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In this study, we focus on the bosonic decays of a light charged Higgs boson (i.e., with M+ < m, — my,)
in the 2-Higgs Doublet Model (2HDM) Type-1. To study the signal of such a charged Higgs state at the
Large Hadron Collider (LHC), in a scenario where the H° boson is the Standard Model (SM)-like one
already discovered, we assume that it decays mainly via ®W** and/or H* — A°W=* (i.e., via an off-shell
W= boson), which can reach a sizable branching ratio (BR) for tan # > 4, when the exclusion bounds from
H* — v and cs searches get weaker. By using six benchmark points (BPs), which are consistent with
current LHC constraints, we perform a Monte Carlo (MC) study and examine the sensitivity of the LHC to
a light charged Higgs boson decaying via the above bosonic modes and produced in top decay following
both single top and top pair production processes. Our findings demonstrate that, when the integrated
luminosity can reach 300 fb~!, the LHC has the potential to either discover or rule out most of these BPs
via either of these two production and decay channels or both.

DOI: 10.1103/PhysRevD.102.115040

I. INTRODUCTION

Following the discovery of a 125 GeV Higgs boson in
the first run of the LHC [1,2], several studies of its
properties have now been undertaken. These cover the
measurement of its mass, width, spin, CP properties, as
well as couplings. The current situation is that the measured
Higgs signal rates in all available channels agree with the
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SM predictions at the ~2¢ level [3]. However, the pos-
sibility that the observed Higgs boson state (hereafter,
referred to as H,,) could belong to a model with an
extended Higgs sector, such as the SM with an extra
singlet, doublet, and/or triplet, has not been ruled out.
Among such higher Higgs representations, those with an
extra doublet or triplet also contain one or more charged
Higgs bosons in their (pseudo)scalar spectrum. The dis-
covery of such charged Higgs bosons would then be an
eminent signal of a multiplet Higgs sector and thus, clear
evidence of physics beyond the SM (BSM). However,
nature has so far indicated that the Higgs mechanism relies
upon a doublet structure, so we focus here on a BSM
scenario that only employs this particular multiplet.

One of the simplest extensions of the SM within this kind
is the 2HDM, which contains two Higgs doublets, ®; and
®,, used to give mass to all fermions. The particle spectrum
of the 2HDM is as follows: two CP-even (h° and H®, with
Mo < Myp), one CP-odd (A%), and a pair of charged (H")

Published by the American Physical Society
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Higgs bosons. At hadron colliders, a charged Higgs
boson can be produced through several channels. Light
charged Higgs states, i.e., with Mfl(, < m; — my,, are copi-
ously induced by 7 production followed by the top decay
t — bH™ (or the equivalent antitop mode). When Kkine-
matically allowed, pp — tf — bbH™W* + c.c. provides
the most important source of light charged Higgs bosons,
above and beyond the yield of various direct production
modes: gb — tH* (or gg — thH*) [4], g9 —» WTHT, and
bb - WTHT [5], q7 — ¢H*, where ¢ denotes one of the
three neutral Higgs bosons [6], gg —» HTH™ and g —
HYH™ [7], gb - ¢'H"b [8], and 5, cb — H* [9]. (See
also Refs. [10,11] for a review of all available H* hadro-
production modes in a 2HDM.)

Assuming a light charged Higgs boson, i.e., such that
My+ < m; —my, the ATLAS and CMS experiments
have already drawn an exclusion on BR(z - bH™) x
BR(H* — 7v) based on the search for the corresponding
decay chain [12,13]. Other channels, such as H™ — c5,
have also been searched for by ATLAS and CMS [14,15].
Assuming that BR(H"™ — ¢5) = 100%, one can set a limit
on BR(7r — bH™) to be in the range of 5% to 1% for a
charged Higgs boson mass between 90 and 150 GeV. We
recall here that charged Higgs bosons have been also
searched for at LEP-II using charged Higgs boson pair
production followed by either H* — v, H* — c¢s or
H* — W*A [15]. If the charged Higgs boson decays
dominantly to v or c¢s [16], the LEP-II lower bound on
the mass is of the order of 80 GeV, while in the case where
charged Higgs decay is dominated by W*A°, via a light
CP-odd Higgs state (M 4 ~ 12 GeV), the lower bound on
the charged Higgs mass is about 72 GeV [15].

