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We investigate the phenomenology of the charged Higgs boson within the two-Higgs-doublet type-II
seesaw model (2HDMCcT type-III) at future u*u~ colliders. Focusing on 2 — 2 processes such as yu~ —
HS™ (S~ =Hy,H5)and y™u~ — H{ W=, we incorporate both theoretical and experimental constraints

to assess their production prospects. We find that o(u*p~ — H{Hy) can reach or exceed the

corresponding e*e

cross section, while o(u"pu~ — H{H5) 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 yutu~ — H{ W~ is significantly enhanced due to the large tan # amplification
characteristic of the type-III scenario. Furthermore, we conduct a signal-background analysis
and determine the discovery (56) regions at a 3 TeV muon collider for the ptu~ — H{H7,

wu~ — HiH3, and ptu~ — WEHT 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
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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 H**, as a
smoking gun of 2HDMcT, H™* is currently intensively
searched for at ATLAS and CMS, by means of promising
decay channels, such as H*"H™~ and H;H; (i =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/y—>HiH; > H "W H™W" - [T~ +4j.
This process does not show up neither in 2HDM nor in HTM
giving that the mass splitting Am = my++ — my+ 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 SU(2), 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 m, — m,;. 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 eTe™ colliders, the
charged Higgs boson is predominantly produced via
the s-channel process ete™ — y*,Z* - HTH~ [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 (m,) and is therefore significantly suppressed.
Similarly, the associated production with a W boson
ete” > WHHT 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 m, [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 e"e~ 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 ete™ 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 +/s 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 Hi at a prospective muon collider
within the framework of 2HDMCcT, 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, hjutu~ and A;utu~, are approximately propor-
tional to tanf, since both scale as 1/cosp =

/1 + tan?  ~ tan 8. Conversely, the remaining Yukawa
textures are inversely proportional to tanf, leading to
suppressed couplings for large tan . While type-II cou-
plings are proportional to tanf, the value of tanf is
typically restricted by experimental bounds to be small.
Therefore, we anticipate a significant enhancement for

!Constraints implemented via HiggsTools subpackage Higgs-
Bounds.
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large tan f# in the type-III scenario where there is not such
restriction.

Specifically, we analyze the 2 —2 processeszz
uru~ = HYHT, "y~ — HiHF, and p"p~ — WHHT.
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 section® 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 eTe™ 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 /s~ my, 4. The process urtum —

W*HT provides the opportunity to search for a charged
Higgs with a mass up to \/s — my, unlike "y~ — HYHY,
which only allows probing up to my= < /s/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 hj,s, 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 B — X,y con-
straint at 95% C.L.

This paper is organized as follows: In Sec. II, we briefly
review 2HDMCcT 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 2HDMCcT contains two Higgs doublets ®; (i = 1, 2),
and one colorless scalar field A transforming as a triplet
under the SU(2), gauge group with hypercharge Y, = 2.
In this case, the most general gauge-invariant Lagrangian of
2HDMCcT is given by

L= i(D,,cI)i)*(D@i) + Tr(D,A)T(D*A)
- V((Dh A) + 'CYukawa’ (1)

where the covariant derivatives are defined as

/

) .9
D,®; = 0,0, + igT*W;®; + ’EBﬂq)i (2)

. Y
D,A = 9,A + ig[T*W4, A] + zg'TABMA, (3)

(W4, 9), and (B,,, ¢') denoting, respectively, the SU(2), and
U(1)y gauge fields and couplings and 7% = ¢/2, with ¢°
(a = 1, 2, 3) the Pauli matrices. In terms of the two SU(2),
Higgs doublets ®; and the triplet field A, the 2HDMcT
scalar potential is given by [8,15]

A

V(®), Dy, A) = m} B0 + m3,dIP,; — [m}, ], + Hee] + 31 (®]®)* + > (D;0,)?

. A
() (@) + {5@1@2)2 B (@10, + (00, ], + H}

2

+ 13(DT D) ) (DI D,) + AP D TrATA + 1, D, TrATA
+ {1 ®Tic* AT D, + p, @Y ic? ATD, + p3®Tic? AT®, + Hec.} + 1@ AATD,
+ Ag@IAAT®, + miTr(ATA) + Jg(TrATA)? 4 29 Tr(ATA)?

where Tr denotes the trace over 2 x 2 matrices. The triplet
A and the Higgs doublets ®; are represented by

2See also Refs. [82,83] for 2 — 3 processes.
*Depending on the nature of interference.

A:( 5+/\/§ S+t ) @
(v + 8+ ing) V2 =5%/V2

ot b3
b, = s D, = , 5
1 (¢?) : (¢3) s)
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TABLE L. Normalized Yukawa couplings coefficients of the neutral Higgs bosons /; and A to the leptons, up and down quarks (u, d)
in 2HDMCcT. For the expressions of the coefficients £;; and O;;, see Ref. [15].
hy hy hy hy hy hy hs hs hs A A Al Ay A, Ay
Cy Cp C Cy Cp C Cy Cp C Cy Cp c Cy (0 C
Type-1 i i En En En En &n &n En On On On Oxn O3 On
S Sp Sp S Sp Sp Sp Sp Sp Sp Sp Sp Sp Sp Sp
Type-II S cu Eu &n & & &n Eu Eu On On O (<5 (<] Ox
S/i (,'/j L'/} S/)‘ C/j C/; S/] (‘/] L‘/} S/} L'/; L'/; X/) L‘/} L‘/}
Type-111 En S &n En En & & En Eu O O On Oxn Osn O
S/; 5/} L'/; S/; S/i (?ﬂ S/} S/i L'ﬁ S/; S/} L'ﬂ .Y/} ‘Y/i L'/,'
Type-IV En Eu En En & En En & En On Oy On Oy Oy Op
Sp cp Sp Sp cp Sp Sp ] Sp Sp ¢y Sp Sp cp Sp
TABLE II. The normalized couplings of the neutral CPeye, h; V = W, Z as given in Table II. Note that in our model, the

Higgs bosons to the massive gauge bosons V=W, Z in
2HDMcT.

