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3LAPTh, CNRS, Université Savoie Mont-Blanc, 9 Chemin de Bellevue, 74940, Annecy, France
4Cadi Ayyad University, National School of Applied Science, P.O.B. 63 Safi 46000, Morocco

(Received 21 August 2025; accepted 11 February 2026; published 6 April 2026)

We investigate the phenomenology of the charged Higgs boson within the two-Higgs-doublet type-II
seesaw model (2HDMcT type-III) at future μþμ− colliders. Focusing on 2 → 2 processes such as μþμ− →
Hþ

1 S
− (S− ¼ H−

1 ; H
−
2 ) and μþμ− → Hþ

1 W
−, we incorporate both theoretical and experimental constraints

to assess their production prospects. We find that σðμþμ− → Hþ
1 H

−
1 Þ can reach or exceed the

corresponding eþe− cross section, while σðμþμ− → Hþ
1 H

−
2 Þ is roughly 18 times smaller but can be

enhanced up to 0.62 fb upon relaxing electroweak precision observables constraints. Moreover, we observe
that the cross section for μþμ− → Hþ

1 W
− is significantly enhanced due to the large tan β amplification

characteristic of the type-III scenario. Furthermore, we conduct a signal-background analysis
and determine the discovery (5σ) regions at a 3 TeV muon collider for the μþμ− → Hþ

1 H
−
1 ,

μþμ− → Hþ
1 H

−
2 , and μþμ− → W�H∓

1 processes.

DOI: 10.1103/3dj6-zg7v

I. INTRODUCTION

The Standard Model (SM) of particle physics has been
rigorously tested with remarkable precision, but although it
currently represent our most advanced understanding of
particle physics phenomenology, there are several indica-
tions that the SM is only the low-energy approximation
of a more fundamental theory. Among these drawbacks
facing the SM, we can cite the origin of dark matter [1,2],
the hierarchy problem [3], and the neutrino mass
generation [4,5].
To address these problems, several attempt were made to

go Beyond the Standard Model (BSM). Since the fermion
sector is not of minimal form and given that there is no
known fundamental reason restricting the scalar sector to
be minimal. Following this reasoning, many extensions of
the SM have explored extended Higgs sectors, as the
popular two Higgs doublet model (2HDM) [6–10], the
Higgs triplet models (HTM) [11–13] and recently, 2HDM

augmented by a complex triplet scalar, dubbed the two
Higgs doublet type-II seesaw model (2HDMcT) [14–18].
Since the mass generation from seesaw mechanism is

similar to the Brout-Englert-Higgs mechanism, 2HDMcT
model is appealing, displaying many phenomenological
features especially different from those emerging in
2HDM scalar sector. Apart its broader spectrum than
2HDM’s one, the doubly charged Higgs boson Hþþ, as a
smoking gun of 2HDMcT, Hþþ is currently intensively
searched for at ATLAS and CMS, by means of promising
decay channels, such as HþþH−− and Hþ

i H
−
i (i ¼ 1, 2),

decaying to the same sign dilepton [15]. Furthermore,
2HDMcT is arguably one of the simplest frameworks that
can account for both the dark matter issue [19] as well as the
neutrino mass problem [20–22]. Alongside the doubly
charged Higgs boson, the phenomenological features of this
model include the possibility of enhanced Higgs couplings,
modified Higgs decay channels, and the presence of addi-
tional scalar particles that can be probed at the Large Hadron
Collider (LHC) or other future colliders. For example one
of the prospective signals that can be probed is
pp→ Z=γ →Hþ

2 H
−
2 →HþþW−H−−Wþ → lþlþl−l−þ 4j.

This process does not show up neither in 2HDM nor in HTM
giving that the mass splitting Δm ¼ mHþþ −mHþ is con-
strained by the oblique parameters to be less than 40 GeV in
HTM [12,23]. New contribution to the oblique parameters
from the new states in 2HDMcT makes this avoidable.
Additionally, beyond Higgs phenomenology, it has been
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demonstrated that interactions between doublet and triplet
fields may induce a strong first order electroweak phase
transition, which provide conditions for the generation of the
baryon asymmetry through electroweak baryongenesis [24].
In view of this, adding an SUð2ÞL Higgs doublet and
triplet fields results in a total of eleven physical Higgs
particles [15].
One of the most intriguing features of models incorpo-

rating additional Higgs doublets, triplets, or higher repre-
sentations is the presence of charged scalars, particles that
carry electromagnetic charge. Detecting those would be a
clear signal of physics BSM. The active pursuit of these
new charged scalars has been a central focus and a major
driving force behind current and future experiments,
particularly at the LHC [25–35]. Moreover, with the
upcoming LHC run and its anticipated high luminosity
upgrade, we are entering an era of precise measurement
programs to rigorously examine the SM [36]. However,
despite extensive searches, no convincing evidence has
been found yet for the existence of new particles. Thus,
these searches have only yielded upper limits on their
potential signal cross section and can lead to significant
constraints on the parameters of these BSM theories. At
hadron colliders, the charged Higgs boson can be produced
through several channels: a light charged Higgs boson can
be produced through the top quark decay when the
charged-Higgs mass is less than mt −mb. For a heavier
charged Higgs boson, production can occur through asso-
ciated production with a top quark through gluon-gluon
fusion or gluon-bottom quark annihilation, and a number of
other processes (see Refs. [37,38]). At eþe− colliders, the
charged Higgs boson is predominantly produced via
the s-channel process eþe− → γ�; Z� → HþH− [39].
Consequently, the production rate is determined solely
by the charged Higgs boson mass and the gauge couplings
[40,41]. The contribution from s-channel diagrams involv-
ing neutral Higgs exchange is proportional to the electron
mass (me) and is therefore significantly suppressed.
Similarly, the associated production with a W boson
eþe− → W�H∓ in the 2HDM [42–44] and in the
MSSM [45–47] is only mediated at the one-loop level,
with the tree-level cross section being suppressed by the
electron mass me [42,43,45–47].
The search for nonstandard Higgs bosons at colliders,

although unsuccessful so far, has established the current
bounds on the masses and couplings of these non-SM
Higgs bosons. The high luminosity LHC (HL-LHC) will
enhance some of these measurements and may provide
hints of new physics. However, to continue the precise
measurement program initiated at the LHC, there is a
consensus on the need to construct a clean electron-
positron Higgs factory. [48–50]. In comparison to hadron
colliders, these colliders, with their cleaner eþe− back-
ground, can significantly enhance the precision of mea-
surements beyond those achieved at the LHC [51] and can

allow for detailed studies of the SM-like Higgs boson
properties and couplings [52–56], which can offer a
promising opportunity for a potential discovery of new
physics. Several eþe− colliders projects are currently
planned, including the Compact Linear Collider (CLIC)
[57,58], the Circular Electron Positron Collider (CEPC)
[59], the International Linear Collider (ILC) [51,60,61],
and the Future Circular Collider (FCC-ee) [62,63]. To
achieve our goal of a significant increase in the center-of-
mass energy in particle collisions, a paradigm shift from the
traditional technologies of proton-proton and electron-
positron colliders is necessary. The idea of colliding beams
of positively and negatively charged muons was first
proposed in the late 1960s. However, there have been
renewed interests in muon colliders operating at high
energies in the range of multi-TeV [64–66] in recent years.
Muons can be accelerated and collided in rings without
experiencing the significant synchrotron radiation losses
that limit the performance of electron-positron colliders.
This allows a muon collider to use the traditional and well-
established accelerator technologies of superconducting
high-field magnets and RF cavities. In contrast to protons,
where the collision energy is dispersed among constituent
quarks and gluons, muons are pointlike particles that
deliver their entire energy

ffiffiffi
s

p
directly to the collision.

This enables them to probe much higher energy scales
compared to protons colliding at the same beam energy
which makes this collisions much more efficient [66–76].
Moreover, several studies have proposed employing the
muon collider for detecting electroweak dark matter [75]
and uncovering heavy particles from BSM physics [76–78].
The utilization of muon colliders will mark the inaugural
application of unstable particles in a collider.
Pair production of charged Higgs bosons and their

associated production with a W gauge boson at the
upcoming muon collider has been investigated within
the framework of the minimal supersymmetric standard
model (MSSM) [79,80], 2HDM with CP-violation [81],
and more recently, in the CP-conserving scenario [44].
In this study, we examine the production of the lighter

charged Higgs boson H�
1 at a prospective muon collider

within the framework of 2HDMcT, specifically focusing on
the type-III Yukawa texture scenario. In type-II and type-
III, the Yukawa couplings of the neutral scalars to the
muons, hiμþμ− and Aiμ

þμ−, are approximately propor-
tional to tan β, since both scale as 1=cos β ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 β

p
≈ tan β. Conversely, the remaining Yukawa

textures are inversely proportional to tan β, leading to
suppressed couplings for large tan β. While type-II cou-
plings are proportional to tan β, the value of tan β is
typically restricted by experimental bounds to be small.1

Therefore, we anticipate a significant enhancement for

1Constraints implemented via HiggsTools subpackage Higgs-
Bounds.
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large tan β in the type-III scenario where there is not such
restriction.
Specifically, we analyze the 2 → 2 processes2:

μþμ− → H�
1 H

∓
1 , μþμ− → H�

1 H
∓
2 , and μþμ− → W�H∓

1 .
Given the broader spectrum of the 2HDMcT compared
to the 2HDM, these two processes receive additional
contributions from s-channel neutral-Higgs exchange and
gauge boson exchange. These new contributions may
enhance or suppress the cross section3 with respect to
the one reported recently in the case of 2HDM [44].
Additionally, considering that the muon mass is approx-
imately 207 times greater than the electron mass, the cross
section at the muon collider can be significantly enhanced
compared to the eþe− case. This enhancement is due to the
larger Yukawa coupling of the muon. Moreover, the
presence of neutral-Higgs exchange in the s-channel for
both processes may enable the possibility of resonance
enhancement near

ffiffiffi
s

p
≈mhi;Aj

. The process μþμ− →

W�H∓
1 provides the opportunity to search for a charged

Higgs with a mass up to
ffiffiffi
s

p
−mW , unlike μþμ− → H�

1 H
∓
1 ,

which only allows probing up to mH� <
ffiffiffi
s

p
=2.

