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We investigate the phenomenology of the charged Higgs boson at the International Linear Collider
(ILC) within the framework of the type-X Two-Higgs Doublet Model, where a light charged Higgs
boson, with a mass around 200 GeV or even smaller than top quark mass, is still being consistent with
flavor physics data as well as with collider experimental data. In the theoretically and experimentally
allowed parameter space, the ete™ — HEWTS (with S = H, A) production processes can yield
signatures with event rates larger than those from ete™ — H™H™ and offer sensitivity to the Higgs
mixing parameter sin( — a). We consider the bosonic H* — W=S decays, where the neutral scalar S
further decays into a pair of tau leptons. We show, through a detector-level Monte Carlo analysis, that
the resulting [z7][zz] WW final state could be seen at the ILC with at least 500 GeV center-of-mass energy

and 500 fb~! of luminosity.
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I. INTRODUCTION

The discovery of the Standard Model (SM) Higgs
boson by ATLAS [1] and CMS [2] experiments has
completed the particle spectrum defined by the SM.
However, many questions remain unanswered. These
include theoretical challenges, such as the mechanism
that stabilizes the electroweak scale and the generation of
neutrino masses, as well as empirical issues like the
nature of dark matter and the matter-antimatter asymme-
try. As a result, there is a strong motivation to investigate
theories beyond the SM (BSM) that operate near the TeV
scale [3—7]. Many BSM theories naturally feature an
extended Higgs sector. A prominent example of this is the
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two Higgs doublet model (2HDM), which adds an addi-
tional electroweak Higgs doublet, enriching the theory
with a variety of new Higgs boson phenomena and
implications for flavor physics. Intense searches for these
novel Higgs bosons have been conducted at colliders,
particularly at the LHC, which has played a significant role
in these efforts (for a comprehensive overview, see Ref. [8]
and the references therein). The lack of observed signals
has resulted in current limits on the mass and couplings of
these non-SM Higgs bosons. The High Luminosity LHC
(HL-LHC) is expected to enhance several earlier mea-
surements and may provide evidence for new physics.
However, to advance the precise Higgs measurement
program initiated at the LHC, it is essential to establish
a controlled environment, such as an electron-positron
Higgs factory. This would facilitate a thorough investiga-
tion of the properties of the recently discovered Higgs
boson, similar to those in the SM, and could even enable the
discovery of new particles. Several projects involving e*e™
machines are currently in the planning stages, including
initiatives like the Circular Electron Positron Collider [9],
the Compact Linear Collider (CLIC) [10,11], the Future
Circular Collider [12,13], and the International Linear
Collider (ILC) [14,15].

These projects aim to provide an ideal setting for
intricate investigations into the properties of the Higgs

Published by the American Physical Society
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boson and potentially discover new particles. Recent
investigations have indeed highlighted the remarkable
prospects these colliders present in exploring the electro-
weak sector. This includes endeavors such as precise
measurements of Higgs boson couplings [16], the
detection of electroweak dark matter [17,18], study of
neutrinos [19,20], and the potential discovery of other BSM
particles [21-23].

Existence of charged Higgs bosons is a generic pre-
diction of multiple extensions of the SM Higgs sector, such
as the 2HDM. The charged Higgs bosons can be produced
and explored at the LHC. We refer to Ref. [24] for an
extensive review on charged Higgs phenomenology at
the LHC. A light H* can be copiously produced from #7
production followed by t — bH™" if kinematically allowed
(i.e., mys < m, —my;). When its exceeds the top quark
mass, the processes gb — tH~ and gg — thH™ [25] are
typically used for H* searches.

Charged Higgs production can proceed at the ILC
[26,27] or CLIC [10] through ete™ — y*,Z* - H"H~
or ete” = 7ty HT and ete” — thH~ [28-31] and the
loop mediated process ete” — WEHT [32,33]. At high
energy, one can also have vector boson fusion: ete™ —
voHTH™ [34]. The production of a charged Higgs boson
at muon colliders is rather similar to eTe™; it can
proceed through several processes. Production processes
wuy~ = HTH™, yty~ - H*WTF, and pty~ — voH H™
have been studied in Ref. [34].

