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In this study we consider an extension of the Standard Model with a complex hypercharge zero triplet

scalar. In this scenario one of the charged Higgs bosons remains purely triplet and does not couple to the

fermions, making it elusive at colliders. Also the physical pseudoscalar is a pure triplet and this purity

makes it a suitable dark matter candidate without the need of discrete symmetries, unlike other extensions.

The bounds from relic density and direct dark matter search experiments select its mass to be

∼1.35–1.60 TeV. The pure triplet charged Higgs gives rise to displaced signatures and their sensitivity

at LHC and MATHUSLA have been studied. The prospects at present and future hadron/muon colliders of

such exotic scalars are pointed out by calculating their productions cross section and dominant decay

modes. We present also the expected reach for the triplet states at a multi-TeV muon collider.
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I. INTRODUCTION

The Higgs boson discovery was the last key stone of the
Standard Model (SM) [1,2]. However, the SM Higgs boson
mass aces the quadratic divergence as it is not protected by
any symmetry like chiral symmetry or gauge symmetry.
Supersymmetry came as astounding solution in canceling
the quadratic divergence and in its minimal extension with
R parity provides the much needed dark matter candidate.
The minimal supersymmetric Standard Model (MSSM)
predicts four physical Higgs bosons: one charged Higgs,
two CP even and one CP odd. The lightest CP even Higgs
boson mass in the MSSM is predicted to be lower than the
Z boson mass, at tree level. On the contrary, the observed
Higgs boson mass is around 125.5 GeV: this demands large
loop corrections with either a heavy SUSY (supersym-
metry) mass scale or a highly fine-tuned parameter space
[3]. An extension of the Higgs sector softens the amount of
quantum corrections needed contributing to the Higgs mass
both at tree as well as loop level. This makes SUSY at the
TeV scale a theoretical reality [4–8].
However, the nonobservation of any other beyond-the-

Standard-Model (BSM) states situated these Higgs bosons

masses to rather high values or somehow are not probed so
far. The intriguing quest one might ask is that if there are
Higgs bosons in the mass ranges already probed by LHC
but still not visible. One naïve possibility is if the Higgs
boson that is produced potentially decays in invisible
modes. The other striking possibility is that if such scalars
are feebly produced at hadron colliders. Such theoretical
possibility arise when the Higgs bosons coupling to
fermions is highly suppressed, which inhibits both the
productions via quarks/gluons and the decay channels in
the fermionic modes. This kind of scenario will provides
the guideline of this paper. Because the SM does not have a
right-handed SUð2Þ doublet, an SUð2Þ triplet Higgs boson
with zero hypercharge cannot couples directly with the
fermions. A Higgs boson in such representation, together
with an extra Z2 symmetry can provide the much needed
dark matter [9–11]. In a nonsupersymmetric (non-SUSY)
framework we can extend the SM with a real Y ¼ 0 triplet,
conversely to the corresponding supersymmetric case,
where we need to have a complex Y ¼ 0 triplet along
with two Higgs doublets to fulfill the anomaly free

condition and holomorphicity of superpotential [5–8,
12–14]. Hence it is clear that the minimal supersymmetric
and nonsupersymmetric extensions of the SM are rather
different. Specifically, in the real case we do not have any
pseudoscalar and the charged Higgs bosons are conjugate
to each other [9–11,15]. The choice of a complex Y ¼ 0

representation in a non-SUSY framework certainly invokes
an extra physical pseudoscalar. However such a pseudo-
scalar will have no room to mix with the doublet Higgs,
unlike other SUSY/non-SUSY extensions, e.g., the MSSM
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or the two Higgs doublet model [16]. This purity fabricates
the pseudoscalar as dark matter candidate because, without
adding any discrete symmetry, its cubic interactions with
fermions and gauge bosons cease to exist. In a nutshell,
adding a Y ¼ 0 complex triplet to the Higgs sector of the
SM brings a natural dark matter candidate, the physical
pseudoscalar.
This article is organized as follows. In Sec. II we briefly

discuss the main features of the model, the electroweak
symmetry breaking along with the CP-conserving mass
eigenstates of the Higgs sector and its custodial limit. The
phenomenology of the model is examined in Sec. III: we
address its darkmatter content, themain physics of long-lived
BSMparticles and the effect of the extrascalars on the trilinear
and quartic Higgs self-couplings. In Sec. IV we present the
results for themain collider signatures of themodel at present
and future facilities. We draw our conclusions in Sec. V.

II. COMPLEX TRIPLET EXTENSION OF THE

STANDARD MODEL

In this Section we discuss the extension of the Standard
Model with a complex triplet with Y ¼ 0, which we name
complex triplet extension of the Standard Model (CTSM).
The gauge and fermion sectors are identical to the Standard
Model ones, and we do not write them here. The only
difference with the SM lays in the scalar sector, where apart
from the usual Higgs doublet

Φ ¼
�

ϕþ

Φ0

�

; ð1Þ

we consider a complex triplet with Y ¼ 0 hypercharge,
namely

T ¼ 1
ffiffiffi

2
p
 

t0
ffiffiffi

2
p

tþ
1

ffiffiffi

2
p

t−
2

−t0

!

: ð2Þ

We stress that, as a consequence of being a complex

multiplet, ðtþ
1
Þ� ≠ t−

2
and t0 is also complex. The neutral

component of H and T will acquire a vacuum expectation
value (VEV) and break the electroweak symmetry,

Φ0 ¼
1
ffiffiffi

2
p ðvþ ϕ0 þ iσ0Þ; ð3Þ

t0 ¼
1
ffiffiffi

2
p ðvT þ ϕt

0
þ iσt

0
Þ: ð4Þ

After the spontaneous electroweak symmetry breaking
(EWSB) the scalars mix and gauge bosons and fermions
became massive via the Brout-Engler-Higgs mechanism
[17–19]. In particular, the masses of the gauge bosons are
given by

mW ¼ 1

2
g2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2 þ 4v2T

q

; mZ ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðg2
1
þ g2

2
Þ

q

v; ð5Þ

where g1 and g2 are the gauge coupling constant of the
Uð1ÞY and SUð2ÞL groups, respectively. It is well known
that such an extension of the SM will not respect the
custodial symmetry, manifested by the fact that

ρ ¼ m2
W

m2
Z cos

2 θw
≠ 1 ð6Þ

at tree level. The experimental value of theρ parameter is [20]

ρex ¼ 1.00038� 0.00020; ð7Þ

and this will constraint the allowed values of vT ≲ 5 GeV.

A. Scalar potential and mass matrices

Although not explicitly stated, we have assumed that we
are in a situation where CP symmetry is not violated
spontaneously (v > 0, vT > 0) nor explicitly. The explicit
CP violation occur if one consider complex parameters for
the scalar potential. In this paper we will consider only the
scenario where CP symmetry is not violated. In the CP-
conserving case the potential of the model is