To do a full study, we have implemented a full set of
theoretical constraints originated from perturbative
unitarity, electroweak vacuum stability.
Also as any BSM scenario must be capable of accommo-
dating within its spectrum a 125 GeV state h125, that
exhibits properties consistent with present measurements.
To insure that compatibility the HiggsTools package [84] is
employed. This guarantees that the allowed parameter
space align with the observed properties of the 125 GeV
Higgs boson (HiggsSignals [85–87]) and with the limits from
searches for additional Higgs bosons at the LHC and at
LEP (HiggsBounds [88–91]). In addition the parameter space
of the model is further constrained using Electroweak

precision observables and the B̄ → Xsγ con-
straint at 95% C.L.
This paper is organized as follows: In Sec. II, we briefly

review 2HDMcT model and in Sec. III, we introduce our
computational procedure. In Sec. IV, we mention the
theoretical and experimental constraints imposed on the
model parameter space and present our results. Section VI
is devoted to our conclusion.

II. 2HDMCT: BRIEF REVIEW

The 2HDMcT contains two Higgs doubletsΦi (i ¼ 1; 2),
and one colorless scalar field Δ transforming as a triplet
under the SUð2ÞL gauge group with hypercharge YΔ ¼ 2.
In this case, the most general gauge-invariant Lagrangian of
2HDMcT is given by

L ¼
X2
i¼1

ðDμΦiÞ†ðDμΦiÞ þ TrðDμΔÞ†ðDμΔÞ

− VðΦi;ΔÞ þ LYukawa; ð1Þ

where the covariant derivatives are defined as

DμΦi ¼ ∂μΦi þ igTaWa
μΦi þ i

g0

2
BμΦi ð2Þ

DμΔ ¼ ∂μΔþ ig½TaWa
μ;Δ� þ ig0

YΔ

2
BμΔ; ð3Þ

(Wa
μ, g), and (Bμ, g0) denoting, respectively, the SUð2ÞL and

Uð1ÞY gauge fields and couplings and Ta ≡ σa=2, with σa

(a ¼ 1, 2, 3) the Pauli matrices. In terms of the two SUð2ÞL
Higgs doublets Φi and the triplet field Δ, the 2HDMcT
scalar potential is given by [8,15]

VðΦ1;Φ2;ΔÞ ¼ m2
11Φ

†
1Φ1 þm2

22Φ
†
2Φ2 − ½m2

12Φ
†
1Φ2 þ H:c:� þ λ1

2
ðΦ†

1Φ1Þ2 þ
λ2
2
ðΦ†

2Φ2Þ2

þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ þ
�
λ5
2
ðΦ†

1Φ2Þ2 þ ½β1ðΦ†
1Φ1Þ þ β2ðΦ†

2Φ2Þ�Φ†
1Φ2 þ H:c:

�

þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ þ λ6Φ
†
1Φ1TrΔ†Δþ λ7Φ

†
2Φ2TrΔ†Δ

þ fμ1ΦT
1 iσ

2Δ†Φ1 þ μ2ΦT
2 iσ

2Δ†Φ2 þ μ3ΦT
1 iσ

2Δ†Φ2 þ H:c:g þ λ8Φ†
1ΔΔ†Φ1

þ λ9Φ
†
2ΔΔ†Φ2 þm2

ΔTrðΔ†ΔÞ þ λ̄8ðTrΔ†ΔÞ2 þ λ̄9TrðΔ†ΔÞ2

where Tr denotes the trace over 2 × 2 matrices. The triplet
Δ and the Higgs doublets Φi are represented by Δ ¼

 
δþ=

ffiffiffi
2

p
δþþ

ðvt þ δ0 þ iη0Þ=
ffiffiffi
2

p
−δþ=

ffiffiffi
2

p
!

ð4Þ

Φ1 ¼
 
ϕþ
1

ϕ0
1

!
; Φ2 ¼

 
ϕþ
2

ϕ0
2

!
; ð5Þ2See also Refs. [82,83] for 2 → 3 processes.

3Depending on the nature of interference.
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with ϕ0
1¼ðv1þρ1þ iη1Þ=

ffiffiffi
2

p
and ϕ0

2¼ðv2þρ2þ iη2Þ=ffiffiffi
2

p
. After the spontaneous electroweak symmetry break-

ing, the Higgs doublets and triplet fields acquire their
vacuum expectation values, respectively dubbed v1, v2, and
vt, and eleven physical Higgs states appear, namely: three
CP-even neutral Higgs bosons ðH1; H2; H3Þ, four simply
charged Higgs bosons ðH�

1 ; H
�
2 Þ, two CP odd Higgs

bosons ðA1; A2Þ, and finally, two doubly charged Higgs
bosons H��.
The Yukawa Lagrangian encompasses the entire Yukawa

sector of the 2HDM along with an additional Yukawa term
LYukawa. This term, following spontaneous symmetry
breaking, generates (Majorana) mass terms for the neu-
trinos,

−LYukawa ⊃ −YνLTC ⊗ iσ2ΔLþ H:c:; ð6Þ

where L denotes SUð2ÞL doublets of left-handed leptons,
Yν denotes neutrino Yukawa couplings, C the charge
conjugation operator. We list in Table I, all the CPeven hi
(i ¼ 1; 2; 3) and CPodd Aj (i ¼ 1; 2) Yukawa couplings for
all Yukawa textures in the model.
On the other hand, expanding the covariant derivative Dμ

and performing the usual transformations on the gauge and
scalar fields to obtain the physical fields, one can identify
the Higgs couplings of hi

4 to the massive gauge bosons

V ¼ W, Z as given in Table II. Note that in our model, the
triplet field Δ does directly couple to the SM particles, so a
new contribution will appear, and the two couplings Chi

V
(V ¼ W�; Z) differs from one to another by a factor 2
associated to vt.

III. COMPUTATIONAL PROCEDURE STEPS

In this section, we list all the 2-to-2 processes under
investigation in this study. We also provide the correspond-
ing tree-level Feynman diagrams, together with the general
formulae for the differential cross sections.

A. Charged higgs pair production and
μ+ μ− → H�

1 H
∓
2 processes

The tree-level Feynman diagrams contributing to the
processes μþμ− → Hþ

1 H
−
1 and μþμ− → Hþ

1 H
−
2 in the

2HDMcT are shown in Figs. 1 and 2, respectively. At tree
level, the pair production process receives contributions
from the conventional Drell-Yan mechanism μþμ− →
γ�; Z� → Hþ

1 H
−
1 in Fig. 1ðd4;5Þ, as well as the s-channel

neutral-Higgs exchange μþμ− → h�1; h
�
2; h

�
3 → Hþ

1 H
−
1 in

Fig. 1ðd1;2;3Þ, and the t-channel neutrino-exchange diagram
in Fig. 1(d6). The s-channel neutral-Higgs exchange dia-
grams can largely be enhanced near the resonance regionffiffiffi
s

p
≈mhi . The t-channel diagram in Fig. 1 experiences

suppression due to the Yukawa coupling at two vertices.
Nevertheless, if the Yukawa coupling of the charged Higgs
to the muon becomes significant, it could result in an
enhancement at high center-of-mass energies.

TABLE I. Normalized Yukawa couplings coefficients of the neutral Higgs bosons hi and Aj to the leptons, up and down quarks (u, d)
in 2HDMcT. For the expressions of the coefficients Eij and Oij, see Ref. [15].

Ch1
U Ch1

D Ch1
l Ch2

U Ch2
D Ch2

l Ch3
U Ch3

D Ch3
l CA1

U CA1

D CA1

l CA2

U CA2

D CA2

l

Type-I E12
sβ

E12

sβ
E12
sβ

E22
sβ

E22

sβ
E22
sβ

E32
sβ

E32

sβ
E32
sβ

O22

sβ
O22

sβ
O22

sβ
O32

sβ
O32

sβ
O32

sβ

Type-II E12
sβ

E11

cβ
E11
cβ

E22
sβ

E21

cβ
E21
cβ

E32
sβ

E31

cβ
E31
cβ

O22

sβ
O21

cβ
O21

cβ
O32

sβ
O31

cβ
O31

cβ

Type-III E12
sβ

E12

sβ
E11
cβ

E22
sβ

E22

sβ
E21
cβ

E32
sβ

E32

sβ
E31
cβ

O22

sβ
O22

sβ
O21

cβ
O32

sβ
O32

sβ
O31

cβ

Type-IV E12
sβ

E11

cβ
E12
sβ

E22
sβ

E21

cβ
E22
sβ

E32
sβ

E31

cβ
E32
sβ

O22

sβ
O21

cβ
O22

sβ
O32

sβ
O31

cβ
O32

sβ

TABLE II. The normalized couplings of the neutral CPeven hi
Higgs bosons to the massive gauge bosons V ¼ W, Z in
2HDMcT.

