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Abstract: The current 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 plane (mgo; 4/s) investigating the process of
vy — HYH~. Three particular numerical scenarios i.e., low-mg, non-alignment, and short-cascade are employed.
The decay channels for charged Higgs particles are examined using 4 for low-m0 and H® for non-alignment and
short-cascade scenario incorporating the new experimental and theoretical constraints along with the analysis for
cross-sections. It reveals that at low energy, it 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 channels indicates that
for non-alignment, the mode of decay W*h® takes control, and for short cascade, the prominent decay mode re-
mains b, while in the low-mpy the dominant decay channel is.of W*h0. In our research, we employ contemporary
machine-learning methodologies to investigate the production of high-energy Higgs bosons within a 3.0 TeV yy col-
lider. 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 was discovered by the AT-
LAS and CMS collaborations at the Large Hadron Col-
lider (LHC) in 2012 having approximately a mass of 125
GeV, and its properties were consistent with the predic-
tion of Standard Model (SM) Higgs [1—3]. Within the SM
framework, gauge bosons acquire their masses due to the
Brout—Englert—-Higgs mechanism utilizing 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
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as Two-Higgs-Doublet Models (2HDM), supersymmet-
ric models, composite Higgs models, grand unified theor-
ies, and axion models. Among all these BSM theories, the
two Higgs doublet model is very important due to its
structural relevance to many new physics models like
MSSM [4, 5], composite Higgs models, and axion mod-
els [6, 7]. Depending upon the couplings to the quarks,
the types of 2HDMs predict different properties and inter-
actions for charged Higgs bosons. A charged Higgs bo-
son would be a more massive counterpart to the SM W+
and Z bosons, which are carriers of the weak force. The
Higgs sector in 2HDM is extended to incorporate other
degrees of freedom that include the prediction of five
Higgs candidates of the minimal supersymmetric exten-
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sion of the SM (MSSM) [8, 9]. From these five Higgs bo-
son candidates, two are CP even neutral states 4, H, one
is CP odd 4 state and the remaining two states charge
Higgs states H*. The discovery of any new scalar Higgs
boson, either neutral or charged, will be a strong hint to-
wards the physics beyond the SM of particle physics and
the immediate sign of an extended Higgs sector.

The photon-photon (y—v) collider which is a pro-
posed experimental facility at the International Linear
Collider (ILC). At ILC basically, high-energy electron-
positron beams will be collided, which will result in the
production of highly energetic photons. The basic idea
behind this is that these highly energetic photons will col-
lide with each other and will provide a unique opportun-
ity to study many phenomena such as the production of
charged Higgs or other new-physics processes.

So the future e*e” and yy— colliders, with high en-
ergy and luminosity, offer great potential for discovering
charged Higgs bosons. The output rate at a yy— collider
could exceed that of e*e™— collisions at the tree level. In
2HDM, the e*e” — H*H™ process has been analyzed at
the tree level, while the yy —» H*H™ process was only
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-sec-
tion for e*e” — H*H™ is suppressed by s-channel contri-
butions at high energies, which can result in a larger pro-
duction rate for the yy — H*H~ mode compared to the
e*e” collision mode. However, the s-channel contribu-
tions can be enhanced through specific couplings relative
to the yy process. The scattering process e*e” — H*H™
has been extensively studied, incorporating one-loop cor-
rections within the frameworks of both the 2HDM and
the Minimal Supersymmetric Standard Model (MSSM).
Conversely, the scattering process yy —» H*H~ has also
been analyzed at the one-loop level.

This paper will focus on the multivariate analysis of
charged Higgs boson production at the photon-photon
collider at the International Linear Collider (ILC). Three
benchmark points are selected for numerical examination,
each with a CP-even scalar mass of 125 GeV and coup-
lings consistent with the known Higgs boson. These
points are derived from the "non-alignment", "low-my",
and "short-cascade" scenarios and have been accurately
delineated within the constraints of current experimental
data and are fully consistent with theoretical constraints
[12]. The cross-section is scanned for plane (¢°, v/s),
where ¢° is h° for low-my and H° for non-alignment and
short-cascade scenarios. Additionally, the polarization ef-
fect is also discussed for all scenarios.