V ¼ V1 þ V2; ð8Þ

with

V1 ¼ μ2Φ†
Φþ λH

2
Φ

†
ΦΦ

†
Φþm2

T tr½T†T�

þ λT

2
tr½T†T�tr½T†T� þ λT 0

2
tr½T†TT†T�

þ λHT

2
Φ

†
Φtr½T†T� þ κHTðtr½Φ†TΦ� þ H:c:Þ; ð9Þ

and

V2 ¼
�

m02
Ttr½TT� þ

λ
ð2Þ
T

2
tr½TTTT� þ λ

ð3Þ
T

2
tr½T†TTT�

þ λ
ð2Þ
HT

2
Φ

†
Φtr½TT�

�

þ H:c: ð10Þ

Here μ, mT , and m
0
T are SM Higgs bosons and the complex

triplet mass terms, respectively, λH, λT;T 0 , λHT , λ
ðiÞ
T;HT , and

κHT are dimensionless and dimensionful couplings for
scalars, respectively. As already stated, the parameters
entering in Eq. (8) are assumed to be real. Let us notice
that in writing Eq. (10) we make use of the trace relations

tr½TTTT� ¼ 1

2
ðtr½TT�Þ2;

tr½T†TTT� ¼ 1

2
tr½T†T�tr½TT�: ð11Þ

The gauge-fixing part of the Lagrangian is

Lgf ¼ −
1

2ξV
ð∂μVμ þ ξVMVGVÞ2 ð12Þ
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in the case of a massive gauge boson Vμ, whose Goldstone

boson is GV .
After EWSB the scalars mix, and the conditions for the

minimum of the potential are given by

μ2 ¼ −
λHv

2

2
þ κHTvT −

λHT

4
v2T −

λ
ð2Þ
HT

2
v2T ; ð13Þ

m2
T ¼ −

λTv
2
T

2
−
λT 0v2T
4

þ κHT

v2

2vT
−
λHTv

2

4

− 2m02
T −

λ
ð2Þ
HT

2
v2 − ðλð2ÞT þ λ

ð3Þ
T Þv2T : ð14Þ

We define the mixing in the scalar sector as

hi ¼ RS
ijHj; ai ¼ RP

ijAj; hþi ¼ RC
ijH

þ
j ; ð15Þ

where H⃗ ¼ ðϕ0;ϕ
t
0
Þ, A⃗ ¼ ðσ0; σt0Þ, H⃗

þ ¼ ðϕþ; ðt−
2
Þ�; tþ

1
Þ,

andRS;P;C are the rotation matrices for scalar, pseudoscalar
and charged Higgs bosons, respectively. The mass matrices
for CP-even, CP-odd neutral scalar and charged scalars are
given below:

MS ¼
 

λHv
2 ðλHT þ 2λ

ð2Þ
HTÞ vvT2 − κHTv

· 1

2vT
ðκHTv

2 þ ð2λT þ λT 0 þ 2ðλð2ÞT þ λ
ð3Þ
T ÞÞv3TÞ

!

; ð16Þ

MP ¼
 

1

4
v2ξZðg2 cos θw þ g1 sin θwÞ2 0

· κHT
v2

2vT
− 4m02

T − λ
ð2Þ
HTv

2 − ð4λð2ÞT þ λ
ð3Þ
T Þv2T

!

; ð17Þ

MC ¼

0

B

B

B

@

1

4
g2
2
ξWv

2 þ 2κHTvT
v

2
ffiffi

2
p ð2κHT − g2

2
ξWvTÞ v

2
ffiffi

2
p ð2κHT − g2

2
ξWvTÞ

· κHTv
2

2vT
þ v2

T

2
g2
2
ξW − m̃

v2
T

2
g2
2
ξW þ m̃

· · κHTv
2

2vT
þ v2

T

2
g2
2
ξW − m̃

1

C

C

C

A

; ð18Þ

with m̃ ¼ 2m02
T þ λ

ð2Þ
HT=2v

2 þ ðλð2ÞT þ λ
ð3Þ
T =2−λT 0=4Þv2T . For

our analysis we have chosen the unitary gauge, where
ξZ ¼ ξW ≡ 0. Looking at Eq. (17) we can conclude that the
physical pseudoscalar of the model will be a pure triplet
state even after EWSB.

B. Eigenvalues and eigenvectors

of the scalar sector

A remarkable feature of the CTSM is that we can write
analytical expressions for both eigenvalues and eigenvec-
tors of the scalar spectrum. The pseudoscalar sector is by
far the simplest. The mass of the physical pseudoscalar is
given by

m2
aP

¼ κHT

v2

2vT
− 4m02

T − λ
ð2Þ
HTv

2 − ð4λð2ÞT þ λ
ð3Þ
T Þv2T ; ð19Þ

and the other pseudoscalar is the neutral Goldstone boson.
The structure of this physical pseudoscalar boson in terms
of the gauge eigenstates is given by

aP ¼ σt
0
: ð20Þ

Thus the physical pseudoscalar is a pure triplet, the reason
being that it is orthogonal to the neutral Goldstone, which is

a0 ≡ GZ ¼ σ0 and hence the nomenclature aP. This feature
has some important consequences. The most important is
that aP does not couple with the fermions, either at tree
level or at loop order. The physical pseudoscalar neither has
the tree-level cubic interactions with gauge bosons nor with
hiZ. We remind that the vertex AHiZ is nonzero in the two
Higgs doublet model as well as in supersymmetric scenar-
ios [11,12]. The absence of a coupling with the fermions
means that it will have no loop-level couplings with the
vector bosons as well. This rare quality promotes the triplet
pseudoscalar to be a candidate dark matter, if it is the
lightest among the other triplets.
Similar to the pseudoscalar sector, even the physical

charged Higgses have a pure state. After EWSB, the
expressions of the charged Higgs bosons in terms of their
gauge eigenstates is

hþT ¼ 2vT
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2 þ 4v2T
p ϕþ þ 2v

ffiffiffi

2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2 þ 4v2T
p ðt−

2
Þ�

þ 2v
ffiffiffi

2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2 þ 4v2T
p tþ

1
; ð21Þ

hþP ¼ −
1
ffiffiffi

2
p ðt−

2
Þ� þ 1

ffiffiffi

2
p tþ

1
; ð22Þ
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hþ
0
¼ −

v
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2 þ 4v2T
p ϕþ þ

ffiffiffi

2
p

vT
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2 þ 4v2T
p ðt−

2
Þ�

þ
ffiffiffi

2
p

vT
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2 þ 4v2T
p tþ

1
: ð23Þ

Here h�
0
≡GW is the charged Goldstone boson that exhibit

a mixing between doublet and triplet degrees of freedom.

The same is true for the mostly triplet charged Higgs hþT .
The triplet part of the Goldstone boson is complemented by

the doublet part of hþT . Conversely hþP remains a pure state

even after EWSB.

As we can see from Eq. (23) the rotation angles RC
0i of

the charged Goldstone are functions only of the VEVs of
the neutral scalars. The Goldstones are in fact the finger-
print of EWSB mechanism, which will take place when the
neutral scalars develop VEVs and hence their expression
cannot be affected by other parameters of the potential.
Even in this case the nomenclature chosen for the massive
charged Higgs bosons is related to their structure in terms
of the gauge eigenstates. The masses for these two physical
charged Higgs bosons are given by

m2

h�
T

¼ κHT

�

v2

2vT
þ 2vT

�

; ð24Þ

m2

h�
P

¼ κHT

v2

2vT
− 4m02

T − λ
ð2Þ
HTv

2 −

�

2λ
ð2Þ
T þ λ

ð3Þ
T þ λT 0

2

�

v2T :

ð25Þ

Comparing Eqs. (25) and (19) we can see that

m2

h�
P

−m2
aP

¼
�

2λ
ð2Þ
T þ λT 0

2

�

v2T ð26Þ

at tree level.
Unlike the pseudoscalar and the charged Higgs sectors,

in the CP-even neutral sector both the CP-even neutral
scalars are mixed states of doublet and triplets. Their
expression, in the limit vT ≪ v, is given in Eqs. (27)
and (28), respectively,

hD ¼ 1

NhD

ðð8v2κ3HT þ…Þϕ0 þ 16κ3HTvvTϕ
t
0
Þ; ð27Þ

hT ¼ 1

NhT

ðð−2κHTvT þ ðλHT þ 2λ
ð2Þ
HT − 4λHÞv2TÞϕ0

þ κHTvϕ
t
0
Þ: ð28Þ

Here NhD=T
are normalization factors. Looking at Eq. (27),

we can see that the coefficient of ϕ0, which is the doublet

contribution, is ∼v2 þOðvkTÞ, whereas the triplet part is

∼vvT . Hence the neutral scalar hD is a mostly doublet state,

and compatible with the observed Higgs boson around
125.5 GeV. The opposite is true for hT, which is a tripletlike