The aim of this paper is to show that the bosonic decays
of a light (i.e., with 72 GeV < M+ < m;) charged Higgs
boson, specifically, H* — W**h and/or H¥ — W**A, in a
scenario where H? is the discovered SM-like Higgs state
(i.e., H = H_,), could be substantial and may compete
with the aforementioned fermionic modes over specific
regions of the 2HDM Type-I parameter space. Our study
builds upon the results of Ref. [17], yet we surpass this
paper in several directions. Firstly, we allow for t —» bH™
decays in the presence of both single and double top-quark
production (whereas Ref. [17] only considered the latter).
Secondly, unlike that reference, which only performed an
inclusive analysis, we proceed here to a full MC simulation
in the presence of a parton shower, hadronization, heavy
flavor decays, and detector effects. Thirdly, we allow here
for A® decays into 7+7~ pairs, wherein the latter can in turn
decay fully hadronically, fully leptonically, and semilep-
tonically (or semihadronically), whereas Ref. [17] made no
assumption on the A? decay patterns.

The layout of the paper is as follows. In the next section,
we describe the 2HDM realisation we are interested in (i.e.,
a Type-I), whereas, in the following one, we outline the
theoretical and experimental constraints acting upon it.

Then, we define the BPs to be used for the MC analysis,
which is then described in detail. Following the discussion
of the results, we will finally conclude. (We also have two
Appendixes, one detailing the performance of a standard
cutflow and another illustrating the potential of an
improved one, with potentially lower thresholds on some
key kinematic variables.)

II. THE 2HDM TYPE-I

The 2HDM consists of two complex SU(2), (where L
indicates the isospin) (pseudo)scalar Higgs doublets ®; ,
with the same hypercharge Y, = +1/2 that give masses
to SM gauge bosons as well as fermions. Explicitly, @, and
@, are defined as

o, = ( a > and
(01 + %+ ix))/V2

B o
*- (<v2+¢2+ix8>/ﬂ>' .

The 2HDM Lagrangian involving the two Higgs doublets
®, and @, can be written as:

L= Z|Duq)i|2 - V(q)lv (DZ) + ﬁYukawa- (2)

The first term is the kinetic one for the (pseudo)scalar fields
that generate the gauge boson masses as well as the Higgs
boson interactions with the gauge bosons themselves. The
second term is the scalar potential, and the third one is
the Yukawa Lagrangian. The covariant derivative is given
by D, =0, + igT"aVT/Z +ig % B,, where W¢ and B, are,
respectively, the SU(2), and U(1), gauge fields, with g and
g the associated gauge coupling constants.

The most general scalar potential, of dimension 4, that is
SU(2); x U(1)y invariant, CP conserving and which pos-
sess a Z, symmetry (®; —» —®; or &, - —®d,), which is
introduced to avoid flavor changing neutral currents
(FCNCs) yet it is softly broken (by a dimension-2 term,
the one « m?, below) to enable a nontrivial dynamics, is
given by

V(@) ®,) = m}; @[y + m3,®5®, — miy(®]®, + Hec.)
A . A 3
+ 31 (@))% + ?2 (D] ®,)>
+ 13 (D] D)) (PID;) + Ay (D] @) (D] D))

+%5[(c1>{q>2)2 +Hecl, (3)
where all parameters are real valued. After spontaneous
electroweak symmetry breaking (EWSB) of SU(2), x
U(1)y down to U(1)gy, [where L indicates the electromag-
netic (EM) group], each doublet obtains a vacuum expect-
ation value (VEV) v; (i=1, 2), such that they can

115040-2



IMPLICATIONS OF A LIGHT CHARGED HIGGS BOSON AT ...

PHYS. REV. D 102, 115040 (2020)

be fixed from the EW scale through the relation
v = \/v} + v} = 246 GeV. Furthermore, upon EWSB,
three Goldstone bosons (G* and G) are absorbed as
the longitudinal component of the gauge bosons (W* and
Z, respectively) so that the latter gain their mass.
The remaining five degrees of freedom (out of the initial
eight pertaining to the two complex doublets) become the
physical Higgs bosons, namely, the aforementioned /1, H, A,
and H*.