II. REVIEW OF TWO HIGGS DOUBLET MODEL

The two scalar doublets are used to acquire masses

for gauge bosons and fermions after having their vacuum
expectation values (VEVs). The Lagrangian is given by:

()

LZHDM = LSM + -EScalar + -E)’ukawa

Where L. is the Lagrangian for two scalar doublets
including kinetic blueenergy and scalar potential terms.
The Z, symmetry is involved to ignore the Flavour Chan-
ging Neutral currents (FCNCs), then the transformation
for even, ®; — +®;, and for odd is ®, —» —®,. To keep
Lyukawa Invariant for fermions under Z,-symmetry the fer-
mions are coupled with one scalar field:

LYukawa = _QLYquuMR - Q_LYd(DddR - l_lLqu){,’gR +h.c (2)

In Equation 2 the @, 4, is either ®; or ®,, so based on the
discrete symmetry of fermions the 2HDM is classified in-
to four types called Type-I, II, III, and IV. The review for
this relevant study is discussed here for CP-conserving
2HDM. If we assume that in the 2HDM the electromag-
netic gauge symmetry is present to perform SU(2) rota-
tion on two doublets for alignment of VEVs of two
doublets with S U(2) and the v = 246 GeV will occupy one
neutral Higgs doublet [13]. The two complex doublets @,
from SM and @, from EW symmetry-breaking are used
to construct the 2HDM. The scalar potential under the
SU2). ® U(l)y invariant gauge group is defined as

Varmp = m3|®y > +m2| @, — |m3, (D] d,) + h.c
A . A .
+ S O]D,) + T (D)D)
2 2
+ (D] D)) (DI D,) + Ay (D] D) (DS D))
% + +
+ 55(@1@2)2”6@7@1)@1@2)

+ 27(D] D) (DS D) + hc 3)

In the above Equation 3 the quartic coupling parameters
are A; (i=1,2,3...,7) and the complex two doublets are
®, (i = 1,2). Hermiticity of the potential forces 4,534 to
be real while 154, and m3, can be complex. The Paschos-
Glashow-Weinberg theorem suggests that a discrete Z,-
symmetry can explain certain low-energy observables
[14, 15]. Utilizing this symmetry is crucial to effectively
prevent any possibility of FCNCs occurring at the tree
level. The Z,-symmetry requires that 1 = 4; =0 and also
m3, = 0. If this is not allowed, i.e., m3, is non-zero, then
the Z,-symmetry is softly broken for the translation of
®; - +®,; and ®, —» —D,. The Z, assignments produce
four 2HDM-types as mentioned earlier [16, 17]. Table 1
demonstrates how fermions bind to each Higgs doublet in
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Table 1.
@;,®; 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 )

the permitted kinds when flavor conservation is naturally
observed.

This work focuses only on Type-I and Type-I1 2HDM
whereas in Type-1 only @, doublet interacts with both
quarks and leptonblues similarly as SM. In Type-II the
@, couples with d-type quarks and leptons while the @,
with only u-type quarks.

After  electroweak  symmetry  breaking  of
SU2), ® U(l)y, the scalar doublet's neutral components
get VEV to be v;.

¢
(I)/ = 1 s

j=1,2
%(Vj +pj+in;) v )

4

where p; and n; are real scalar fields. The quartic coup-

ling parameters A, —As and mass terms m}, m3 are con-

sidered as physical masses of my,my,my,my= Wwith
1%

tanf = 71 and mixing term sin(B— a). After Z,-symmetry

2
is broken softly, the parameter m?3, is given by

tanf )
1 +tan?g
®)

1
ml, = 5/15\/2 sin(8—a)cos(8—a) =

As (
2V2Gr

where the last equality is only for the tree level. By con-
sidering A¢ and A; equal to zero concerning Z,-symmetry,
m?,, tanB and mixing angle o with four Higgs masses, it}
is enough to compute a complete model on a physical
basis. So, with all this, there are seven independent free
parameters to explain the Higgs sector in 2HDM. The
terms m? and m3 are given in the form of other paramet-
ers:

2 22 A,

1

m =m12;_ > VI_E(/L% + A4+ A5, (6)
oA 1

m’ =m§2v—;—?1v§—5(ﬁ3+/14+15)v§ (7)

The phenomenology is dependent upon the mixing angle
with angle B. In the limit where CP-even Higgs boson h°

acts like SM Higgs then it approaches the alignment lim-
it, which is most favored by experimentalists if
sin(B—a) — 1 or cos(B—a)— 0. The H° acts as gauge-
phobic such that its coupling with vector bosons Z/W* is
much more suppressed, but when cos(8—a) — 1 the H°
acts SM-like Higgs boson. For the decoupling limits
cos(B—a) =0 and mpyo g0y >> my so at this limit #° inter-
acts with SM particles completely appears like the coup-
lings of the SM Higgs boson that contain coupling 34°.