Chi
W Chi

Z

h1
v1
v E11 þ v2

v E21 þ 2 vt
v E31

v1
v E11 þ v2

v E21 þ 4 vt
v E31

h2
v1
v E12 þ v2

v E22 þ 2 vt
v E32

v1
v E12 þ v2

v E22 þ 4 vt
v E32

h3
v1
v E13 þ v2

v E23 þ 2 vt
v E33

v1
v E13 þ v2

v E23 þ 4 vt
v E33

FIG. 1. Tree-level Feynman diagrams for μþμ− → Hþ
1 H

−
1 at

muon collider in the 2HDMcT. Si ¼ h1; h2; h3.

4Since we are working in the CP-conserving scenario the
couplings of the CP-odd Higgs bosons to the gauge bosons are
zero.
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The differential cross section is given by

dσ
dΩ

¼ 1

4

β

64π2s
:jMj2; ð7Þ

1=4 is a factor due to initial state spin average.
The amplitudes and squared amplitude are given in
Appendix A.
In the case of eþe− collision, contributions from the s-

channel with h1, h2, and h3 exchange and the t-channel
neutrino exchange are neglected due to their proportionality
to the electron mass. The total cross section for eþe− →
Hþ

1 H
−
1 is as follows [40]:

σe
þe−
tot ¼ e4πα2β3

3s

�
1þ λZH�

1
H∓

1

2
g2V þ g2A

ð1−m2
Z=sÞ2

−
2λZH�

1
H∓

1
gV

1−m2
Z=s

�
ð8Þ

B. μ+ μ− → H�
1 W

∓ process

In the 2HDMcT model, the process μþμ− → H�
1 W

∓ can
occur through an s-channel mediated by the neutral Higgs
bosons h1, h2, h3, A1, A2, and Z [see Fig. 3—ðd1;2;3;4;5;6Þ]
and through a t-channel diagram involving neutrino
exchange [see Fig. 3—(d7)]. This process at a muon
collider is highly promising for several reasons. Firstly,
it can provide insights into the underlying Yukawa
textures, as all the diagrams shown in Fig. 3 involve the
muon coupling. Secondly, the process may experience
resonance enhancement through s-channel heavy-Higgs
exchanges of h1;2;3 and A1;2 via the following path-
ways: μþμ− → h�1;2;3; A

�
1;2 → H�

1 W
∓.

The differential cross section for σðμþμ− → H�
1 W

∓Þ
may be written as follows:

dσ
dΩ

¼ λ
1
2ðs;m2

H� ; m2
WÞ

64π2s2
jMj2: ð9Þ

See Appendix A for the amplitudes and squared amplitude.

IV. CONSTRAINTS AND NUMERICAL RESULTS

The phenomenological analysis in 2HDMcT is per-
formed via implementation of a full set of theoretical
constraints [15,16] as well as the Higgs exclusion limits
from various experimental measurements at colliders,
namely:

(i) Unitarity: The scattering processes must obey per-
turbative unitarity.

(ii) Perturbativity: The quartic couplings of the scalar
potential are constrained by the following condi-
tions: jλij < 8π for each i ¼ 1;…; 5.

(iii) Vacuum stability: Boundedness from below BFB
arising from the positivity in any direction of the
fields Φi, Δ.

(iv) Electroweak precision observables: The oblique
parameters S, T, and U [92,93] have been calculated
in 2HDMcT [16]. The analysis of the precision
electroweak data in light of the new PDGmass of the
W boson yields [94]

Ŝ0 ¼ −0.05� 0.07; T̂0 ¼ 0.00� 0.06;

ρST ¼ 0.93:

We use the following χ2ST test:

ðS − Ŝ0Þ2
σ2S

þ ðT − T̂0Þ2
σ2T

− 2ρST
ðS − Ŝ0ÞðT − T̂0Þ

σSσT

≤ R2ð1 − ρ2STÞ; ð10Þ

with R2 ¼ 2.3 and 5.99 corresponding to 68.3% and
95% confidence levels (CLs), respectively. Our
numerical analysis is performed with χ2ST at 95% CL.

(v) To further delimit the allowed parameter space, the
HiggsTools package [84] is employed. This ensures
that the allowed parameter regions align with the
observed properties of the 125 GeV Higgs boson
(HiggsSignals [84–87]) and with the limits from
searches for additional Higgs bosons at the LHC
and at LEP (HiggsBounds [84,88–91]).

FIG. 2. Tree-level Feynman diagrams for μþμ− → Hþ
1 H

−
2 at

muon collider in the 2HDMcT. Si ¼ h1; h2; h3.

FIG. 3. Tree-level Feynman diagrams for μþμ− → H�
1 W

∓ at a muon collider in the 2HDMcT. Si ¼ h1; h2; h3.
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(vi) Flavor constraints: Flavor constraints are also
implemented in our analysis. We used B-physics
results, derived in [16] as well as the experimental
data at 2σ [95] displayed in Table III.

We perform scans within the allowed parameter space by
implementation of the theoretical and experimental con-
straints mentioned above.
The following set of input parameters is used in the

subsequent numerical analysis:

PI ¼ fα1; α2; α3; mh1 ; mh2 ; λ1; λ3; λ4; λ6; λ7; λ8; λ9; λ̄8; λ̄9;

μ1; vt; tan βg; ð11Þ

with

mh1 ¼ 125.09GeV; mh1 ≤mh2 ≤mh3 ≤ 1 TeV;
−π
2

≤ α1 ≤
π

2
; −0.1≤ α2;3 ≤ 0.1

0.5≤ tanβ≤ 120; −102 ≤ μ1 ≤ 102;

0≤ vt ≤ 2GeV; −8π ≤ λi;λi ≤ 8π; ð12Þ

in which tan β ¼ v2=v1.
We choose the lightest Higgs state h1 to mimic the

observed SM-like Higgs boson at the LHC [96,97] and set
mh1 ¼ 125 GeV. After carefully examining the model’s
parameter space in light of the aforementioned theoretical
and experimental constraints, the resulting parameter space
points will be used as input for FormCalc [98–100] to
calculate the cross sections for each process.

In Fig. 4, we display the correlation plots involving the
masses of the charged Higgs and neutral Higgs bosons. The
left panel shows the correlation between the pseudoscalar
mass mA1

and the charged Higgs mass mH�
1
, while the right

panel illustrates the correlation between the heavier
CP-even scalar mh2 and mH�

1
. In both plots, the color

code is used to represent the mass splittingsmH�
1
−mA1

and
mH�

1
−mh2 , respectively, thus providing visual insight into

how the degeneracy between these states evolves across the
parameter space.
A clear pattern emerges from both panels, as the mass of

the charged Higgs boson mH�
1
decreases, particularly in the

region below 600 GeV, where the mass splitting between
mH�

1
and the neutral Higgs bosons A1 and h2 tend to

increase significantly. This shows that the regions with
small values of the charged Higgs boson masses are
characterized by sizable mass splittings.
On the other hand, when mH�

1
exceeds approximately

600 GeV, the mass splittings between H�
1 and both A1 and

h2 are considerably reduced. In this heavier regime, the
spectrum becomes more compressed, suggesting a near
degeneracy among the heavy Higgs states. This behavior
has important implications for collider phenomenology, as
it influences both the decay modes and the kinematic
distributions of final state particles.

(i) Results for μþμ− → Hþ
1 H

−
1 and μþμ− → Hþ

1 H
−
2 .

The main results of our study on charged-Higgs pair
production at a muon collider with a center-of-mass energy
of 3 TeV are depicted in Fig. 5. For this process, we first
point out that the dominant contribution comes from the

TABLE III. Experimental result of flavor observable: B̄ → Xsγ at 95% CL.

Observable Experimental result 95% CL

BR(B̄ → Xsγ) [16] ð3.49� 0.19Þ × 10−4 [95] ½3.11 × 10−4; 3.87 × 10−4�

FIG. 4. Correlations between mA1
and mH�

1
(left) and between mh2 and mH�

1
(right) after imposing the theoretical and experimental

constraints. The color code indicates the splitting mH�
1
−mA1

and mH�
1
−mh2 , respectively.
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s-channels μþμ− → γ; Z → Hþ
1 H

−
1 diagrams [Fig. 1ðd4;5Þ].