From the two minimization conditions of the 2HDM,
one can eliminate m?}, and m3, in favor of other (pseudo)
scalar inputs so that we are then left with the following
seven free independent real parameters:

Instead of the eight parameters of Eq. (4), a more
convenient choice would be:
Mh[) y MHU ) MAO N

Mys, a, tanp, m3,, (5)

where a is the mixing angle that rotates the nonphysical
states ¢ and ¢9 to the physical ones 4° and HC.

For the Yukawa Lagrangian, if we proceed like in the SM
and ask that both Higgs doublets couple to all SM fermions,
we end up with neutral Higgs couplings to fermions that
are flavor violating, i.e., the aforementioned FCNCs. The
existence of such interactions would induce large contri-
butions to low energy observables such as B, D, and K
meson oscillations and others, which could contradict
precise experimental measurements. To evade this problem,
one can advocate so-called natural flavor conservation
(NFC) by imposing the aforementioned discrete symmetry,
Z, [18], which forbids them. As intimated, to achieve a
2HDM dynamics at once compliant with EWSB and FCNC
limits yet offering a (pseudo)scalar mass spectrum that is
experimentally interesting, we allow for a soft Z, breaking
(i.e., a small m3, term).

There exist several ways of coupling the two Higgs
doublets to the SM fermions. In the 2HDM Type-I, ®,
couple to all fermions, just like in the SM, while the other
@, does not.' The discrete symmetry behind this assign-
ment is ®; — —®,. The Yukawa Lagrangian of the Type-I
model is

‘cYukawa = YdQLq)ZdR + YuQLd)ZuR =+ YeZ’L(DZeR + H’C”
(6)

where Q; and L, are the left-handed quark and lepton
doublets, dp, ug, and ey are the right-handed up-type
quark, down-type quark, and lepton singlets, respectively,
Y,, Y;, and Y, are the corresponding Yukawa coupling

'See [19] for a review of the 2HDM covering other Yukawa
types.

TABLE 1.  Yukawa couplings in the 2HDM Type-I, wherein ¢
and s stand for cos and sin, respectively.

h h h H H A
u Ka Kj ki kK] Ky K K}

CalSp CalSp CalSp SalSp SalSp SalSp CplSp —Cp/Sp —Cp/sp

K

matrices, and ®, = io,®@; (where o, is the second Pauli
matrix). After expressing the weak eigenstates of @, in
terms of the physical ones, the Yukawa Lagrangian in
Eq. (6) becomes:

- 'CYukawa

m _ m _ .m _
=) (U'”Kf;wwho += L rifpyHO l;KQWYSV/A())
w=u,d,l

Vi
+ | === a(myki Py + mykiPg)dH*
<\/§’U( L dtq R)

le?_
IJZH++H.C.>, 7
\/Ev LR ()

where «§ are the Yukawa couplings in the 2HDM. The
values of those couplings in the 2HDM Type-I are given in
Table I.

From the kinetic terms of the Higgs doublets, one can
derive the interactions between the gauge bosons and a pair
of Higgs (pseudo)scalars, such as A°h°Z°, HThOW*,
H*AW*, and H*H°W®. The corresponding couplings
are determined by the gauge group structure as well as the
angles a and f [20]. They are given by the following
relations:

_l’_

Iutpows = w (Pwo — Pu=)"s (8)
Iu*HOW* = W(PW = pu=)'s 9)
JH*AO W= = g (Pao = Py (10)
Gaon0z0 = %ﬂ—a) (P = Pao)s (11)

with p, being the incoming momentum for the correspond-
ing particle.