state. At the order Oðv2TÞ the masses of these CP-even
scalars are given by

m2

hD
¼ λHv

2 − 2κHTvT þ 2ðλHT þ 2λ
ð2Þ
HT − 2λHÞv2T ; ð29Þ

m2

hT
¼ κHT

2vT
ðv2 þ 4v2TÞ þ

�

4λH − 2λHT − 4λ
ð2Þ
HT þ λT þ λT 0

2

þ 2ðλð2ÞT þ λ
ð3Þ
T Þ
�

v2T ; ð30Þ

where the model parameters get constraints from the recent
Higgs boson mass and branching measurements at ATLAS
and CMS experiments at the LHC [21,22], which will be
discussed later.
Let us remark an essential features of the model. The

coupling of the neutral scalars with the fermions are
proportional to the coefficient of ϕ0 given in Eqs. (27)
and (28). The reason is because the triplet does not have
direct interaction with the fermions. The ϕ0 coefficient of
hT is related to vT=v and this means that the coupling of hT
to the fermions is highly suppressed.
Let us also have a closer look on the vertices involving

the pure states of the model aP and h�P and the gauge

bosons W�, Z. Here we have the couplings aPh
þ
i W

− and

Zhþi W
− in terms of the rotation angles, as defined earlier,

gaPhþi¼P;T
W− ¼ −

gL

2

�

RP
21
RC

i1 −
ffiffiffi

2

p
RP

22
ðRC

i2 −RC
i3Þ
�

; ð31Þ

gZhþ
i¼P;T

W− ¼ −
i

2
gL

�

gYv sin θWR
C
i1

þ
ffiffiffi

2

p
gLvT cos θWðRC

i2 −RC
i3Þ
�

: ð32Þ

It is interesting to see that whenever we have only one (odd

numbers) pure triplet state in the vertex, i.e., aP or h�P , these
two couplings vanish. It can be seen using the explicit
expressions of the rotations for the charged Higgs bosons in
Eqs. (31)–(32), i.e., gaPhþTW

− ; gZhþ
P
W− vanish, but gZhþ

T
W−

remains nonzero. However the appearance of such pure

triplet states twice in a vertex (e.g., aPh
þ
PW

−) makes it
nonzero. The pure triplet nature acts effectively as an odd
number in a discrete Z2 symmetry.

C. Discrete symmetry limit

In this section we consider a limit where we use an
additional discrete symmetry to reduce some of the terms in
the potential Eq. (8). If we apply a Z3 symmetry such that

the triplet transforms as T → e
2πi
3 T whereas the remaining

particles are unaffected by the symmetry, then all the terms
in Eq. (10) will vanish. At the EWSB scale when triplet also
breaks the custodial symmetry it can create domain wall
problem, due to the spontaneous breaking of the discrete
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symmetry [4,23]. To prohibit such scenario we break
explicitly the discrete symmetry with the soft term κHT in
Eq. (9). In this limit the pure charged Higgs and the pure

pseudoscalar bosons become nearly degenerate leaving hþT
slightly heavier, by a factor of 2κHTvT , as shown in Eq. (33),

m2
aP

¼ κHT

v2

2vT
; m2

h�
P

¼ κHT

v2

2vT
þ λT 0

2
v2T ;

m2

h�
T

¼ κHT

�

v2

2vT
þ 2vT

�

: ð33Þ

We can see from Eq. (33) that, in the limit λT 0 → 0, the
pure states and other charged Higgs boson masses are
proportional to κHT and are restricted by the choice of vT as
well. In this scenario, the splitting between the pure
charged state and pseudoscalar can come from the quantum
corrections and it is around 166 MeV [24].

1
It is interesting

to note that the forms of the charged Higgs states Eqs. (21)–
(23) are the same even in this limit. However the same does
not occur for the CP-even scalar eigenstates, see Eqs. (27)–
(28). The analytical expressions of these eigenvectors
depends on the parameters of V2.
Given these considerations, for the phenomenological

analysis of the CTSM we confine ourself to the case
V2 ≡ 0. The minimal set of invariants included in V1

encompass the relevant physics of this extension of the
SM, viz. the presence of a pure triplet pseudoscalar as a dark
matter candidate as well as the presence of a pure triplet
charged Higgs. Moreover, in the phenomenological analysis
we will consider only the scenario λT 0 → 0. In this limit
the pure charged Higgs boson becomes a long-lived particle
and can be searched with a dedicated experiment like
MATHUSLA [25], as discussed later. A nonzero λT 0 , how-

ever can only split the degeneracy by
λT0
2
v2T ≲ 1 GeV, given

that both vT and λT 0 are restricted, resulting in a reduction of
the decay length of the pure charged Higgs boson.

D. Custodial-symmetric limit

Before concluding this section we briefly comment on
the scalar spectrum in the inert-triplet scenario. This case
corresponds to the restoration of the custodial symmetry at
tree level. From Eq. (5) it is clear that in the limit vT → 0

we obtain ρ≡ 1 at tree level. In this case the scalar
spectrum is further simplified with respect to the case
vT ≠ 0. In fact we have a degeneration among the triplet
states and all states are pure, i.e., either doublet or triplet.
The massive scalar spectrum is then given by

m2

hD
¼ λHv

2; hD ¼ ϕ0; ð34Þ

m2

hT
¼ m2

T þ 2m02
T þ 1

2

�

λHT

2
þ λ

ð2Þ
HT

�

v2; hT ¼ ϕt
0
;

ð35Þ

m2
aP

¼ m2
T − 2m02

T þ 1

2

�

λHT

2
− λ

ð2Þ
HT

�

v2; aP ¼ σt
0
;

ð36Þ

m2

hþ
T=P

¼ m2
T � 2m02

T þ 1

2

�

λHT

2
� λ

ð2Þ
HT

�

v2;

hþT=P ¼ 1
ffiffiffi

2
p ðtþ

1
� ðt−

2
Þ�Þ: ð37Þ

The limit vT → 0 outlines a peculiar scenario. Apart from
the doublet neutral scalar, which is now the SM Higgs
boson, we have two pairs of degenerate states that do not
couple with the fermions at tree level. They can be
generated in pairs from the SM Higgs boson or the massive
gauge bosons. Such scenario resembles the inert real triplet
one [10,11] with the possibility of either hT or aT being a
dark matter candidate.

III. PHENOMENOLOGY OF THE CTSM

In this section we address the relevant phenomenology of
the CTSM, focusing on three different topics, the presence
of a dark matter (DM) candidate, the possibility of long-
lived (LL) heavy states and the self-interaction of the Higgs
boson(s). As we are going to see, the first two possibilities
are closely related to each other.

A. Dark matter

The possibility of a scalar DM candidate has attracted
considerable attention in the recent years. The weakly
interactive massive particle paradigm was first proposed
in the context of the MSSM, where the natural DM can-
didate is a fermion [26]. However there is no need for
SUSY if one want to address the problem of DM. The
possibility of minimalistic models with a scalar or fer-
mionic DM candidate has then been analyzed from a more
general point of view [11,27–30]. Even in the case of triplet
extensions of the SM constraint were imposed on the mass
of the stable particle that acts as DM state. There are some
difference of course giving the detail of the model con-
sidered, but for a scalar DM the representation of the gauge
group plays a crucial role.
In spite of the various analysis that can be found in

literature, it seems that not every possibility has been
considered. In fact, in the context of the CTSM, we
naturally have a DM candidate in the massive pseudoscalar
aP. As we have explained in the previous section, the
massive pseudoscalar is a pure triplet state. Thus it has no

1
It has been shown that the large quartic couplings can cause

the loosing of perterbative unitarity of the model [11]. We check
that for the CTSM by calculating the beta functions at one-loop
for the dimensionless couplings, which are given in Appendix.
For the choices of our benchmark points and for the enhanced
perturbative validity of the dimensionless coupling, we will
consider the λT 0 ∼ 0 limit for the rest of the analysis.
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coupling with the fermions and hence no coupling with the
photons. Its pseudoscalar nature forbids the coupling with
the massive gauge bosons. In other context, such as the
extension of the SM with a real triplet, these features are a
consequence of an imposed Z2 parity, which assign parity
þ1 to the SM fields and parity −1 to the triplet scalar
[10,11,31,32]. In this way the neutral component of the
triplet multiplet became the DM candidate. Apart from the
triplet extensions of the SM, models with extra scalars in
smaller representations of SUð3Þc × SUð2ÞL × Uð1ÞY were

also considered. Even in these scenarios extra symmetries
(global and/or local) are needed to ensure the stability of the
DM candidate [29,33–37].
In the CTSM, instead of imposing a Z2 parity (or

enlarging the gauge group), we have a purity symmetry
for the pseudoscalar which behaves similarly. Of course
this is a special feature of the massive pseudoscalar and it is
related to the orthogonality between aP and GZ, the
Goldstone of the Z boson. We would emphasize that such
a symmetry is not imposed on the Lagrangian but naturally
emerges as a consequence of the interplay between the
matter content and the gauge symmetry of the model.
The mass of the scalar DM candidate for which the

observed relic density is correctly achieved lays in the TeV
range [11,24,27].