Charged Higgs bosons have been searched for at LEP
[35] through eTe~™ — HYH™, followed by the fermionic
H* — v and H* — cs decays, where a limit of mpy+ >
80 GeV was obtained assuming H* — W*A is absent. If
the latter is present, a limit of my- > 72.5 GeV (2ZHDM
type-I) was obtained [36] assuming m,4 = 12 GeV. At the
Tevatron, charged Higgs bosons have also been searched
for in top quark decays with subsequent zv or cs decays
[37,38]. These searches set upper limits on BR(# — bH*)
for different H* decay scenarios. At the LHC, charged
Higgs bosons have been searched for in H* — zv [39-50],
cs [51-54], cb' [55,57], and tb [47,58-62] decays. All the
aforementioned searches are conventional without consid-
ering bosonic decays. However, if bosonic decay channels
H* > wtng (S = h, H, A) are kinematically accessible,
they can offer distinctive signatures and could be promising
avenues for discovery [63—70]. A few experimental efforts
have begun probing these channels [71-74], but they
remain limited. See, e.g., Ref. [75] for a recent detailed
study of collider search limits on charged Higgs bosons
in the four types of the 2HDM. See also Ref. [76] for a

'ATLAS reported a charged Higgs excess at m: = 130 GeV
[55]; see, e.g., Ref. [56] for a possible interpretation within
2HDM type-III.

discussion of charged Higgs boson searches at the LHC and
their prospects at the high-luminosity LHC.

In this study, we investigate the production of charged
Higgs bosons in association with a W boson and a non-SM
Higgs boson, i.e., ete™ = HTWTS, where S = H or A,
within the framework of the type-X 2HDM. Our numerical
results are provided after thoroughly exploring the 2HDM
parameter space, adhering to various theoretical (perturba-
tive unitarity, perturbativity, and vacuum stability) and
experimental [derived from SM-like Higgs boson discovery
data, BSM Higgs bosons exclusion data, electroweak
precision tests, and flavor physics] constraints. We perform
a comprehensive Monte Carlo analysis and gauge the
sensitivity at center-of-mass energies of 500, 1000, and
1500 GeV of the ILC.

I1. 2HDM

In the 2HDM, in addition to the SM scalar doublet @, an
additional doublet ®, with hypercharge +1 is added to
the Higgs sector, assuming that charge-parity (CP) is not
spontaneously broken. The two Higgs scalar doublets can
be parametrized as

¢ ¢
q":<¢1f> and %:(djﬁ)’ M

with ¢ = (0, +y +im)/V2, ¢3 = (v + vy + iny) V2,
and +/v} + v} =v =246 GeV. The general scalar
potential invariant under the electroweak gauge group
SU(2), x U(1)y can be expressed as [77]

V(®, ®,) = m3 @D, + m3,®]d, — [m3,®]d, + H.c.]
A A

+ 5 (D]@))% + ) (©]D,)?

+ 3 (D] @) (DD,) + Ay (DD, ) (DLD))

n {% (@]®,)2 + Hc} (2)

where m?,, m3,, and m?, parameters as well as the 4
(i=1,2,3,4,5) couplings are assumed to be real to ensure
that the potential is CP conserving. A discrete Z, symmetry
is also assumed in order to avoid flavor changing neutral
currents (FCNCs) at the tree level. Such a Z, symmetry is
softly broken by the bilinear term proportional to m3,
parameter.

After electroweak symmetry breaking, the 8 degrees of
freedom initially present in the two Higgs doublet fields are
reduced. Three of these degrees of freedom are absorbed by
the Goldstone bosons, giving mass to the gauge bosons W+
and Z. We are then left with five physical Higgs states:
a pair of charged Higgs H*, a CP-odd state A, and two
CP-even states (H and h with m;, < my). One of the
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TABLE I. Yukawa couplings of the 4, H, and A Higgs bosons to fermions in 2HDM type X.
Model Kjy K K Kl K4 Kk Ky K4 K
Type X CalSp CalSp —sa/cp SalSp Sal Sp CalCp cp/sp —cp/sp tan f§

neutral CP-even Higgs can be identified as the 125 GeV
Higgs-like particle observed at the LHC. The combination
v?* = v} + 03 = (2v/2Gp)™" can be used to fix one of the
vacuum expectation values as a function of the Fermi
constant G and tan /3. Together with the two minimization
conditions, the model has seven independent parameters,

2
and mj,,

3)

a,tanf(=vy/vy), my,, my, My, My,

where a and f are, respectively, the CP-even and CP-odd
mixing angles. Here, we assume that 4 is the observed
SM-like Higgs boson at the LHC with m;, = 125.09 GeV;
therefore, we are left with only six free parameters.

