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Abstract: This study explores the production of charged Higgs particles through photon-photon collisions within
the context of the Two Higgs Doublet Model, including one-loop-level scattering amplitudes of electroweak and
QED radiation. The cross-section has been scanned for the plane (mgyo, 4/s) to investigate the process of
vy — HYH~. Three particular numerical scenarios, i.e., low-my, non-alignment, and short-cascade are employed.
The decay channels for charged Higgs particles are examined using 40 for low-myo and HOfor non-alignment and
short-cascade scenarios incorporating the new experimental and theoretical constraints along with the analysis for
cross-sections. We find that, at a low energy, the cross-section is consistently higher for all scenarios. However,
as /s increases, it reaches a peak value at 1 TeV for all benchmark scenarios. The branching ratio of the decay chan-
nels indicates that for non-alignment, the mode of decay W*h¥ takes control, and for a short cascade, the prominent
decay mode remains b, whereas in the low-mpy scenario, the dominant decay channel is of WhY. In our research,
we employ contemporary machine-learning methodologies to investigate the production of high-energy Higgs bo-
sons within a 3.0 TeV yy collider. We have used multivariate approaches such as Boosted Decision Trees (BDT),
LikelihoodD, and Multilayer Perceptron (MLP) to show the observability of heavy-charged Higgs Bosons versus the
most significant Standard Model backgrounds. The purity of the signal efficiency and background rejection are
measured for each cut value.
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I. INTRODUCTION

A neutral Higgs boson with a mass of approximately
125 GeV was discovered by the ATLAS and CMS col-
laborations at the Large Hadron Collider (LHC) in 2012,
and its properties were consistent with the prediction of
the Standard Model (SM) Higgs boson [1—3]. Within the
SM framework, gauge bosons acquire their masses
through the Brout-Englert—Higgs mechanism through the
concept of electroweak symmetry breaking (EWSB). The
SM of particle physics does not provide any indications
of charged Higgs bosons. However, theories beyond the
SM propose the existence of charged Higgs bosons and

are frequently incorporated into theoretical frameworks,
such as Two-Higgs-Doublet Models (2HDMs), super-
symmetric models, composite Higgs models, grand uni-
fied theories, and axion models. Among all these beyond
SM theories, the 2HDM is very important owing to its
structural relevance to many new physics models such as
the Minimal Supersymmetric Standard Model (MSSM)
[4, 5], composite Higgs models, and axion models [6, 7].
Depending on the couplings with quarks, the types of
2HDMs predict different properties and interactions for
charged Higgs bosons. A charged Higgs boson would be
a more massive counterpart to the SM W* and Z bosons,
which are carriers of the weak force. The Higgs sector in
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the 2HDM has been extended to incorporate other de-
grees of freedom that include the prediction of five Higgs
candidates of the MSSM [8, 9]. From these five Higgs
boson candidates, two of them are CP even neutral states
h, H, one of them is CP odd 4 state, and the remaining
two are charge Higgs states H*. The discovery of any
new scalar Higgs boson, either neutral or charged, will be
a strong hint towards the physics beyond the SM of
particle physics and the immediate sign of an extended
Higgs sector.

At the photon-photon (y —7) collider, which is a pro-
posed experimental facility at the International Linear
Collider (ILC), high-energy electron-positron beams will
be collided, which will result in the production of highly
energetic photons. The basic concept behind this is that
these highly energetic photons will collide with each oth-
er and provide a unique opportunity to study many phe-
nomena such as the production of charged Higgs or other
new-physics processes.

Therefore, future e*e™ and yy— colliders, with high
energy and luminosity values, will offer significant po-
tential for discovering charged Higgs bosons. The output
rate at a yy— collider could exceed that of e*e— colli-
sions at the tree level. In the 2HDM, the ete” - H*H™
process has been analyzed at the tree level, whereas the
vy — H*H~ process has only been studied at the Born
level with Yukawa corrections [10, 11]. The primary
channels for the pair production of charged Higgs bosons
at linear colliders are e*e” »> H*H™ and yy > H'H™.
Generally, the cross-section for e*e” — H*H™ is sup-
pressed by s-channel contributions at high energies,
which can result in a larger production rate for the
vy — H*H- mode compared with the e*e™ collision
mode. However, the s-channel contributions can be en-
hanced through specific couplings relative to the yy pro-
cess. The scattering process e*e” — H*H~ has been ex-
tensively studied, with the incorporation of one-loop cor-
rections within the frameworks of both the 2HDM and
MSSM. Conversely, the scattering process yy — H*H™
has also been analyzed at the one-loop level.

This paper focuses on the multivariate analysis of the
production of charged Higgs bosons at the photon-photon
collider at the International Linear Collider (ILC). Three
benchmark points (BPs) are selected for numerical exam-
ination, each with a CP-even scalar mass of 125 GeV and
couplings consistent with the known Higgs boson. These
points are derived from "non-alignment", "low-my", and
"short-cascade" scenarios and are accurately delineated
within the constraints of current experimental data, and
they are fully consistent with theoretical constraints [12].
The cross-section is scanned for the plane (¢°, /s), where
¢° is h° for the low-my scenario and H for non-align-
ment and short-cascade scenarios. Additionally, the po-
larization effect is discussed for all scenarios.

II. REVIEW OF THE TWO HIGGS DOUBLET
MODEL

Two scalar doublets are used to acquire masses for
gauge bosons and fermions after obtaining their vacuum
expectation values (VEVs). The Lagrangian is given by

Lovom = Lsm + Lscatar + Lyukawas (1

where Ls.q. 18 the Lagrangian for the two scalar doublets
including kinetic blueenergy and scalar potential terms.
The Z, symmetry is incorporated to ignore the Flavour
Changing Neutral currents (FCNCs); thereafter, the trans-
formation for the even state is ®; — +®;, and that for the
odd state is @, — —®,. To keep Lyuawa invariant for fer-
mions under Z,-symmetry, we couple the fermions with
one scalar field:

LYukawa = _Q_LYud)uuR - QLYd(I)ddR - LLY((DKER +h.c.. (2)

In Eq. (2), ®,4, is either ®; or ®,; therefore, based on
the discrete symmetry of fermions, the 2HDM is classi-
fied into four types: Types I, II, III, and I'V. This study fo-
cuses on a CP-conserving 2HDM. If we assume that in
the 2HDM, the electromagnetic gauge symmetry is
present to perform SU(2) rotation on two doublets for
alignment of VEVs of two doublets with SU(2),
v =246 GeV will occupy one neutral Higgs doublet [13].
The two complex doublets @, from the SM and ®, from
EWSB are used to construct the 2HDM. The scalar po-
tential under the SU(2), ® U(1)y invariant gauge group is
defined as

Vorp = m2|®@; [ + m3| @, — | m2 (D dD,) + h.c
A Ay
+5@Mﬁ+5@@m
+ A3(D] D)) (D] D,) + Ay (D] D,)(DF D))
A ; ;
+ 35(@{@2)2”6(@{@1)(@{@2)

+ A7 (DTD,)(DSD,) +hec. | (3)