In addition the s-channels neutral-Higgs exchange μþμ− →
h1; h2; h3 → Hþ

1 H
−
1 [Fig. 1ðd1;2;3Þ] contributions, are gen-

erally smaller than μþμ− → γ; Z → Hþ
1 H

−
1 . The t-channel

contribution is also suppressed by m4
μ. Consequently, the

cross section for charged-Higgs pair production is nearly
identical to that obtained in eþe− → Hþ

1 H
−
1 at eþe−

colliders with the same
ffiffiffi
s

p
. It is important to emphasize

that the interference between the channels μþμ− → γ; Z →
Hþ

1 H
−
1 and μþμ− → h1; h2; h3 → Hþ

1 H
−
1 can be construc-

tive, resulting in a total cross section that can match or even
surpass σðμþμ− → γ; Z → Hþ

1 H
−
1 Þ ¼ σðeþe− → Hþ

1 H
−
1 Þ.

The upper panels of Fig. 5 illustrate the behavior of the
production cross section for the charged Higgs pair
production process μþμ− → Hþ

1 H
−
1 at a center-of-mass

energy of
ffiffiffi
s

p ¼ 3 TeV, as a function the model parameters,
mH�

1
(shown in the left panel), and tan β (depicted in the

right panel). The scatter plots reveal a clear inverse
correlation between the cross section and the charged
Higgs mass. Specifically, the production rate is significantly

enhanced for lighter charged Higgs states, with the cross
section reaching a maximum value of approximately 3.15 fb
when mH�

1
is near the lower kinematic threshold.

On the other hand, the dependence of the cross section
on tan β appears to be relatively weak, since across a wide
range of tan β values, the variation in the cross section
remains modest, suggesting that the pair production
mechanism is largely insensitive to this parameter. In
addition to the dependence on mH�

1
and tan β, the lower

panels of Fig. 5 provide further insight into how the
production cross section is influenced by the masses of
the neutral Higgs bosons, namely, Mh2 and MA1

. The plots
clearly demonstrate that the cross section is substantially
enhanced when bothMh2 andMA1

are below approximately
570 GeV.
Similarly, in Fig. 6, we present our main results for the

associated production of the lighter charged Higgs boson
H�

1 with the heavier one H�
2 , μ

þμ− → H�
1 H

∓
2 at a muon

collider with a center-of-mass energy of 3 TeV. The figure
shows the production cross sections as functions of mH�

1

FIG. 5. The upper panels we show the production cross section for μþμ− → H�
1 H

∓
1 as a function of mH�

1
(left) and tan β (right) atffiffiffi

s
p ¼ 3 TeV. The color legend represent BrðHþ

1 → τþντÞ and BrðHþ
1 → tbÞ, respectively. The lower panels present the production

cross section for μþμ− → H�
1 H

∓
1 as a function of mh2 (left) and mA1

(right). The color coding presents Brðh2 → H−
1W

þÞ and
BrðA1 → H−

1W
þÞ, respectively. All the regions are consistent with theoretical and experimental constraints.
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(left), mH�
2
(middle), and tan β (right). The color code

indicates BrðHþ
1 → h1WþÞ in the left and middle panels,

and BrðHþ
1 → h2WþÞ in the right panel. We clearly see that

the cross section for this process is about an order of
magnitude smaller than that of the pair production, reach-
ing a maximum up to 0.17 fb. In comparison, the cross
section for μþμ− → H�

1 H
∓
1 is roughly 18 times larger, with

σðμþμ− → H�
1 H

∓
1 Þ ≈ 18 × σðμþμ− → H�

1 H
∓
2 Þ. This ratio

decreases slightly as the center-of-mass energy increases,
but it remains of the same order of magnitude.

(i) Results for μþμ− → H�
1 W

∓.
Unlike the pair production process μþμ− → H�

1 H
∓
1 and

μþμ− → H�
1 H

∓
2 , the current process is not sensitive to pure

scalar couplings due to the presence of a W boson in the
final state. Moreover, the s-channel diagram for μþμ− →
hi; Aj → H�

1 W
∓ (where i ¼ 1, 2, 3 and j ¼ 1, 2) can be

either suppressed or enhanced based on the values of
couplings hiW�H∓

1 and AjW�H∓
1 . In contrast to the

process μþμ− → H�
1 H

∓
1 , the t-channel contribution for

μþμ− → W�H∓
1 with neutrino exchange is not negligible,

although it remains smaller compared to the s-channel
contribution involving neutral Higgs exchanges. In the case
of μþμ− → H�

1 H
∓
1 , the t-channel amplitude is proportional

to m2
μ, while for μþμ− → W�H∓

1 the t-channel amplitude
has only one mμ suppression which could be overcome
with the large tan β value. Therefore, both the t- and
s-channel contributions are proportional to tan β in
the large tan β limit, since both hiμþμ− ∝ 1=cβ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan β2

p
≈ tan β. In the large tan β limit, the amplitudes

of all diagrams are proportional to tan β, and it can take
large values in type-III; therefore, we would expect
enhancement for large tan β for type III.
In Fig. 7, we show the production cross section for

the process μþμ− → H�
1 W

∓ at a future high-energy
muon collider operating at a center-of-mass energy offfiffiffi
s

p ¼ 3 TeV. The results are displayed as a function of
the mass of the charged Higgs boson H�

1 . The color coding
in the plots indicates information about the relevant

FIG. 6. Production cross sections for μþμ− → H�
1 H

∓
2 as a function of mH�

1
(left), mH�

2
(middle) and tan β (right) at

ffiffiffi
s

p ¼ 3 TeV. The
color legend presents BrðHþ

1 → τþντÞ (in left and right panels) and BrðHþ
2 → τþντÞ (in middle panel), respectively. All the regions are

consistent with theoretical and experimental constraints.

FIG. 7. Production cross sections for μþμ− → W�H∓
1 as a function of mH�

1
at

ffiffiffi
s

p ¼ 3 TeV. The color legend represents BrðHþ
1 →

τþντÞ in the (left panel) and BrðAþ
1 → Hþ

1 W
−Þ (middle panel) and tan β (right panel). All the regions are consistent with theoretical and

experimental constraints.
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decay branching ratios and parameters; specifically,
the left is color coded according to the branching
ratio BrðHþ

1 → τþντÞ, the middle according to
BrðA1 → H�

1 W
∓Þ, while the right panel highlights the

values of tan β.
From the plots, we clearly see that the cross section for

this process can be of the same order of magnitude as
that of the charged Higgs pair production process
μþμ− → Hþ

1 H
−
1 , indicating that both channels may play

a comparably significant role in probing charged Higgs
bosons at future muon colliders. However, a distinctive
and noteworthy feature of the μþμ− → H�

1 W
∓ process is

its noticeable sensitivity to the parameter tan β. Unlike the
pair production channel, which is typically less affected
by variations in tan β, the associated production cross
section increases significantly with larger values of tan β,
reaching a maximum of approximately 4.12 fb in the
considered parameter space exceeding that of the pair
production.
Moreover, an inverse correlation is observed between

the magnitude of the cross section and the branching
ratio BrðA1 → H�

1 W
∓Þ, as seen in the middle panel.

Specifically, regions of parameter space characterized by
a suppressed decay of the pseudoscalar A1 into H�

1 and a
W∓ bosons tend to exhibit enhanced production cross
sections for the μþμ− → H�

1 W
∓ process.

V. SIGNAL-BACKGROUND ANALYSIS

A. Monte Carlo toolchain

In this study, we examine the potential of a future muon
collider operating at

ffiffiffi
s

p ¼ 3 TeV, focusing on final states
involving a pair of tau-leptons accompanied by missing
energy. Specifically, we explore the processes μþμ− →
Hþ

1 H
−
1 → τþντ−ν and μþμ− → Hþ

1 W
− → τþντ−ν. For

each studied channel, we adopt the benchmark scenarios
outlined in Table IV.
Signal events are simulated by generating the parton-

level processes using MadGraph5_aMC_v3.4.2 [101]. The gen-
erated events are then passed through Pythia-8.20 [102] to
account for fragmentation and parton showering. Finally,
the events undergo detector simulation using Delphes-3.4.5

[103], where the muon collider detector TARGET model is
implemented. Jets are reconstructed using the anti-kt
algorithm [104] implemented in Delphes, with a jet radius
parameter of R ¼ 0.5. At the Delphes simulation level, a jet
candidate is required to meet a minimum transverse
momentum threshold of pT > 20 GeV to qualify as a b
jet. Additionally, a b-tagging efficiency of approximately
70% is applied, along with mistag rates for charm and light-
quark jets being misidentified as b jets. These rates are
treated as functions of the jet pseudorapidity and energy.
The significance of the signal is evaluated using the

median significance approach [105]. The discovery signifi-
cance (Zdisc) was calculated using the following formulas:

Zdisc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½ðsþ bÞ ln

�ðsþ bÞð1þ δ2bÞ
bþ δ2bðsþ bÞ

�
−

1

δ2
ln

�
1þ δ2

s
1þ δ2b

��s
; ð13Þ

B. μ+ μ− → H +
1 H

−
1

In this subsection, we focus on pair production of
charged Higgs at future muon collider with the final state
τþντ−ν. Muon colliders provide a superior platform com-
pared to the LHC, offering higher production rates, signi-
ficantly reduced backgrounds, and precise energy control.5

These features make the process μþμ− → Hþ
1 H

−
1 not only

feasible but also a promising focus for discovery and
precision measurements at muon colliders.

TABLE IV. The description of our BPs.