In the Yukawa sector, if we assume that both Higgs
doublets couple to all fermions, like in the SM, we will end
up with a large tree-level FCNCs mediated by the neutral
Higgs scalars. To prevent such large FCNCs at the tree
level, the 2HDM needs to satisfy Paschos-Glashow-
Weinberg theorem [78,79], which asserts that all fermions
with the same quantum numbers couple to the same Higgs
multiplet. One can have four different types of Yukawa
textures depending on how the doublets ®; and ®, interact
with the fermions. In the 2HDM type I, only the second
doublet @, interacts with all the fermions. In type II, ®,
interacts with up-type quarks, and @, interacts with the
charged leptons and down-type quarks, while in type-Y (or
flipped) down-type quarks couple to ®;, while charged
leptons and up-type quarks couple to @,. In type X, @,
couples to quarks, and @; couples to leptons.

In terms of the mass eigenstates of the neutral and
charged Higgs bosons, the Yukawa interactions can be
written as

Ly = > LI rh+ kFrH - i FrsfA)
f=ud.t

V2

+ 7 [ﬁiV,-j(mulKZPL + K'gmdeR)de+]
2
+ L_I?LKimffRH+ =+ H.C.7 (4)
v

where Kg (S = h, H, A) are the Yukawa couplings listed in
Table 1 for the type-X 2HDM and V;; are Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements. In what
follows, we use the notation of s, = sinx and ¢, = cos x.

The reduced coupling of the lighter Higgs boson, 4, to
either WW or ZZ is given by s4_,; on the other hand, the
coupling of the heavier Higgs boson, H, is equivalent to the
SM coupling multiplied by c4_,. Notably, the coupling
between the pseudoscalar, A, and vector bosons is absent
due to CP symmetry invariance.

III. NUMERICAL ANALYSIS

We perform a general scan over the 2HDM parameter
space, as given in Table II, to explore scenarios that may
result in a significant cross section for our processes
ete” - HEWTS (S = H, A). We use the code 2HDMC-
1.8.0 [80] to numerically scan the parameter space, check
theoretical constraints, and compute the S, 7, and U
oblique parameters. Our parameter points are further
checked for consistency with experimental constraints from
the direct searches for additional Higgs bosons and agree-
ment with the Higgs signal measurements using the public
codes HiggsBounds [81] and HiggsSignals [82]. Additionally,
B-physics constraints are checked using Superlso [83].

After scrutinizing the parameter space of the model with
the theoretical and experimental constraints, the resulting
parameter points are passed to FormCale [§4—86] to compute
the corresponding cross section of each process at the e e~
collider.

Meanwhile, the charged Higgs boson can be produced
associated with the W* boson and the neutral Higgs boson
via the processes e*e” — {H*WTH, HWTA}. The rel-
evant Feynman diagrams are shown in Fig. 1. Most of the
Feynman diagrams are mediated by the s-channel photon
or Z exchange, with the exception of the last one, dg, which
requires 7-channel mediation by neutrino exchange. The
couplings involved in e*e~™ — H*WTH /A are pure gauge
couplings, and in this regard, the cross section of the
process is not strongly sensitive to the Yukawa textures.

TABLE II. 2HDM type-X input parameters.
Parameters Scan range
my, 125.09 GeV
my [130, 1000] GeV
my [80, 1000] GeV
sin(f — ) [0.97, 1]
tan 3 [0.5, 45]
m?, [0, 10°] GeV?
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FIG. 1. Tree-level generic Feynman diagrams for ete™ —
H*WFS (S = H, A) are shown in (d; ). For all diagrams,
S; refers to H or A. For ds, if S; = H, §; should be A, while if
S; = A, §; should be H.

The Yukawa textures only enter in the width of the Higgs
propagators. After the Higgses decay into fermions, the
result depends on the Yukawa type of the model. Our
results here are presented for the type-X 2HDM. It should
be noted that the ete™ — H*WTh production process is
suppressed by the factor c/zj_a. To ensure numerical stability
of the 2 — 3 phase space integration, we introduce the
width for the scalar propagators (d, and ds) as well as for
the W boson propagators (ds and dg).

