, depending on the value of vt. The two decay channels are difficult to probe

because of large backgrounds in the former case or missing energy in the final states in
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(d) vt = 10−9 GeV

Figure 8. The combination of allowed regions from the Higgs data, shown from figure 1, and the

exclusion regions of colliders, Higgs invisible searches and EWPT, shown in figure 5. In the figure,

we take vt = 0.1GeV, 10−4 GeV, 10−7 GeV and 10−9 GeV. Additionally for each value of vt, we

take the benchmark cases sα = ±2.46v/vt and ±24.6v/vt for the allowed regions. The gray shaded

region is the combination of exclusion regions of colliders, Higgs invisible searches and EWPT.

the latter. As a result, the value of mH (or mA) can be as low as mh/2, which is nothing

but the invisible Higgs decay bound. Likewise, in the case where all the scalar masses are

almost degenerate, the mass of H++ can also be close to mh/2 because the decay of H++

will not proceed through very visible decay channels unlike in the case of ∆m > 0. The

final states in this case, after subsequent cascade decays, will be very soft leptons and H/A;

both are indeed very difficult to probe at the LHC.

The bounds that are presented in figure 5 are general in the sense that they admit all

possible values of sinα for each vt considered. It is interesting to see what will happen if

these bounds are overlaid on the scattered plots of figure 1, which are obtained by fixing

sinα and vt. As can be seen in figure 8, collider bounds can eliminate quite significant area,

especially for low vt; this is evident in the case of vt = 10−7GeV and vt = 10−9GeV. None

of the four benchmark points being discussed can survive in the latter, while in the former,

only the case of sα = 2.46vt/v can barely escape the exclusion. As a matter of comparison,
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in that figure, we also show the LFV bound for vt = 10−9 GeV, that is mH++ & 750 GeV.

As discussed in section 3.5, this bound is obtained by assuming normal neutrino mass

hierarchy with m1 = 0. For a higher value of vt the LFV bounds are less relevant.

5 Conclusions and discussions

The type-II seesaw mechanism is one of the simplest framework to incorporate neutrino

masses into the SM. Despite its simplicity, the type-II seesaw model offers rich phenomenol-

ogy. In our work, we have investigated various constraints on the type-II seesaw model

parameter space, from the low energy observables constraints to the theoretical bounds to

the collider constraints.

Constraints from low energy observables can greatly reduce the size of the viable

parameter space. The electroweak ρ parameter constrains the triplet vev to vt . 4.8 GeV.

This constraint ensures the spectrum of the scalar bosons satisfies an approximate relation

m2
A ' sin2 αm2

h + cos2 αm2
H ' 2m2

H+ − m2
H++ . As a result we can parametrize the

parameter space of the model by three parameters: the CP-even mixing angle α, the

mass splitting ∆m and the doubly-charged mass mH++ (mh is taken to be 125 GeV). The

electroweak S and T parameters further reduce the allowed parameter space to −40 GeV ≤
∆m ≤ 50 GeV. Constraints from the lepton flavor violation processes are also relevant for

low values of vt. These processes become the most constraining observables in the case

of vt = 10−9 GeV. They place the bounds on the doubly-charged Higgs mass mH++ &
750 GeV for the NH case with m1 = 0. The bounds could be stronger for other neutrino

mass scenarios.

Theoretical and collider bounds further constrain the type-II seesaw model parameter

space. Their contributions are intertwined. From the 125-GeV Higgs boson properties, one

expects the mixing angle α to be small. Moreover, the invisible branching ratio of the 125-

GeV Higgs boson places a strong constraint on the neutral scalar masses, mH ,mA ≥ mh/2.

Additionally, perturbativity of the scalar quartic couplings further dictates that vt and sinα

are correlated, as can be seen in figure 2. This, coupled with the smallness of vt and sinα,

further simplifies the relations among the scalar masses: m2
A ' m2

H ' 2m2
H+ − m2

H++ .

Finally, stability of the electroweak vacuum, discussed in section 3.1, implies that, for a

given value of ∆m, mH++ in most of parameter space cannot be arbitrarily large. This is

reflected, for example, as a boundary on the right of the viable parameter space shown in

figure 1.