In Eq. (3), the quartic coupling parameters are A,
(i=1,2,3,---,7) and the complex two doublets are
®; (i = 1,2). The hermiticity of the potential forces 1,34
is real, whereas Asg; and m?, can be complex. The
Paschos-Glashow-Weinberg theorem suggests that a dis-
crete Z,-symmetry can explain certain low-energy ob-
servables [14, 15]. Utilizing this symmetry is crucial to
effectively preventing any possibility of FCNCs occur-
ring at the tree level. The Z,-symmetry requires that
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Table 1.
@;,D; couple to u-type and d-type quarks, as well as charged

In 2HDMs with Z,-symmetry, Higgs doublets

leptons.
Type u; d; €
I (023 (02 (0))
1T (023 (Of} D
11T (02 [0 D
v @, ol )

s =7 =0 and m}, = 0. If this is not allowed, i.e., m}, is
non-zero, then the Z,-symmetry is softly broken for the
translation of ®; —» +®; and ®, —» —®,. The Z, assign-
ments produce four 2HDM types, as mentioned earlier
[16, 17]. Table 1 demonstrates how fermions bind to each
Higgs doublet in the permitted types when flavor conser-
vation is naturally observed.

This work focuses only on Type-I and Type-II
2HDMs; in Type-1, only the @, doublet interacts with
both quarks and leptonblues similar to the SM. In Type-
II, ®; couples with d-type quarks and leptons, whereas
®, couples only with u-type quarks.

After the EWSB of SUQ).,®U(1l)y, the scalar
doublet's neutral components cause the VEV to be v;.

@ Y 1,2 @)
i = l . s j= 9 &y
! *\/E(VJ‘FPJ‘HU_/‘)

where p; and 7; are real scalar fields. The quartic coup-
ling parameters A, —As and mass terms m?, m3 are con-

. . . Vi
sidered physical masses of my,, my,ms, my- with tanf = .

2
and mixing term sin(8— «). After Z,-symmetry is broken
softly, the parameter m?3, is given by

1
ml, = E/l5v2 sin(8—a)cos(B8—a)

A tang
_2\/§GF(1+tan2,8>’ ®)

where the last equality is only for the tree level. By con-
sidering A¢ and 2; equal to zero concerning Z,-symmetry,
m?,, tanB, and the mixing angle o with four Higgs
masses, it is sufficient to compute a complete model on a
physical basis. Therefore, based on this, seven independ-
ent free parameters are used to explain the Higgs sector in
the 2HDM. The terms m? and m3 are given in the form of

other parameters:

2_ 2 Ve A,
my =myp, Vi

1
v 2 E(/lg +/l4+/15)\/§, (6)

A4 /11 1
m =mfzv—2—jvf—§(/13 + A+ As)v3. )

The phenomenology is dependent on the mixing angle
with the angle 8. In the limit where the CP-even Higgs
boson A° acts as the SM Higgs boson, it approaches the
alignment limit, which is most favored by experimental-
ists if sin(B—a) — 1 or cos(B8—a) — 0. H° acts as gauge-
phobic Higgs boson such that its coupling with vector bo-
sons Z/W* is much more suppressed, but when
cos(B—a)— 1, H° behaves similar to an SM Higgs bo-
son. For the decoupling limits, cos(8—a)=0 and
myo a0 y= >> mz; therefore, at this limit, the interaction of
h° with SM particles completely appears similar to the
couplings of the SM Higgs boson that contain coupling
3K,

III. CONSTRAINTS FROM THEORIES AND
EXPERIMENTS

The theoretical restrictions of potential unitarity, sta-
bility, and perturbativity compress the parameter space of
the scalar 2HDM potential. The vacuum stability of the
2HDM limits Voupy. Specifically, Voupy = 0 must be sat-
isfied for all ®; and @, directions. As a result, the fol-
lowing criteria are applied to the parameters A; [18, 19]:

A >O, /12>0, /13+ v/l|/12+Min(0,/l4—|/15|)>0. (8)

Another set of constraints enforces the perturbative unit-
arity to be fulfilled for the scattering of longitudinally po-
larized gauge and Higgs bosons. Moreover, the scalar po-
tential must be perturbative by demanding that all quartic
coefficients satisfy |4;,345| < 87. The global fit to EW re-
quires Ap to be O(1073) [20]. This prevents significant
mass splitting between Higgs bosons in the 2HDM and
requires that my- ~ my,my, or m,.

In addition to the theoretical restrictions mentioned
above, 2HDMs have been studied in previous and con-
tinuing experiments, such as direct observations at the
LHC or indirect B-physics observables. Consequently,
numerous findings have been obtained, and the paramet-
er space of the 2HDM is now constrained by all results
obtained. In the Type-I 2HDM, the following pseudoscal-
ar Higgs mass regions have been excluded by the LHC
experiment: 310 <my < 410 GeV for my = 150 GeV, 335
<my < 400 GeV for my =200 GeV, and 350 < my < 400
GeV for my =250 GeV with tang = 10[21]. Furthermore,
the CP-odd Higgs mass is bounded as m, > 350 GeV for
tanB < 5 [22], and the mass range 170 <my < 360 GeV
with tang < 1.5 is excluded for Type-I [23].

The H* mass is constrained by experiments at the
LHC and previous colliders, as well as B-physics observ-
ables. The BR(b — sy) measurement limits the charged
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Higgs mass in Type-1I and -IV 2HDMs with mg: > 580
GeV for tanB > 1 [24, 25]. In contrast, the bound is signi-
ficantly lower in Type-I and -III 2HDMs [26]. With
tanB > 2, the H* in Type-I and -IIl 2HDMSs can be as
light as 100 GeV [27, 28] while satisfying LEP, LHC,
and B-physics constraints [29—33].

IV. COLLIDER SETUP AND BENCHMARK
POINT SCENARIOS

In our study, we focus on electron-positron (e*e™)
collisions, where the center-of-mass energy, represented
as s, is crucial to understanding these interactions. Not-
ably, during these collisions, photons can be emitted ow-
ing to bremsstrahlung effects and other mechanisms.
These emitted photons may subsequently engage in inter-
actions that mimic photon-photon (yy) collisions. While
such photon interactions can facilitate the production of
additional particles, their energy levels are often unpre-
dictable, making them less controllable than the highly
precise and defined energy present in e*e™ collisions.
Therefore, our analysis primarily emphasizes the con-
trolled conditions offered by electron-positron collisions
while also acknowledging the potential contributions of
radiated photons to particle production.

We have taken three scenarios [12]: non-alignment,
short cascade, and low-my. All of these are taken for a
CP—even scalar with a mass of 125 GeV, and couplings
are well arranged with the observed Higgs boson. Addi-
tional Higgs boson searches leave a considerable portion
of their parameter space unconstrained, emphasizing the
need for further investigation. The potential stability, per-
turbativity, and unitarity for each BP were validated us-
ing 2HDMC 1.8.0 [33].