Ciy cy
g Vet TN + 208y TN FE +ALE
hy LEL +2EyH +25%Ey, UEpp+2Ey +4%Ey,
hs LER+2Ey 2585 BE+2E;+4%Ey,

with @)= (v;+p1+in)/V2 and @)= (va+py+inn)/
V2. After the spontaneous electroweak symmetry break-
ing, the Higgs doublets and triplet fields acquire their
vacuum expectation values, respectively dubbed v, v,, and
v;, and eleven physical Higgs states appear, namely: three
CP-even neutral Higgs bosons (H;, H,, Hs), four simply
charged Higgs bosons (Hi,Hs), two CP odd Higgs
bosons (A;,A,), 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
Lvukawa- This term, following spontaneous symmetry
breaking, generates (Majorana) mass terms for the neu-
trinos,

—Lyyawa O =Y, L"C ® ic’ AL + H.c., (6)

where L denotes SU(2); doublets of left-handed leptons,
Y, denotes neutrino Yukawa couplings, C the charge
conjugation operator. We list in Table I, all the CP,,., h;
(i=1,2,3)and CPyq A; (i = 1,2) Yukawa couplings for
all Yukawa textures in the model.

On the other hand, expanding the covariant derivative D,
and performing the usual transformations on the gauge and
scalar fields to obtain the physical fields, one can identify
the Higgs couplings of h,-4 to the massive gauge bosons

Aev- . . . .

Since we are working in the CP-conserving scenario the
couplings of the CP-odd Higgs bosons to the gauge bosons are
Zero.

triplet field A does directly couple to the SM particles, so a

new contribution will appear, and the two couplings Ci’,"
(V = W+, Z) differs from one to another by a factor 2
associated to v,.

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
p*p~ — HyHT processes

The tree-level Feynman diagrams contributing to the
processes utu~ — H{Hy and pu"u~ — H{H5 in the
2HDMCcT are shown in Figs. 1 and 2, respectively. At tree
level, the pair production process receives contributions
from the conventional Drell-Yan mechanism p*u~ —
y*,Z* — H{H7 in Fig. 1(d,5), as well as the s-channel
neutral-Higgs exchange upu~ — hi, h5, by — H{Hy in
Fig. 1(d, »3), and the r-channel neutrino-exchange diagram
in Fig. 1(dg). The s-channel neutral-Higgs exchange dia-
grams can largely be enhanced near the resonance region
V/s ®my, . 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.

((11. (]g. I'[;g)

FIG. 1. Tree-level Feynman diagrams for y™u~ — H} Hy at
muon collider in the 2HDMCcT. S; = hy, hy, hs.
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(dy, da, d3) (da) (ds)

FIG. 2. Tree-level Feynman diagrams for y"u~ — H{ H; at
muon collider in the 2HDMCcT. S; = hy, hy, hs.

The differential cross section is given by

do 1 p

— == M|, 7
dQ 4647t2s| | )

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 eTe~ collision, contributions from the s-
channel with Ay, h,, and h; exchange and the t-channel
neutrino exchange are neglected due to their proportionality
to the electron mass. The total cross section for ete™ —
H|H7 is as follows [40]:

e+e_:e4na2/}3 a2 @+ i _ZAZH]iHTgV
HEHE (1 —m2/s)2 1—m2/s

(8)

B. p*u~ — Hy W¥ process

In the 2HDMcT model, the process ™y~ — HEW¥ can
occur through an s-channel mediated by the neutral Higgs
bosons hl’ ]’lz, ]’l3, A], AZ’ and Z [See Flg 3_(dl.2,3.4,5.6)]
and through a f-channel diagram involving neutrino
exchange [see Fig. 3—(d;)]. 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 h;,3 and A;, via the following path-
ways: 't~ = hiys.Aj, - HWT.

The differential cross section for o(u"u~ — HF W)
may be written as follows:

((11. ('12. (];;) ((']1. ([r,)

do  Z(s.m3..m})

o~ e ME ©)

See Appendix A for the amplitudes and squared amplitude.

IV. CONSTRAINTS AND NUMERICAL RESULTS

The phenomenological analysis in 2HDMCcT 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:

(1) 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: |4;| < 8z foreach i =1,...,5.

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

(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 PDG mass of the
W boson yields [94]

A

So = —0.05£0.07,
pPsr — 0.93.

Ty = 0.00 £ 0.06,

We use the following y%; test:

(S=80)* | (T —Tp)* (S = 86)(T = To)
(72 0'2 ~ st OO
S T ser
<R*(1 - pip). (10)

with R? = 2.3 and 5.99 corresponding to 68.3% and
95% confidence levels (CLs), respectively. Our
numerical analysis is performed with )(%T at95% 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]).

(de)  (dv)

FIG. 3. Tree-level Feynman diagrams for ptu~ — HYWT at a muon collider in the 2HDMCT. S; = hy, hy, hs.
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TABLE IIL

Experimental result of flavor observable: B — X,y at 95% CL.

Observable

Experimental result

95% CL

BR(B — X,y) [16]

(3.49 +0.19) x 10~* [95]

[3.11 x 107#,3.87 x 1074]

(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 20 [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:

Pr={a, a, a3, mp, , My, , Ay, A3, Ag, Ag, A7, A8, Ao, A3, Ao,

/’ll’vt’tanﬂ}’ (11)
with
mhl =125.09 GeV, mhl < mhz < mh3 < 1 TCV,
—TT T
TSGISE, —OISGQ:;SOl
0.5<tanf <120, —10><yu,<10?,
0<v,<2GeV, -8z<A;.1 <8z, (12)

in which tanf = v,/v,.

We choose the lightest Higgs state /#; to mimic the
observed SM-like Higgs boson at the LHC [96,97] and set
my,, = 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.

myz —ma, [GeV]

—400 -300 -200 -100 O 100 200 300 400

1000

600

my, [GeV]

1000

my: [GeV]

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 m,, and the charged Higgs mass .+, while the right
panel illustrates the correlation between the heavier
CP-even scalar mj,, and my:. In both plots, the color
code is used to represent the mass splittings m HE = M, and
My — My, 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 m HE decreases, particularly in the
region below 600 GeV, where the mass splitting between
My and the neutral Higgs bosons A; and h, 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 Myt exceeds approximately
600 GeV, the mass splittings between H7 and both A, and
h, are considerably reduced. In this heav1er 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 y*p~ - H{Hy and p"p~ — H{ H;.