Having identified the viable parameter space, we can further probe them with collider

searches for the extra scalar bosons: H, A, H+ and H++. The collider signatures of

these scalars depend heavily on the mass splitting ∆m and vt. For the case of ∆m > 0,

the lightest new scalar is H++. There exist official CMS and ATLAS results from the

H++H−− production channel. They considered the W+W+ and `+`+, which are the main

decay products of the H++ in the cases of high and low vt, respectively. We compare these

official bounds with the bounds from the recasted multilepton signals from the H±H∓∓ and

the H±±H∓∓ production channels. We find that the multilepton bounds are comparable

to or often better than the official LHC bounds.
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The part of parameter space with ∆m < 0 is not covered by any official LHC searches.

We can again use the multilepton search to probe this region provided that the the heavy

neutral scalars can decay into W+W− or hh. However, when H and A are too light, both

of them decay into bb̄ or νν, depending on the value of vt. In this case, the multilepton

search becomes irrelevant. Hence we believe this region of parameter space has not been

constrained by any of the LHC searches. There are several possible signatures that might

be able to probe this particular region of the parameter space. If the branching fraction

of the H/A decay to bb̄ are significant, the final states of H±H/A production channels

are W ∗bb̄bb̄. This, in turn, leads to a signal with four b-jets, a lepton and missing energy.

Since the lepton and the missing energy in this case come from the leptonic decay of the

off-shell W , the missing energy requirement should be much lower than the ones used in

supersymmetry searches. Additionally, if we consider the H+H− production channel, we

can have four b-jets, two leptons and a missing energy signal from the cascade decay of H+

and H−. We leave the LHC sensitivity to these channels for possible future works. The

summary of the bounds are shown in figures 5 and 8.
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A Dependence on neutrino mass parameters

In this appendix,we consider the effect of varying the PMNS parameters and the neutrino

masses on the LHC bounds. We will consider three cases: (1) the normal hierarchy with

massless lightest eigenstates (NH), this will be our benchmark case; (2) The inverted hier-

archy with massless lightest eigenstates (IH); and (3) The the lightest neutrino eigenstates

is having a mass of 0.1 eV. In case (3), for a low enough vt, the H++ decays almost equally

into each flavor of dilepton pair for both the normal and the inverted hierarchy scenarios.

Therefore the collider bounds for case (3) will be practically the same for the two mass

hierarchy scenarios. We refer to case (3) as the quasi-degenerate (QD) scenario. In all

three cases above we take the Majorana phases to be zero. The branching ratio for the

doubly-charged Higgs in the three cases are given in table 5.

In the case of vt . 10−4 GeV, the triplet Yukawa couplings are small enough. Hence the

variation on the neutrino mass matrix does not change the collider bounds significantly. The

collider bounds for vt = 10−7 GeV and 10−9 GeV are shown in figure 9. For vt = 10−9 GeV,
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NH BP1 IH BP2 QD QD BP3
(normal) (inverted)

e+e+ 1% 0% 47% 50% 30% 33% 33%

µ+µ+ 38% 30% 8% 12% 35% 30% 33%

τ+τ+ 21% 30% 17% 12% 33% 32% 33%

e+µ+ 4% 1% 1% 0% 1% 3% 0%

e+τ+ 1% 1% 1% 0% 1% 2% 0%

µ+τ+ 35% 38% 26% 25% 0% 0% 0%

Bounds (GeV) 745 723 705 716 755 755 761

Table 5. The columns NH, IH and the two QD are the branching ratios of H++ for vt = 10−9 GeV.

These values also hold for vt = 10−7 GeV and ∆m � −20GeV. For smaller values ∆m, the doubly-

charged Higgs decays mainly into W ∗+H+. The bounds shown are for ∆m = 0. The columns BP1,

BP2 and BP3 are the benchmark points in the CMS analysis [19].

NH

IH

QD

conservative
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(a) vt = 10−7 GeV
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(b) vt = 10−9 GeV

Figure 9. The bounds for various neutrino mass cases. The region on the left of each line is

excluded.

the collider bounds for all three cases are approximately mH++ � 750GeV. Note that the

NH and QD bounds are about the same and are slightly stronger than the IH case. This

is because, in the NH and the QD cases, the H+ and the H++ have significant branching

fractions into muons, which can be cleanly detected. In the case of vt = 10−7GeV, the

bounds for all three cases are also approximately the same for ∆m ≥ −20GeV. For

∆m ≤ −20GeV, the collider bounds for the NH and the IH cases get weaker because

they are in the region of parameter space that can only be constrained by the invisible

Higgs decay width (which happens only when mH,A < mh/2). For the QD case, the triplet

Yukawa couplings are large enough so that the dilepton channels are still dominant. Hence

collider bound remains practically the same.