These benchmark scenarios, shown in Table 2, are
created using a hybrid approach, where the input para-
meters are specified as (my,,my,cos(B—a),tanB,Z,,7Zs,Z;)
with a softly broken 2HDM of Z,—symmetry, where Z, 57
are quartic couplings in the Higgs basis of O(1). The
mass of charged and pseudoscalar Higgs bosons in this
basis is obtained as

1
Z; = ngﬂul + Ay —22545] + A, )

Table 2. Set of benchmark scenario input parameters that
may be utilized to actualize the 2HDM in the Hybrid Basis.

Scenario  m0/GeV  myo/GeV -« Z4y Zs Z g
BP-1 125 150...600 0.1 -2 2 0 1..20
BP-2 125 250...500 0 -1 1 -1 2
BP-3 125 250...500 0 2 0 -1
BP-4 65...120 125 1.0 -5 -5 0 1.5

where i=3, 4, or 5

1

Z6 - _Eszﬁ[/llcé—/lzslzg_134562/3]’ (10)
1

Z; = _Eszﬁ[ﬂlsé_’120123+/134562ﬁ]’ (ah

where A5 = A3 + A4 +4s. Because we have five nonzero
A; and seven nonzero Z;, there must be two relations:

2 2 2 2 2 2
Mo = Mo Sg_o +MyoCs_, — ZsV", (12)

1
My = mi — 5(24 —ZsWV2. (13)

A. Non-alignment

We consider a scenario characterized by non-align-
ment (specifically (cs_, #0). This scenario emphasizes
the search for the heavier CP-even Higgs state, (H), in
SM final states, including the decay (H — hh). The other
two Higgs bosons, (A) and (H*) (which are assumed to
be mass-degenerate), are sufficiently decoupled to estab-
lish a small hierarchy: (m;, = 125 GeV < my < my = my=).
For (my > 150 GeV), this setup can be achieved by se-
lecting (Z, = Zs = —2), resulting in (my-) values that com-
ply with the (b — sy) constraint in Type-II models. The
value of (cs_,) is fixed close to the maximum allowed by
LHC Higgs constraints: (cs_, = 0.1) for Type-I couplings
and (cs_, =0.01) for Type-II couplings. Thus, we treat
(my) and (tanp) as free parameters. These choices lead to
an excellent fit for light Higgs signal rates over a signific-
ant region of the ((my, tanB) parameter space.

B. Low-my

Both /# and heavy Higgs H are light in the low-my
scenario, but my = 125 GeV behaves as in the SM. For
Sgo — 0 limit compatibility, the lighter CP-even higgs
boson must have a highly suppressed coupling to the vec-
tor bosons, as my, < my. Because the hybrid quartic basis
Z4 =75 = -5 is consistent with the restrictions from (fla-
vor physics) light-charged Higgs boson of the order of
my, particularly in Type-II couplings, it is used to de-
couple the other two Higgs states, A and H*. Searches for
h — bb,v*7~ at the LHC confine the parameter space to
90 < my;, < 120 GeV, resulting in an upper bound on tanp
that depends weakly on limit ¢4, << 1. In this study, we
are concerned with tang = 1.5 as a function of m;, and we
fix it with ¢z, = 1.

C. Short Cascade

By setting ¢4, to zero for the precise alignment, we
consider a brief cascade scenario. The H —ZA or
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H — W*H* decay mode can be obtained by altering the
mass hierarchy, which can be dominant in the mass win-
dow of 250 GeV<my < 350 GeV and causes a "small
cascade" of Higgs-to-Higgs decay. Degeneracies for the
hybrid basis Z,,Zs are selected properly, and two of the
three non-SM-like Higgs masses are selected to be
identical by fixing tan3 =2 for a single free parameter
space. The hybrid basis choice of Z, = -1 and Zs = 1 may
be used to achieve the low—my, case. For m;, near 250
GeV, the decay H — AA can be open with a rate that can
be varied by adjusting Z;, which in this instance is
Z; = —1, which satisfies the stability criteria. With all oth-
er parameters held constant, Z, =2 and Zs; =0 can be se-
lected to create a mass hierarchy my: < my = my. For a
very low mpy-, this condition results in novel decay modes
H — W*H* where H—> H"H".

The mass hierarchy is considered for these BPs along
with the type of the 2HDMSs, shown in Table 3. In Table
2, tg=tanB and ¢z, = cos(B— ).

V. LEADING ORDER CROSS-SECTION OF

CHARGED HIGGS PRODUCTION
This section presents analytical formulations of the
cross-section of the e*e™ collider for the generation of a

charged Higgs pair. The process used in this paper is ex-
pressed as

Yk, ) y(ka,v) — H'(k3) H™(ky), (14)

where k,(a = 1,2,3,4) represents the four momenta. Three
different diagrams at the tree level are topologically dis-

Table 3. Mass hierarchy for BPs with 2HDM types used in
calculating the cross-section and decay width of charged
Higgs.

Scenarios BP's 2HDM-Type Mass Hierarchy
Non-alignment BP-1 I myo < mgz =Myo
Short Cascade BP-2 I Mmyo0 <My =mMgo
Short Cascade BP-3 1 Mp= <My = Myo

Low-mpy BP-4 1I nmyo < Mpg= = Myo

14 It Y

\\ H+ HT
NI DAY
y y

Fig. 1.

tinct because of photon couplings, as shown in Fig. 1.
The total Feynman amplitude is given by

M= M+ Mi+ M, (15)

where M;, M;, and M, are amplitudes of quartic coup-
lings, #-channel, and u-channel Feynman diagrams, re-

spectively. The relations for these channels are given as
follows:

M(} = Ziezgyvfﬂ(kl)fv(kZ)’ (16)
ie? y
Mf = 11\_72(](1 - 2k4) Ev(kz)(kz + k3 - k4)/16;4(k1 )7
H+
17)
_L'ez M v
M,; = - 5 (kl —2k,) Eﬂ(lﬂ)(kl +k; _k4) Ev(kZ)s
U— My
(18)

where the Mandelstam variables are represented by
f=(ki—k3)> and @=(k—k,)*. After calculating the
square of the total amplitude and summing all the forego-
ing matrices, we obtain the lowest order amplitude.

(19)

The scattering amplitude is calculated numerically in
the center of the mass frame, where the four-momentum
and scattering angle are indicated by (k,6). In the center
of mass energy, the energy (k°) and momentum (k) of
incoming and outgoing particles are

ky = %(1,0,0, 0, k= g(l,o,o,—l), (20)
ks = (K2,1K |sin 6,0, [k | cos 6), Q1)

Tree-level Feynman diagrams for the process yy —» H*H™.
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ks = (K2, —[K |sin6,0, = K | cos 6), (22)
k§=s+m,.2—m§’ kg:s+m§—mi2’ (23)
25 25

2 2
k| = w, (24)
Vs
where m? is the mass of relevant particles. The cross-sec-
tion is calculated by taking the flux of incoming particles,
and the integral over the phase space of outgoing particles
is given by

Als,m? +,m
Gy (9= SIS e )

pol

In above expression, A(s,m%.,m3-) is the Kallen function
relevant to phase space of outgoing H*. The total integ-
rated cross-section for the e*e™-collider can be calculated
by

Xmax
O-(S) = a-yy—>H+H’(§;§ :ZZS)

Xmin

dL,,
—dg,
& Z (26)

where s and § are the C.M. energies in the e*e™-collider
and subprocess of yy, respectively. The value of x,;, rep-
resents the minimum amount of energy required to gener-
ate a pair of charged Higgs particles and is given by
Xmin = (My+ +my-)/ Vs, where xp. is 0.83 [34]. The dis-
tribution function of the photon luminosity is

dL Xmax dx ZZ
T;y = 21/ 7F7/6(X)F7/e<;). (27)

Xmin

The energy spectrum of Compton back-scattered photons,
F,,.(x), is characterized by the electron beam's longitud-
inal momentum [34].