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

Mz — mp, [GeV]

—-400 -200 0 200 400

mp, [GeV]

800

my; [GeV]

FIG. 4. Correlations between m,, and my- (left) and between m;,, and m H (right) after imposing the theoretical and experimental

constraints. The color code mdlcates the splitting Mype = My, and m HE =

my,,, respectively.
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FIG. 5. The upper panels we show the production cross section for ™y~ — Hy H as a function of My (left) and tan S (right) at
/s =3 TeV. The color legend represent Br(H| — z*7;) and Br(H| — tb), respectively. The lower panels present the production
cross section for utpu= — HfHT as a function of m,,, (left) and m,, (right). The color coding presents Br(h, — HyW") and
Br(A; - Hy W), respectively. All the regions are consistent with theoretical and experimental constraints.

s-channels y "y~ - y,Z — H{ Hy diagrams [Fig. 1(d4s)].
In addition the s-channels neutral-Higgs exchange u*u~ —
hy, hy, hs = H{ Hy [Fig. 1(d, »3)] contributions, are gen-
erally smaller than y*u~ — y,Z — H{ H7. The t-channel
contribution is also suppressed by mf;. Consequently, the
cross section for charged-Higgs pair production is nearly
identical to that obtained in efe” — H{H] at e'e”
colliders with the same +/s. It is important to emphasize
that the interference between the channels y"y~ —» y,Z —
H{Hy and p*u~ — hy, hy, hy — H{ H] can be construc-
tive, resulting in a total cross section that can match or even
surpass o(uu~ - y,Z > HfHy) = o(eTe” — H{ HY).
The upper panels of Fig. 5 illustrate the behavior of the
production cross section for the charged Higgs pair
production process utu~ — H{Hy at a center-of-mass
energy of /s = 3 TeV, as a function the model parameters,
my: (shown in the left panel), and tan / (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 m e is near the lower kinematic threshold.

On the other hand, the dependence of the cross section
on tan f appears to be relatively weak, since across a wide
range of tanf 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 My and tan f3, 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, M;,, and M, . The plots
clearly demonstrate that the cross section is substantially
enhanced when both M),, and M, are below approximately
570 GeV.

Similarly, in Fig. 6, we present our main results for the
associated production of the lighter charged Higgs boson
Hi with the heavier one H5, y"y~ — HY HY at a muon
collider with a center-of-mass energy of 3 TeV. The figure
shows the production cross sections as functions of My
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FIG. 6. Production cross sections for y*u~ — HiH T as a function of My (left), My (middle) and tan f3 (right) at /s = 3 TeV. The
color legend presents Br(H{ — 777;) (in left and nght panels) and Br(H) — 70;) (1n middle panel), respectively. All the regions are

consistent with theoretical and experimental constraints.

(left), My (middle), and tanf (right). The color code

indicates Br(H; — h;W™) in the left and middle panels,
and Br(H{ — h,W™) 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 "y~ — H{HY is roughly 18 times larger, with
oy~ — H{H] )~ 18 x 6(u™u~ — H{H7 ). This ratio
decreases slightly as the center-of-mass energy increases,
but it remains of the same order of magnitude.
(i) Results for u™pu~ — HfWT.

Unlike the pair production process p"u~ — HYH and
uu™ — Hi HJ, 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 p*u~ —
hi,A; > HfW¥ (where i = 1, 2, 3 and j = 1, 2) can be
either suppressed or enhanced based on the values of
couplings h,W*HT and A;W*HT. In contrast to the
process utu~ — HiyH{, the r-channel contribution for

BR(H{ »T*v;)
0.2 0.4 0.6 0.8 0.0 0.1 0.2 0.3

BR(A; —»Hy W*)

uu~ — WEHT with neutrino exchange is not negligible,
although it remains smaller compared to the s-channel
contribution involving neutral Higgs exchanges. In the case
of ™~ — H{HT, the t-channel amplitude is proportional
to m3, while for "y~ — W=HT the t-channel amplitude
has only one m, suppression which could be overcome
with the large tang value. Therefore, both the 7 and
s-channel contributions are proportional to tanf
the large tanf limit, since both huu~ «1/cy =
/1 + tan #* ~ tan f. In the large tan /3 limit, the amplitudes
of all diagrams are proportional to tan /5, and it can take
large values in type-IIl; therefore, we would expect
enhancement for large tan f for type IIL.

In Fig. 7, we show the production cross section for
the process pu'u~ — HfWT at a future high-energy
muon collider operating at a center-of-mass energy of
\/s =3 TeV. The results are displayed as a function of
the mass of the charged Higgs boson H7. The color coding
in the plots indicates information about the relevant

0.4 0.5 0.6 0.7

2x 0t »Hf W*) [fb]
2xo(utuT >HTW*) [fb]

8 93
400

600
myy [GeV]

800

FIG. 7.

400
mpuy [GeV]

w+) [fb]

.

2xo(u*tu- -H

)
400

600 600
my [GeV]

Production cross sections for y*u~ — W*HY as a function of my: at \/s = 3 TeV. The color legend represents Br(H{ —

777;) in the (left panel) and Br(A+ - H +W ) (middle panel) and tan (rlght panel). All the regions are consistent with theoretical and

experimental constraints.
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TABLE IV. The description of our BPs.

A3 Ay s Ao tan ) ) a3 v,

Signal my, mp, M A Ay Ag A
BP1 tfurv 125.09 152.82 0.70 -0.14 0.76 0.48 0.48
BP2 tfurv 12509 18194 3.03 0.77 328 1.50 0.01
BP3 tfvr v 125.09 67349 029 4.08 -2.73 428 531

071  -=0.036 2.97
-0.018 040 1.55 1.60 9.96
0.82 -1.49 0.65 0.71

-0.19 89.06 1.561 ~0 ~0 0.18

-147 -0.025 -0.62 0.057

119.29 1.563 ~0 ~0 0.19

decay branching ratios and parameters; specifically,
the left is color coded according to the branching
ratio Br(Hf — ¢'7,), the middle according to
Br(A; —» HfWT), while the right panel highlights the
values of tan f.

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
uu~ — H{ H7, 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 u"u~ — HFWT process is
its noticeable sensitivity to the parameter tan . Unlike the
pair production channel, which is typically less affected
by variations in tanf, the associated production cross
section increases significantly with larger values of tan f,
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 Br(A; —» HfWT), as seen in the middle panel.
Specifically, regions of parameter space characterized by
a suppressed decay of the pseudoscalar A, into H{ and a
WT bosons tend to exhibit enhanced production cross
sections for the u™u~ — HYy W process.