In Fig. 2, we show the cross sections for o(ete™ —
H*WTH,H*WTA) at /s =500 GeV, 1 TeV, and
1.5 TeV. The process ete™ — H*WTH, shown in the
top right panel, is controlled by the vertex H*WT H, which
is proportional to sz, and favored by the alignment,

while ete™ — H*WTA, illustrated in the top left and
bottom panels, is controlled by the HYHTFA vertex,

BR(H* - W*H)
oo " BF;(“"/l - W:?) o8 0.0 0.2 0.4 06 038
L 102
2
10 — olete~ sH*H") — oleten SH™HY)
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+
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FIG.2. The cross sections 6(ete™ — H*WFS), at different collision energies of the ILC, as a function of m,,, with the blue contour
lines representing 6(e*e™ — H*H™). The color bar indicates BR(H* — W*S). The selected benchmark points (BPs) are highlighted

by green stars.
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FIG. 3. Diagram illustrating our two signals. Note that our
analysis considers all diagrams illustrated in Fig. 1 for ete™ —
H*WTS(S; = H,A) production.

which is independent of the  — @ mixing. Only Feynman
diagram d; would have s;_, factor coming from
ete” - AH* - H*WTA. At \/s = 500 GeV, the process
ete” - H*WTA can reach values as high as 60 fb for
favorable mass configurations, particularly near the reso-
nance threshold where the decay H* — W*A becomes
kinematically allowed. For the process ete™ — H*WTH
at /s =1 TeV, which is proportional to s/g_a, the
cross section may reach 25 fb before the opening of
H* — W*H, and it would drop as the charged Higgs
mass increases. Once we cross the H* — W*H threshold,
one can see an enhancement of the cross section compared
to the pair production e*e™ — H*HT (blue line) coming
from the resonant production originating from ete™ —
H*HT - H*WTH: o(ete” > HEWTH) =o(ete™ —
H*HT) x BR(HT - WTH) from diagram d, as well as
from the other Feynman diagrams. At /s = 1.5 TeV, we
observe a similar pattern to that at 500 GeV. However, the
available phase space for charged Higgs pair production is
significantly larger.

In Fig. 3, we present the first diagram, d;, along with the
decays chosen for our signals. However, it is important to
emphasize that our analysis thoroughly considers all
diagrams, including d; 4, and their respective decay
processes.

.....

IV. SIGNAL-TO-BACKGROUND ANALYSIS

In the previous section, we computed the parton-level
cross sections for the proposed channels aimed at probing

the H* in the type-X model. While these cross sections
are not small, the discovery potential depends on how
effectively we can distinguish the signal from relevant
backgrounds. In this section, we develop search strategies
for comprehensive signal-to-background optimization,
utilizing advanced tools that incorporate hard-scattering
matrix elements, resonance decays, parton showers,
hadronization, hadron decays, and a simplified detector
response. We conduct detailed studies of the [z7][zz|WW
signal. For each center-of-mass energy, a specific BP is
selected (see Table III). For each BP, either H or A is
considered, but not both, as the decays H* — W*H and
H* — W*A cannot simultaneously occur due to STU
constraints. Note that the selected BPs are further
checked using the new versions of HiggsBounds and
HiggsSignals via HiggsTools [87].

Signal and background events are generated using
MadGraph5_aMC_v3.4.1 [88], where we used the TauDecay
library [89] to account for the 7 decays. The generated
events are then passed to Pythia-8.2 [90] for showering
and hadronization. Jet clustering is performed using
Fastlet [91], and fast detector simulations are conducted
with Delphes-3.4.5 [92], utilizing the default Delphes_
Card_ILD detector card, which implements the anti-k,
algorithm [93] with a cone radius of R = 0.4. Finally,
both signals and background events are analyzed using
MadAnalysis5 [94].

The [z7][r7] WW channel targets the H*W¥S production,
followed by H* — W*S (S = A, H),

ete > WEHTS > WEWTFSS
ot
= Woe Wy, 77,7

—>3l—|—1,fr,*{+jj+ET, (5)

where [ = e, u represents the charged lepton and j
designates a light jet. The final state includes three charged
leptons, two hadronic 7’s, two light jets, and missing
transverse energy. Probing the charged Higgs boson in
this final state is particularly challenging, making H* mass
reconstruction impossible. However, the signal significance
at the final selection stage is expected to be significant,
showing potential for discovery.