VI. NUMERICAL RESULTS AND DISCUSSIONS

The numerical results of generating charged Higgs
bosons via photon-photon collisions are thoroughly ex-
amined in the context of 2HDMs including QED radi-
ations. The cross-sections at the tree level are calculated
numerically for each benchmark scenario as a function of
the C.M. energy and Higgs boson mass. Polarization dis-
tributions are presented to improve the production rate by
considering longitudinal polarizations of initial beams.
Decay pathways of the charged Higgs boson are studied
for relevant scenarios.

In our work, for analytical and numerical evaluation,
we have used MadGraph5 v3.4.2 [35] for the calculations
of the cross-sections and 2HDMC 1.8.0 [36] for the branch-

ing ratio and total decay width. GnuPlot [37] is used for
the graphical plotting.

In an electron-positron e~e* collider, the longitudin-
ally polarized beam cross-section can be expressed as

1
Op,..p,- = Z{(l + P )1+ Pp)orp + (1= P )(1 = P-)op

+(1+Py )1 =P, )ogr,+(1—P)(1+ Pef)O'LR}.
(28)

In electron-positron e~e* colliders, beam polarization
configurations are crucial for optimizing the experiment-
al conditions and enhancing the detection of specific pro-
cesses, referring to the orientation of the spins of the col-
liding particles, which can be manipulated to improve the
signal-to-background ratio in particle interactions. Two
primary types of polarization configurations are used in
e e* colliders: Longitudinal polarization, where both the
electron and positron beams are polarized along the direc-
tion of the beam (longitudinally), either parallel or anti-
parallel, leading to typical configurations such as Right-
Right (RR), where both beams are right-polarized, Left-
Left (LL), where both beams are left-polarized, Right-
Left (RL), where the electron beam is right-polarized and
the positron beam is left-polarized, and Left-Right (LR),
where the electron beam is left-polarized and the positron
beam is right-polarized; notably, the RL and LR configur-
ations are particularly advantageous in the context of the
SM as they enhance the production rate of certain
particles, such as the Higgs and Z bosons while minimiz-
ing unwanted background processes. The second config-
uration, transverse polarization, involves polarizing the
beams perpendicular to the beam direction (not the case
here), which, although less commonly used than longitud-
inal polarization, can provide benefits in specific scatter-
ing processes or studies of the spin structure of particles.
In Fig. 2, the cross-section for the process yy —» H*H™ is
shown for the C.M energy of 3 TeV for three types of po-
larization: right handed RR (++), oppositely-polarized
RL (+-), and unpolarized beam UU. The cross-section is
the same for the polarization modes of o*~ = o~ *. Fig. 2
shows that the cross-section is higher for UU and RR for
low +/s and gradually decreases. However, for the RL
mode of polarization, the cross-section reaches a peak
value and then gradually decreases. The cross-section is
not enhanced for RR and UU at higher energies but it it
only for RL.

In Fig. 3, for both BPs, the cross-section changes
slowly with the mass of #° and H° because of the small
range of charged Higgs mass. For both UU and RR
modes of polarization, the cross-section decreases with
C.M energy, and for the RL mode, it reaches a peak value
and then decreases. The cross-section o decreases for /s
when mpy- << /s/2.
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Fig. 2. (color online) Integrated cross-section for yy —» H*H~ as a function of +/s for (a) BP-1 and (b) BP-2.
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Fig. 3. (color online) Integrated cross-section for the process yy — H*H~ as a function of +/s for (a) BP-3 and (b) BP-4.

VII. DECAYS OF A CHARGED HIGGS BOSON

To investigate the process in a collider, we must first
identify all potentially charged Higgs products. The total
decay widths of the charged Higgs boson versus the mass
of h° or H® are plotted for all BPs. As expected, the mass
of the charged Higgs boson increases with increasing
neutral Higgs mass my under all circumstances. The de-
cay widths are highly sensitive to the mass hierarchy and
mass splitting. The decay width shrinks when myo —my:,
and the mass splitting is minimal, as shown in Fig. 4. The
decay width for BP-1 decreases from 8.66 to 1.42 when
mpy= increases from 379 to 691 GeV. For BP-2, the decay
width increases from 4.38 to 5.22 for my- in the range
250 < my+ < 550GeV. I'y= for BP-3 increases from
3.5x10™ to 4.28 when my- increases from 48.75 to
436 GeV. For the last BP-4, the decay width decreases
from 60 to 58 for a change in my: from 558 to 564 GeV.

We show the dominant modes of BR for AH* as a
function of A° and H° for all scenarios. The W*H° chan-
nel is the primary decay mode for H* in BP-1, as shown

10° == 700
10! - 600
.'_Sm’
10° // 500
5 10" 400 5
o 102 300 &
= =)
107 BPI {200
. / BP2 ——
10° BP3 4 100
I BPA4 —o—
107 : : 0
100 200 300 400 500 600 700
mgy0 [GeV]
Fig. 4. (color online) Total decay widths for charged Higgs

boson H* for all benchmark points.

in Fig. 5. The sub-dominant channels are as follows: tb
and W=h° for charged Higgs for BP-1, other suppressed
channels are ¢s and ¢5 for the range myo <500 GeV. The
mode of decay W*h° takes control when BR(H* —
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Fig. 5. (color online) BR of H* predicted in (a) BP-1 and (b) BP-2. For modes, BR is less than 10~* are omitted for clarity.
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Fig. 6. BR of H*predicted in (a) BP-3 and (b) BP-4.

W*H?) decreases at larger values of myo. Therefore, for
BR(H* —» W*h%) range rises from 1.2 to 66.3% of
150 < myo < 600 GeV. The process H° to W*W~ is anoth-
er dominant decay mode with BR of 88.7% to 50.2%, and
with hadronic decay of W* has 12-jets in the final state.

In BP-2 and BP-3, as shown in Fig. 5 and Fig. 6 re-
spectively, as my= > m, +m,,, the BR of 100% prominent
decay mode is H* — tb. The suppressed decay modes of
myo < 300 GeV are for W*A° and ¢5 in both BP-2 and BP-
3; the r—quark decay is ideal for reconstructing the pro-
cess at myo > 300 GeV. Therefore, for the process r — Wb,
W — gq(lv)) gives a H* trace at the detector, which can
be tagged with 8-jets and 2-b-tagged jets. For BP-4,
shown in Fig. 6, for a range of 65 <my <120 GeV, the
dominant channel is W*h° because for sin(8—a)=0, it
leads to 100%. 4-jets and 4-b-tagged jets can be used to
tag the process.