Signal mh1 mh2 λ1 λ3 λ4 λ6 λ7 λ8 λ9 λ8 λ9 tan β α1 α2 α3 vt

BP1 τþντ−ν 125.09 152.82 0.70 −0.14 0.76 0.48 0.48 0.71 −0.036 2.97 −0.19 89.06 1.561 ≈0 ≈0 0.18

BP2 τþντ−ν 125.09 181.94 3.03 0.77 3.28 1.50 0.01 −0.018 0.40 1.55 1.60 9.96 −1.47 −0.025 −0.62 0.057

BP3 τþντ−ν 125.09 673.49 0.29 4.08 −2.73 4.28 5.31 0.82 −1.49 0.65 0.71 119.29 1.563 ≈0 ≈0 0.19

TABLE V. The main SM backgrounds.

Process Description

μþμ− → tt̄ Top-pair production

μþμ− → VV Diboson production (WW, ZZ)

μþμ− → Z=γjj Z → ττ and Z → νν

μþμ− → Wjj One τ from W decay, the other τ from a jet
misidentified as τ

5Charged Higgs boson pair production at the LHC suffers from
low cross sections, overwhelming backgrounds, and energy
limitations.
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μþμ− → Hþ
1 H

−
1 → τþνττ−ντ

To search for signals amidst the SM background, we
highlight the primary SM backgrounds, this includes
top-pair production (tt̄), diboson production (VV with
WW and ZZ), Zjj, and Wjj, as outlined in Table V.
To ensure that the events at the parton level meet the

necessary criteria, we impose pj
T > 25 and jηjj < 2.5 on

jets. At the Delphes level, we apply the τ-tagging efficien-
cies and the mistag rates of a light jet as a τ, Pτ→τ ¼ 0.85
and Pj→τ ¼ 0.02, respectively. In addition, we enforce the
charged lepton identification and standard photon isolation
criteria, with the requirement,

IðPÞ ¼ 1

pP
T
ΣpTi

< 0.01∶

We illustrates in Fig. 8 the pseudorapidity of the leading
tau ηðτ1Þ and transverse mass MTðτ1Þ. These distributions
are shown for the signal benchmark point BP1 and various
SM backgrounds at the 3 TeV muon collider. In order to
increase the significance of the signal, we construct a
sequential cut strategy summarized in Table VI. To enhance
signal-background discrimination, we impose constraints
on the number of b quarks and jets, requiring NðbÞ ≤ 1 and
NðjÞ ≤ 1, which is vital in discriminating the signal from
the background. Under this cut, 44.9% of tt̄, 21.6% of zjj,
and 39.4% of Wjj backgrounds events survived, while the
signal remains unaffected. Next, we apply an additional

selection cut −0.8 < η½τ1� < 0.8, which effectively sup-
presses a significant portion of the background, particu-
larly eliminating most of the Wjj, ZZ, WW, and Zjj
events, while retaining approximately 70.9% of the tt̄
events and 68% of the signal events. We then apply
an additional cut on the invariant mass, requiring
MT ½τ1� > 200 GeV. This effectively removes 71.3% of
Wjj events while 77.3% of the signal survives. The full
cut-flow is shown in Table VII.
In order to provide a more complete overview of the

discovery prospects for charged Higgs bosonH�
1 , we extend

the analysis to cover a wide mass range from 100 GeV to
900 GeV. Based on the behavior of the kinematic distribu-
tions of the previously examined benchmark point (BP1),
we present the discovery significance (Zdisc) for each mass
point at a center-of-mass energy of

ffiffiffi
s

p ¼ 3 TeV, consider-
ing integrated luminosities of 500 fb−1, 1000 fb−1, and
3000 fb−1, as well as systematic uncertainties (δ) of 5%,
10%, and 20%. Table XV (see Appendix B) shows the
benchmark points used in our analysis. These points are
selected according to a simple criterion. For each chosen
mass of the charged state, we scan over the model parameters
and identify the point (or parameter vector) that yields the
largest possible total production cross section. This ensures
that, for every mass value under consideration, we present
the scenario with the highest achievable signal significance.6

All evaluated parameter points satisfy both theoretical and
experimental constraints, ensuring the reliability of the
explored parameter space. The discovery significances
obtained for the entire mass range under the various
luminosity scenarios are summarized in Table VIII.
The results demonstrate that even at the lower bound of

projected luminosity, L ¼ 500 fb−1, the experiment retains
substantial sensitivity across a wide range of the charged
Higgs boson mass mHþ

1
. In particular, the significance

consistently exceeds the 5σ discovery threshold (Zdisc ≥ 5)

TABLE VI. Selection criteria applied in the signal-background
analysis of the process μþμ− → Hþ

1 H
−
1 → τþνττ−ντ atffiffiffi

s
p ¼ 3 TeV.

Cuts Definition

Trigger NðbÞ ≤ 1 and NðjÞ ≤ 1

Cut 1 −0.8 < η½τ1� < 0.8

Cut 2 MT ½τ1� > 200 GeV

FIG. 8. Kinematic distributions for the τþνττ−ντ final state at a
ffiffiffi
s

p ¼ 3 TeV muon collider: pseudorapidity ηðτ1Þ of the leading tau
lepton (left) and transverse mass MTðτ1Þ (right).

6The same criterion is considered for the other processes.
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throughout the investigated mass spectrum and for the
different considered systematic uncertainties (δ) of 5%,
10%, and 20%, suggesting that a moderate data collection
could be feasible for a potential observation of the charged
Higgs boson. However, important observations can be made.
First, the significance decrease with the increase of the

systematic uncertainties (δ). For example, at δ ¼ 20%, the
significance is noticeably reduced compared to the case
with δ ¼ 5%, about 60% decrease, underscoring the
necessity of a strong control over systematic sources of
uncertainty for a robust discovery prospects.
Secondly, for each fixed value of δ the significance

decrease as the mass of the charge Higgs boson get
larger. This is a direct consequence of the reduced
production cross section at higher masses. Moreover,
as expected, we observe that increasing the integrated
luminosity leads to a notable improvement in the statistical
significance.

μþμ− → H�
1 H

∓
2 → τþντ−ν

A detailed signal-to-background analysis of the process
μþμ− → H�

1 H
∓
2 → τþντ−ν has been performed based on

the cross section results presented in Fig. 6. The outcome of
this analysis indicates that the statistical significance
remains extremely low, implying that an integrated

luminosity exceeding approximately 16; 000 fb−1 would
be necessary to achieve a a 5σ significance. This result can
be primarily attributed to the fact that the production cross
section for this process is considerably suppressed. Such

TABLE VII. Cut flow of the cross sections (in fb) for the signal and SM backgrounds at
ffiffiffi
s

p ¼ 3 TeV muon
collider using the benchmark point (BP1).

Cuts

Signal Backgrounds

BP1 WW ZZ tt Wjj Z=γjj

Basic cut 3.143 1.54 0.0147 0.21 7.04 0.74
Tagger 3.111 1.508 0.01465 0.0901 2.76 0.16
Cut 1 2.115 0.234 0.000417 0.0639 0.0564 0.0133
Cut 2 1.634 0.166 0.000382 0.0517 0.0162 0.00949

Total efficiencies 52% 10.8% 2.6% 25.8% 0.231% 1.28%

TABLE VIII. The significance for the process μþμ− → H�
1 H

∓
1 → τþνττ−ντ is presented as a function of the charged Higgs mass at a

3 TeV muon collider, considering integrated luminosities of 500 fb−1, 1000 fb−1, and 3000 fb−1 and varying systematic uncertainties δ,
using the benchmark points listed Table XV (see Appendix B).

mHþ
1
[GeV]

L ¼ 500 fb−1 L ¼ 1000 fb−1 L ¼ 3000 fb−1

δ ¼ 5% δ ¼ 10% δ ¼ 20% δ ¼ 5% δ ¼ 10% δ ¼ 20% δ ¼ 5% δ ¼ 10% δ ¼ 20%

100 36.12 24.96 14.35 43.61 27.25 14.77 52.82 29.24 15.07
200 36.25 25.05 14.40 43.77 27.34 14.82 53.01 29.35 15.12
300 35.95 24.85 14.29 43.41 27.13 14.70 52.59 29.12 15.00
400 35.21 24.37 14.02 42.55 26.61 14.43 51.58 28.57 14.72
500 33.80 23.44 13.50 40.89 25.62 13.90 49.64 27.52 14.18
600 32.84 22.81 13.14 39.76 24.94 13.53 48.31 26.80 13.81
700 31.02 21.61 12.47 37.62 23.64 12.84 45.79 25.43 13.11
800 27.93 19.56 11.32 33.97 21.44 11.66 41.50 23.09 11.92
900 25.18 17.73 10.29 30.72 19.47 10.61 37.66 20.99 10.84

FIG. 9. Production cross sections for μþμ− → H�
1 H

∓
2 as a

function of mH�
1

at
ffiffiffi
s

p ¼ 3 TeV. The color legend presents

BrðHþ
1 → τþντÞ. All the regions are consistent with all the

theoretical and experimental constraints except the EWPO con-
straints.
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suppression arises from imposing the conditions α2;3 ≈ 0,
which are necessary to remain consistent with the approx-
imations adopted in the computation of the electroweak
oblique parameters S and T, as discussed in Refs. [15,16].
However, as shown in Fig. 9, if we relax these constraints

and instead consider a wider parameter range for α2;3,
namely, −π=2 < α2;3 < π=2, the situation changes signifi-
cantly. In this case, we can achieve larger values for the
different couplings involved, which in turn enhances the
production cross section, specifically in the low mass
regions of mH�

1
. Consequently, the cross section can reach

values up to approximately 0.62 fb, suggesting that a bigger
significance can be achieved.
Similar to the pair production process the events of the

signal and backgrounds at parton level are required to pass
through the basic cuts as follows:

pj
T > 20; jηjj < 2.5:

Figure 10 presents the kinematic distributions of the signal
and background processes at a 3 TeV muon collider. The
left panel shows the pseudorapidity of the leading tau,
ηðτ1Þ, and the right panel displays the transverse mass,
MT ½τ1�. In order to enhance the significance of the signal,
we construct a sequential cut strategy as summarized in
Table IX. The first step in this strategy involves con-
straining the number of b-quarks and jets, imposing the
conditions NðbÞ ≤ 1 and NðjÞ ≤ 1. This constraint plays a
huge role in distinguishing the signal from the background.
After applying this cut, only 21.6% of Zjj, 39.4% of Wjj,

and 44.9% of tt background events remain, while nearly
100% of the signal events are preserved.
Next, we impose the cut −0.8 < η½τ1� < 0.8, which

effectively eliminates most of the ZZ, Zjj, and Wjj
background events, while retaining approximately 70%
of tt̄ and 69.1% of the signal events. Finally, an additional
cut of MT ½τ1� > 200 GeV, which primarily suppress Wjj
backgrounds while preserving around 78.7% of the signal
events. The full cut-flow is presented in Table X.
Exactly as was done for the pair production process

discussed previously, we perform an analysis covering a
mass range from 100 GeV to 900 GeV. Following the
behavior of the kinematic distributions for the benchmark
point (BP2), we present in Table XI the discovery
significance (Zdisc) for each mass point at a center-of-
mass energy of

ffiffiffi
s

p ¼ 3 TeV, considering integrated
luminosities of 500 fb−1, 1000 fb−1, and 3000 fb−1, as
well as systematic uncertainties (δ) of 5%, 10%, and 20%.
All evaluated points satisfy both theoretical and exper-
imental constraints.
The results show that at the lower bound of projected

luminosity, L ¼ 500 fb−1, the significance exceeds the 5σ
discovery threshold (Zdisc ≥ 5) for mH�

1
¼ 100, 200 GeV

when δ ¼ 5%. For the other considered systematic uncer-
tainties (δ ¼ 10% and 20%), the significance remains
below the discovery threshold (Zdisc ≤ 5).
For an integrated luminosity of L ¼ 1000 fb−1 and

δ ¼ 5%, the significance exceeds the discovery threshold
(Zdisc ≥ 5) for mH�

1
¼ 100, 200, 300 GeV. However, for

δ ¼ 10% and 20%, the significance drops below the
discovery threshold. Finally, for L ¼ 3000 fb−1, the sig-
nificance remains above the discovery threshold (Zdisc ≥ 5)
even for δ ¼ 10% for mH�

1
¼ 100, 200 GeV.

μþμ− → H�
1 W

∓ → τþντ−ν

Similar to the previous processes the events of the signal
and backgrounds at parton level are required to pass
through the basic cuts as follows:

FIG. 10. Normalized kinematic distributions of the signal and backgrounds: the pseudorapidity ηðτ1Þ (left panel) and the transverse
mass MT ½τ1�ðGeV=c2Þ (right panel) at

ffiffiffi
s

p ¼ 3 TeV muon collider.

TABLE IX. Selection criteria applied in the signal-background
analysis of the process μþμ− → Hþ

1 H
−
2 → τþντ−ν atffiffiffi

s
p ¼ 3 TeV.

Cuts Definition

Trigger NðbÞ ≤ 1 and NðjÞ ≤ 1

Cut 1 −0.8 < η½τ1� < 0.8

Cut 2 MT ½τ1� > 200 GeV
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pj
T > 20; jηjj < 2.5:

Figure 11 presents the kinematic distributions of the signal
and background processes at a 3 TeV muon collider. The
left panel shows the pseudorapidity of the leading tau,
ηðτ1Þ, the middle panel shows the transverse mass MT ½τ1�,
and the right panel displays the transverse energy, ET . In
order to increase the significance of the signal, we define
the optimized selection summarized in Table XII. The first
step in this strategy involves constraining the number of b
quarks and jets, imposing the conditions NðbÞ ≤ 1 and
NðjÞ ≤ 1. This constraint plays a key role in distinguishing

the signal from the background. After applying this cut,
only 21.6% of Zjj, 39.4% of Wjj, and 44.9% of tt̄
background events persist, while nearly 100% of the signal
events are preserved.
Next, we impose the cut −1.6 < η½τ1� < 1.6, which

effectively eliminates most of the ZZ, Zjj, and Wjj
background events while retaining approximately 96%
of tt̄ and 61.3% of the signal events. Finally, an additional
cut of ET < 600 GeV, which primarily suppress tt̄, Zjj,
and Wjj backgrounds while preserving around 70% of
the signal events. Then an additional cut on the trans-
verse mass MT ½τ1� > 50 GeV eliminates about 65% of

TABLE XI. The significance for the process μþμ− → H�
1 H

∓
2 → τþνττ−ντ is presented as a function of the

charged Higgs mass at a 3 TeV muon collider, considering integrated luminosities of 500 fb−1, 1000 fb−1, and
3000 fb−1 and varying systematic uncertainties δ, using the benchmark points listed in Table XVI (see Appendix B).

mHþ
1
[GeV]

L ¼ 500 fb−1 L ¼ 1000 fb−1 L ¼ 3000 fb−1

δ ¼ 5% δ ¼ 10% δ ¼ 20% δ ¼ 5% δ ¼ 10% δ ¼ 20% δ ¼ 5% δ ¼ 10% δ ¼ 20%

100 5.85 4.36 2.62 7.35 4.89 2.72 9.39 5.38 2.80
200 5.44 4.06 2.44 6.84 4.56 2.54 8.74 5.01 2.61
300 4.22 3.17 1.91 5.32 3.56 1.99 6.83 3.93 2.05
400 2.82 2.13 1.29 3.56 2.40 1.35 4.60 2.65 1.39
500 2.62 1.98 1.20 3.31 2.23 1.25 4.28 2.47 1.29
600 2.38 1.80 1.10 3.01 2.04 1.14 3.90 2.25 1.18
700 2.03 1.54 0.94 2.57 1.74 0.98 3.33 1.93 1.01
800 1.87 1.42 0.86 2.37 1.60 0.90 3.07 1.78 0.93
900 1.37 1.04 0.64 1.74 1.18 0.66 2.26 1.31 0.69

TABLE X. Cut flow of the cross sections (in fb) for the signal and SM backgrounds at
ffiffiffi
s

p ¼ 3 TeV muon collider
using the benchmark point (BP2).

Cuts

Signal Backgrounds

BP2 WW ZZ tt̄ Wjj Z=γjj

Basic cut 0.4580 1.54 0.0147 0.21 7.04 0.74
Tagger 0.4535 1.508 0.01465 0.0901 2.76 0.16
Cut 1 0.313 0.234 0.000417 0.0639 0.0564 0.0133
Cut 2 0.246 0.166 0.000382 0.0517 0.0162 0.00949

Total efficiencies 53.8% 12.4% 2.8% 31.3% 0.38% 1.6%

FIG. 11. Normalized kinematic distributions of the signal and backgrounds: the pseudorapidity ηðτ1Þ (left panel), the transverse energy
ET (middle panel), and the transverse mass MT ½τ1� (right panel) at

ffiffiffi
s

p ¼ 3 TeV muon collider.
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Wjj and 23% of WW, while keeping about 98% of the
signal. The full cut-flow is shown in Table XIII.
Similarly to the previous processes, and following the

behavior of the kinematic distributions for the benchmark
point (BP3), we present in Table XIV the discovery
significance (Zdisc) for different values of the charged
Higgs mass at a center-of-mass energy of

ffiffiffi
s

p ¼ 3 TeV,
considering integrated luminosities of 500 fb−1, 1000 fb−1,
and 3000 fb−1, as well as systematic uncertainties (δ) of 5%
and 10%. All evaluated points satisfy both theoretical and
experimental constraints.
The results show that at the lowest considered luminos-

ity, L ¼ 500 fb−1, the significance exceeds the 5σ

discovery threshold (Zdisc ≥ 5) for mH�
1
¼ 700, 900 GeV

when δ ¼ 0%. For the other systematic uncertainties
(δ ¼ 5% and 10%), the significance remains below the
discovery threshold for all masses.
For an integrated luminosity of L ¼ 1000 fb−1 and

δ ¼ 0%, the significance exceeds the discovery threshold
for mH�

1
¼ 300, 400, 500, 600, 700, 800, 900 GeV.

However, for δ ¼ 5%, the significance drops significantly,
with only mH�

1
¼ 600, 700, 900 remaining above the

discovery threshold. Finally, for L ¼ 3000 fb−1, the sig-
nificance stays above the discovery threshold for all the
masses considered, except formH�

1
¼ 100, 200 GeV, which

drop below the threshold when δ ¼ 5%.
Overall, these results demonstrate that a future muon

collider operating at
ffiffiffi
s

p ¼ 3 TeV, offers significant dis-
covery potential for charged Higgs bosons in the studied
decay channel. These findings underscore the strong
physics reach of such future collider facilities.