The main SM background contributions come from the
processes 11, tijj, Zjj, and W W~ jj. Backgrounds such as

TABLE III.  The description of our BPs. All masses are in GeV.
Signal my my  my+ tanf  sin(f—a) m?, BR(H* - W*S) BR(S - 7777)
BPl H*W*A 139.6 1033 2015 9 0.999 2138.14 0.79 1
BP2 H*w¥H 1889 2593 318.1 215 0.999 1652.63 0.80 1
BP3 H*WTA 4174 109.1 410.6 14.8 0.991 11717.46 0.96 1
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FIG. 4. Selected distributions which we used in the signal to background optimization analysis: the first leading jet transverse
momentum pz[j;] (top left panel), the pseudorapidity of the first leading jet 5[j;] (top right panel), and the mass invariant of the two
leading jets M(jj) (lower panel). The backgrounds shown here correspond to 17 (yellow), 17 (green), Zj; (lime), and WWjj (purple). In

this canvas, we show ete™ —» H*WTA for BPI.

1bb, 11X(X =Z,h), tiZZ, and ZZZ are minor.” In each
case, one of the top quarks is assumed to decay semi-
leptonically, while the other one decays hadronically.
Meanwhile, the boson Z is assumed to decay into a
777 pair, and one of the W boson is assumed to decay
leptonically, while the other one decays into a pair of light
jets. The backgrounds are as follows:
() ete™ = 1. (t > Wb, Wt — ITy), (1 > Wb,
W = ). )
() ete” - tijj, (t > Wb,WT - I*y)), (1 > Wb,
W= - I7y)).
(i) ete” > Zjj, (Z - t717).
(iv) etem = WIW7jj (WH = jj). (W™ = I7w).
For event selection, we take the following steps. The
basic cuts consist of
pil > 10 Gev,

| < 2.5, ARG >04. (6)

*The requirements of three charged leptons and two hadronic
taus plus two jets and N(b) < 1 keep them negligible.

To assess observability, we calculate the significance
using the expression

o
L=VE———, 7
Vo5 + o Q
where o, and o, are both the signal and background cross
sections after all the cuts.

A. Process at /s =500 GeV

After applying the cuts on the number of jets and b jets,
N(b) <1 and N(I) >3, which is a key discriminator
between the signal and backgrounds. The signal rate remains
high, with an acceptance times efficiency (S x €) of approx-
imately 42%. In contrast, the total background is reduced
to (B x €) = 0.03%.

To devise more advanced selection strategies, the
kinematic distributions of the signal and backgrounds
including the first leading jet transverse momentum’

The jets are labeled by descending order of py, ie.,
prlitl > prlial
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TABLEIV. The cut-flow chart of the cross section (in fb) counts for the [zz][zz] WW signal and backgrounds, with

/s =500 GeV.
Cuts Signal Backgrounds

BP1 1t 1tjj Zjj WHtw=jj
Without cut 0.72 86.2 0.35 15.9 32
Basic cut 0.63 74.2 0.29 14.1 2.99
N(b) <1 and N(I) >3 0.266 0.02 0.004 0.005 0.0003
Pr[j1] €80 and —0.6 < 7[j;] < 0.6 0.133 0.008 0.0018 0.0004 9.1073
M(jj) <130 GeV 0.1 0.007 0.001 0.0001 9.1073
Total efficiencies 15.8% 9.1073 3.107! 7.1076 3.107°

TABLE V. Significance for our signal with /s = 500 GeV and £ = 500, 1000, and 1500 fb~"'.

BP1
Processes ete” - HY*WFA - [cr][cr] WW
Luminosity L =500 fb~! L = 1000 fb~! L = 1500 fb~!
Significance X 6.79 9.61 11.77
S B I B 5 016 = =
2 " 0.14 |~ —
- f =t ~ F .
g 0% = Zjj Zonf 3
e - B Wwijj s o ]
= B = o =
2 006 — T E b
S B — = r 1
g [ ] Soos |- -
- B ] C ]
£ 004 7 £ oos |- -
2 F ] = f ]
L ] = 004 3
0.02 - C ]
] 002 - .
0 ] ok ]
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FIG. 5. Selected distributions which we used in the signal to background optimization analysis: the first leading jet transverse
momentum pz[j;] (top-left panel); the pseudorapidity of the first leading jet 7[j;] (top-right panel); and the invariant mass of the two
leading jets M (jj) (lower panel). The backgrounds shown here correspond to 17 (yellow), 17 (green), Zj; (lime), and WW jj (purple). In
this canvas, we show eTe™ - H*WTH for BP2.
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TABLE VI.  The cut-flow chart of the cross section (in fb) counts for the [z7][zz] WW signal and backgrounds, with
V5 =1TeV.