III. CONSTRAINTS FROM THEORY AND
EXPERIMENT

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 the V,ypy. Specifically, Voupy = 0 needs to
be met for all ®, and ®, directions. As a result, the fol-
lowing criteria are applied to the parameters A; [18, 19]

A >0 , /12>0 y /l3+ V/l|/12+Ml.I’l(0,/l4—|/l5|)>O (8)

Another set of constraints enforces that the perturbative
unitarity needs to be fulfilled for the scattering of longit-
udinally polarized gauge and Higgs bosons. Besides, the
scalar potential needs to be perturbative by demanding
that all quartic coefficients satisfy |1i5345/<8n. The
global fit to EW requires Ap to be O(1073) [20]. This pre-
vents substantial mass splitting between Higgs boson in
2HDM and requires that my: ~ my,my or my,.

Aside from 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. As a con-
sequence, numerous findings have been amassed since
then, and the parameter space of the 2HDM is now con-
strained by all results obtained. In the Type-I of 2HDM,
the following pseudoscalar Higgs mass regions: 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 tanf = 10 have been excluded by the
LHC experiment [21]. Furthermore, the C#-odd Higgs
mass is bounded as m, > 350 GeV for tang < 5 [22] and
the mass range 170 <my < 360 GeV with tang < 1.5 is
excluded for the Type-I [23].

The H* mass is constrained by experiments at the
LHC and prior colliders, as well as B-physics observ-
ables. The BR(b — sy) measurement limits the charged
Higgs mass in Type-II and IV 2HDM with mg- > 580
GeV for tangB > 1 [24, 25]. On the other hand, the bound
is significantly lower in Type-I and III of 2HDM [26].
With tanB > 2, the H* in Type-I and III of 2HDM can be
as light as 100 GeV [27, 28] while meeting LEP, LHC,
and B-physics constraints [29—33].
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IV. COLLIDER SETUP AND BENCHMARK
POINTS SCENARIOS

In our study, we concentrate on electron-positron
(e*e™) collisions, where the center-of-mass energy, rep-
resented as Vs, is crucial to understanding these interac-
tions. Notably, during these collisions, photons can be
emitted due to bremsstrahlung effects and other mechan-
isms. These emitted photons may subsequently engage in
interactions that mimic photon-photon (yy) collisions.
While such photon interactions can facilitate the produc-
tion of additional particles, their energy levels are often
unpredictable, making them less controllable than the
highly precise and defined energy present in e*e™ colli-
sions. Therefore, our analysis primarily emphasizes the
controlled conditions offered by electron-positron colli-
sions, while also acknowledging the potential contribu-
tions 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
CP—even scalar of mass 125 GeV and couplings are well
arranged with observed Higgs boson. The additional
Higgs boson searches leave a considerable portion of
their parameter space unconstrained, emphasizing. the
need for further investigation. Validation of potential sta-
bility, perturbativity, and unitarity for each BP was per-
formed using 2HDMC 1.8.0 [34].

These benchmark situations, 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 softly broken 2HDM of Z,~symmetry, where the
Z4s, are quartic couplings in Higgs basis of O(1). The
mass of charged Higgs and pseudoscalar Higgs in this
basis is obtained as:}

Zi= %sgﬂul + 1 —24;45] + A, )

where i=3,4 or 5
Zs = _%SZﬂ[/lIC;Z;_/1232_/13456'2,8] (10)
Z; = —1525[/11%2;—/120;2;4‘/13450%] (11

2

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

Scenario myo [GeV] myo [GeV] Ca 14 1s 1In 7]
BP-1 125 150...600 01 -2 -2 0 1.20
BP-2 125 250...500 0 -1 1 -1 2
BP-3 125 250...500 0 2 0 -1 2
BP-4 65...120 125 10 -5 -5 0 1.5

where A3ys = A3+ A4 + As. Since there are five nonzero A;
and seven nonzero Z;, there must be two relations

(12)

2 _ 2 2 2 2 2
Miyo = Mo Sg_o +MyoCq_o — ZsV

(13)

