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We investigate the production of charged scalar boson pairs H−Hþ via photon-photon fusion in proton-
proton collisions at the High-Luminosity LHC (HL-LHC), High-Energy LHC (HE-LHC), and Future
Circular hadron-hadron Collider (FCC-hh). The analysis is performed within the framework of the Two-
Higgs-Doublet Model type-III, which predicts large branching ratios for the decay channelH� → τ�ντ, the
focus of this work. Motivated by the current excess of events in BRðt → H�bÞ × BRðH� → cbÞ for
MH� ¼ 130 GeV, we explore charged Higgs boson masses in the range MH� ¼ 100–150 GeV. Using
benchmark points (BPs) consistent with current experimental constraints, we evaluate the process γγ →
H−Hþ → τνττντ → eμþ =ET and find signal significances ≳5σ across the entire mass range. For the most
favored BP with MH� ¼ 130 GeV, we predict significances of 3σ, 5σ, 8σ with integrated luminosities of
3000, 2300, and 300 fb−1 at center-of-mass energies of 14 TeV (HL-LHC), 27 TeV (HE-LHC), and
100 TeV (FCC-hh), respectively.
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I. INTRODUCTION

According to the laws of classical electrodynamics, two
intersecting light beams would not deflect, absorb, or
disrupt one another. However, effects of quantum electro-
dynamics allow interactions among photons. Four years
ago, the ATLAS collaboration reported the observation of
photon-induced WþW− production (γγ → WþW−) in pro-
ton-proton (pp) collisions at

ffiffiffi
s

p ¼ 13 TeV [1]. The
measurement was performed by selecting eμ pairs that
come from the decays WW → eμνeνμ, being in agreement
with the theoretical Standard Model (SM) prediction.

Inspired by this observation, herein, we study a charged
scalar particle assumed to be slightly more massive than
the W� gauge boson, which can be detected by the same
method, being a novel process which could be encouraged
at future huntings of the High-Luminosity LHC (HL-LHC)
[2], High-Energy LHC (HE-LHC) [3] and Future Circular
hadron-hadron Collider (FCC-hh) [4]. Such a hypothetical
particle, denoted as H�, is predicted by several SM
extensions and, particularly, in the so-called Two-Higgs-
Doublet Model type-III (2HDM-III) [5–10], assuming
this theoretical framework henceforth. The charged scalar
bosons H� are associated to new degrees freedom that
come from the introduction of a second doublet scalar field
to the SM. Interactions of incoming photons in pp colli-
sions for the production of H−Hþ pairs (γγ → H−Hþ) can
provide an invaluable window for the search for such a
particle and analyze its features, as well as offer irrefutable
proof of physics beyond the Standard Model. In the context
of the 2HDM-III, the γγ → H−Hþ interaction proceeds
from trilinear and quartic gauge-scalar boson interactions,
as shown in Fig. 1.
In contrast to the production of γγ → WW → eμþ =ET ,

the generation of events produced in the process
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γγ → H−Hþ → eμþ =ET is smaller from one to two
orders of magnitude, mainly due to the Yukawa coupling
YH�flfν ∝ ml which has a significant impact on the cross
section σðγγ→H−Hþ→eμþ =ETÞ [7–9]. Therefore, a larger
database is required to study it copiously. Ideal scenarios
would certainly be the upcoming super hadron colliders:

(i) HL-LHC [2]: It is a major upgrade of the LHC,
scheduled to begin operation around 2026, main-
taining the proton-proton collision energy of 14 TeV
in the center-of-mass frame. The primary goal of this
upgrade is to increase the integrated luminosity by a
factor of ten, reaching up to 3000 fb−1 by the year
2035, compared to the expected 300 fb−1 from the
final phase of the original LHC program.

(ii) HE-LHC [3]: This machine is a potential future
project at CERN, conceived as a 27 TeV pp collider.
Designed as a stepping stone toward the 100 TeV
Future Circular Collider (FCC), the HE-LHC aims
to achieve an integrated luminosity of up to
12000 fb−1, significantly expanding the discovery
potential for new physics.