V. SIGNAL-BACKGROUND ANALYSIS
A. Monte Carlo toolchain

In this study, we examine the potential of a future muon
collider operating at /s = 3 TeV, focusing on final states
involving a pair of tau-leptons accompanied by missing
energy. Specifically, we explore the processes p'u~ —
H{HT - t'vrv and p'p~ - HfW™ > ttvrv. 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-k,
algorithm [104] implemented in Delphes, with a jet radius
parameter of R = 0.5. At the Delphes simulation level, a jet
candidate is required to meet a minimum transverse
momentum threshold of p; > 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 (Zg.) was calculated using the following formulas:

Zy = \/2[(s+b)ln<%> —6—121n <1+5zﬁ)}, (13)

B.u*tpy~ - H{H{

In this subsection, we focus on pair production of
charged Higgs at future muon collider with the final state
7vr™v. Muon colliders provide a superior platform com-
pared to the LHC, offering higher production rates, signi-
ficantly reduced backgrounds, and precise energy control.’
These features make the process y*u~ — H{ Hy not only

5Chaurged Higgs boson pair production at the LHC suffers from
low cross sections, overwhelming backgrounds, and energy
limitations.

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

TABLE V. The main SM backgrounds.

Process Description

utum -t Top-pair production

urtym ->vv Diboson production (WW, ZZ)

wrum = Z/yjj Z—>trand Z > w

utu~ = Wjj  One 7 from W decay, the other 7 from a jet

misidentified as
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FIG. 8.
lepton (left) and transverse mass My (z;) (right).

wrpm > HH > thuo o,

To search for signals amidst the SM background, we
highlight the primary SM backgrounds, this includes
top-pair production (#7), 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 p7. > 25 and ;| < 2.5 on
jets. At the Delphes level, we apply the z-tagging efficien-
cies and the mistag rates of a light jet as a 7, P,_, = 0.85
and P;_, = 0.02, respectively. In addition, we enforce the
charged lepton identification and standard photon isolation
criteria, with the requirement,

1
= _PZpTi < 0.01:
Pr

1(P)

We illustrates in Fig. 8 the pseudorapidity of the leading
tau 57(7) and transverse mass My (z;). 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 N(b) < 1 and
N(j) < 1, which is vital in discriminating the signal from
the background. Under this cut, 44.9% of 7, 21.6% of zjj,
and 39.4% of Wjj backgrounds events survived, while the
signal remains unaffected. Next, we apply an additional

TABLE VI.  Selection criteria applied in the signal-background
analysis of the process u'u~ - H{H] ->ttvr7y, at
Vs =3 TeV.

Cuts Definition
Trigger N(b)<land N(j) <1
Cut 1 -0.8 < 5[r;] < 0.8
Cut 2 My[7,] > 200 GeV

T T T T

Events (scaled to one)

500 1000
Mr [11] (GeV/c?)

1500 2000 2500 3000

Kinematic distributions for the t+v,z77; final state at a /s = 3 TeV muon collider: pseudorapidity 5(z;) of the leading tau

selection cut —0.8 < 5[r;] < 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 tf
events and 68% of the signal events. We then apply
an additional cut on the invariant mass, requiring
My[z] > 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 boson H7, 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 (Z,.) for each mass
point at a center-of-mass energy of /s = 3 TeV, consider-
ing integrated luminosities of 500 fb~!, 1000 fb~!, and
3000 fb~!, as well as systematic uncertainties (5) 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 VIIL

The results demonstrate that even at the lower bound of
projected luminosity, £ = 500 fb~!, the experiment retains
substantial sensitivity across a wide range of the charged
Higgs boson mass My In particular, the significance

consistently exceeds the So discovery threshold (Z;. > 5)

6 . . . .
The same criterion is considered for the other processes.
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TABLE VII.  Cut flow of the cross sections (in fb) for the signal and SM backgrounds at /s = 3 TeV muon
collider using the benchmark point (BP1).
Signal Backgrounds

Cuts BP1 ww zZ tt Wijj Z/vjj
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 VIIL.  The significance for the process y*u~ - HfH] — t7v,77v, is presented as a function of the charged Higgs mass at a
3 TeV muon collider, considering integrated luminosities of 500 fb~!, 1000 fb~!, and 3000 fb~! and varying systematic uncertainties &,

using the benchmark points listed Table XV (see Appendix B).

L =500 tb! L = 1000 fb~! L = 3000 fb~!
my+ [GeV] 0=5% 6 =10% 6 =20% 6=5% 0= 10% 0 =20% 0=5% 6=10% 6 =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 2543 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

throughout the investigated mass spectrum and for the
different considered systematic uncertainties () 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 (6). For example, at § = 20%, the
significance is noticeably reduced compared to the case
with 6 = 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 & 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.

uum = HiHY - ttvr v

A detailed signal-to-background analysis of the process
uu~ — HYyHY — t"vr v 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~' would
be necessary to achieve a a 5o significance. This result can
be primarily attributed to the fact that the production cross
section for this process is considerably suppressed. Such

BR(H{t » 1% vy)

0.2 0.4 0.6 0.8
e — - ———
; ' " Omex = 0.62 [fb]
0.6 Vs=3Tev |
{
I_l0.5 -
-
T o4 ]
=
Tos
3
j
2
5
X
o
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my+[GeV]

FIG. 9. Production cross sections for utu~ — HYHJ as a
function of my- at /s =3 TeV. The color legend presents
Br(H| — t"7;). All the regions are consistent with all the

theoretical and experimental constraints except the EWPO con-
straints.
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FIG. 10. Normalized kinematic distributions of the signal and backgrounds: the pseudorapidity 7(z;) (left panel) and the transverse

mass Mz[r,](GeV/c?) (right panel) at /s = 3 TeV muon collider.

suppression arises from imposing the conditions a, ; = 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 o3,
namely, —7/2 < a,3 < n/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 m HE 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:

py > 20, /| < 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,
n(z,), and the right panel displays the transverse mass,
M [z,]. 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 N(b) < 1 and N(j) < 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,

TABLE IX. Selection criteria applied in the signal-background

analysis of the process wu'p~ > H{H; > ttvr v at
V5 =3 TeV.

Cuts Definition
Trigger N(b) <1and N(j) <1
Cut 1 -0.8 <p[7;] < 0.8
Cut 2 Mylz)] > 200 GeV

and 44.9% of t background events remain, while nearly
100% of the signal events are preserved.