The bounds obtained from the multilepton channel are in general better than our re-

casted ATLAS search for doubly-charged Higgs. The reason is that the ATLAS search only

considers H++H−− production mechanism, while we also include the H±±H∓ production

channel in deriving our multilepton bound. Moreover, we only consider one decay channel

when recasting the bound. There exists a CMS analysis for the singly- and doubly-charged
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Decay channel Branching ratio (%)

e+e+ 4%

µ+µ+ 7%

τ+τ+ 18%

e+µ+ 3%

e+τ+ 3%

µ+τ+ 65%

Table 6. The branching fractions of H++ for the most conservative scenario. The mass hierarchy

used to produce the branching ratio is the normal hierarchy with sin2 θ23 = 0.428, m1 = 0.0106 eV,

α1 = 23.4◦ and α2 = 194.7◦. For other PMNS parameters, we use parameters shown in the table 1.

Higgs [19] using only 12.9 fb−1 of data at 13 TeV. In their analysis, CMS show that the

inclusion of the H±±H∓ production channel improves the bound on mH++ . However,

when considering the H±±H∓ production channel, CMS assume that the H+ decays only

into `ν. Moreover they also assumed that the singly- and doubly-charged Higgs masses are

degenerate. This corresponds to the vt = 10−9 GeV and ∆m = 0 case in our benchmark

scenario. CMS also consider four more scenarios of the H++ branching ratios. Three of

them are relatively similar, while not exactly the same, with our cases. The CMS bench-

mark point BP1 is similar to our NH case, BP2 is comparable with our IH scenario, and

BP3 is close to our QD case. Hence for illustrative purpose, we compare the bounds for

these benchmark points. Since CMS can optimize the cuts for their particular search pur-

pose, their bounds are comparable to our recasted multilepton bounds, despite using only

a third of collision data.

As mentioned above, the CMS analysis assume the singly-charged Higgs decay into `ν,

which is true for the case of vt = 10−9 GeV. However, this assumption is not necessarily

valid in other parts of parameter space. For example, in the case where vt = 10−7 and

∆m & 10 GeV, theH+ decays mostly to W−H++, resulting in a 3`+ν final state. Therefore

we suggest that, besides considering the decay of `ν for the singly-charged Higgs, CMS

should also include the H+ → W (∗)−H++ decay mode in their future analysis. In other

words, CMS should consider relaxing degenerate triplet mass assumption.

Departing from the benchmark cases, we investigate how the variation in each PMNS

parameter impacts the derived collider bounds. We find that there are four parameters

that can significantly change the branching ratio of H++: θ23, the lightest neutrino mass

and the Majorana phases α1 and α2. Varying the other PNMS parameters within their

allowed 3σ range, as given in ref. [54], only affect the H++ branching ratios by at most 2%.

Therefore, we vary the four parameters mentioned above to obtain the most conservative

(weakest) bound. We find that the weakest bound is achieved in the normal hierarchy

scenario with the H++ branching fractions shown in table 6. This conservative bound is

obtained when the sum of the branching fractions H++ to e+e+, µ+µ+ and e+µ+ is at its

minimum. The conservative bounds are shown in figure 9 and labeled as conservative.

Finally, we can compare our collider bounds to the LFV bounds. We use LFV bounds

discussed in section 3.5 where some dependence on neutrino mass hierarchies are apparent.
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One can see in the case of vt = 10−9 GeV that LFV processes in general induce stronger

bounds, except for the NH case where the LFV bound is comparable to the collider bound.

As discussed in section 3.5, the LFV bounds will get weaker by a factor of (vt/10−9 GeV) as

vt increases. So, already for vt = 10−7 GeV, the strongest LFV bound, achieved in the IH

case, is 730 GeV. This is more or less the same as the collider bound for ∆m & −20 GeV.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.
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