(iii) FCC-hh [4]: It is a proposed future 100 TeV pp
hadron collider, could enable the discovery of rare
processes, new interactions, and searches for poten-
tial quark substructure.

Thus, in this work, we are interested in analyzing the
prospect for hunting the process γγ → H−Hþ that will
produce a final state eμþ =ET , which comes from the decay
product of the pair H−Hþ → τνττντ → eμþ 2ντνeνμ →
eμþ =ET.
In this paper, we show in Sec. II the relevant aspects of

the 2HDM-III with a particular emphasis on the inter-
actions H�fif̄j. A brief overview of the model parameter
space is also included. In Sec. III, we analyze the charged
Higgs boson pair production via photon fusion, with their
subsequent decays into charged leptons plus missing
energy transverse ð=ETÞ due to undetected neutrinos.
Finally, the conclusions are presented in Sec. IV.

II. THE MODEL

This section presents the relevant aspects of the
2HDM-III. Specifically, we focus on the interactions

involved in the main idea of our research, that is, the
interactions H�lνl, γγH−Hþ, and γH−Hþ.

A. Scalar potential

The 2HDM-III includes an additional Higgs doublet with
regard to the SM, and it can be written as ΦT

a ¼ ðϕþ
a ;ϕ0

aÞ
for a ¼ 1, 2, with hypercharge Y ¼ þ1. After the sponta-
neous symmetry breaking (SSB), they acquire nonzero
vacuum expectation values (VEV), which are given by

hΦai ¼
1ffiffiffi
2

p
�

0

υa

�
; a ¼ 1; 2:

The most general SUð2ÞL ×Uð1ÞY invariant scalar
potential reads:

V ¼ μ21ðΦ†
1Φ1Þ þ μ22ðΦ†

2Φ2Þ −
�
μ212ðΦ†

1Φ2 þ H:c:Þ�
þ 1

2
λ1ðΦ†

1Φ1Þ2 þ
1

2
λ2ðΦ†

2Φ2Þ2 þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ

þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ þ
�
1

2
λ5ðΦ†

1Φ2Þ2 þ λ6ðΦ†
1Φ1Þ

× ðΦ†
1Φ2Þ þ λ7ðΦ†

2Φ2ÞðΦ†
1Φ2Þ þ H:c:

�
: ð1Þ

In this research, we assume the potential parameters to be
reals, even the VEVs of the Higgs doublets. Therefore, CP
symmetry is conserved. Once the scalar potential in Eq. (1)
is diagonalized, the mass-eigenstates are generated. The
particle spectrum includes two new neutral and two new
charged particles—there are contributions to the SM-like
Higgs boson mass—whose masses are given by

M2
H� ¼ μ212

sin β cos β
−
1

2
v2
�
λ4 þ λ5 þ cot βλ6 þ tan βλ7

�
M2

A ¼ M2
H� þ 1

2
v2ðλ4 − λ5Þ;

M2
H;h ¼

1

2

�
m11 þm22 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm11 −m22Þ2 þ 4m2

12

q �
; ð2Þ

where m11;12;22 are elements of the real part of the mass
matrix M,

ReðMÞ ¼
�
m11 m12

m12 m22

�
;

which are given as follows:

m11 ¼M2
Asin

2βþ v2ðλ1cos2βþ λ5sin2βþ 2λ6cos2βsin2βÞ;
m12 ¼ −M2

Asin
2βcos2βþ v2½ðλ3 þ λ4Þsin2βcos2β

þ λ6cos2βþ λ7sin2β�;
m22 ¼M2

Acos
2βþ v2ðλ2sin2βþ λ5cos2βþ 2λ7sin2βcos2βÞ:

ð3Þ

FIG. 1. Feynman diagrams for the production of two charged
scalar bosons via photon fusion in pp collisions. There is another
diagram similar to the t-channel (not included) in which the four-
momenta of the charged scalar bosons are exchanged.
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The angle α is associated to the mass matrix corresponding
to the CP-even sector, and it defines the transition from
gauge to mass eigenstates as follows:

H ¼ Reðϕ0
1Þ cos αþ Reðϕ0

2Þ sin α;
h ¼ Reðϕ0

1Þ sin αþ Reðϕ0
2Þ cos α: ð4Þ

Meanwhile, the angle β defines the ratio of the VEVs v2
and v1 through tan β ¼ v2=v1, and it mixes both the
charged components of Φa and the imaginary part of the
neutral components of Φa. The above defines the physical
charged scalar bosons H�, the pseudo-Goldstone boson
associated with theW gauge fields, the CP-odd state A, and
the pseudo-Goldstone boson related to the Z gauge boson.
Their mixings are given by

G�
W ¼ ϕ�

1 cos β þ ϕ�
2 sin β;

H� ¼ −ϕ�
1 sin β þ ϕ�

2 cos β;

GZ ¼ Imðϕ0
1Þ cos β þ Imðϕ0

2Þ sin β;
A ¼ − Imðϕ0

1Þ sin β þ Imðϕ0
2Þ cos β: ð5Þ

From the kinetic term, the interactions γγH−Hþ and
γH−Hþ remain unchanged and are well known [6].
Their explicit forms are as follows:

(i) γμγνH−Hþ ¼ 2ie2gμν, and
(ii) γμH−ðp1ÞHþðp2Þ ¼ −ieðp1 þ p2Þμ.

B. Yukawa Lagrangian

We now turn to explore the Yukawa Lagrangian [7,9]. It
can be written as follows:

−LY ¼ Yu
1Q̄LΦ̃1uR þ Yu

2Q̄LΦ̃2uR þ Yd
1Q̄LΦ1dR

þ Yd
2Q̄LΦ2dR þ Yl

1L̄LΦ̃1lR þ Yl
2L̄LΦ̃2lR; ð6Þ

where Φ̃a ¼ iσ2Φ�
a (a ¼ 1; 2). After SSB, the fermion

mass matrices are defined as Mf ¼ 1ffiffi
2

p ðv1Yf
1 þ v2Y

f
2Þ;

f ¼ u; d;l. We assume both Yukawa matrices to have a
four-zero texture form and Hermitians. The sum of the
Yukawa matrices inherits its form from the mass matrix as
follows:

Mf ¼

0
B@

0 Df 0

Df Cf Bf

0 Bf Af

1
CA: ð7Þ

The elements of the fermion mass matrices in Eq. (7) are
related to the physical fermion masses mfi (i ¼ 1; 2; 3), via
the following invariants:

TrðMfÞ ¼ Cf þ Af ¼ mf1 þmf2 þmf3 ;

λðMfÞ ¼ CfAf −D2
f − Bf

¼ mf1mf2 þmf1mf3 þmf2mf3 ;

detðMfÞ ¼ −D2
fAf ¼ mf1mf2mf3 : ð8Þ

From Eq. (8), we obtain the relation between the mass
matrix elements in its four-zero texture structure and the
fermion masses as follows:

Af ¼ mf3 −mf2 ;

Bf ¼ mf3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2ðr2 þ r1 − 1Þðr2 þ r2 − 1Þ

1 − r2
;

s

Cf ¼ mf3ðr2 þ r1 þ r2Þ;

Df ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf1mf2

1 − r2

r
; ð9Þ

where ri ¼ mfi=mf3 . Applying a biunitary transformation,
the fermion mass matrices are diagonalized. However, the
Yukawa matrices generally remain nondiagonal:

M̄f ¼ V†
fLMfVfR ¼ 1ffiffiffi

2
p ðv1Ỹf

1 þ v2Ỹ
f
2Þ; ð10Þ

where M̄f ¼ diagðmf1 ; mf2 ; mf3Þ and Ỹf
a ¼ V†

fLY
f
aVfR. As

a consequence, flavor-changing neutral currents will be
induced at tree level. The fact that Mf is assumed as
Hermitian implies that VfL¼VfR≡Vf. Here, Vf ¼ OfPf,
where Pf ¼ diagfeiαf ; eiβf ; 1g and