Next, we impose the cut —0.8 < g[r;] < 0.8, which
effectively eliminates most of the ZZ, Zjj, and Wjj
background events, while retaining approximately 70%
of ¢f and 69.1% of the signal events. Finally, an additional
cut of My[z;] > 200 GeV, which primarily suppress W
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 (Zy;,.) for each mass point at a center-of-
mass energy of /s =3 TeV, considering integrated
luminosities of 500 fb~!, 1000 fb~', and 3000 fb~!, as
well as systematic uncertainties (6) 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, £ = 500 fb~!, the significance exceeds the 5S¢
discovery threshold (Z4. > 5) for m HE = 100, 200 GeV

when 6 = 5%. For the other considered systematic uncer-
tainties (6 = 10% and 20%), the significance remains
below the discovery threshold (Z,. < 5).

For an integrated luminosity of £ = 1000 fb~! and
0 = 5%, the significance exceeds the discovery threshold
(Zgigc = 5) for Mmys = 100, 200, 300 GeV. However, for
0=10% and 20%, the significance drops below the
discovery threshold. Finally, for £ = 3000 fb~!, the sig-

nificance remains above the discovery threshold (Z;. > 5)
even for 6 = 10% for m HE = 100, 200 GeV.

wrum = HiWT - tfury

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:
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TABLE X. Cut flow of the cross sections (in fb) for the signal and SM backgrounds at v/s = 3 TeV muon collider
using the benchmark point (BP2).

Signal Backgrounds
Cuts BP2 ww zZZ 1t Wijj Z/vjj
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%

TABLE XI. The significance for the process putu~ — HfEHj — t'y.17 v, is presented as a function of the
charged Higgs mass at a 3 TeV muon collider, considering integrated luminosities of 500 fb~!, 1000 fb~!, and
3000 fb~! and varying systematic uncertainties &, using the benchmark points listed in Table X VI (see Appendix B).

PHYS. REV. D 113, 075006 (2026)

L =500 fb~! L = 1000 fb~! L = 3000 fb~!
my: [GeV] 6=5% 6=10% 6=20% 6=5% 6=10% 6=20% 6=5% o6=10% &6=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
pr > 20, /| < 2.5. the signal from the background. After applying this cut,

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,
n(r), the middle panel shows the transverse mass Mr[z],
and the right panel displays the transverse energy, Er. 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 N(b) <1 and
N(j) < 1. This constraint plays a key role in distinguishing

only 21.6% of Zjj, 39.4% of Wjj, and 44.9% of tf
background events persist, while nearly 100% of the signal
events are preserved.

Next, we impose the cut —1.6 < 7[r;] < 1.6, which
effectively eliminates most of the ZZ, Zjj, and Wjj
background events while retaining approximately 96%
of tf and 61.3% of the signal events. Finally, an additional
cutof Er < 600 GeV, which primarily suppress 7, Zjj,
and Wjj backgrounds while preserving around 70% of
the signal events. Then an additional cut on the trans-
verse mass My[r;] > 50 GeV eliminates about 65% of
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Normalized kinematic distributions of the signal and backgrounds: the pseudorapidity 7(z;) (left panel), the transverse energy

Er (middle panel), and the transverse mass My[z;] (right panel) at /s = 3 TeV muon collider.
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TABLE XII. The selection cuts applied in the signal-back-
ground analysis for the process u"u~ - HfWT - ttv,77v, at
/s =3 TeV.

Cuts Definition
Trigger N(b) <1 and N(j) <1
Cut 1 1.6 <[] < 1.6
Cut 2 E; < 600 GeV
Cut 3 My[7,] > 50 GeV

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 (Z4.) for different values of the charged
Higgs mass at a center-of-mass energy of /s =3 TeV,
considering integrated luminosities of 500 fb~!, 1000 b=,
and 3000 fb~!, as well as systematic uncertainties (5) of 5%
and 10%. All evaluated points satisfy both theoretical and
experimental constraints.

The results show that at the lowest considered luminos-
ity, £ =500 fb~!, the significance exceeds the 5o

discovery threshold (Z4,. > 5) for m HE = 700, 900 GeV

when 0 = 0%. For the other systematic uncertainties
(6 =5% and 10%), the significance remains below the
discovery threshold for all masses.

For an integrated luminosity of £ = 1000 fb~! and
0 = 0%, the significance exceeds the discovery threshold
for my: =300, 400, 500, 600, 700, 800, 900 GeV.

However, for 6§ = 5%, the significance drops significantly,
with only Mys = 600, 700, 900 remaining above the

discovery threshold. Finally, for £ = 3000 fb~!, the sig-
nificance stays above the discovery threshold for all the
masses considered, except for m HE = 100, 200 GeV, which

drop below the threshold when 6 = 5%.

Overall, these results demonstrate that a future muon
collider operating at /s = 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 Hi within the framework of
the two-Higgs-doublet type-II seesaw model (2HDMcT

TABLE XIII.  Cut flow of the cross sections (in fb) for the signal and SM backgrounds at /s = 3 TeV muon
collider using the benchmark point (BP3).
Signal Backgrounds

Cuts BP3 wWw zZ 1t Wijj Z/yjj
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 pu*u~ — Hli WF — ttu,r7v, is presented as a function of the
charged Higgs mass at a 3 TeV muon collider, considering integrated luminosities of 500 fb~!, 1000 fb~!, and
3000 fb~! and varying systematic uncertainties &, using our benchmark points listed in Table XVII (see

Appendix B).

L =500 fb! L = 1000 fb~! L = 3000 fb~!
mHT[GeV] 0=0% 6=5% 6=10% o6=0% 06=5% o6=10% 6=0% o6=5% 0o0=10%
100 2.98 2.60 1.99 4.21 3.31 2.26 7.30 431 2.51
200 342 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 12.57 729 4.22
800 4.43 3.85 293 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-Ill) at future p*u~ colliders. Our investigation
focused on 2 — 2 processes, such as u*u~ — H{S~
(S™=H7y,Hy) and u"u~ — H{W~, incorporating both
theoretical and experimental constraints.

The charged Higgs boson can be probed via u™u~ —
H{Hy only for My < \/5/2. Conversely, the process
uru~ — WEHT allows access to the mass region
V/s/2 <my: < \/s — my, which is kinematically inacces-
sible to charged Higgs pair production.

We demonstrated that the cross section for u™u~ —
H{Hy can
the corresponding e*e™ process, o(ete”™ - HHy)~
o(uty~ =y, Z— H{HY). o(utu™ —
H{ H;) is approximately 18 times smaller than that of

reach, and even exceed, that of

Meanwhile,

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 y™u~ — H| W~ can be
substantially enhanced, particularly due to the large tan
amplification characteristic of type-III scenarios.