B. Parameter scan

In order to obtain the correct relic density for the DM
candidate, we have implemented the model in MadDM v.3.0

[38] with the help of SARAH-4.14.1 [39] for the generation
of the universal FeynRules output (UFO). The scalar
spectrum has been obtained through a scan over the
parameter space with

vT ∈ ½0; 5� GeV; λH;HT;T ∈ ½−3=2; 3=2�;
κHT ∈ ½10; 500� GeV: ð38Þ

We have selected the benchmark points (BPs) with

mhD
¼ 125.18� 0.16 GeV; jRS

11
j > 99=100: ð39Þ

The second condition implies that hD (considered as the
lightest neutral scalar) has SM-like couplings with quarks,
leptons and massive gauge bosons, satisfying the recent
bounds from LHC [21,22]. This also implies that the
coupling of hD with two gluons has the correct SM value.
The situation is slightly different for the coupling of hD
with two photons. In fact in the CTSM we have two
massive charged scalars that enters in the loop-induced
interaction hDγγ. The partial decay width of hD in
diphotons is given by [40]

ΓhD→γγ ¼
Gμα

2m3

hD

128
ffiffiffi

2
p

π3

�

�

�

�

X

f

NcQfghDffA
h
1=2ðτfÞþghDVVA

h
1
ðτWÞ

þ
X

s

m2
W

2cosθ2Wm
2

h�s

ghDh�s h∓s A
h
0
ðτsÞ
�

�

�

�

2

: ð40Þ

Here AΦ

0;1=2;1ðτÞ are the scalar, fermion, and vector one-loop

functions, respectively [41]. The coupling ghDh�s h∓s is the

trilinear interaction of the lightest Higgs with the charged

Higgs bosons, normalized to im2
Z=v. For the two charged

Higgs bosons of the CTSM we have

ghDh�Ph
∓

P
≡

λhDh�Ph
∓

P

im2
Z=v

¼ 1

im2
Z=v

ð−iÞ

× ðλHTvR
S
11
þ ð2λT þ 3λT 0ÞvTRS

12
Þ; ð41Þ

ghDh�T h
∓

T

≡
λhDh�T h

∓

T

im2
Z=v

≃
1

im2
Z=v

ð−iÞ

×

�

λHTvR
S
11
þ 8κHT

vT

v
RS

11
þ ð2λT þ λT 0ÞvTRS

12

�

:

ð42Þ

In light of the recent results for the Higgs in diphoton signal

strength [42,43], defined as μγγ ¼ Γ
SM
h→γγ=ΓΦ→γγ , we have to

consider BPs compatible with

μATLASγγ ¼ 0.99þ0.15
−0.14 ; μCMS

γγ ¼ 1.10þ0.20
−0.18 : ð43Þ

In Fig. 1 we present the allowed regions of mh�
T=P

− λHT

from the diphoton signal strength in the CTSM.
2

FIG. 1. Charged Higgs boson mass as a function of λHT . The
region in red is excluded by the recent measurements of the

diphoton signal strength of ATLAS or CMS [42,43]. Here h� ≡

h�P=T and their masses are considered to be the same.

2
We set κHT ¼ 500 GeV and vT ¼ 5 GeV. The exclusion

region has a mild dependence on κHT and vT .
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he masses of both h�P and h�T are considered to be the
same,

3
cf. Eqs. (24) and (25). The region in red is excluded

by the recent results of the Higgs in diphoton signal
strength [42,43]. We can see that a charged Higgs boson
with mh� ≳ 600 GeV is compatible with the recent
LHC data.
Next we analyze the constraints coming from the dark

matter analysis, i.e., from DM relic calculation and direct
DM searches. In this scenario the pure triplet pseudoscalar

aP is the DM and due to its SUð2Þ charge it dominantly
annihilates to WþW−. Its annihilation to ZZ is less
dominant. There is also a coannihilation channel via

aPh
�
P → ZW�, whereas aPh

�
P → tb=cs are the subdomi-

nant ones. Moreover because the purity acts like a discrete

symmetry the coannihilation cross section of aPh
�
T →

ZW� is zero.
The parameter space has been scanned as shown in

Eqs. (38) and (39). We have used MadDM v.3.0 [38] to
compute the relic abundance of the DM candidate. The
measured value of this important cosmological parameter
is [44]

(a) (b)

(c)

FIG. 2. (a) Relic density as a function of the DM mass. The black points satisfy the LHC constraints on Higgs couplings. We have
marked in orange the points with λHT ¼ 0. The green area represent the Planck results [44]. (b) Relic density as a function of the DM
mass. In blue the points that are allowed by the direct searches [45–47]. (c) DM-N cross section as a function of the DM mass. In black,

magenta, and yellow we plot the constraints coming from XENON1T [45], PICO [46], and LUX [47], respectively. We mark in green
the points that satisfy the Planck constraint on relic abundance.

3
Their small difference (≲Oð1Þ GeV) would not affect much

our results for the diphoton constraint.
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ðΩDMh
2Þexp : ¼ 0.1198� 0.0015: ð44Þ

We present our results in Fig. 2. In particular, Fig. 2(a)

shows Ωh2 versus mDM. The black points satisfy Eq. (39)
together with the constraint from the diphoton signal, given
in Eq. (43). We have enlightened in orange the points with
λHT ¼ 0, and the green band represents the Planck con-
straint on the relic abundance, cf. Eq. (44). By looking at
the enlarged plots of Fig. 2(a), we can see that there is a
minimum value for the DM mass for which the correct DM
relic can be obtained and which is around

mmin
DM ≡mmin

aP
∼ 1.35 TeV; ð45Þ

and corresponds to the λHT ∼ 0 case. The maximum
possible value of the DM mass, consistent with the
observed relic density for the scan, is

mmax
DM ≡mmax

aP
∼ 1.60 TeV: ð46Þ

Next we consider the direct dark matter detection bounds
where the DM candidate must fulfill the constraint on the
DM-nucleon (DM-N) cross section. The DM-N scattering
can take place as shown in Fig. 3. We remind that the pure
pseudoscalar aP cannot couples directly with fermions,
however its interactions to the neutral triplet- or doubletlike
scalars hT=hD make a way out for the DM-nucleon
scattering. Such interaction with quarks is proportional
to its doublet component, as explained before.
The tree-level DM-nucleon scattering cross section is

given by

σtreeDM-N ≈
4

3π
s2αTc

2
αT

m2
Nμ

6

DM-N

m2

DMv
2v2T

ðm2

hD
−m2

hT
Þ2

m4

hD
m4

hT

v4DM; ð47Þ

where we denote sαT ¼ sin αT as the sine of the mixing

angle between hD and hT , the mediators of the DM-N →
DM-N scattering [48,49]. After imposing the constraints in
Fig. 2(b) depicted by blue points, we see there are plenty of
points allowed by both DM relic and direct DM search
constraints.