If the charged Higgs boson is light, the top (anti)quark
can decay into either bW+ or bH=. The first decay is con-
trolled by a SM gauge coupling, while the second decay
depends upon f, and it can be enhanced for small tan f.
Conventionally, a light charged Higgs boson is assumed to
decay into either zv or c¢s, with the corresponding couplings
given in Table I. However, if there is an additional light
neutral Higgs boson 4° or A?, the additional decay channels
into A°W=(*) and hOW*(*) would open up, wherein the W+
boson can be on or off shell, depending on the mass dif-
ferences My+ — Mo and Mpy: — Mo, respectively. The
H* — h°W*®) channel for a light charged Higgs boson is
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TABLE II. 2HDM parameter ranges adopted for our scan.
(Note that we have taken Mo = 125 GeV.)

Parameters Ranges

Mo [10, 120] GeV

My [10, 120] GeV

My [80, 170] GeV

sin(f — a) [-0.3, —=0.05]

m3, [0, M7, sin ffcos f] GeV?

tan [1, 60]

open only if we demand that H? is the observed 125 GeV
SM-like Higgs state (which we do here). In this case,
|cos(ff — a)| ~ 1 is preferred by experiments, and thus, the
H*h°W* coupling is large. The H*A°W* coupling is
independent of sin( — ) and thus, always large. Finally,
the H* — HOW*(*) decay channel is greatly suppressed
since it is proportional to | sin(f — @)|?, and the mass differ-
ence involved (Mpy= — M) could be very small since
My < m; —my and Mo = 125 GeV.

To study our 2HDM Type-I, we perform a systematic
numerical scan over its parameter space as illustrated in
Table II. During the scan, each sampled point is subject to a
set of theoretical and experimental constraints, which are
described in the following section.

III. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS

The 2HDM parameters in Eq. (5) are constrained by a
number of theoretical considerations, such as vacuum
stability [21], perturbativity, perturbative unitarity [22],
and experimental limits from LEP, Tevatron, LHC, as well
as B physics experiments. We list here the constraints that
we have used.

From the theoretical side, we have the following:

(i) A necessary condition for the stability of the vacuum
comes from requiring that the scalar potential
remains bounded from below when the (pseudo)
scalar fields become large. This should be fulfilled in
any arbitrary direction in the field space. In the limit
of large field values, the scalar potential is domi-
nated by quartic couplings, and one can show that
the tree-level vacuum stability constraints are [21]

)«1 > 0, /12 > 0, /13 > —\/11/12,
A3 +/14—|ﬂ5‘ > —\/ A4y (12)

(ii) We require that all A;’s remain perturbative and
satisfy |4;] < 8z

(iii) Perturbative unitarity constraints [22] are those
obtained by requesting that the S-wave compo-
nent of the various (pseudo)scalar-(pseudo)scalar,
(pseudo)scalar-gauge boson, and gauge-gauge bo-
sons scatterings remain unitary at high energy. Such

a condition implies a set of constraints that have to
be fulfilled and are given in [22].

(iv) We also check the consistency at 95% confidence
level (CL) with the experimental measurements of
the oblique parameters S, 7, and U. We compare
those to the fit values of [23], i.e., S = 0.05 £ 0.11,
T =0.09£0.13, and U = 0.01 £0.11.

Note that unitarity, perturbativity, vacuum stability, as well
as S, T, and U constraints, are enforced through the
2HDMC public code [24].

From the experimental side, we considered the following.

(i) B-physics observables are implemented with the
code Superlso v4.0 [25]. Specifically, we have used the
following measurements:

(1) BR(B = X,7)|g <16 cev = (3.324+0.3) x 10~
[26,27], ’
(2) BR(B, = puu) = (3.1 £ 1.4) x 1077 [26,28],
(3) BR(B* = ztv,) = (1.067038) x 107* [26,29].
For all such observables, we allow a 2¢ tolerance from the
above measurements.

(ii) Consistency with the Z width measurement from
LEP, T'; = 2.4952 + 0.0023 GeV [30]. Specifically,
the partial width ['(Z — h°A°) was required to fall
within the 26 experimental uncertainty of the meas-
urement (<4.6 MeV).

(iii) The indirect constraints from Higgs data measure-
ments are taken into account by using HiggsSignal
(version 2.2.0) public code [31,32], which includes both
Run-1 data [3] from the combined ATLAS and CMS
analysis at /s = 7 and 8 TeV, and results from Run
2 at /s =13 TeV up to 36 fb=! [33-39] from
ATLAS, as well as from CMS [40-49]. Assuming
no deviations from SM predictions. We require that
the relevant quantities, calculated with HiggsSig-
nals, satisfy Ay? = x> — 2. for these measure-
ments at 95% CL (Ay? < 5.99).