Furthermore, we conducted a signal-background analy-
sis and determined the discovery (5¢) regions at a 3 TeV
muon collider for the p™u~ — H{Hy, ptu~ — H{ H;,
and ptpu~ — WEHT 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 u™u~ — HYH is indicated by

pH (P (p2) = Hy (k) HY (k). (A1)

where the four-momenta of the incoming u* and u~, as
well as the outgoing charged Higgs boson Hi and H{, are
denoted in parentheses. The four-momenta are defined in
the center-of-mass frame as

o= (Lo002)

2 2

ki, = <§,i§ﬁsme, 0,:&?,&00&9), (A2)

where f = 1—4m§{i /s, /s represents the center-of-
1

mass energy, and 6 denotes the scattering angle between u™
and H{ in the center-of-mass frame.

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

s=(p1+p2)* = (ki +ky)?

A A
t=(p —kl)zz(Pz—kz)zzméf —§+§ﬂ0059

s s
u=(p1=k)’*=(pr—ki)*= mi,li —5 =5/ cosb. (A3)

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

62(051 + C%z + 033)

M%ree =-2 < D(pZ)kZbl(pl)
2071t HF
M= — 1771 7 ¥ _ 5
Tree g — m% + imZFZ ﬂ(pz) 2<gV gay )u(pl)
2..2vy2
gmYe
M%ree == 4m%vt [v(pZ)kZ(l + 75)”(101)
+m,(py) (1 +7s)u(py)]
ﬂhiHl*Hl- gmﬂC?

Mt — 3 A4
Tree U(pZ)u(pl)s_mlzI.'f'imh,Fhi 2mW ’ ( )

where the following couplings have been used: Azu,+,- =
ir"(gv = gar’)gv = 9(1 —4s3)/(4c,,) and g, = g/ (4c,,).

The Z coupling to the pair of charged Higgs boson Hi
is AZHliHT = —gl(ci - sa)(C%l + C%z) - 2S%/C%3]/2'CW'

The total widths for the Z boson, h;, h,, and h; 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: /s = m;, . The total widths for hy, h,,
and h; are computed at the leading order. We neglect the
muon-mass term in M¥%. . amplitude.

Tree

The amplitude squared is then given by

2
52
\M|? = [(|lay]* + |aA|2)Eﬂ2s1n29 +2(|ag|* = lasal*)s],

(AS)

where
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2 zu507 9y e FmiY?

av — 17 —2(C2 C2 C2.)—— H-6
Vs =ML+ iM Ty, (€ +C +C) 4M2t
P 2hzniza gmiY

AT S MLiM T, AMt

I

a5 =215 I Cr PmYg

S OMy & s—M; +iM, T, 4M3t
agy = LS (A6)
AT AME

It is evident from Eq. (A5) that the squared amplitude of
the s-channel neutral-Higgs (h;,i = 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

do _1 B
dQ  464ns’

M. (A7)

1/4 is a factor due to initial state spin average.

In the case of eTe~ collision, contributions from the s-
channel with Ay, h, and h; exchange and the t-channel
neutrino exchange are neglected due to their proportionality
to the electron mass. The total cross section for ete™ —
H{ H7 is as follows [40]:

IS Tl (1 +4 » GVt 2/12H1iHTgv)
= + 77 F - .
o 3s Y (1—m2 /s 1—-m/s
(A8)
Similarly to the previous process, the process
ptu~ — H{HJ' can be indicated by
p (P (p2) = Hy (ki) H7 (k). (A9)

where the four-momenta of the incoming y* and u~, as
well as the outgoing charged Higgs boson H; and HJ, are
denoted in parentheses.

The Mandelstam variables can be written as

u=(pi—k)*.  (A10)

s=(p1+p2)* 1=(pi—ki)?

Neglecting the muon mass n1,, the momenta in the 'y~
center-of-mass system are expressed as follows:

"The process u™u~ — H¥ H is absent in 2HDM.

P1.2 zg(l,0,0,:l:l)

2 2
s My =My ] ,
ki, = % (1 i%, ﬂ:;xl%(s,mz;,milli) sin 6, 0,

1
:l:;ﬂ%(s, m%, mz]i) cos 9) ,

where A(x, y, z) is the usual two body phase space function
given by

Ax,y,z) = x> +y* + 22— 2xy —2xz—2yz,  (All)

and @ is the scattering angle between u and H{ . The s, ¢
and u can be written as

s=(p1+p2)?* = (ki + ky)?

1 s
t:(pl—k1)2:(p2—k2)2:§(mz;+milli)—§
1
+§l%(s,m%12;,mzli)cosg
Lo, 2 $
u=(p1—ky)*=(p2—ky) :E(’”Hf""me:)_i
——l%(S,mi,;,mi,li)COSH
S+t+”:mzj+m§1f' (A12)

The s-channel MJi .i=1, 2, 3, M/T\ieej: 1, 2 and
t-channel M4

e amplitudes are respectively given by

My = 5(p2)ka(gv = gar’)u(p1)
Tree s—m%—l—imZFZ 2)12\9V A 1
2.2
gmYeYq _
"i“ree = 2:1%‘12‘ [U(p2>k2(1 + 7/5)”(1)1)
+m,0(p2) (1 +ys)u(py)]

_ hi
lhiHTHz gmy Ct’

Mhi =7 Al
Tree v<p2)u<p1)s_m%,.+imh,rhi 2mW ( 3)

1
2 _ L 2
|M| _2[ /I(s,mHzi,

+ (a1 + o) ((mps = myz)? = 5)

x (s + mygs ) = 5) + ds(lasl? + [aq)]

mi)(lai | + [az]?)cos?0
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2zm+ 17 Yy gzmﬁY6Y7 s=(p1+p2)* t=(p—k) u=(p)—ky).
a; = -
Vs —ML+iM T, AMAt (A16)
2 2,2
a, = — ZzHliHZTgA _9 m”§6Y7 Neglecting the muon mass m,, the momenta in the y*p~
§ =Mz + iMzly Myt center-of-mass system are expressed as follows:
hi
ae — I i A i; Cp _g2m2Y6Y7 s
YU OMy S s— My +iM, T, AMt pi2 =5 (1,0,0,%1)
2,3 2 2
_ PmYeY; Ui M mmye .
as = — 4M%Vt . (A14) quz :7 1 :I:fl,:t;/l%(s,m%v,méli)smﬁ,o,
_ + ... 1 1 2 2
The process utu~ — Hy WT is indicated by i;ﬁz(s, myy, my,.) cos@ |,
1
w(p)p=(pa) = HE (k) )WTF(ky), (A15)  where A(x,y, z) is the usual two body phase space function
given by
where the four-momenta of the incoming " and ™, as Axy,z) =2+ + 22 = 2xy —2xz—2yz.  (Al7)

well as the outgoing charged Higgs boson Hi and the
gauge boson WT, are denoted in parentheses. The  and @ is the scattering angle between ™ and H; . The s,
Mandelstam variables can be written as and u can be written as

s=(p1+p2)* = (ki +ky)?