In Figs. 2(b)–2(c) we present the direct detection con-
straint on the DM candidate. Specifically, Fig. 2(b) is the

correlation plot betweenΩh2 andmDM where the blue point
are allowed by the direct DM searches [45–47]. We plot in
Fig. 2(c) the cross section versus DM mass for our scanned
data points. It is evident that most of the points are allowed
by the bounds coming from different experiments meas-
uring the spin-independent cross section, like XENON1T
[45] or the spin dependent cross section, like PICO [46] and
LUX [47]. These bounds are shown in black, red, and
yellow, respectively, in the plot. The green points are those
satisfying the correct relic density.
Moreover, from Fig. 2(b) we can conclude that if

λHT ∼ 0 a pseudoscalar with maP
< 1.35 TeV is still

compatible with the direct detection constraint(s), although
the relic density in this case is below the observed one.
This might suggest the possibility of a DM sector, com-
posed by a heavy BSM particle and other (unspecified)
physical objects.
In light of this result for the mass of the DM candidate of

the CTSMwe can reconsider the reason for vT being a small
parameter, vT ∼Oð1Þ GeV. In fact, from the expression

m2
aP

¼ κHT

2

v2

vT
; ð48Þ

we obtain that

vT ¼ κHT

2

v2

Λ
2

DM

≃
κHT

2
× 0.03 GeV: ð49Þ

The CTSM has then only two scales, namely ΛEW ∼ v
and ΛDM ∼mDM.

C. Benchmark points

Having analyzed the DM content of the CTSM we are
able to select points in the parameter space that satisfy the

FIG. 3. Dark matter—nucleon scattering in the CTSM. The
process is mediated by the neutral scalars hD and hT . Their

interaction with the fermions is proportional to RS
11

and RS
21
,

respectively.

TABLE I. Benchmark points consistent with the Higgs data at
the LHC and DM relic. The masses as well as the dimension-full
parameter vT and κHT are expressed in GeV.

Parameters
Benchmark points

BP1 BP2

λHT 0.67 −0.041
κHT 55.85 299.70
λH 0.26 0.31
λT 0.57 0.67
vT 0.85 4.86
mhD

125.17 125.09

mhT
1411.75 1366.87

maP
1411.72 1365.79

mh�
P

1411.89 1365.96

mh�
T

1411.92 1367.02
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current constraints on the known physics coming from both
earth-based and space experiments. In Table I we present
the masses and the couplings for the two benchmark points
for the collider studies allowed by the Higgs data at the
LHC [42,43] and the DM relic constraints [44].

We report in Table II the branching ratios of hT , h
�
T , and

h�P . The neutral tripletlike scalar hT decays dominantly in

WþW−, with a small difference between the two bench-
mark points. The next-to-leading decay channels are hT →
hDhD and hT → ZZ, with similar branching ratios. The
decay into fermions of hT is less relevant, the highest
branching ratio being BrðhT → t̄tÞ ∼ 0.04. The charged

tripletlike scalar has two competitive decay channels,WþZ

and WþhD. The branching ratios for these two channels
and for both the benchmark points is

BrðhþT → WþZÞ ∼ BrðhþT → WþhDÞ ∼ 0.48: ð50Þ

Finally the pure charged scalar h�P has a single decay

channel, h�P → aPðW�Þ�, where the W� remains off shell.

Like the branching ratios, the total decay widths of the
tripletlike and pure charged scalars are also different.
In fact, as we will see in Sec. III D, the pure charged
scalar has a lifetime large enough to be measured in
experiments designed to detect long-lived particles. We

have computed numerically the total decay width of hT , h
�
T ,

and h�P , for the two benchmark points considered, with

MADGRAPH5_aMC@NLO v.2.7.2 [50]. Their values are

Γ
BP1
hT

¼ 8.93 × 10−2 GeV; Γ
BP2
hT

¼ 2.69 GeV; ð51Þ

Γ
BP1
h�T

¼ 8.95 × 10−2 GeV; Γ
BP2
h�T

¼ 2.70 GeV; ð52Þ

Γ
BP1
h�
P

¼ 3.03 × 10−16 GeV; Γ
BP2
h�
P

¼ 3.32 × 10−16 GeV:

ð53Þ

It can be clearly seen the hT and h�T will have prompt

decays while h�P will have displaced decays with a possi-

bility of detection at the LHC [51,52] and at MATHUSLA

[25]. However, the tripletlike charged Higgs h�T with

prompt decay will get constraints from the current LHC

(a) (b)

FIG. 4. Heavy charged Higgs searches at the LHC. (a) Bound on pp → t̄bhþ (with hþ → τþντ) from CMS (black curve) [53]. Red/

blue line is the CMS bound times ðRC
31
Þ2 times the branching ratio hþT → τþντ for BP1/BP2. Red/blue cross is σðt̄bhþT Þ × BrðhþT →

τþντÞ computed withMADGRAPH5_aMC@NLO v.2.7.2 for BP1/BP2. (b) Bound on the vector-bosonfusion production of a charged Higgs

decaying inWZ bosons from CMS [54]. Red/blue cross is σVBFðhþT Þ × BrðhþT → WþZÞ computed withMADGRAPH5_aMC@NLO v.2.7.2

for BP1/BP2.

TABLE II. Branching ratios of hT , h
�
T , and h�P for the two

benchmark points considered. The numerical values have been
computed with MADGRAPH5_aMC@NLO v.2.7.2.

Branching ratios

hT WþW− hDhD ZZ t̄t
BP1 BP2 BP1 BP2 BP1 BP2 BP1 BP2
0.478 0.466 0.241 0.251 0.241 0.240 0.040 0.042

hþT WþZ WþhD b̄t
BP1 BP2 BP1 BP2 BP1 BP2
0.479 0.472 0.479 0.483 0.042 0.044

hþP aPðWþÞ�
BP1 BP2
1.000 1.000
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data. For this purpose we considered the heavy charged
Higgs searches at the LHC and present our results in Fig. 4.
In Fig. 4(a) we show the bound on pp→ t̄bhþ (with
hþ → τþντ) from CMS (black curve) [53]. The red and
blue lines represent the same bound computed with the

branching ratios of hþT → τþντ of our benchmark points,
where the cross sections are suppressed by the doublet-

triplet mixing ðRC
31
Þ2. Red and blue star are σðt̄bhþT Þ ×

BrðhþT → τþντÞ computed with MADGRAPH5_aMC@NLO

v.2.7.2 for BP1 and BP2, respectively.

Figure 4(b) showcases the bound on the tripletlike
production and decay modes, i.e., the vector-boson-fusion
production of a charged Higgs decaying in WZ bosons at

the CMS [54]. Red and blue star are σVBFðhþT Þ × BrðhþT →
WþZÞ computed with MADGRAPH5_aMC@NLO v.2.7.2 for
BP1 and BP2, respectively. Our benchmark points are
allowed by both the constraints coming from heavy charged
Higgs searches at the LHC [53,54].

D. Long-lived charged states

In the CTSM the DM candidate is the pure pseudoscalar
with mDM ≈ 1.35–1.60 TeV. However, as we have shown
in Eqs. (19), (24), and (25), pseudoscalar, charged, and
neutral triplet state are almost degenerate in mass. The close

degeneration in mass between aP and h�P allow us to

consider an interesting possibility. If fact even h�P is a
pure triplet state and this means that its couplings with the
fermions are absent, similarly to the case of the pseudo-

scalar. However, the coupling aPh
�
PW

∓ is nonzero and

hence the decay h�P → aPW
� is possible. In fact the

charged component of a multiplet can be slightly heavier
than its neutral counterpart even at the tree level and gets
an additional contribution to the mass splitting of

Oð102Þ MeV at one loop [24]. The total mass splitting
is still quite small and hence only the three-body decay of

the charged Higgs boson h�P is possible. This will allow

us to consider h�P as a LL heavy state and its lifetime

is in the range testable by the proposed experiment
MATHUSLA [25].