Of ¼

0
BBBBBBBB@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf2

mf3
ðA−mf1

Þ
Aðmf2

−mf1
Þðmf3

−mf1
Þ

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf1

mf3
ðmf2

−AÞ
Aðmf2

−mf1
Þðmf3

−mf2
Þ

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf1

mf3
ðA−mf3

Þ
Aðmf3

−mf1
Þðmf3

−mf2
Þ

r

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mf1
ðmf1

−AÞ
ðmf2

−mf1
Þðmf3

−mf1
Þ

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf2

ðA−mf2
Þ

ðmf2
−mf1

Þðmf3
−mf2

Þ

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf3

ðmf2
−AÞ

ðmf2
−mf1

Þðmf3
−mf2

Þ

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf1

ðA−mf2
ÞðA−mf3

Þ
Aðmf2

−mf1
Þðmf3

−mf1
Þ

r
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf2

ðA−mf1
Þðmf3

−AÞ
Aðmf2

−mf1
Þðmf3

−mf2
Þ

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf3

ðA−mf1
ÞðA−mf2

Þ
Aðmf3

−mf1
Þðmf3

−mf2
Þ

r

1
CCCCCCCCA
: ð11Þ

A fact of utmost importance is that Vu;d must reproduce the measured matrix elements VCKM, which can be obtained
through VCKM ¼ V†

uVd, as shown in Ref. [10]. From Eq. (10), we obtain the following expression:
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½Ỹf
a�ij ¼

ffiffiffiffiffiffiffiffiffiffiffimimj
p

v
½χfa�ij; ð12Þ

where the parameters χ’s (dimensionless quantities) are
responsible for inducing flavor-changing interactions at the
tree level. The relevant interactions we are interested in
come from Eqs. (6)–(12) and are given by

−LH�flf̄ν ¼
ffiffiffi
2

p
mlj

v
Θl

ijν̄LlRH
þ þ H:c:; ð13Þ

where

Θl
ij ¼

	
Z
mli

mlj

δij −
FðZÞffiffiffi

2
p

ffiffiffiffiffiffiffiffi
mli

mlj

s
χlij



; ð14Þ

with FðZÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Z2

p
, and Z definitions given in Table I

for the four kinds of versions. When χlij → 0, the model
reduces to the traditional 2HDM with no flavor violation.

C. Constraints on the 2HDM parameter space

From now on we focus on the particular case of the
2HDM-III type II-like (simply called as throughout the
text: 2HDM-III). As seen in Table I, the process studied in
this work cannot distinguish the 2HDM-III II-like from the
lepton-specific-like. Thus, the analysis performed in this
investigation can be applied to both versions. However, it is
important to clarify that all versions of 2HDM can be well
defined, as shown in Ref. [11].
On the other hand, a comprehensive analysis of the

parameter space was reported by one of us in Ref. [12],
which was done considering several physical observables,
namely: (i) LHC Higgs boson data (and its HL-LHC
projection), (ii) Lepton flavor-violating processes (LFVp),
and (iii) theoretical constraints, among others. As far as this
investigation is concerned, the parameters that have a
direct impact on our predictions are cosðα − βÞ, Z, and
χl33 ≡ χτν. According to Ref. [12], the allowed region in the
cosðα − βÞ − Z plane is presented in Fig. 2. The orange
points correspond to these allowed by LFVp, while the blue
points represent the region that satisfy the projections of
Higgs boson data for HL-LHC. The only parameter not
studied is χτν, which is expected to be of order 1.

Based on the above, we define three benchmark points
(BPs) to be considered in the predictions presented in
Sec. III, namely,
(1) BP1: Z ¼ 10, cosðα − βÞ ¼ −0.2,
(2) BP2: Z ¼ 20, cosðα − βÞ ¼ −0.1, and
(3) BP3: Z ¼ 2, cosðα − βÞ ¼ 0.1.

In all the BPs, we set χτν ¼ 1 [13,14].