1 S 1 1
_ 2 _ 2_Looo 2 Lo 0 0
t=(p1—ki)*=(p2—ky) —E(mw—ﬂ-mHli)—E—Fi/l—(s,mw,mHli)cosH

1 s 1
u=(p1—k)*=(pr—k;)? :E(m%V+m?-[]i) —E—Elé(s,m%‘,,mzli)cosa

s—l—t—l—u:m%‘,—ﬁ—mz]ﬁ. (A18)

The s-channel M" i=1,2,3, M/;ﬁee

Teees j =1, 2 and t-channel M¥ . amplitudes are respectively given by

Tree

2 1
_gmy AhiHliW:F Chi

Ml = 0 2k, + ky e, (k
Tree 4mws_m%li —I—imhiFhi U<p2)u(pl)( 1+ 2) 6;4( 2)
2 y —e
A g my, AHEWTCA, _
M. = : 2k k)t e, (k
Tree = Aoy, s—m%j ima T v(p2)ysu(p1)(2ky + ko)'e, (ks)
Azntwe
Mo = ———5————0(p2)r"(gv — ga?’ k
Tree s—m%—i— imZFZU(pZ)y (gV gay )Lt(pl)(:'ﬂ( 2)
2
Y gm,Ye _
Mty = 4mv;76v(p2)y”(1 —7)(ky — 22)u(pr)e,(ky). (A19)

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]

1
203,
— 2S(M3, (22 (283 + b3) = 2bs(by + by) + b2) = 3(b3 + B2))

1

+ mfili(—m?_lli@(b% + b3) —2bs(by + by) + b%) + b3 + b3)

M? = [52(—4m§11i (2(b] + b3) = 2bs(by + by) + b3) — 8My (b7 — bs(by + by) + b3) + b3 + b3)
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+ M3, (=2(b + b3) + 2b5(by + by) + 3b%)) +283(2(b} + b3) — 2bs(by + by) + b32)

+ A(s, quli, M3,) cos O(—4bsS(by + by — bs)(m,qut + M3, = S) — A(s,m?., M3,) cos O(b3 + b3 + 4bIM3, — 2b2S))

HE’
1

(2 — M3 )83 + B + 4b§M%V)}

3 [ 2 2 l
b — g'm, Z A riw=C, by = gm, Z A wCa,
1 — 2 . ) — .
dmy <=5 — mj, + imy, Iy, 4my, s —my, + lmAjFA/
e — IvAzirsw b — 9akzrw= pe — I M Y
e B —— e R 5= -
s —m% + im0y’ s—m% +imy Ly’ dmy t

The differential cross section for o(u™u~ — Hi W¥) may be written as follows:

do l%(s,mili, mi,)

do _ 2
dQ 64n%s> M.

APPENDIX B: COUPLING DEFINITIONS

_ ~1
A = o (2031(/16513% + 001 E11 + B30,E1) + 205, (1€ 1308 + L1aE1y + 430, E)

+ C3 (2813225 + Ag)va + (246 + Ag)v1 €11 + (247 + Ag)12E 1)
+ C22623(\/§/1951211A + \61902513 =4 E1p = 2u5E )
+Cy1(Ca3 (\/5/18511”A + V250, E3 — 4 €4y — 2u3&15)

+2Co (A + 4s5) (02€11 + ”1512)))

- 1
At — 5 (2031(52111”1 + Endavy + Exde;) + 205, (Enidavr + Endyvs + Ex3dyvy)

+ CCo3(—4Expy — 2E51 15 + \/5523/191)2 + \6522/197%)

+ C33(E21 (226 + A5)v1 + E0 (227 + Ag) vy + 4E3(As + Ao)v;) + Ca1 (2Caa(Ag + As5) (Exavy + Eay12)

+Cx3 (‘4521/11 —2E5p5 + \/5523/18”1 =+ \/5521/1817:)))

Ayt 1 —% <ZC%1(531/11”1 + Exdsvy + E33d6vr)
+ 2035, (314301 + Epdy vy + Ex3Aq1,)
+ CaCos (—4Eapty — 28313 + V2E3309v5 + V2E33A90,)
+ C33(E31 (226 + Ag) vy + E32(247 + o) vy + 4E33(25 + Ao) ;)

+Cy (2022(/14 +25)(Expv1 + E3112)

+ Co3(—4E51 1 — 2E3pu5 + V2E33050; + \/5531/187%)))
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- 1
Ay 1 1 (—C23 (‘4032512112 — 2CnE 113 + V2Cido(E13vy + Enpvy)

+ Cay (—4E 1y — 281043 + V2E 13051 + \6511/18”:)

+2C33(E11 (26 + 2g) vy + E12(247 + o) vy + 4E13(A5 + 20) ;)

- Cy (C33 (‘4511/41 = 2Eop5 + V2E 30501 + \/5511/1801)

+2(Cx (A4 + 45)(Enavy + Enva) +2C3 (En1Avr + Endavy + 513/1617:)))
-Cxn (C33 (‘4512/42 = 28115 + V2E 1390 + \/5512/197);)

+ 2(C31 (A4 + 25)(Enav1 + E11v2) + 203 (E1 30y + Enpdavy + 513/177%))))

- 1
At 1 (—Cz3 <—4C32522ﬂ2 = 2C3Ex 13 + V2C30 Ao (Ex3v2 + Enpvy)

+ G (‘4521M1 = 2853 + V28550, + \/5521/18111)

+ 2C33(E21 (246 + Ag) vy + €22 (207 + Ao) vy + 4E23(2g + g)”r))

- Cy (C33 (‘4521M1 — 2Epps + \/5523/18”1 + \/5521/18%)

+2(C3(Ay + 45)(Exnvy + E2102) + 2C31 (Ex1div1 + Enndavy + 523/1617:)))
-Cxn (C33 (‘4522/42 = 26115 + V20390 + \/5522/197);)