VIII. MULTIVARIATE ANALYSIS FOR
CHARGED HIGGS PRODUCTION

An integrated ROOT framework for parallel running

For all modes, BR is less than10~* are omitted for clarity.

and computation of several multivariate categorization al-
gorithms is called the “Toolkit for Multivariate Analysis’
(TMVA) [38], which categorizes using two sorts of
events: signal and background. TMVA has many applica-
tions in high energy physics for the complex multi-
particle final state. To train the classifiers, a set of events
with well-defined event types is inserted into the Factory.
The event samples for signal and background can either
be read using a tree-like structure or a plain text file us-
ing a defined structure. All variables that must have sep-
arate signal and background events must be known by the
Factory. Cuts are applied on signal and background trees
separately.

We present three classifiers in our work: Boosted De-
cision Tree (BDT), LikelihoodD (Decorrelation), and
Multilayer Perceptron (MLP). In BDT, a selection Tree is
a tree-like structure that illustrates the different outcomes
of a choice using a branching mechanism. An event is
categorized as either a signal or background event by
passing or failing to pass a condition (cut) on a certain
node until a choice is reached. The "root node" of the de-
cision tree is used to determine these cuts. The node-split-

i)
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ting process concludes when the BDT algorithm spe-
cifies minimal events (NEventsMin). The final nodes
(leaves) are classified according to their "purity" (p). The
value for signal or background (typically +1 for the sig-
nal and 0 or —1 for the background) depends on whether
p is greater than or less than the stated number, e.g., +1 if
p>0.5 and -1 if p<0.5 [39]. To differentiate between
the background class and signal, we conduct a labeling
process. All occurrences with a classifier outputy > y.u
are labeled as a signal, whereas the remainder are classi-
fied as background. The purity of the signal efficiency
€iger and background rejection (1 — ey err) are evaluated
for each cut value of y., [40]. The ADA-Boost algorithm
re-weights every misclassified event candidate. The new
candidate weight consists of the one used in the former
tree multiplied by a=1-A,,/A,,, where A,, isthe mis-
classification error. This leads to an increase in the
weight and therefore an increase in the candidate’s im-
portance when searching for the best separation values.
The weights of each new tree are based on the ones of its
predecessors [41]. An Artificial Neural Network (ANN)
comprises linked neurons, each with its weight. To accel-
erate the processing, we can use a reduced layout as well,
the so-called MLP. The network consists of three types of
layers: the input layer, consisting ofn,,, neurons and a bi-
as neuron, many deep layers containing a user-specified
number of neurons (set in the option HiddenLayers) plus
a bias node, and an output layer; each of the connections
between two neurons carries a weight.
For event j, the likelihood ratio y;(j) is defined by

Ls(j)

_ 2
Ls() + Ls()) 29)

yi(j) =

where the likelihood of a candidate to be signal/back-
ground may be determined using the following formula:

Tyar

Lg/p(j) = HPS/B,i(xi(j))v (30)

i=1

where Pg,p; is the PDF for the ith input variable x;. The
PDFs are normalized to 1 for all i:

/ PS/B,i(xi)dxi =1 (31)

The projective likelihood classifier has a major limitation
in that it does not use correlation among the discriminat-
ing input variables. In the realistic approach, it does not
provide an accurate analysis and leads to performance
loss. Even other classifiers underperform in the presence
of variable correlation. Linear Correlation is used to
quantify the training sample by obtaining the square root
of the covariant matrix. The square root of the matrix C is

C’, which when multiplied by itself yields C: C = (C")*.
As a result, TMVA employs diagonalization of the (sym-
metric) covariance matrix provided by

D=STcS = C =SVDS’, (32)

D is the diagonal matrix, and S denotes the symmetric
matrix. The linear decorrelation is calculated by multiply-
ing the starting variable x by the inverse of C’.

x - (C)7'x. (33)

Only linearly coupled and Gaussian distributed variables
have a full decorrelation. In this work, the signal and
background events are taken to be 50000 with applied
cuts:

PF'>30GeV, M <2, N <6,
AR <04, Ey™"™ <120GeV.

The curve of background rejection against signal effi-
ciency provides a reasonable estimate of a classifier’s
performance. A classifier’s performance is measured by
the area under the signal efficiency versus the back-
ground rejection curve. Therefore, the larger the area, the
better a classifier’s predicted separation power, as shown
in Fig. 7. The values of area under the curve (AUC) for
Fig. 7 are shown in Table 4. The table shows that the best
classifier among all is the MLP and BDT, improved after
applying cuts, and provided the largest AUC. We used
800 trees to improve the BDT’s performance, with node
splitting at the 2.5% event threshold. The max tree depth
was set at 3. We performed training using Adaptive Boost
with a learning rate of 8=0.5. The parent node and sum
of the indices of the two daughter nodes were compared
to optimize the cut value on the variable in a node. For
the separation index, we use the Gini Index. Finally, the
variable’s range was evenly graded into 20 cells. The sig-
nal values were taken as 1 and background values ap-
proach 0.

Figs. 8, 9, and 10 have been specifically generated for
BP1 at a center-of-mass energy of +/s =3 TeV and 3000
fb~', ensuring that the results accurately reflect the expec-

Table 4. MVA Classifier Area Under the Curve (AUC) with
and without cuts.

MVA Classifier AUC (with cut) AUC (without cut)
MLP 0.958 0.922
BDT 0.957 0.925
LikelihoodD 0.941 0.896
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ted physical behaviors and interactions at this energy
scale under the defined experimental conditions. Figure 8
depicts that the signal significance, S/ VS + B, of the clas-
sifier is improved by applying cuts with an optimal cut of
-0.0271. Similarly, Fig. 9 shows the best classifier that is
improved by applying cuts with an optimal cut value of
0.1741, and the signal efficiency is also higher than
without applied cuts. The LikelihoodD signal signific-
ance is shown in Fig. 10, which has been improved by ap-
plied cuts with an optimal cut of 0.0501.

IX. CONCLUSION

The simplest extension of the SM is the 2HDM con-
taining a charged Higgs boson, and the exact measure-
ment of its nature and corresponding model parameters
are crucial for its discovery. The pair production is one of
the best channels that provide the observable signal in the
vast range of parameters in 2HDM.