III. COLLIDER ANALYSIS

In this section, we explore the prospects for detecting the
process γγ → H−Hþ, for which we use a Monte Carlo
generator to obtain a sample of simulated events. We also
present the strategy to separate the signal from the
background.
Let us first present the signal and the main SM back-

ground processes as follows:
(i) Signal: We are interested in searching for a final state

eμþ =ET coming from the decay of two charged
scalar boson produced through photon fusion in pp
collisions at the HL-LHC, HE-LHC, and FCC-hh.
Feynman diagrams that contribute in the production
of a H−Hþ pair with their subsequent decays are
shown in Fig. 3.

(ii) Background: The main SM background processes
come from quark-induced WW production
(qq → W−Wþ), and from photon-induced proc-
esses, namely, γγ → WþW− and γγ → ll which
are reduced by selecting different flavor lepton pairs,

TABLE I. Definitions of the Z parameter for the different
model types.

2HDM-III Z

Type I-like − cot β
Type II-like tan β
Lepton specific-like tan β
Flipped-like − cot β FIG. 3. Feynman diagrams for the production of two charged

scalar bosons via photon fusion in pp collisions.

FIG. 2. Parameter space in the cosðα − βÞ − Z plane. Blue
(orange) points represent the allowed region by projections on
Higgs boson data for the HL-LHC (LFVp). Figure taken
from [12].
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keeping the contribution of γγ → τ−τþ production
with lepton τ decays. A numerical cross section of
the background processes is presented in Table II.

Motivated by the relatively recent report by ATLAS
collaboration [15] on an excess of events at 3σ in the
process BRðt → H�bÞ × BRðH� → cbÞ for MH� ¼
130 GeV, we focus on the mass range MH� ∈
½100; 150� GeV. In Ref. [12] the region of the parameter
space that accommodates such an excess is studied. Thus,
in this work, we assume that the 2HDM-III satisfies this
experimental constraint. We present in Fig. 4 the produc-
tion cross section of the signal as a function of the charged
scalar boson mass MH� . For this purpose, we consider
a photon center-of-mass energy of 10% of the total that
the colliders studied in this work will reach, that is,
700 GeV (HL-LHC), 1350 GeV (HE-LHC), and 5000 GeV
(FCC-hh) [16].
For BP1 and BP2 at the HL-LHC, the cross section

ranges between ∼0.1 and 0.01 fb. In contrast, BP3 shows a
cross section approximately one order of magnitude lower.
Meanwhile, for the HE-LHC, the cross section increases by
approximately half an order of magnitude compared to that
of the HL-LHC across all three BPs, and for FCC-hh it rises
by two orders of magnitude. Numerical cross sections for
the three BPs and HL-LHC are presented in Table III.
Concerning our computation scheme, we first implement

the model via FeynRules [17] to obtain the UFO files [18] for
MadGraph5 [19] which is interfaced with Pythia8 [20] for
parton showering, and Delphes [21] for detector response.
The default HL-LHC, HE-LHC [22], and FCC-hh [23]
cards and NNPDF [24] PDF set were used in the simu-
lations. It is important to note that photon PDF uncertainties
play a significant role in photon-induced processes,
particularly in proton-proton collisions. These uncertainties
can affect γγ processes such as γγ → H−Hþ, influencing the
cross section—and consequently the signal significance–in
exclusive processes like pp → pγγp. The NNPDF PDF set
incorporates photon uncertainties derived from a data-driven
approach [24], which can reach 10–30%. However, for the
upcoming HL-LHC, these uncertainties are expected to
decrease to between 5% (optimal scenarios) and 20%
(complex cases) [25], thereby improving the results pre-
sented in this work. Nevertheless, the photon PDF

uncertainties may increasingly important at future colliders
like the HE-LHC and FCC-hh due to higher probed energy
scales, smaller Bjorken-x values, and enhanced photon-
induced processes. Future global analyses with HL-LHC
data will improve precision, but small-x photon PDFs

TABLE II. Cross section of the SM background processes
at center-of-mass energies of 14 TeV (HL-LHC), 27 TeV
(HE-LHC), and 100 TeV (FCC-hh).