Signal Backgrounds
Cuts BP2 1t 1tjj Zjj WHtw=jj
Without cut 0.41 26.4 1.51 2.78 2.74
Basic cut 0.25 22.5 1.27 2.67 271
N(l) >3 0.12 0.012 0.021 0.001 0.001
P7[j1] €170 and —0.6 < 5[j;] < 0.6 0.079 0.004 0.005 0.0 0.0002
M(jj) < 140 GeV 0.058 0.002 0.003 0.0 0.0
Total efficiencies 23% 8.107 0.23% e e

prlji] (top-left panel), the pseudorapidity of the first leading
jet n[j1] (top-right panel), and the invariant mass of the two
leading jets M(jj) (lower panel) are plotted in Fig. 4.

Based on the investigation of the kinematic distributions,
we devise a search strategy summarized in Table IV.
Consequently, we impose a stringent criterion on the
transverse momentum and the pseudorapidity of the lead-
ing jet, Py[j;] < 80 and —0.6 < n[j;] < 0.6, which signifi-
cantly reduces a substantial portion of the background. The
final selection is the invariant mass of the two leading jets,
M(jj) <130 GeV, which also removes a large portion of
the background events. At the final selection level, 50
signal events and 4 background events survive, assum-
ing £ =500 b1,

In Table V, the statistical significance X for the signal
process e e~ = HEWTA - [t1][cr] WW at /s = 500 GeV
for three different integrated luminosities: 500, 1000, and
1500 fb~'. As expected, the significance increases with
luminosity, with values 0f 6.79,9.61, and 11.77, respectively.
These results demonstrate the potential observability of the
signal across all three considered luminosities of 500, 1000,
and 1500 fb~!, making this channel a promising probe for
the considered benchmark point.

B. Process at \/s=1 TeV

For the signal and background events that pass the basic
cuts, we calculate various kinematic distributions. In Fig. 5,
we show the distributions of the first leading jet transverse
momentum pz[j;] (top-left panel), the pseudorapidity of
the first leading jet [/, ] (top-right panel), and the invariant
mass of the two leading jets M(jj) (lower panel) for the
signal benchmark point BP2 and various SM backgrounds
at the 1 TeV ILC.

To enhance the signal significance, we implemented a
cut-flow strategy guided by the behavior of key kinematic
distributions, as summarized in Table VI. We impose cuts,
which serve as crucial discriminators distinguishing the
signal from the background, on the number of charged
leptons: N (/) > 3. With this cut applied, 48% of the signal
events are retained, while the background is significantly
suppressed. The first selection cut applied is Pz[j;] <
170 GeV and —0.6 < 5[j;] < 0.6, going together for the
detection of the first leading jet. This cut significantly
reduces a substantial portion of the background, par-
ticularly eliminating the majority of 7, WWjj, and Zj;
events. We investigate one of the most effective cuts,
M(jj) < 140 GeV, which keeps approximately 73% of
the signal events while eliminating over 54% of the
background events. This constitutes the final selection in
our cut flow strategy, significantly enhancing the signal-to-
background ratio.

In Table VII, the signal significance X for the process
ete™ - HE*WTH — [tr][rz]WW is presented at /s =
1 TeV for three integrated luminosities: 500, 1000, and
1500 fb~!. The corresponding significance values are 5.12,
7.25, and 8.87, respectively. This progression demonstrates
the enhanced visibility of the signal with increasing
luminosity and supports the viability of this channel in
probing the BP2 scenario.