The generation rates of incoming beams are investig-
ated under various polarization collision patterns. The
cross-section can be increased twice by oppositely polar-
ized beams of photons at high energies and right-handed
polarized beams of photons at low energies as shown in
the figures of the cross-section. For BP-1, at +/s =3 TeV,
oV =1292+81x10° fb, o*=0.3568+4.6x107"fb,
ando®t =25.48+1.6x 107> fb. For BP-2, the cross-sec-
tion for oUY=12.76+8.03x10° fb, o**=0.4067+
53x1077fb, and o®=25.11+1.8x107 fb at the center
of mass energy of 3 TeV. The cross-section at 3 TeV for
BP-3 for different polarizations is o¥Y =13.22+
9.1x10°® fb, o®* =0.2674+£3.2x 107" fb, and o*F =26.17
+1.7%x107 fb. In the low-my scenario for BP-4, the
cross-sections for polarized beams is
oV =13.23£9.1x10° fb, o =0.2673+3.2x107" fb,
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(color online) LikelihoodD Signal Significance (a) with cuts and (b) without cuts.

and o®t =26.19+1.7x 1073 fb at +/s =3 TeV. Therefore,
we conclude that for all BPs, the cross-section is low at a
high energy for UU and RR polarized beams of photons
and high for RL at a high energy.

For each scenario, the reconstruction of the charged
Higgs Boson has been provided, and its prominent decay
modes have been examined. The branching ratio of the
decay channel for non-alignment, the bosonic decay
channel H* - W*H® is dominant, whereas in the
low—my scenarios, the bosonic decay of W*h° is domin-
ant, increasing to 66.3%. The 100% dominant decay
channel in a short-cascade scenario is H* — tb, which in-
dicates that the ¢ decay is the ideal candidate for the re-
construction of the process. Limited phase space and
alignment constraints restrict bosonic decay channels.

Our machine-learning models for multivariate analys-
is results are improved by applying cuts. The signal effi-
ciency (esigerr) and background rejection (1 —epgger) are
increased when cuts are applied to the MLP, BDT, and
LikelihoodD classifiers. The AUCs for MLP, BDT, and
LikelihoodD increase to 3.9%, 3.46%, and 5.02%, re-
spectively. This shows that LikelihoodD is the more effi-
cient classifier for signal efficiency and background re-
jection. The signal significance for MLP, BDT, and Like-
lihoodD increase to 4.81%, 4.39%, and 5.43%, respect-
ively, when cuts are applied. The significance values ob-
tained with cuts demonstrate how well these models can
separate charged Higgs production-related background
events from signal occurrences. These cuts most likely
aid in lowering background noise, enhancing overall per-
formance, and separating signal events associated with
charged Higgs generation. This consistency upholds the
validity of the selected machine-learning approaches and
increases trust in the outcomes.

043101-11



Jjaz Ahmed, Abdul Quddus, Jamil Muhammad ef al.

Chin. Phys. C 49, 043101 (2025)

References

(1]
(2]

[10]
[11]
[12]

[13]
[14]

[15]
[16]

[17]
[18]
[19]

(20]
(21]

(22]
(23]

G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716, 1
(2012)

S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B
716, 30 (2012)

V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C
75,212 (2015), arXiv: 1412.8662v2 [hep-ex]

A. G. Akeroyd et al., Eur. Phys. J. C 77,276 (2017)

D. A. Ross and M. Veltman, Nucl. Phys. B 95, 135 (1975)
M. J. G. Veltman, Acta Phys. Pol. B 8, 475 (1976)

M. Veltman, Nucl. Phys. B 123, 89 (1977)

G. Aad et al. (ATLAS Collaboration), JHEP 2015, 137
(2015), arXiv: 1506.06641v2 [hep-ex]

G. Aad et al. (ATLAS Collaboration, CMS Collaboration),
Phys. Rev. Lett. 114, 191803 (2015), arXiv: 1503.07589
[hep-ex]

M. Hashemi, Commun. Theor. Phys. 61, 69 (2014), arXiv:
1310.7098 [hep-ph]

W.-G. Ma, C. S. Li, and H. Liang, Phys. Rev. D 53, 1304
(1996)

M. Demirci, Nucl. Phys. B 961, 115235 (2020), arXiv:
2004.08834 [hep-ph]

N. Craig, J. Galloway, and S. Thomas, arXiv: 1305.2424

S. L. Glashow and S.Weinberg, Phys. Rev. D 15, 1958
(1977)

E. A. Paschos, Phys. Rev. D 15, 1966 (1977)

G. C. Branco et al., Phys. Rep. 516, 1 (2012), arXiv:
1106.0034 [hep-ph]

J. F. Gunion et al., Front. Phys. 80, 1 (2000)

N. G. Deshpande and E. Ma, Phys. Rev. D 18, 2574 (1978)
V. Khachatryan et al., Phys. Lett. B 697, 434 (2011), arXiv:
1012.3375 [hep-ex]

M. Baak et al., Eur. Phys. J. C 74, 1 (2014)

M. Aaboud ef al. (ATLAS Collaboration), Eur. Phys. J. C
78,293 (2018)

G. Aad et al., Phys. Lett. B 744, 163 (2015)

G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 76, 1

(24]
[25]
[26]
[27]
(28]
[29]
(30]
[31]

[32]

(33]

[34]
[33]

[36]
[37]

[38]
[39]

[40]

[41]

043101-12

(2016)

M. Misiak et al., Phys. Rev. Lett. 114, 221801 (2015),
arXiv: 1503.01789 [hep-ph]

M. Misiak and M. Steinhauser, Eur. Phys. J. C 77, 201
(2017), arXiv: 1702.04571 [hep-ph]

S. Kanemura and K. Yagyu, Phys. Lett. B 751, 289 (2015),
arXiv: 1509.06060 [hep-ph]

T. Enomoto and R. Watanabe, JHEP 2016, 1 (2016), arXiv:
1511.05066 [hep-ph]

A. Arhrib, R. Benbrik, and S. Moretti, Eur. Phys. J. C 77,
621 (2017), arXiv: 1607.02402 [hep-ph]

G. Aad et al. (ATLAS collaboration), JHEP 2015, 88
(2015)

V. Khachatryan et al. (CMS Collaboration), JHEP 2015, 1
(2015)

G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 73,
2465 (2013), arXiv: 1302.3694 [hep-ex]

ALEPH Collaboration, DELPHI Collaboration, L3
Collaboration, OPAL Collaboration, The LEP working
group for Higgs boson searches, Eur. Phys. J. C 73, 2463
(2013), arXiv: 1301.6065 [hep-ex]