+ 2(C31 (A4 + 45)(Exav1 + E2102) + 203 (Exi 30y + Enndpvy + 523/177%))))

- 1
Ayt 1 (—C23 <—4C32532ﬂ2 — 2033143 + V2Cido(Ex302 + Exyv))

+C3 (‘4531,“1 — 2Eqp3 + V2E332501 + \/5531/18”1)
+2C33(E31 (226 + Ag) vy + Ex (247 + dg) vy + 4E33( + Ao) ;)
—-Cy (633 (‘4531H1 — 283 + V2E3A501 + \/5531/187%)
+2(Ca2(a + 45)(Exa01 + E3102) + 2C51(E31 4101 + Expdavy + 533/16%)))
—Cn <C33 (‘4532M2 —2&31u3 + \/5533/191)2 + \/5532/19%)
+2(C31(Ag + 45)(Exav1 + E3102) + 2C55(E314301 + Expdpvy + 533%”:))))
A rrws = (EnCar + E12Cy + V2E1503)
Inrws = (E21Ca1 + ECop + V2E5,C3)
Inrzws = (E31Ca1 + E32Cop + V2E35C53)
Iyirew= = (021Co1 + OnCoy + V2053Ca3)

Agzws = (031Co1 + O3Crp + V203,053
2

Azmsws = 29 (Crashvr + Cosiva + V2Cos (5%, + 1))
Yo =Co/Cy
Y7 =C51/Cy
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TABLE XV. Benchmark points

APPENDIX C: TABLES OF BENCHMARK POINTS

used in Table VIII.

mp, mpy, A4 A3 n A6 A g Ao Ag Ay tan a a a3 Uy Hi
BP1’ 125.09 14632 0.863 —0.118 0.394 0.836 0.157 0.422 0.00944 1.59 0.798 4397 1.55 -525x107* 0.0964 0.495 17.04
BP2’ 125.09 240.47 0.0755 0.841 0396 2.03 541 1.87 1.66 1.13 —0.768 5945 —1.56 -293 x 10~* -0.0464 0.324 56.06
BP3’ 125.09 290.17 0.381 0.687 —0.186 6.30 2.66 -2.58 446 —0.544 1.79 4698 155 -529x10™* —0.0533 0.179 —69.86
BP4’ 125.09 396.44 0.00333 0.711 -0.223 2.88 3.18 3.64 3.36 1.05 —0.0548 52.66 1.55 —2.97 x10~* —0.00464 0.0784 94.91
BP5” 125.09 419.76 0.543 266 -0.541 1.67 268 125 0225 0.518 0.679  70.81 156 295x10°* 0.997  0.0957 -31.00
BP6’ 125.09 541.61 0.103 270 -0.114 1.13 440 0351 274 0136 -0.00141 6248 156 -8.39x10~* 0.0735 0.379 -26.78
BP7’ 125.09 62347 0524 396 -254 158 298 468 —-1.83 0.302 1.32 105.84 156 1.11x107* 0.998  0.0592 5595
BP8’ 125.09 74338 0.233 316 —1.17 6.12 474 -1.07 0.163 1.15 —0.944 9411 156 -396x10~* 0.9 0272 5.19
BP9’ 125.09 87532 0924 286 -0406 5.12 3.69 1.77 -0.477 0.265 0.378  108.94 1.56 —-3.4x107° 098  0.0986 —39.06
TABLE XVI. Benchmark points used in Table XI.

mpy, mp, Vo A n ¢ Ay Ag Ao /_18 /_19 tan o a a3 v, H
BP1” 125.09 128.72 048 0.0562 2.05 1.26  0.0184 -0.659 0.404 0.829 238 1623 1.52 —0.0397 -0.597 124 -1391
BP2” 125.09 20991 332 1.09 1.59 0.77 0267 0.842 0.135 0406 1.00 1147 -1.49 0.0418 0.797 1.12  -27.80
BP3” 125.09 298.86 4.56 0.558 242 0.309 0.909 0.120 0.0615 0.733 299 13.62 151 —-1.06x 103 -0.615 0.0758 53.69
BP4” 125.09 43525 125 5.03 244 225 0936 0.622 1.13 1.71 -0.254 1526 -1.51 280x1073 —-149 1.02 -27.65
BP5” 125.09 422.08 0.236 3.69 —-1.78 248 1.83 —0.156 -0.620 1.63 —-1.39 2093 153 148x103 0.671 0732 7572
BP6” 125.09 57795 0.501 3.19 —-191 323 1.88  0.179 3.18 0295 0.808 1429 151 -7.05x1073 —0.693 1.12 4429
BP7” 125.09 697.34 0.328 0.469 1.85  2.03 1.44 1.32 235 0766 150 1328 1.50 1.00x 103 0.835 0.159 23.23
BP8” 125.09 798.02 0.177 1.79  0.650 2.21 .02 -139 210 209 -1.19 13.70 151 -206x10"3 -=0.732 0.295 73.15
BP9” 125.09 869.58 0.827 2.78 —0.891 5.17 3777 —131 -198 0.673 0.738 13.02 150 528x10~* 0.665 0.0477 51.94
TABLE XVII. Benchmark points used in Table XIV.

mp, mp, M A n ¢ A A Ao Zx Zg tan o a o v, H

BPI”” 125.09 433.08 526 -0.28 297 287 038 —-149 -027 340 -126 11751 -1.56 -3.84x10~* —0.0779 0.0772  =79.66
BP2” 125.09 27123 0.19 104 0.69 6.89 350 -390 257 047 -0.15 11938 -1.56 454x10° —2.62x1073 0.0553 -85.48
BP3™” 125.09 545.02 024 183 3.67 1.13 3.66 058 -2.60 184 -046 11847 -1.56 -3.75x10~* —-0.0397 0.159  69.36
BP4” 125.09 395.63 0.81 432 -0.82 247 327 -033 338 -0.27 130 11861 —-1.56 3.87x107° —0.0326 0.249 -62.74
BP5” 125.09 500.69 0.62 7.75 -1.60 3.76 1.65 147 186 -0.61 129 112.07 -156 237x10* 0.0176 0.0181 —29.40
BP6™ 125.09 501.97 0.095 3.54 -1.19 338 181 181 =029 097 -0.50 117.09 1.56 —1.31x10"* 0.998 0309 -75.52
BP7” 125.09 551.69 0.25 6.56 -3.44 3.05 449 -1.07 -0.12 181 -—1.11 11812 1.56 -222x10"* 0.0178 0.200  16.78
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