The partial decay width of h�P in aPW
� is given by [55]

dΓ

dx1dx2
ðh�P → aPW

��
→ aPff

0Þ

¼ 9

8π3
G2

Fm
4
Wmh�

P
FaPW

�ðx1; x2Þ; ð54Þ

where

FXYðx1; x2Þ ¼
ð1 − x1Þð1 − x2Þ − κX

ð1 − x1 − x2 − κX þ κYÞ2 þ κYγY
ð55Þ

and, for the decay A→XY�, κX;Y ¼m2
X;Y=m

2

A, γY ¼ Γ
2
Y=m

2

A.

GF is the Fermi constant of the weak interaction. For the
quark final states can give rise to charged pion final state
with the decay width given by

Γπ ¼
2

π
G2

FV
2

udΔm
3fπ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 −
m2

π

Δm2

r

; ð56Þ

where fπ ¼ 131 MeV, V is the Cabibbo-Kobayashi-
Maskawa matrix, and Δm ∼ 166 MeV [24,56]. Consider-
ing that our DM candidate has a massmDM ∼ 1.5 TeV, and
that the mass splitting between the charged and pseudo-
scalar Higgs boson is Δm ∼ 166 MeV, we have that the
lifetime of the charged Higgs boson is

(a) (b)

FIG. 5. Decay length distribution for the LL particle h�P . We have considered the pair production pp → hþPh
−
P at hadron colliders, with

(a)
ffiffiffi

s
p ¼ 14 TeV and (b)

ffiffiffi

s
p ¼ 100 TeV. We mark with a dashed (dotted) line the ATLAS (CMS) upper limit for LL searches. The

solid black line is the MATHUSLA lower limit [25].
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τh�
P
¼ Oð1015Þ GeV−1 ¼ Oð1Þ m: ð57Þ

This is in agreement with the numerical computation of the

total decay width of h�P with MADGRAPH5_aMC@NLO v.2.7.2.
However, for the general case of the potential, i.e., with
Eq. (10), the mass difference between the pure charged

Higgs and pure pseudoscalar is ð2λð2ÞHTþλT 0=2Þv2T [see

Eq. (26)]. This mass splitting can be of Oð1Þ GeV, giving
rise to displacement of a few mm only.
In Fig. 5 we present the displaced decay length versus

normalized number of events of the pure charged Higgs
boson. Here we have considered the pair-production at the
LHC with center-of-mass energies of 14 TeV in Fig. 5(a)
and 100 TeV in Fig. 5(b), respectively. The vertical lines
isolate different regions of detectability, i.e., CMS ∼ 10 m,
ATLAS ∼ 40 m, and MATHUSL A ∼ 100–500 m, respec-
tively. The decay length has been computed with PYTHIA8.2

[57]. The observations of the displaced charged Higgs
boson is very similar to the ones we saw in case of the real
triplet [11] with a difference that now we have an additional

tripletlike charged Higgs boson h�T which gives prompt

decays in the similar mass range.
In the context of supersymmetry such tripletlike charged

Higgs bosons mix with the doublet ones. This is also true
for the massive pseudoscalar boson that lose its purity in
terms of gauge eigenstates [12,13]. In this case the
pseudoscalar cannot become the dark matter candidate.
The charged Higgs bosons in these cases can give rise to the

tripletlike signature decaying to ZW�, which is propor-
tional to the square of the triplet VEV. Such decays are
however prompt ones. Interesting scenarios appear when
one considers the charged Higgs boson superpartner, i.e.,
the chargino, which can give rise to displaced decays [58].
The displaced Higgs boson decays can also appear in
various SUSY scenarios [59,60].

E. Self-couplings of the Higgs boson(s)

The self-couplings of the neutral scalar Higgs boson are
important ingredients for a clear understanding of the
EWSB mechanism. In the SM there is only one quartic
self coupling, λSM, which encodes all the information about
the scalar potential. In models with an enlarged scalar
sector the situation can be very different. We have no more
just one dimensionless parameter in the potential, i.e., λSM,

and the relation λ
ð4Þ
SM ¼ λ

ð3Þ
SM=v does not hold in general.

In the CTSM the trilinear and quartic couplings of the
SM-like Higgs boson (hD) are expressed by

λ
ð3Þ
CTSM ≡ ghDhDhD

¼ 3λHvðRS
11
Þ3 − 3ðκHT − λHTvT=2ÞðRS

11
Þ2RS

12

þ 3λHTv=2R
S
11
ðRS

12
Þ2 þ 3ð2λT þ λT 0ÞvT=2ðRS

12
Þ3;

ð58Þ

λ
ð4Þ
CTSM ≡ ghDhDhDhD ¼ 3λHðRS

11
Þ4 þ 3λHTðRS

11
Þ2ðRS

12
Þ2

þ 3=2ð2λT þ λT 0ÞðRS
12
Þ4: ð59Þ

We can see from Eqs. (58) and (59) that λ
ð3Þ
CTSM ¼

λ
ð3Þ
SMðRS

11
Þ3 þ � � � and similarly λ

ð4Þ
CTSM ¼ λ

ð4Þ
SMðRS

11
Þ4 þ � � �.

We see that even in the SM-like quartic and cubic couplings
will have contamination from the triplet parameters. To
illustrate that we plot in Fig. 6 the correlation plot between

δλ
ð3Þ
CTSM and δλ

ð4Þ
CTSM, defined as

δλ
ðiÞ
CTSM ≡

λ
ðiÞ
CTSM − λ

ðiÞ
SM

λ
ðiÞ
SM

: ð60Þ

We have marked in black the points for which the mass
of the DM candidate aP is compatible with the constraint
on the relic density obtained from Planck, as previously
discussed. For these points the difference in the trilinear
self-coupling of the SM-like Higgs boson hD is below 1%.
Such a small deviation from the SM prediction for the
trilinear coupling of the Higgs boson cannot be observed at
the proposed future hadron colliders. In fact it is expected
that the Future Circular Collider (FCC) [61–63] will pro-
vide a measurement of the trilinear coupling with Oð5%Þ
accuracy [62,64]. The quartic coupling exhibit a maximum
deviation of 20% for the points that are satisfying the
constraint on the relic density. In general the expected
constraint at future colliders for the quartic coupling is
looser than the trilinear one [65–68]. A deviation of ∼20%
will not be visible at proposed next-generation of hadron or
lepton colliders [69–71].

IV. CTSM AT COLLIDERS

We have already pointed out that the couplings of the
triplet states with the fermions are suppressed if not absent,

as in the case of aP, h
�
P . At the hadron colliders, like

the LHC, this will make their search quite challenging.

FIG. 6. Correlation plot of the trilinear and quartic couplings

λ
ð3Þ
CTSM and λ

ð4Þ
CTSM in the CTSM. The SM values are marked with

the star. The black points correspond to the pseudoscalar
satisfying the relic density for the DM.
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The single production of tripletlike states at hadron

colliders (hT and h�T ) will proceed via quark fusion but

with a suppression of order ðvT=vÞ2 with respect to their
SM counterpart. Similar considerations will hold for the
tripletlike states pair production.
The situations can be different at very-high-energy

lepton collider. Let us consider as an example a multi-
TeV muon collider. If the center-of-mass energy is suffi-

ciently high ð ffiffiffi

s
p

≳ 10 TeVÞ the muon collider became
effectively a vector-boson collider [72]. A muon collider
faces many problems concerning its functioning. The
ultimate reason for these issues is the fact that muon
decay and their lifetime is also short. Nonetheless the high-
energy-physics community has put a lot of interest in this
option for the future colliders [30,71–84]. This is justified
by the astonishing possibilities that a very-high-energy
muon collider offer from the physics side. It will be a
facility for a test of the SM at high-precision level but also a
discovery machine for BSM physics [72].
We now discuss the CTSM at colliders. For this purpose

we use MADGRAPH5_aMC@NLO v.2.7.2 [50] and computed
the cross section for the most relevant production channels

of the extra scalars aP, hT , h
�
P , and h�T .