D. Eriksson, J. Rathsman, and O. Stal, Comput. Phys.
Commun. 181, 189 (2010), arXiv: 0902.0851 [hep-ph]

V. L. Telnov, NIMA 294, 72 (1990)

J. Alwall, M. Herquet, F. Maltoni er al., JHEP 2011, 1
(2011), arXiv: 1106.0522 [hep-ph]

J. Rathsman and O. Stél, arXiv: 1104.5563 [hep-ph]

T. Williams and C. Kelley, An Interactive Plotting
Program, 2010

R. Brun and F. Rademakers, NIMA 389, 81 (1997)

Y. Coadou, Artificial Intelligence for High Energy Physics
(World Scientific Publishing), pp. 9-58, 2022

P. Speckmayer et al., J. Phys.: Conf. Ser. 219, 032057
(2010)

R. Meir, G. Ritsch, Advanced Lectures on Machine
Learning, Machine Learning Summer School 2003,
Canberra, Australia, February 11-22, 2002 Revised
Lectures, 2003


https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://arxiv.org/abs/1412.8662v2 
https://arxiv.org/abs/1412.8662v2 
https://arxiv.org/abs/1412.8662v2 
https://doi.org/10.1140/epjc/s10052-017-4829-2
https://doi.org/10.1140/epjc/s10052-017-4829-2
https://doi.org/10.1140/epjc/s10052-017-4829-2
https://doi.org/10.1140/epjc/s10052-017-4829-2
https://doi.org/10.1140/epjc/s10052-017-4829-2
https://doi.org/10.1140/epjc/s10052-017-4829-2
https://doi.org/10.1140/epjc/s10052-017-4829-2
https://doi.org/10.1140/epjc/s10052-017-4829-2
https://doi.org/10.1140/epjc/s10052-017-4829-2
https://doi.org/10.1140/epjc/s10052-017-4829-2
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1016/0550-3213(75)90485-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1007/JHEP08%282015%29137
https://doi.org/10.1007/JHEP08%282015%29137
https://doi.org/10.1007/JHEP08%282015%29137
https://doi.org/10.1007/JHEP08%282015%29137
https://doi.org/10.1007/JHEP08%282015%29137
https://doi.org/10.1007/JHEP08%282015%29137
https://doi.org/10.1007/JHEP08%282015%29137
https://doi.org/10.1007/JHEP08%282015%29137
https://doi.org/10.1007/JHEP08%282015%29137
https://arxiv.org/abs/1506.06641v2 
https://arxiv.org/abs/1506.06641v2 
https://arxiv.org/abs/1506.06641v2 
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://arxiv.org/abs/1503.07589 
https://arxiv.org/abs/1503.07589 
https://arxiv.org/abs/1503.07589 
https://arxiv.org/abs/1503.07589 
https://doi.org/10.1088/0253-6102/61/1/11
https://doi.org/10.1088/0253-6102/61/1/11
https://doi.org/10.1088/0253-6102/61/1/11
https://doi.org/10.1088/0253-6102/61/1/11
https://doi.org/10.1088/0253-6102/61/1/11
https://doi.org/10.1088/0253-6102/61/1/11
https://doi.org/10.1088/0253-6102/61/1/11
https://doi.org/10.1088/0253-6102/61/1/11
https://doi.org/10.1088/0253-6102/61/1/11
https://doi.org/10.1088/0253-6102/61/1/11
https://arxiv.org/abs/1310.7098 
https://arxiv.org/abs/1310.7098 
https://arxiv.org/abs/1310.7098 
https://doi.org/10.1103/PhysRevD.53.1304
https://doi.org/10.1103/PhysRevD.53.1304
https://doi.org/10.1103/PhysRevD.53.1304
https://doi.org/10.1103/PhysRevD.53.1304
https://doi.org/10.1103/PhysRevD.53.1304
https://doi.org/10.1103/PhysRevD.53.1304
https://doi.org/10.1103/PhysRevD.53.1304
https://doi.org/10.1103/PhysRevD.53.1304
https://doi.org/10.1103/PhysRevD.53.1304
https://doi.org/10.1016/j.nuclphysb.2020.115235
https://doi.org/10.1016/j.nuclphysb.2020.115235
https://doi.org/10.1016/j.nuclphysb.2020.115235
https://doi.org/10.1016/j.nuclphysb.2020.115235
https://doi.org/10.1016/j.nuclphysb.2020.115235
https://doi.org/10.1016/j.nuclphysb.2020.115235
https://doi.org/10.1016/j.nuclphysb.2020.115235
https://doi.org/10.1016/j.nuclphysb.2020.115235
https://doi.org/10.1016/j.nuclphysb.2020.115235
https://doi.org/10.1016/j.nuclphysb.2020.115235
https://arxiv.org/abs/2004.08834 
https://arxiv.org/abs/2004.08834 
https://arxiv.org/abs/2004.08834 
https://arxiv.org/abs/1305.2424
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://arxiv.org/abs/1106.0034 
https://arxiv.org/abs/1106.0034 
https://arxiv.org/abs/1106.0034 
https://doi.org/10.1201/9780429496448
https://doi.org/10.1201/9780429496448
https://doi.org/10.1201/9780429496448
https://doi.org/10.1201/9780429496448
https://doi.org/10.1201/9780429496448
https://doi.org/10.1201/9780429496448
https://doi.org/10.1201/9780429496448
https://doi.org/10.1201/9780429496448
https://doi.org/10.1201/9780429496448
https://doi.org/10.1201/9780429496448
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1016/j.physletb.2011.02.032
https://doi.org/10.1016/j.physletb.2011.02.032
https://doi.org/10.1016/j.physletb.2011.02.032
https://doi.org/10.1016/j.physletb.2011.02.032
https://doi.org/10.1016/j.physletb.2011.02.032
https://doi.org/10.1016/j.physletb.2011.02.032
https://doi.org/10.1016/j.physletb.2011.02.032
https://doi.org/10.1016/j.physletb.2011.02.032
https://doi.org/10.1016/j.physletb.2011.02.032
https://doi.org/10.1016/j.physletb.2011.02.032
https://arxiv.org/abs/1012.3375 
https://arxiv.org/abs/1012.3375 
https://arxiv.org/abs/1012.3375 
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1103/PhysRevLett.114.221801
https://doi.org/10.1103/PhysRevLett.114.221801
https://doi.org/10.1103/PhysRevLett.114.221801
https://doi.org/10.1103/PhysRevLett.114.221801
https://doi.org/10.1103/PhysRevLett.114.221801
https://doi.org/10.1103/PhysRevLett.114.221801
https://doi.org/10.1103/PhysRevLett.114.221801
https://doi.org/10.1103/PhysRevLett.114.221801
https://doi.org/10.1103/PhysRevLett.114.221801
https://doi.org/10.1103/PhysRevLett.114.221801
https://arxiv.org/abs/1503.01789 
https://arxiv.org/abs/1503.01789 
https://arxiv.org/abs/1503.01789 
https://doi.org/10.1140/epjc/s10052-017-4776-y
https://doi.org/10.1140/epjc/s10052-017-4776-y
https://doi.org/10.1140/epjc/s10052-017-4776-y
https://doi.org/10.1140/epjc/s10052-017-4776-y