1
mi. =mio — 5(24 —ZsWV*

A. Non-alignment

We consider a scenario characterized by non-align-
ment (specifically. (cs—s # 0). This scenario emphasizes
the search for the heavier CP-even Higgs state, (H), in
Standard Model final states, including the decay
(H — hh).~The other two Higgs bosons, (A) and (H®)
(which ‘are assumed to be mass-degenerate), are suffi-
ciently - decoupled to establish a small hierarchy:
(my, =125 GeV <my <my =my=). For (my > 150 GeV),
this setup can be realized by choosing (Z, = Zs = -2), res-
ulting in (my-) values that comply with the (b — sy) con-
straint in Type-II models. The value of (cs_,) is fixed
close to the maximum allowed by LHC Higgs con-
straints: (¢ =0.1) for Type-I couplings and
(¢cp-o = 0.01) for Type-II couplings. As a result, we treat
(my) and (tanP) as free parameters. These choices lead to
an excellent fit for light Higgs signal rates over a substan-
tial region of the ((my, tanB) parameter space.

B. LOW-mH

Both /% and heavy Higgs H are light in the low-my,
but my =125 GeV behaves like SM. For sz, — 0 limit
compatibility, the lighter CP-even higgs boson must have
a highly suppressed coupling to the vector bosons, as
my, <my. Since the hybrid quartic basis Z, =Zs =-5 is
consistent with the restrictions from (flavor physics)
light-charged Higgs boson of the order of my, especially
in Type-II couplings, it is used to decouple the other two
Higgs states, A and H*. Searches h — bb,7*7~ at the
LHC confine the parameter space for 90 < m,, < 120 GeV,
resulting in an upper bound on tanB that depends weakly
on limit ¢4, << 1. In this study, we are concerned with
tanB = 1.5 as a function of m,,, and we fix it with ¢, = 1.

C. Short Cascade

By setting ¢4, to zero for the precise alignment, we
take into account a brief cascade scenario. The H — ZA
or H— W*H* decay mode can be obtained by altering
the mass hierarchy, which can be dominant in the mass
window of 250 GeV< my < 350 GeV and causes a "small
cascade" of Higgs-to-Higgs decay. Degeneracies for hy-
brid basis Z;,Zs are chosen properly, and two of the three
non-SM-like Higgs masses are chosen to be identical by
fixing tanB = 2 for a single free parameter space. The hy-
brid basis choice of Z, =-1 and Zs =1 may be used to
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achieve the low-m, case. For m, near 250 GeV, the de-
cay H — AA can be open with a rate that can be varied by
adjusting Z;, which in this instance is Z; = —1 that satis-
fies stability criteria. With all other parameters held con-
stant, Z, =2 and Zs =0 can be chosen to create a mass
hierarchy my: < my = my. For very low my-, this con-
dition results in novel decay modes H — W*H", where
H— H*H™.

The mass hierarchy is considered for these bench-
mark points along with the type of the 2HDMs, shown in
Table 3. In Table 2, #; = tang and cs_, = cos(8 - a).

V. THE LEADING ORDER CROSS-SECTION OF
CHARGED HIGGS PRODUCTION

Analytical formulations of the cross-section of the
e*e” collider for charged Higgs pair generation are
presented in this section. The process used in this paper is
given as:

yki, ) ylka,v) — H (ks) H (ks) (14)

where k,(a=1,....,4) represents the four momenta. Three
different diagrams at the tree level are topologically dis-
tinct because of photon couplings as shown in Figure 1.
The total Feynman amplitude is given by:

MZMq+Mf+Mﬁ (15)

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

Table 3. Mass hierarchy for BP's with 2HDM types used in
calculations of 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-myg BP-4 I muo < Mmps = My0

14 It Y

\\ H+ HT
y NN
. y
Fig. 1.

-5

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

M, =2ie*g" e, (k))e (ky) (16)
ie ,
M= — -~ (ky —2k4)"€,(ko ) (ko + k3 — ks )'€, (k)
H+
7
—ie? v
M=~ 5 (k1 —=2ks ) €,(ki ) (ki + k3 — kq)"€,(k2)
it —my.
(18)

where the Mandelstam variables are represented by
f=(kj—=k)* and @=(k,—k,)*. After calculating the
square-of the total amplitude and summing all the forego-
ing matrices yields 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:

Vi Vs

k=200 k= 2(1.0,0,-D) (20)
ks = (k2. K| sin6,0, % | cos ) 1)
ky = (K, —[K |sin 6,0, K| cos 6) (22)
2 _ 22 2 _ 2
0:s+mi m; ’ k2:s+mj m; 23)
3 24/s 2+/s
— (s, mE.,m3)
Ikl=$ (24
M H_
e L
/’ '
/V\ H*
~ 1
H+\‘ J\f\/\/\/\f\/\l‘
y HY ~"

The tree-level Feynman diagrams for the process yy —» H*H™.
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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:

A(s,m3y. ,m3-)

16752

é\-'y'yﬁHJrH*(s) =

> ImMP
pol

(25)

In above expression, the A(s,m2.,m?3.-) is the Kallen
function relevant to phase space of outgoing H*. The
total integrated cross section for the e*e™-collider could
be calculated by:

Xmax dL
o a2 vy
o"yy—)H*H’(s’ §=Z s)idz

o(s) = e

(26)

Xmin

where s and § are the C.M. energy in e*e -collider and
subprocess of yy, respectively. The value of x,,;, repres-
ents the minimum amount of energy needed to generate a
pair of charged Higgs particles and is given by
Xpmin = (mg+ +myg-)/ \[s, where the x,,, is 0.83 [35]. The
distribution function of the photon luminosity is:

Xmax dx (ZZ )
=2 CE (F, =
< / PR ()Fy, X

Xmin

dL,,
— 2
dz @P

The energy spectrum of Compton  back-scattered
photons, F,,(x) is characterized by the electron beam's
longitudinal momentum [35].

VI. NUMERICAL RESULTS AND DISCUSSIONS

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

In our work, for analytical and numerical evaluation,
we have used MadGraph5 v3.4.2 [36] for the calculations
of the cross-sections, and 2HDMC 1.8.0 [37] for the branch-
ing ratio and total decay width. The GnuPlot [38] 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+ P )orr + (1 = P )(1 = P-)opp

+(1+Pe)(1 =P )y + (1 = Pes )(1 + P )0 g}
(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. There
are primarily two types of polarization configurations
used in e-e+ colliders: Longitudinal Polarization, where
both the electron and positron beams are polarized along
the direction of the beam (longitudinally), either parallel
or antiparallel, 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-polar-
ized 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 configurations are particularly advantageous in the
context of the Standard Model, as they help enhance the
production rate of certain particles, such as the Higgs bo-
sonand Z boson while minimizing unwanted back-
ground processes. The second configuration, Transverse
Polarization, involves polarizing the beams perpendicu-
lar to the beam direction (not the case here), which, al-
though less commonly used than longitudinal polariza-
tion, can provide benefits in specific scattering processes
or studies of the spin structure of particles. As in Figure 2
the cross-section for the process yy — H*H~ is shown for
the C.M energy of 3 TeV for three types of polarization;
right handed RR (++), oppositely-polarized RL (+-) and
unpolarized beam UU. The cross-section is the same for
the polarization modes of o*~ = o*. In Figure 2 it can be
seen that the cross-section is higher for UU and RR for
low +/s and gradually decreases. But for the RL mode of
polarization, the cross-section reaches a peak value and
then gradually decreases. As we can see the cross-section
is not enhanced for RR and UU at higher energies but it
does only for RL.

In Figure 3 for both BPs, the cross-section changes
slowly with the mass of A° 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 RL mode it reaches a peak value and
then decreases. The cross-section o decreases for +/s
when my: << +/s/2.

VII. DECAYS OF 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 Higgs h° or H° are plotted for all BPs. As expected,
the mass of the charged Higgs boson increases with in-
creasing neutral Higgs mass my under all circumstances.
The decay widths are highly sensitive to the mass hier-
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Fig. 2. (color online) Integrated cross-section for yy — H*H~ as a function of +/s for BP-1 in (a) and BP-2 in (b), respectively
10° 10° :
O O
= 2 e oL —— = 2 %ﬁ‘m ot ——
£ 10 S Sosssssin 1 L 10 ooossis _— ]
= v M% & 4 MM
+ 1 \\ e Y + 1 \\ T90%000000000000. |
T 10 T 10
T g 7 Ry
> \ > \\\
> >
5 10° . 5 10° Tl
BP3 (Short Cascade) N BP4(Low-my0) M
mH() =300 [GCV] mo = 75 [GeV]
10" 0!
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Vs 4, [GeV] Vs 4y [GeV]
(a) (b)
Fig. 3. (color online) Integrated cross-section for process yy — H*H~ as a function of +/s for BP-3 in (a) and BP-4 in (b), respect-

ively.