C. Process at \/s=1.5 TeV

We show in Fig. 6 the kinematic distributions of the
signal and the backgrounds at /s = 1.5 TeV, specifically
the missing transverse energy E; (top-left panel), the
pseudorapidity #[j;] (top-right panel) of the first leading
jet, and the scalar sum of jet missing transverse momentum

TABLE VIL Significance for our signal with /s = 1 TeV and £ = 500, 1000 and 1500 fb~!.
BP2
Process ete” - HEWTH — [r7][ee] WW
Luminosity L =500 fb! L = 1000 fb~! L = 1500 fb~!
Significant 5.12 7.25 8.87
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FIG. 6. Selected distributions which we used in the signal-to-background optimization analysis: the missing transverse energy Er
(top-left panel); the pseudorapidity of the first leading jet 5[/ ] (top-right panel); and the scalar sum of jet missing transverse momentum
H 7 (lower panel). The backgrounds shown here correspond to t7 (yellow), t7jj (green), Zjj (lime), and WWj (purple). In this canvas,

we show ete™ - H*WTA for BP3.

H 7 (lower panel), which includes only the missing energy
from the jet activity.

To enhance the signal significance, we implemented a
series of selection cuts guided by the behavior of the kine-
matic distributions. We impose restrictions on the number
of b jets and charged leptons, requiring N(b) <1 and
N(I) > 3, which serves as a crucial selection to distinguish
the signal from background processes. The first selection
cut applied is the missing transverse energy requirement
130 < £y < 500 GeV, which removes about 34% of the
1, 86% of the Zjj, and 100% of WW jj events, while the
survival rate for the signal is more than 66%. The cut of
—0.6 < 57[j;] < 0.6 has a certain advantage in separating
the signal from the backgrounds, especially Zjj. The final
selection is on the scalar sum of jet missing transverse
momentum. The selection cut H; > 290 GeV removes
almost all the background events. Table VIII shows the
cut flows on the cross sections (in fb) for both the signal
and the SM backgrounds at /s = 1.5 TeV. Table IX
presents the signal significance X for the process ete™ —
H*WTA = [r7][zz]WW at /s = 1.5 TeV, evaluated for

integrated luminosities of 500, 1000, and 1500 fb=!. The
significance values obtained are 3.8, 5.38, and 6.59,
respectively. These results indicate a clear improvement
in signal observability with increasing luminosity, con-
firming the sensitivity of this final state to the BP3
scenario.

TABLE VIII. The cut-flow chart of the cross section (in fb)
counts for the [r7][zz]WW signal and backgrounds, with
Vs = 1.5 TeV.

Signal Backgrounds
Cuts BP3 11 tijj  Zjj WTWTjj
Without cut 034 7.1 094 098 4.48
Basic cut 022 69 09 091 3.29

N(b)<1land N(I) >3 0.12
130 < E7 <500 GeV ~ 0.08

0.003 0.01 0.0007 0.0003
0.002 0.004 0.0001 0

-0.6 < n[j;] <0.6 0.06 0.05 0.002 0 0
Hy > 290 GeV 0.03 0 0.001 0 0
Total efficiencies 13.6% 01% --- e
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TABLE IX. Significance for our signal with /s = 1.5 TeV and £ = 500, 1000, and 1500 fbl.

BP3
Processes ete” - H*WFA = [e1][cr] WW
Luminosity L =500 tb~! £ = 1000 fb~! L = 1500 fb~!
Significante 3.8 5.38 6.59

V. CONCLUSIONS

Within the framework of the type-X 2HDM, we have
conducted a comprehensive study of the phenomenology to
establish a detailed roadmap for the charged Higgs boson
search. In contrast to type II and type Y, where the b — sy
constraint imposes a stringent lower bound on the charged
Higgs mass (my: 2 800 GeV [95]), type I and type X
allow for a lighter charged Higgs. However, even in type X,
the parameter space is strongly constrained by other
experimental constraints, such as those from direct searches
for additional Higgs bosons at LEP, Tevatron, and the LHC.

We have examined the single production of H¥* in
association with a W boson and a non-SM Higgs boson
H or A atthe e™ e~ collider. We showed that the cross section
forete™ - H*WTH and ete™ — H*WTA are promising,
where the former could be useful to measure the Higgs
mixing parameter s;_,. Based on these characteristics, we
analyzed the [z7][zz]WW final state as a probe of charged
Higgs bosons at the ILC, finding it to yield a high detection
significance.

In this study, we focused on the type-X 2HDM, as the
decays H/A — 777~ are small in the type-I scenario. In
contrast, H/A — bb can be large in type I, leading to the
[bb][bb]WW final state. A detailed study of such a final
state is left for future work.
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