https://doi.org/10.1140/epjc/s10052-017-4776-y
https://doi.org/10.1140/epjc/s10052-017-4776-y
https://doi.org/10.1140/epjc/s10052-017-4776-y
https://doi.org/10.1140/epjc/s10052-017-4776-y
https://doi.org/10.1140/epjc/s10052-017-4776-y
https://arxiv.org/abs/1702.04571 
https://arxiv.org/abs/1702.04571 
https://arxiv.org/abs/1702.04571 
https://doi.org/10.1016/j.physletb.2015.10.047
https://doi.org/10.1016/j.physletb.2015.10.047
https://doi.org/10.1016/j.physletb.2015.10.047
https://doi.org/10.1016/j.physletb.2015.10.047
https://doi.org/10.1016/j.physletb.2015.10.047
https://doi.org/10.1016/j.physletb.2015.10.047
https://doi.org/10.1016/j.physletb.2015.10.047
https://doi.org/10.1016/j.physletb.2015.10.047
https://doi.org/10.1016/j.physletb.2015.10.047
https://doi.org/10.1016/j.physletb.2015.10.047
https://arxiv.org/abs/1509.06060 
https://arxiv.org/abs/1509.06060 
https://arxiv.org/abs/1509.06060 
https://doi.org/10.1007/JHEP05%282016%29002
https://doi.org/10.1007/JHEP05%282016%29002
https://doi.org/10.1007/JHEP05%282016%29002
https://doi.org/10.1007/JHEP05%282016%29002
https://doi.org/10.1007/JHEP05%282016%29002
https://doi.org/10.1007/JHEP05%282016%29002
https://doi.org/10.1007/JHEP05%282016%29002
https://doi.org/10.1007/JHEP05%282016%29002
https://doi.org/10.1007/JHEP05%282016%29002
https://doi.org/10.1007/JHEP05%282016%29002
https://arxiv.org/abs/1511.05066 
https://arxiv.org/abs/1511.05066 
https://arxiv.org/abs/1511.05066 
https://doi.org/10.1140/epjc/s10052-017-5197-7
https://doi.org/10.1140/epjc/s10052-017-5197-7
https://doi.org/10.1140/epjc/s10052-017-5197-7
https://doi.org/10.1140/epjc/s10052-017-5197-7
https://doi.org/10.1140/epjc/s10052-017-5197-7
https://doi.org/10.1140/epjc/s10052-017-5197-7
https://doi.org/10.1140/epjc/s10052-017-5197-7
https://doi.org/10.1140/epjc/s10052-017-5197-7
https://doi.org/10.1140/epjc/s10052-017-5197-7
https://arxiv.org/abs/1607.02402 
https://arxiv.org/abs/1607.02402 
https://arxiv.org/abs/1607.02402 
https://doi.org/10.1007/JHEP03(2015)088
https://doi.org/10.1007/JHEP03(2015)088
https://doi.org/10.1007/JHEP03(2015)088
https://doi.org/10.1007/JHEP03(2015)088
https://doi.org/10.1007/JHEP03(2015)088
https://doi.org/10.1007/JHEP03(2015)088
https://doi.org/10.1007/JHEP03(2015)088
https://doi.org/10.1007/JHEP03(2015)088
https://doi.org/10.1007/JHEP03(2015)088
https://doi.org/10.1007/JHEP11(2015)018
https://doi.org/10.1007/JHEP11(2015)018
https://doi.org/10.1007/JHEP11(2015)018
https://doi.org/10.1007/JHEP11(2015)018
https://doi.org/10.1007/JHEP11(2015)018
https://doi.org/10.1007/JHEP11(2015)018
https://doi.org/10.1007/JHEP11(2015)018
https://doi.org/10.1007/JHEP11(2015)018
https://doi.org/10.1007/JHEP11(2015)018
https://doi.org/10.1140/epjc/s10052-013-2465-z
https://doi.org/10.1140/epjc/s10052-013-2465-z
https://doi.org/10.1140/epjc/s10052-013-2465-z
https://doi.org/10.1140/epjc/s10052-013-2465-z
https://doi.org/10.1140/epjc/s10052-013-2465-z
https://doi.org/10.1140/epjc/s10052-013-2465-z
https://doi.org/10.1140/epjc/s10052-013-2465-z
https://doi.org/10.1140/epjc/s10052-013-2465-z
https://doi.org/10.1140/epjc/s10052-013-2465-z
https://arxiv.org/abs/1302.3694 
https://arxiv.org/abs/1302.3694 
https://arxiv.org/abs/1302.3694 
https://doi.org/10.1140/epjc/s10052-013-2463-1
https://doi.org/10.1140/epjc/s10052-013-2463-1
https://doi.org/10.1140/epjc/s10052-013-2463-1
https://doi.org/10.1140/epjc/s10052-013-2463-1
https://doi.org/10.1140/epjc/s10052-013-2463-1
https://doi.org/10.1140/epjc/s10052-013-2463-1
https://doi.org/10.1140/epjc/s10052-013-2463-1
https://doi.org/10.1140/epjc/s10052-013-2463-1
https://doi.org/10.1140/epjc/s10052-013-2463-1
https://arxiv.org/abs/1301.6065 
https://arxiv.org/abs/1301.6065 
https://arxiv.org/abs/1301.6065 
https://doi.org/10.1016/j.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011
https://arxiv.org/abs/0902.0851 
https://arxiv.org/abs/0902.0851 
https://arxiv.org/abs/0902.0851 
https://doi.org/10.1016/0168-9002(90)91826-W
https://doi.org/10.1016/0168-9002(90)91826-W
https://doi.org/10.1016/0168-9002(90)91826-W
https://doi.org/10.1016/0168-9002(90)91826-W
https://doi.org/10.1016/0168-9002(90)91826-W
https://doi.org/10.1016/0168-9002(90)91826-W
https://doi.org/10.1016/0168-9002(90)91826-W
https://doi.org/10.1016/0168-9002(90)91826-W
https://doi.org/10.1016/0168-9002(90)91826-W
https://doi.org/10.1016/0168-9002(90)91826-W
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://arxiv.org/abs/1106.0522 
https://arxiv.org/abs/1106.0522 
https://arxiv.org/abs/1106.0522 
https://arxiv.org/abs/1104.5563 
https://arxiv.org/abs/1104.5563 
https://arxiv.org/abs/1104.5563 
https://doi.org/10.1016/S0168-9002(97)00048-X
https://doi.org/10.1016/S0168-9002(97)00048-X
https://doi.org/10.1016/S0168-9002(97)00048-X
https://doi.org/10.1016/S0168-9002(97)00048-X
https://doi.org/10.1016/S0168-9002(97)00048-X
https://doi.org/10.1016/S0168-9002(97)00048-X
https://doi.org/10.1016/S0168-9002(97)00048-X
https://doi.org/10.1016/S0168-9002(97)00048-X
https://doi.org/10.1016/S0168-9002(97)00048-X
https://doi.org/10.1016/S0168-9002(97)00048-X
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088/1742-6596/219/3/032057

	I INTRODUCTION
	II REVIEW OF THE TWO HIGGS DOUBLET MODEL
	III CONSTRAINTS FROM THEORIES AND EXPERIMENTS
	IV COLLIDER SETUP AND BENCHMARK POINT SCENARIOS
	A Non-alignment
	BLow-\bmmH
	C Short Cascade

	V LEADING ORDER CROSS-SECTION OF CHARGED HIGGS PRODUCTION
	VI NUMERICAL RESULTS AND DISCUSSIONS
	VII DECAYS OF A CHARGED HIGGS BOSON
	VIII MULTIVARIATE ANALYSIS FOR CHARGED HIGGS PRODUCTION
	IX CONCLUSION
	REFERENCES