A. Hadron colliders

First we consider the production cross sections at hadron
colliders, i.e., at the LHC. In Fig. 7 we represent (very)
schematically a production process at a hadron collider. In
order to be as generic as possible, we name a colored parton
Cp (this can be either a quark or a gluon) marked by a green

spring. Moreover S is a scalar boson (either charged or
neutral), marked in blue, and B0 is either a scalar or a vector
boson (we chose a mixed line to depict them). Assuming
that B0 may or may not be produced, Fig. 7 represents the
various production processes listed in Table III, apart the

last two. These are the single production of hT=h
�
T ; the pair

production of aP, hT , h
�
P , and h

�
T : the associated production

of hT=h
�
T with the SM-like Higgs boson or the massive

vector bosons.
The production cross sections listed in Table III have

been computed for
ffiffiffi

s
p ¼ 14, 100 TeV with MADGRAPH5_

aMC@NLO v.2.7.2. We have used the NNPDF2.3QED parton

distribution functions [85] with μF ¼ mZ. At
ffiffiffi

s
p ¼

14 TeV, considered as the benchmark energy for the
LHC, the production cross sections for the BSM states

cover the range 10−7 − 10−3 fb for BP1 and 10−9 − 10−3 fb
for BP2. These cross sections are too low to have any
chance of discovery at the LHC. The benchmark energy

considered for the FCC is
ffiffiffi

s
p ¼ 100 TeV [86]. By inspec-

tion of Table III we can see that in this scenario the

production cross sections span over the range 10−5 − 100

for BP1 and 10−6 − 100 for BP2. However, although the
production cross section is enhanced by 2=3 orders of

magnitude from the
ffiffiffi

s
p ¼ 14 TeV to the

ffiffiffi

s
p ¼ 100 TeV

case but still too feeble to be resolved from SM back-
grounds in general. Thus one has to look for multilepton
final states to win over the SM backgrounds [12].

B. Muon collider

Let us now consider another possibility for the future
colliders. Lepton machines are usually thought to be
precision machine, suitable for testing the know features
of the SM. Although this is certainly true for low-energy
eþe− colliders, the possibility to search for BSM physics
at a lepton collider has been considered and partially

FIG. 7. Schematic production process of a scalar (S) and a
boson (B0) at an hadron collider. We depict with a green spring a
colored parton (Cp). This can be either a quark or a gluon. The

scalar S (blue-dashed line) can be either a neutral or a charged one
and the boson B0 (dashed-blue/wavy-red line) can be either a
scalar or a vector boson.

TABLE III. Various BSM production processes from pp
collisions and Vector Boson Fusion (VBF) at hadron colliders.

The center of mass (c.o.m.) energy considered are
ffiffiffi

s
p ¼ 14 TeV

as benchmark energy at the LHC and
ffiffiffi

s
p ¼ 100 TeV as bench-

mark energy at the FCC.

Production
modes

σ [fb]
ffiffiffi

s
p ¼ 14 TeV

ffiffiffi

s
p ¼ 100 TeV

BP1 BP2 BP1 BP2

pp → hT 6.7 × 10−7 2.7 × 10−5 8.4 × 10−5 3.2 × 10−3

pp → h�T 8.2 × 10−7 3.2 × 10−5 9.5 × 10−5 3.5 × 10−3

pp → hThT 2.3 × 10−7 1.6 × 10−8 4.3 × 10−4 2.7 × 10−5

pp → aPaP 2.2 × 10−7 1.1 × 10−9 4.2 × 10−4 1.8 × 10−6

pp → hþT h
−
T 3.9 × 10−3 4.9 × 10−3 1.3 × 100· 1.4 × 100

pp → hþPh
−
P 3.9 × 10−3 4.9 × 10−3 1.3 × 100· 1.4 × 100

pp → hDhT 1.5 × 10−5 5.4 × 10−4 5.1 × 10−3 1.8 × 10−1

pp → hDh
�
T 1.7 × 10−6 6.7 × 10−5 1.1 × 10−4 4.1 × 10−3

pp → hTZ 1.3 × 10−6 5.0 × 10−5 1.0 × 10−4 3.7 × 10−3

pp → hTW
�

1.9 × 10−6 7.3 × 10−5 1.2 × 10−4 4.3 × 10−3

pp → h�T Z 1.9 × 10−6 7.5 × 10−5 1.2 × 10−4 4.4 × 10−3

pp → hþTW
−

2.4 × 10−5 9.1 × 10−4 4.2 × 10−2 1.5 × 100

pp → hTpp
0

3.1 × 10−7 1.4 × 10−5 7.9 × 10−5 3.9 × 10−3

pp → h�T pp
0 3.6 × 10−7 1.4 × 10−5 8.5 × 10−5 3.1 × 10−3
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exploited in the recent years. In particular, the possibility of
a circular μþμ− collider running at several to many TeV has
attracted the community. Despite the technical issues,
ultimately related to the short lifetime of the muons, a
circular μþμ− collider has many dreamlike features.
Among the other, we mention explicitly the huge advantage
in terms of parton luminosity compared to a pp collider
running at the same energy [72].
In Fig. 8 we depict, very schematically, a production

process via vector boson fusion at a muon collider. Here V,
V 0 are vector bosons, eitherW, Z, or γ, whereas S and B0 are
the same of Fig. 7. With these definitions Fig. 8 represents
the various production processes listed in Table IV com-
puted by MADGRAPH5_aMC@NLO v.2.7.2 at the tree level with
centre of mass energies of 14 and 30 TeV.

By comparing Table IV and Table III we can see
that, concerning the single production, the cross section
at a multi-TeV collider highly overcome the ones at
an hadron collider ate the same energy. If we take
ffiffiffi

s
p

p ¼ ffiffiffi

s
p

μ ¼ 14 TeV

σ14 TeV
μ ðXÞ

σ14 TeV
p ðXÞ ¼ 104 − 102: ð61Þ

Moreover we see that σ14 TeV
μ ðXÞ≳ 102σ100 TeV

p ðXÞ. Similar

arguments hold for the neutral pair production. A hadron
collider at 100 TeV is competitive with a 14 TeV muon
collider for the charged scalars pair production and the

associated production of hT=h
�
T with SM(-like) particles.

We have also considered the physics reach for some
of the listed processes at a muon collider. These results
are presented in Fig. 9. In Fig. 9(a) we plot the significance

as function of the luminosity for the hT , h
�
T , h

þ
TW

−, hTZ,

and hþPh
−
P production processes through VBF at a 14 TeV

muon collider. In the definition of the significance, σ ¼
S=

ffiffiffiffiffiffiffiffiffiffiffiffi

Sþ B
p

, S and B stand for the number of events for the
signal and the background, respectively. For each line of
Fig. 9(a) we have considered the production cross section
relative to BP2 and multiplied by a branching ratio. To
be specific, for the green line signal and background are
given by

S∶ σðμþμ− → hTνμν̄μÞ × BrðhT → WþW−Þ · L; ð62Þ

B∶ σðμþμ− → WþW−νμν̄μÞ · L; ð63Þ

with MðWþW−Þ ¼ mhT
� 5 GeV.

A similar strategy is applied to the single production of

h�T and the pair-production hTZ and hþTW
−. For the charged

scalar Higgs h�T we have considered the branching ratio

BrðhþT → WþZÞ. This give us a conservative estimate on

the significance vs luminosity not because of the signal

but for the higher cross section (via VBF) of WþW−Z

compared to WþW−H [72]. The pair production hþPh
−
P has

been considered background free. The pure charged triplet

h�P has a single decay channel, namely hþP → aPðWþÞ�.
Whereas the pseudoscalar is undetectable, the process will
give rise to displaced off shell W boons: there is no SM
process that have this particular final state. This also gives
rise to displaced leptons/jets plus missing energy in the
final state.
In Fig. 9(b) we plot the reach of the triplet VEV vT as a

function of L5σ. This is the luminosity required at a 14 TeV
muon collider for the discovery of hT produced via VBF.
The estimation of the background has been already
explained. The black dot-dashed line is obtained from
our scanned points that satisfy the Planck constraint on the
DM relic density.