Background 14 TeV 27 TeV 100 TeV

qq → WW → eνeμνμ 12.5 fb 64.1 fb 580.6 fb
γγ → WW → eνeμνμ 0.52 fb 1.69 fb 9.56 fb
γγ → ττ → eνeντμνμντ 32 fb 5160 fb 13297 fb

FIG. 4. Production cross section of the signal σðγγ →
H−Hþ → τνττντ → eμþ =ETÞ as a function of the charged scalar
boson mass MH� . (a) HL-LHC, (b) HE-LHC, and (c) FCC-hh.
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will remain a dominant uncertainty at 100 TeV energies.
Collaboration between theory and experiment is critical for
progress. Thus, the results presented below for FCC-hh
should be interpreted with caution.
On the other hand, in order to isolate the signal from the

SM background, we performed a multivariate analysis
using Boosted Decision Trees [26,27] (BDT),1 imple-
mented via the XGBoost library [28]. The BDT training
is computed using Monte Carlo simulated data. The signal
and background processes are scaled to the expected
number of events, which is calculated through the
cross sections and the integrated luminosity. The BDT
selection is optimized for each MH� ∈ ½100; 150� GeV
to maximize the signal significance, defined as S ¼
NS=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NS þ NB þ ðκ · NBÞ2

p
[29], where NS and NB are

the number of signal and background candidates, respec-
tively. The factor κ stands for a systematic uncertainty. The
ATLAS collaboration reported in Ref. [30] a study on the
sensitivity to exclusive WW production in photon scatter-
ing at the High Luminosity LHC. In this study, systematic
uncertainties of 6% and 3% were considered and compared
to the nominal projection. Based on these results, we
adopt a systematic uncertainty of κ ¼ 5% as a reasonable
estimate.
On the other hand, the main hyperparameters for the

training are as follows: (i.) Number of trees NTree ¼ 50,
(ii.) maximum depth of the decision tree MaxDepth ¼ 5,
and (iii.) maximum number of leaves MaxLeaves ¼ 5;
the remaining parameters are set to their default values. We
also compute a Kolmogorov-Smirnov test (KS), and it
shows signs of no overtraining: 0.12 for the background
and 0.15 for the signal. The BDT classifiers were trained
using variables related to the kinematic of the final state
particles, including the transverse momentum pT , pseudor-
apidity η, transverse masses of charged leptons MTðlÞ

ðl ¼ e; μÞ, angular distance between the muon and electron
ΔR, missing energy transverse =ET . Despite having a signal
that is difficult to isolate, we are able to highlight it against
the background, which is manifested in the discriminant
shown in Fig. 5. In this analysis, we use the BP2 and
MH� ¼ 130 GeV. It is important to mention that we also
performed a cut-and-count baseline analysis via MadAnalysis

[31] to compare with BDT. However, this method was not
effective.
Figure 6 shows the most discriminating characteristics

according to BDT. In contrast, it is evident that through

TABLE III. Cross section of the signal for the HL-LHC.

BP MH�ðGeVÞ
Cross section (fb)
HL-LHC (14 TeV)

BP1 100 0.087
130 0.031
150 0.017

BP2 100 0.098
130 0.035
150 0.019

BP3 100 0.022
130 0.007
150 0.004

FIG. 5. Discriminant for signal and background data generated
by BDT. We consider the BP2 and MHþ ¼ 130 GeV.

FIG. 6. Normalized distributions: (a) transverse momentum of
the electron, (b) transverse momentum of the muon, (c) transverse

mass of the muon MTðμÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pT

μ =ETð1 − cosϕ
μ=ET

Þ
q

, and (d) an-

gular distance ΔR between the electron and muon.

1We also performed an analysis with neural networks. How-
ever, the training time was considerably longer than that in the
case of XGBoost. Moreover, neural networks (multilayer percep-
tron) exhibited a greater demand to control overtraining.