archy and mass splitting. Shrinking of the decay width is
observed when myo —my-, the mass splitting is minimal,
as shown in Figure 4. The decay width for BP-1 de-
creases from 8.66 to 1.42 when the my- goes from 379 to
691 GeV. For BP-2, the decay width increases from 4.38
to 5.22 for my: in the range of 250 < my: < 550 GeV.
The I'y: for BP-3 increases from 3.5x107° to 4.28 when
mpy= runs from 48.75 to 436 GeV. For the last BP-4, the
decay width decreases from 60 to 58 for change of my-
from 558 to 564 GeV.

We showed the dominant modes of BR for H* 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
in Figure 5. The sub-dominant channels are as follows: tb
and W*h° for charged Higgs for BP-1, other suppressed
channels are ¢s and 75 for range mgyo <500 GeV. The
mode of decay W=*h® takes control when
BR(H* — W*H") decreases at larger values of my0. So 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 also

10° == 700
10! — 600
.'_Sm’
10° // 500
5 10" 400 5
o 102 300
= =)
107 BPI 4 200
. / BP2 ——
10° BP3 4 100
I BPA4 —o—
-5 . . 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.

another dominant decay mode with BR of 88.7 to 50.2%,
and with hadronic decay of W* has 12-jets in the final
state.
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Fig. 6. The BR of H* predicted in BP=3-from (a) and BP-4 in (b), respectively. For modes, BR is less than 10~* are omitted for clar-

1ty.

In the BP-2 and BP-3, as shown in Figure 5 and Fig-
ure 6 respectively, as my: >m,+m;, the BR of 100%
prominent decay mode is H* — th. 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 the reconstruc-
tion of the process at mpgo >300GeV. So for process
t — Wb,W — qgq(lv;) gives H* trace at the detector which
can be tagged with 8-jets and 2-b-tagged jets. For BP-4,
shown in Figure 6, for a range of 65 <m0 <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
and computation of several multivariate categorization al-
gorithms is called the “Toolkit for Multivariate Analysis”
[39], which categorizes using two sorts of events: signal

and background. TMVA especially 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 are supposed to
separate signal and background events must be known by
the Factory. Cuts are applied on signal and background
trees separately.

We represent three classifiers in our work; Boosted
Decision Tree (BDT), LikelihoodD (Decorrelation), and
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 a 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 decision tree is used to
find these cuts. The node-splitting process concludes
when the BDT algorithm specifies minimal events
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(NEventsMin). The final nodes (leaves) are classified ac-
cording to their “purity” (p). The value for signal or back-
ground (usually +1 for signal and 0 or —1 for back-
ground) 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
[40]. To differentiate between the background class and
signal, a labeling process is carried out. All occurrences
with a classifier output y >y, are labeled as a signal,
while the rest are classified as background. The purity of
the signal efficiency e,,.;, and background rejection
(1 — €pg.rr) are evaluated for each cut value of y., [41].
The ADA-Boost algorithm re-weights every misclassi-
fied event candidate. The new candidate weight consists
of the one used in the former tree multiplied by
a=1-A,/A,, where A, is the misclassification error.
This leads to an increase in the weight and therefore an
increase in the candidate’s importance when searching for
the best separation values. The weights of each new tree
are based on the ones of its predecessor [42]. An Artifi-
cial Neural Network (ANN) comprises linked neurons,
each with its weight. To speed up the processing, a re-
duced layout can be used as well, the so-called multilay-
er perception (MLP). The network consists of three kinds
of layers. The input layer, consisting of n,,, neurons and a
bias neuron, many deep layers containing a user-spe-
cified number of neurons (set in /the option
HiddenLayers) plus a bias node, and an output layer and
each of the connections between two neurons carries a
weight.
For event j, the likelihood ratio y; (j) is defined by

Ls ()

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

ye(j) =

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

Nyar

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

i=1

(30)

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

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

The projective likelihood classifier has a major draw-
back in that it does not use correlation among the dis-
criminating input variables. In the realistic approach, it
does not provide an accurate analysis and leads to per-
formance loss. Even other classifiers underperform in the
presence of variable correlation. Linear Correlation was
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 diagonaliza-
tion of the (symmetric) covariance matrix provided by:

D=S"cS = C =SVDS" (32)

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

x - (C)'x (33)