TABLE IV. Various BSM production processes via W boson

fusion or WþZ=γ� boson fusion at a multi-TeV muon collider.

Production

modes

σ [fb]
ffiffiffi

s
p ¼ 14 TeV

ffiffiffi

s
p ¼ 30 TeV

BP1 BP2 BP1 BP2

μþμ− → hTνμν̄μ 1.8 × 10−2 6.2 × 10−1 2.9 × 10−2 9.6 × 10−1

μþμ− → hþT μ
−ν̄μ 5.3 × 10−3 1.8 × 10−1 8.4 × 10−3 2.8 × 10−1

μþμ− → hThTνμν̄μ 1.9 × 10−2 2.0 × 10−2 4.8 × 10−2 5.1 × 10−2

μþμ− → aPaPνμν̄μ 1.8 × 10−2 2.0 × 10−2 4.7 × 10−2 5.0 × 10−2

μþμ− → hþT h
−
Tνμν̄μ 1.3 × 10−2 1.4 × 10−2 3.4 × 10−2 3.6 × 10−2

μþμ− → hþPh
−
Pνμν̄μ 1.3 × 10−2 1.4 × 10−2 3.4 × 10−2 3.6 × 10−2

μþμ− → hDhTνμν̄μ 1.6 × 10−4 5.7 × 10−3 3.7 × 10−4 1.3 × 10−2

μþμ− → hDh
þ
T μ

−ν̄μ 4.8 × 10−5 1.6 × 10−3 1.1 × 10−4 3.8 × 10−3

μþμ− → hTZνμν̄μ 7.7 × 10−4 2.6 × 10−2 1.7 × 10−3 5.6 × 10−2

μþμ−→hTW
þμ−ν̄μ 4.1 × 10−4 1.4 × 10−2 1.0 × 10−3 3.4 × 10−2

μþμ− → hþT Zμ
−ν̄μ 1.4 × 10−4 4.8 × 10−3 3.6 × 10−4 1.2 × 10−2

μþμ−→hþTW
−νμν̄μ 9.7 × 10−4 3.2 × 10−2 1.9 × 10−3 6.1 × 10−2

FIG. 8. Schematic production process via VBF of a scalar (S)
and a boson (B0) at a muon collider. We depict with a wavy-red

line a gauge boson (γ, Z, or W�). The scalar S (blue-dashed line)
can be either a neutral or a charged one and the boson B0 (dashed-
blue/wavy-red line) can be either a scalar or a vector boson.
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V. CONCLUSIONS

Here we studied an extension of the SM with a complex
hyperchargeless triplet scalar. The triplet extensions are
well motivated from the viewpoint of the enhanced vacuum
stability [10,11]. On top of that a complex triplet extension
of the Standard Model can provide a natural dark matter
candidate without any discrete symmetry because the purity
of the triplet acts as an odd number in a Z2 symmetry. The
scalar spectrum has four additional scalars, two neutral and
two charged. In the CTSM the massive pseudoscalar is a
pure triplet and its pureness makes it a DM candidate as it
fails to have any cubic interaction vertex with the fermions
as well as the gauge bosons. In the Z3 symmetric limit the
pure charged Higgs boson and pure pseudoscalar become
degenerate in mass at the tree level. The relic density
constraint from Planck measurements is satisfied if maP

∼

1.35–1.60 TeV for the scanned data points which also
satisfy the direct dark matter constraints as well as the LHC
Higgs boson data.
Apart from the pseudoscalar, the spectrum consist of two

charged Higgs bosons almost degenerate in mass: h�P and

h�T . The former is a pure triplet whereas the later is a state

with a small mixing with the doublet. The purity con-

servation prohibits any two-body decays h�P , making the

collider phenomenology of the CTSM quite interesting.

The h�T has prompt decay into the non-standard mode of

ZW�, which is a signature of custodial breaking [87,88]

and can be differentiated from other nonstandard mode like

h� → aW� in the case of next-to-minimal supersymmetric

standard model charged Higgs boson [89], or h� → Ne� in

case of typexwith a right-handedneutrino [90]. In the case of

superysmmetric extensions with triplets, physically charged

Higgs bosons are always mixed with the doublet ones and so

are the pseudoscalars. This lack of pureness of the triplet

states implies that the possibility of a pseudoscalar dark

matter ceases to exist [12,13].
In the CTSM the most interesting charged Higgs boson

is the pure triplet one, i.e., h�P , which decays to aPðW�Þ�.
This can give rise to displaced charged leptons/jets plus

missing energy [11]. We give an estimate of that at a multi-

TeV muon collider along with many other production

channels. Such a lightest charged Higgs has a lifetime

τh�
P
¼ Oð1Þ m, in the range of proposed experiments for

testing long-lived particles like MATHUSLA [11,25]. The

triplet playing a role in EWSB can be estimated by probing

the vT (VEVof the triplet) and the corresponding required

luminosities are also listed. The LHC and FCC would look

for the cubic and quartic Higgs couplings and the triplet

contamination can also be constrained.
The Y ¼ 0 triplet nature makes these excitation to hard to

be produced at present hadron colliders. Thus the next

elusive Higgs may be quite natural. Looking for the

mentioned channels at the LHC with 14 and 100 TeV

(a) (b)

FIG. 9. (a) Significance vs luminosity for the hT , h
�
T , h

þ
TW

−, hTZ, and hþPh
−
P production processes through VBF at a 14 TeV muon

collider. The production cross sections are multiplied by the branching ratios BrðhT → WþW−Þ or BrðhþT → WþZÞ, depending on the

channel considered. The background considered is the VBF production ofWþW−Z in the SM, withMðWþW−Þ ¼ mhT
orMðWþZÞ ¼

mhþ
T
for BP2. The process hþPh

−
P is considered background free because h�P is a LL state. (b) Plot of vT vs discover luminosity obtained

from the VBF production of hT at a 14 TeV muon collider. The black dot-dashed line is obtained from the points that satisfy the Planck
constraint on the DM relic density.
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center of mass energy along with the futuristic multi-TeV
muon collider can provide us with some surprises.
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APPENDIX: RENORMALIZATION GROUP

EQUATIONS

We list the renormalization group equation for the
dimensionless parameter of the CTSM, computed at one
loop [91]. We have

16π2
d

dt
g1 ¼

41

10
g3
1
; ðA1Þ

16π2
d

dt
g2 ¼ −

5

2
g3
2
; ðA2Þ

16π2
d

dt
g3 ¼ −7g3

3
; ðA3Þ

16π2
d

dt
yt ¼ yt

�

9

2
y2t −

17

20
g2
1
−
9

4
g2
2
− 8g2

3

�

; ðA4Þ

16π2
d

dt
λH ¼ λH

�

12λH þ 12yt −
9

5
g2
1
− 9g2

2

�

þ 3

2
λ2HT − 12y4t þ

27

100
g4
1
þ 9

10
g2
1
g2
2
þ 9

4
g4
2
;

ðA5Þ

16π2
d

dt
λHT

¼ λHT

�

2λHT þ 6λH þ 8λT þ 6λT 0 þ 6y2t −
9

10
g2
1
−
33

2
g2
2

�

þ 12g4
2
; ðA6Þ

16π2
d

dt
λT ¼ λTð14λT þ12λT 0 −24g2

2
Þþλ2HT þ30g4

2
þ3λ2

T 0 ;

ðA7Þ

16π2
d

dt
λT 0 ¼ λT 0ð9λT 0 þ 12λT − 24g2

2
Þ − 12g4

2
: ðA8Þ
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