M. A. ARROYO-UREÑA et al. PHYS. REV. D 112, 015021 (2025)

015021-6



“straight” cuts that a significant number of signal events is
removed, which considerably reduces the signal signifi-
cance. Based on the previous analysis, we show in Fig. 7
our most important results, i.e., the signal significance S,
which is presented as a function of the charged Higgs boson
mass MH� for several integrated luminosities. From
Fig. 7(a), we observe potential evidence at the 3σ level
(and a discovery at 5σ) for a pair of H−Hþ with
MH� ¼ 130 GeV, requiring an integrated luminosity of
Lint ≈ 3000 fb−1 for the HL-LHC (Lint ≈ 1600 fb−1 for
the HE-LHC and Lint ≈Oð10Þ fb−1 for the FCC-hh).
Furthermore, evidence of the signal is predicted for mass
intervals MH� ∈ ½100; 136� GeV (HL-LHC) and MH� ∈
½100; 150� GeV (HE-LHC), with integrated luminosities
of Lint∈ ½1000; 3000� fb−1 and Lint∈ ½300; 2000� fb−1,
respectively.

For BP2, the results are very similar to those of BP1,
with significances increasing by approximately 5%.
Meanwhile, Fig. 7(b) shows that, for BP3, a statistical
significance of 1.7σ is obtained for MH� ¼ 100 GeV.
However, significances of ≳5σ are achievable for
the HE-LHC (FCC-hh) with Lint∈ ½5000; 12000� fb−1
(Lint∈ ½300; 3000� fb−1).

IV. CONCLUSIONS

We have presented an analysis of photon-inducedH−Hþ
pair production (γγ → H−Hþ) and explored the prospects
for its detection at future proton-proton colliders: HL-LHC,
HE-LHC, and FCC-hh. These colliders are ideal scenarios
due to their high center-of-mass energies and large
accumulated datasets. However, we emphasize that the
results for the HE-LHC and FCC-hh should be interpreted
cautiously, as photon PDF uncertainties are expected to
play a significant role at these machines. This is driven by
higher probed energy scales, smaller Bjorken-x values, and
the enhanced contribution of photon-induced processes.
Our study is based on the theoretical framework of the

Two-Higgs Doublet Model type-III, which predicts the
existence of charged scalar bosons H�—the focus of this
work. We analyze the final state consisting of an eμ
pair plus missing transverse energy (=ET) from unde-
tected neutrinos, originating from the decay of the
H−Hþ pairs. This signature was motivated by the
ATLAS collaboration’s detection of W−Wþ pairs using a
similar methodology.
Considering three benchmark points (consistent with

experimental constraints) and a mass range of MH� ∈
½100; 150� GeV, we obtained promising results that could
be tested experimentally. The most favorable scenario is
BP2 (Z ¼ 10, cosðα − βÞ ¼ −0.2, χτν ¼ 1), where a 5σ
discovery ofH−Hþ pairs at the HL-LHC could be achieved
for MH� ¼ 100 GeV and an integrated luminosity of
Lint ≈ 3000 fb−1. Comparable results were found for a
modified BP2 scenario (Z ¼ 20, cosðα − βÞ ¼ −0.1,
χτν ¼ 1). It is important to highlight that we have adopted
a conservative value of χτντ ¼ 1, which lacks strong
experimental or theoretical constraints. This leaves room
for slightly higher signal significances than those reported
in this work. For BP2 and BP1 with Lint≳ 1000 fb−1, we
predict significances of 3σ in the mass ranges 100–136 and
100–130 GeV, respectively. The least favorable case is
BP3, which requires luminosities beyond the HL-LHC’s
expected reach, yielding only 1.7σ for MH� ¼ 100 GeV.
Nevertheless, with improved systematic uncertainties

(beyond the κ ¼ 5% assumed here) and better control
over photon PDF uncertainties, the HE-LHC and
FCC-hh could serve as H−Hþ pair factories. This would
not only allow rediscovery of the process studied here
but also open new avenues for probing physics beyond
the Standard Model.

FIG. 7. Signal significance as a function of the charged Higgs
boson mass MH� for different intervals of the integrated lumi-
nosity Lint. (a) BP1 and (b) BP3. For BP2, we obtain similar
results (approximately 5% higher) compared to BP1.
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