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

Py >30GeV , nju<2 , Njiu<6,
AR <04 , Ey™™ <120 GeV

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, so the bigger the area, the better a
classifier’s predicted separation power, as shown in Fig-
ure 7. The values of area under the curve (AUC) for Fig-
ure 7. Table 4 shows that the best classifier among all is
the MLP and BDT, improved after applying cuts and
gave the largest area under the curve. We used 800 trees
to improve the BDT’s performance, with node splitting at
the 2.5% event threshold. Max tree depth set at 3. Trained
using Adaptive Boost with a learning rate of 8= 0.5 par-
ent node and the sum of the indices of the two daughter
nodes are compared to optimize the cut value on the vari-
able in a node. For the separation index, we use the Gini
Index. Finally, the variable’s range is evenly graded into
20 cells. The signal values are taken to be 1 and back-
ground values approach 0.

The Figures 8, 9 and 8 have been specifically gener-
ated for Benchmark Point 1 (BP1) at center-of-mass en-
ergy +/s =3 TeV, while at 3000 fb~1 ensuring that the
results accurately reflect the expected physical behaviors

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

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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and interactions at this energy scale under the defined ex-
perimental conditions. Figure 8 depicts that the signal sig-
nificance, S/ VS + B, of the classifier is improved by ap-
plying cuts with an optimal cut of -0.0271. Similarly, Fig-
ure 9 shows the best classifier that is improved by apply-
ing cuts with an optimal cut value of 0.1741, and the sig-
nal efficiency is also higher than without applied cuts.
The LikelihoodD signal significance is shown in Figure
10, has been improved by applied cuts with the optimal
cut of 0.0501.

IX. CONCLUSION

The simplest extension of SM is-2HDM containing
charged Higgs Boson and the exact measurement of its
nature and corresponding model parameters are crucial
for the discovery. The pair production is one of the best
channels that provided the observable signal in the vast
range of parameters in 2HDM.

The generation rates of incoming beams are investig-
ated in various polarization collision patterns. The cross-
section can be increased twice by oppositely polarized
beams of photons at high energies and right-handed po-
larized beams of photons at low energies as shown in the
figures of the cross-section. For BP-1 at the /s=3TeV
the oV =1292+81x10"% fb, for o®=0.3568+
4.6x107" b and for ot =25.48 +1.6x 10~ fb. For BP-
2 the cross section for oVY =12.76+8.03x107% f{b,
o =0.4067+5.3x 10" fb and for oRL=25.11+1.8x
107% fb at the center of mass energy 3 TeV. The cross
section at 3 TeV for BP-3 for different polarizations is
o' =13.22+9.1x107% fb, o =0.2674+3.2x107 b
and oft =26.17+1.7x 107 fb respectively. In the Low-
my scenario for BP-4 the cross section for polarized
beams is oYY =13.23+9.1x10"% fb, o**=0.2673+
32x107 fb and for of=26.19+1.7x10"% fb at
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(color online) LikelihoodD Signal Significance with applying cuts (a) and without applied cuts (b) respectively.

\s =3 TeV respectively. So we concluded that for all
BP's; the cross-section is low at high energy for UU and
RR polarized beams of photons, while high for RL at high
energy.

For each scenario, the charged Higgs Boson recon-
struction 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 the dominant while in the
low—my scenarios the bosonic decay of W*h° is domin-
ant rising to 66.3%. The 100% dominant decay channel in
a short-cascade scenario is H* — tb that concludes the ¢
decay is the ideal candidate for the reconstruction of the
process. Limited phase space and alignment constraints
restrict bosonic decay channels.

Our Machine Learning models for Multivariate Ana-
lysis results are improved by applying cuts. The signal ef-
ficiency (esi,.rr) and background rejection (1 —epiqers)
are increased when cuts are applied to the MLP, BDT,
and LikelihoodD classifiers. The area under the curve
(AUC) is increased for MLP to 3.9%, for BDT it in-
creased to 3.46%, and the LikelihoodD increased up to
5.02% which shows that the LikelihoodD is the more ef-
ficient classifier for signal efficiency and background re-
jection. The signal significance is increased for MLP to
4.81%, for the BDT to 4.39%, and for LikelihooD, it is
increased to 5.43% by applying cuts. The significance
values obtained 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 performance, and separating signal events associ-
ated with charged Higgs generation. This consistency up-
holds the validity of the selected machine-learning ap-
proaches and increases trust in the outcomes.
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