VI. CONCLUSION

In this work, we have explored the phenomenology of
the charged Higgs boson H�

1 within the framework of
the two-Higgs-doublet type-II seesaw model (2HDMcT

TABLE XII. The selection cuts applied in the signal-back-
ground analysis for the process μþμ− → H�

1 W
∓ → τþνττ−ντ atffiffiffi

s
p ¼ 3 TeV.

Cuts Definition

Trigger NðbÞ ≤ 1 and NðjÞ ≤ 1

Cut 1 −1.6 < η½τ1� < 1.6

Cut 2 ET < 600 GeV

Cut 3 MT ½τ1� > 50 GeV

TABLE XIII. Cut flow of the cross sections (in fb) for the signal and SM backgrounds at
ffiffiffi
s

p ¼ 3 TeV muon
collider using the benchmark point (BP3).

Cuts

Signal Backgrounds

BP3 WW ZZ tt̄ Wjj Z=γjj

Basic cut 0.4089 1.54 0.0147 0.2 7.04 0.74
Tagger 0.4045 1.508 0.01465 0.0901 2.76 0.16
Cut 1 0.248 0.667 0.00272 0.0868 0.449 0.0287
Cut 2 0.116 0.274 0.0019 0.00599 0.0222 0.00267
Cut 3 0.113 0.211 0.00197 0.00559 0.00778 0.002

Total efficiencies 30.6% 13.7% 13.4% 2.79% 0.11% 0.26%

TABLE XIV. The significance for the process μþμ− → H�
1 W

∓ → τþνττ−ντ is presented as a function of the
charged Higgs mass at a 3 TeV muon collider, considering integrated luminosities of 500 fb−1, 1000 fb−1, and
3000 fb−1 and varying systematic uncertainties δ, using our benchmark points listed in Table XVII (see
Appendix B).

mHþ
1
[GeV]

L ¼ 500 fb−1 L ¼ 1000 fb−1 L ¼ 3000 fb−1

δ ¼ 0% δ ¼ 5% δ ¼ 10% δ ¼ 0% δ ¼ 5% δ ¼ 10% δ ¼ 0% δ ¼ 5% δ ¼ 10%

100 2.98 2.60 1.99 4.21 3.31 2.26 7.30 4.31 2.51
200 3.42 2.98 2.27 4.83 3.79 2.58 8.37 4.93 2.87
300 4.05 3.52 2.68 5.72 4.47 3.03 9.91 5.80 3.37
400 4.20 3.65 2.78 5.93 4.63 3.14 10.28 6.01 3.49
500 4.14 3.60 2.74 5.86 4.57 3.10 10.15 5.93 3.44
600 4.80 4.17 3.16 6.79 5.28 3.58 11.77 6.84 3.96
700 5.13 4.45 3.37 7.25 5.63 3.81 12.57 7.29 4.22
800 4.43 3.85 2.93 6.27 4.88 3.31 10.86 6.34 3.67
900 5.29 4.59 3.47 7.48 5.81 3.92 12.96 7.51 4.35
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type-III) at future μþμ− colliders. Our investigation
focused on 2 → 2 processes, such as μþμ− → Hþ

1 S
−

(S− ¼ H−
1 ; H

−
2 ) and μþμ− → Hþ

1 W
−, incorporating both

theoretical and experimental constraints.
The charged Higgs boson can be probed via μþμ− →

Hþ
1 H

−
1 only for mH�

1
<

ffiffiffi
s

p
=2. Conversely, the process

μþμ− → W�H∓
1 allows access to the mass regionffiffiffi

s
p

=2 ≤ mH�
1
≤

ffiffiffi
s

p
−mW , which is kinematically inacces-

sible to charged Higgs pair production.
We demonstrated that the cross section for μþμ− →

Hþ
1 H

−
1 can reach, and even exceed, that of

the corresponding eþe− process, σðeþe− → Hþ
1 H

−
1 Þ≈

σðμþμ− → γ; Z → Hþ
1 H

−
1 Þ. Meanwhile, σðμþμ− →

Hþ
1 H

−
2 Þ is approximately 18 times smaller than that of

charged Higgs pair production; however, upon relaxing
the constraints from EWPO and keeping all the others, the
cross section can be enhanced up to 0.62 fb. Additionally,
we found that the cross section for μþμ− → Hþ

1 W
− can be

substantially enhanced, particularly due to the large tan β
amplification characteristic of type-III scenarios.
Furthermore, we conducted a signal-background analy-

sis and determined the discovery (5σ) regions at a 3 TeV
muon collider for the μþμ− → Hþ

1 H
−
1 , μþμ− → Hþ

1 H
−
2 ,

and μþμ− → W�H∓
1 processes.

The findings underscore the strong physics reach of
future muon collider facilities and highlight the enhanced
production prospects for charged Higgs bosons within this
theoretical framework, offering valuable insights into their
potential discovery.
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APPENDIX A: DERIVATION OF THE SQUARE
AMPLITUDES

The process μþμ− → H�
1 H

∓
1 is indicated by

μþðp1Þμ−ðp2Þ → H�
1 ðk1ÞH∓

1 ðk2Þ; ðA1Þ

where the four-momenta of the incoming μþ and μ−, as
well as the outgoing charged Higgs boson H�

1 and H∓
1 , are

denoted in parentheses. The four-momenta are defined in
the center-of-mass frame as

p1;2 ¼
� ffiffiffi

s
p
2

; 0; 0;�
ffiffiffi
s

p
2

�

k1;2 ¼
� ffiffiffi

s
p
2

;�
ffiffiffi
s

p
2

β sin θ; 0;�
ffiffiffi
s

p
2

β cos θ

�
; ðA2Þ

where β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

H�
1

=s
q

,
ffiffiffi
s

p
represents the center-of-

mass energy, and θ denotes the scattering angle between μþ

and Hþ
1 in the center-of-mass frame.

The Mandelstam variables s, t and u are defined as
follows:

s¼ ðp1þp2Þ2 ¼ ðk1þ k2Þ2

t¼ ðp1− k1Þ2 ¼ ðp2− k2Þ2 ¼m2
H�

1

−
s
2
þ s
2
β cosθ

u¼ ðp1− k2Þ2 ¼ ðp2− k1Þ2 ¼m2
H�

1

−
s
2
−
s
2
β cosθ: ðA3Þ

Using the Feynman rules, the matrix elements for this
process are as follows:

Mγ
Tree ¼ −2

e2ðC221 þ C222 þ C223Þ
s

v̄ðp2Þk2uðp1Þ

Mz
Tree ¼

2λZH�
1
H∓

1

s −m2
Z þ imZΓZ

v̄ðp2Þk2ðgV − gAγ5Þuðp1Þ

Mν
Tree ¼ −

g2m2
μY2

6

4m2
Wt

½v̄ðp2Þk2ð1þ γ5Þuðp1Þ

þmμv̄ðp2Þð1þ γ5Þuðp1Þ�

Mhi
Tree ¼ v̄ðp2Þuðp1Þ

λhiHþ
1
H−

1

s −m2
hi
þ imhiΓhi

gmμC
hi
l

2mW
; ðA4Þ

where the following couplings have been used: λZμμþμ− ¼
iγμðgV − gAγ5ÞgV ¼ gð1 − 4s2wÞ=ð4cwÞ and gA ¼ g=ð4cwÞ.
The Z coupling to the pair of charged Higgs boson H�

1

is λZH�
1
H∓

1
¼ −g½ðc2w − s2wÞðC2

21 þ C2
22Þ − 2s2wC2

23�=2cw.
The total widths for the Z boson, h1, h2, and h3 are

introduced because of their necessity for the case where the
center-of-mass energy becomes close to the mass of the
neutral-Higgs state:

ffiffiffi
s

p
≈mhi . The total widths for h1, h2,

and h3 are computed at the leading order. We neglect the
muon-mass term in Mν

Tree amplitude.
The amplitude squared is then given by

jMj2 ¼ ½ðjaV j2 þ jaAj2Þ
s2

2
β2sin2θ þ 2ðjaSj2 − jaSAj2Þs�;

ðA5Þ

where
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aV ¼
2λZH�

1
H∓

1
gV

s−M2
Z þ iMZΓZ

− 2ðC221 þ C222 þ C223Þ
e2

s
−
g2m2

μY2
6

4M2
Wt

aA ¼ −
2λZH�

1
H∓

1
gA

s−M2
Z þ iMZΓZ

−
g2m2

μY2
6

4M2
Wt

aS ¼
gmμ

2MW

X3
i¼1

λhiHþ
1
H−

1
Chi
l

s−M2
hi
þ iMhiΓhi

−
g2m3

μY2
6

4M2
Wt

aSA ¼ −
g2m3

μY2
6

4M2
Wt

: ðA6Þ

It is evident from Eq. (A5) that the squared amplitude of
the s-channel neutral-Higgs (hi; i ¼ 1, 2, 3) exchange is
independent of the scattering angle, resulting in a flat
angular distribution for these contributions. The differential
cross section is given by

dσ
dΩ

¼ 1

4

β

64π2s
: jMj2: ðA7Þ

1=4 is a factor due to initial state spin average.
In the case of eþe− collision, contributions from the s-

channel with h1, h2 and h3 exchange and the t-channel
neutrino exchange are neglected due to their proportionality
to the electron mass. The total cross section for eþe− →
Hþ

1 H
−
1 is as follows [40]:

σe
þe−
tot ¼e4πα2β3

3s

�
1þλZH�

1
H∓

1

2
g2Vþg2A

ð1−m2
Z=sÞ2

−
2λZH�

1
H∓

1
gV

1−m2
Z=s

�
:

ðA8Þ

Similarly to the previous process, the process
μþμ− → H�

1 H
∓
2
7 can be indicated by

μþðp1Þμ−ðp2Þ → H�
1 ðk1ÞH∓

2 ðk2Þ; ðA9Þ

where the four-momenta of the incoming μþ and μ−, as
well as the outgoing charged Higgs boson H�

1 and H∓
2 , are

denoted in parentheses.
The Mandelstam variables can be written as

s¼ðp1þp2Þ2; t¼ðp1−k1Þ2; u¼ðp1−k2Þ2: ðA10Þ

Neglecting the muon mass mμ, the momenta in the μþμ−

center-of-mass system are expressed as follows:

p1;2 ¼
ffiffiffi
s

p
2

ð1; 0; 0;�1Þ

k1;2 ¼
ffiffiffi
s

p
2

 
1�

m2
H∓

2

−m2
H�

1

s
;� 1

s
λ
1
2ðs;m2

H∓
2

; m2
H�

1

Þ sin θ; 0;

� 1

s
λ
1
2ðs;m2

H∓
2

; m2
H�

1

Þ cos θ
!
;

where λðx; y; zÞ is the usual two body phase space function
given by

λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2xz − 2yz; ðA11Þ

and θ is the scattering angle between μþ and Hþ
1 . The s, t

and u can be written as

s¼ ðp1þp2Þ2 ¼ ðk1þ k2Þ2

t¼ ðp1 − k1Þ2 ¼ ðp2 − k2Þ2 ¼
1

2
ðm2

H∓
2

þm2
H�

1

Þ− s
2

þ 1

2
λ
1
2ðs;m2

H∓
2

;m2
H�

1

Þcosθ

u¼ ðp1 − k2Þ2 ¼ ðp2 − k1Þ2 ¼
1

2
ðm2

H∓
2

þm2
H�

1

Þ− s
2

−
1

2
λ
1
2ðs;m2

H∓
2

;m2
H�

1

Þcosθ
sþ tþ u¼m2

H∓
2

þm2
H�

1

: ðA12Þ

The s-channel Mhi
Tree; i ¼ 1, 2, 3, M

Aj

Treej ¼ 1, 2 and
t-channel Mν

Tree amplitudes are respectively given by

Mz
Tree ¼

2λZH�
1
H∓

2

s −m2
Z þ imZΓZ

v̄ðp2Þk2ðgV − gAγ5Þuðp1Þ

Mν
Tree ¼ −

g2m2
μY6Y7

2m2
Wt

½v̄ðp2Þk2ð1þ γ5Þuðp1Þ

þmμv̄ðp2Þð1þ γ5Þuðp1Þ�

Mhi
Tree ¼ v̄ðp2Þuðp1Þ

λhiHþ
1
H−

2

s −m2
hi
þ imhiΓhi

gmμC
hi
l

2mW
ðA13Þ

jMj2 ¼ 1

2
½−λðs;m2

H�
2

; m2
H�

1

Þðja1j2 þ ja2j2Þcos2θ
þ ðja1j2 þ ja2j2ÞððmH�

1
−mH�

2
Þ2 − sÞ

× ððmH�
1
þmH�

2
Þ2 − sÞ þ 4sðja3j2 þ ja4j2Þ�7The process μþμ− → H�

1 H
∓
2 is absent in 2HDM.
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a1 ¼
2λZH�

1
H∓

2
gV

s −M2
Z þ iMZΓZ

−
g2m2

μY6Y7

4M2
Wt

a2 ¼ −
2λZH�

1
H∓

2
gA

s −M2
Z þ iMZΓZ

−
g2m2

μY6Y7

4M2
Wt

a3 ¼
gmμ

2MW

X3
i¼1

λhiHþ
1
H−

2
Chi
l

s −M2
hi
þ iMhiΓhi

−
g2m3

μY6Y7

4M2
Wt

a4 ¼ −
g2m3

μY6Y7

4M2
Wt

: ðA14Þ

The process μþμ− → H�
1 W

∓ is indicated by

μþðp1Þμ−ðp2Þ → H�
1 ðk1ÞW∓ðk2Þ; ðA15Þ

where the four-momenta of the incoming μþ and μ−, as
well as the outgoing charged Higgs boson H�

1 and the
gauge boson W∓, are denoted in parentheses. The
Mandelstam variables can be written as

s ¼ ðp1 þ p2Þ2; t ¼ ðp1 − k1Þ2; u ¼ ðp1 − k2Þ2:
ðA16Þ

Neglecting the muon mass mμ, the momenta in the μþμ−

center-of-mass system are expressed as follows:

p1;2 ¼
ffiffiffi
s

p
2

ð1; 0; 0;�1Þ

k1;2 ¼
ffiffiffi
s

p
2

 
1�

m2
W −m2

H�
1

s
;� 1

s
λ
1
2ðs;m2

W;m
2
H�

1

Þ sin θ; 0;

� 1

s
λ
1
2ðs;m2

W;m
2
H�

1

Þ cos θ
!
;

where λðx; y; zÞ is the usual two body phase space function
given by

λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2xz − 2yz; ðA17Þ
and θ is the scattering angle between μþ and Hþ

1 . The s, t
and u can be written as

s¼ ðp1þp2Þ2 ¼ ðk1þ k2Þ2

t¼ ðp1− k1Þ2 ¼ ðp2− k2Þ2 ¼
1

2
ðm2

W þm2
H�

1

Þ− s
2
þ 1

2
λ
1
2ðs;m2

W;m
2
H�

1

Þcosθ

u¼ ðp1− k2Þ2 ¼ ðp2− k1Þ2 ¼
1

2
ðm2

W þm2
H�

1

Þ− s
2
−
1

2
λ
1
2ðs;m2

W;m
2
H�

1

Þcosθ
sþ tþu¼m2

W þm2
H�

1

: ðA18Þ

The s-channel Mhi
Tree; i ¼ 1, 2, 3, M

Aj

Treej ¼ 1, 2 and t-channel Mν
Tree amplitudes are respectively given by

Mhi
Tree ¼

g2mμ

4mW

λhiH�
1
W∓Cl

hi

s −m2
hi
þ imhiΓhi

v̄ðp2Þuðp1Þð2k1 þ k2Þμϵμðk2Þ

M
Aj

Tree ¼
g2mμ

4mW

λAjH�
1
W∓Cl

Aj

s −m2
Aj
þ imAj

ΓAj

v̄ðp2Þγ5uðp1Þð2k1 þ k2Þμϵμðk2Þ

Mz
Tree ¼

λZH�
1
W∓

s −m2
Z þ imZΓZ

v̄ðp2ÞγμðgV − gAγ5Þuðp1Þϵμðk2Þ

Mν
Tree ¼

g2mμ

4mW

Y6

t
v̄ðp2Þγμð1 − γ5Þðk2 − =p2Þuðp1Þϵμðk2Þ: ðA19Þ

Taking into account the spin average of the initial state and polarization sum of the W gauge boson, the square of the
amplitude is given by [106–109]

jMj2 ¼ 1

2M2
W

h
S2ð−4m2

H�
1

ð2ðb21 þ b22Þ − 2b5ðb1 þ b2Þ þ b25Þ − 8M2
Wðb21 − b5ðb1 þ b2Þ þ b22Þ þ b23 þ b24Þ

− 2SðM2
Wð2m2

H�
1

ð2ðb21 þ b22Þ − 2b5ðb1 þ b2Þ þ b25Þ − 3ðb23 þ b24ÞÞ
þm2

H�
1

ð−m2
H�

1

ð2ðb21 þ b22Þ − 2b5ðb1 þ b2Þ þ b25Þ þ b23 þ b24Þ
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þM4
Wð−2ðb21 þ b22Þ þ 2b5ðb1 þ b2Þ þ 3b25ÞÞ þ 2S3ð2ðb21 þ b22Þ − 2b5ðb1 þ b2Þ þ b25Þ

þ λðs;m2
H�

1

;M2
WÞ cos θð−4b5Sðb1 þ b2 − b5Þðm2

H�
1

þM2
W − SÞ − λðs;m2

H�
1

;M2
WÞ cos θðb23 þ b24 þ 4b25M

2
W − 2b25SÞÞ

þ ðm2
H�

1

−M2
WÞ2ðb23 þ b24 þ 4b25M

2
WÞ
i

ðA20Þ

b1 ¼
g2mμ

4mW

X3
i¼1

λhiH�
1
W∓Cl

hi

s −m2
hi
þ imhiΓhi

; b2 ¼
g2mμ

4mW

X2
j¼1

λAjH�
1
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The differential cross section for σðμþμ− → H�
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