(iv) Consistency of all Higgs states with the direct search
constraints from LEP, Tevatron, and LHC at the
95% CL, which are tested using the updated version
of HiggsBounds-5.3.2beta [50] in default configu-
ration.

IV. NUMERICAL RESULTS OF THE SCAN
AND BENCHMARK POINTS

In this section, we present the results of the aforemen-
tioned scans and propose six BPs ameanable to MC
analysis. In the scan, we restrict ourselves to negative
sin(f3 — a).2 This parameter space has been studied before
in Ref. [51], where neutral Higgs bosons A° and h° could

*We remind the reader here that the fermionic couplings of
the h° boson are proportional to cosa/sinf = sin(f —a) +
cotfcos(ff —a); hence, they will be reduced for negative
sin(f — @), and therefore LEP limits are easily satisfied even
for the light 4 state considered in this study.

115040-4



IMPLICATIONS OF A LIGHT CHARGED HIGGS BOSON AT ...

PHYS. REV. D 102, 115040 (2020)

be lighter than M 0 /2. In the current work, we extend the
work [51] by examining the detailed properties in this
specific parameter space. We will mainly focus on the
search potential of the LHC to this parameter space.

BPs are given in Table (IIT), which can serve as a new
physics search not only for the LHC but also for the future
eTe™ colliders. At the future ete™ colliders (say Higgs
factories with collision energy /s = 250 GeV), these BPs
can be discovered either via ete™ — hA° or ete™ —
H*H~ due to their light masses. Production rates and the
search modes for each of these six BPs will be different due
to different mass spectra and different decay branching
fractions of h° and A° and H* as well. To discover these
processes at the future e*e™ colliders, the dominant back-
ground will be ete™ - WTW~™ and ete™ — 17 (when the
collision energy is larger than 350 GeV). The detailed
analysis can be done in the future.

A. Some essential features of light charged
Higgs bosons in the 2HDM Type-I

We first illustrate the BRs of 4%, A°, H*, and ¢ into
different final states. We start with Fig. 1. In the top
two frames, we present BR(h°/A® - z%77) (left) and

0.10

o o o
= o =
K = &

BR(h;— t71)

©

=}

s}
—

0.00L

1.0
~ 038
< 0.6

+

50.4_

0.2}

0.0L—

FIG. 1.

BR(h°/A° — bb) (right). Before discussing these, though,
we remind the reader that in the 2HDM Type-I, the A°
couplings to fermions have all the same tan # dependence.
Therefore, when all bosonic decays are not open, the BRs
of the A state into fermions will not depend on tan f. In the
case of the 40 state, however, things are different because of
the presence of the h° — VV* (V = W*, Z) decay chan-
nels. Nonetheless, in the exact alignment limit (from which
we do not depart significantly), where the coupling K°VV
vanishes, the decay phenomenology of the h° state follows
closely that of the A one.

From the aforementioned figure, it is clear that the
BR(h°/A° - zt77) could reach at best 8%, while
BR(h°/A° — bb) can reach up to 80%. However, the
former final state is much cleaner than the latter one in
the LHC environment. In this connection, upon recalling
that the full decay chain H* — h0/AW=() — ppW=() ig
subject to interference effects with H* — bt* — bbW*(*)
and significant background from ¢ production and
decay [52-54], we are induced to elect as a tentative signal
in our analysis the case of 7 final states. Furthermore,
in the bottom-left frame of Fig. 1, we demonstrate
that the bosonic decays of the charged Higgs boson,

I
o
—

BR(h— bb)
o
o

o
~
T

e
o

—
L]

0.0t

0.025r

0.020 .

BR(t— bH ™)
=
o
c
T

140
My [GeV]

PIRe _‘ Rx:
100 120

(Top left) BR(h°/A® — z+77). (Top right) BR(h°/A° — bb). (Bottom left) BR(H* — h°/A°W*(*)). (Bottom right)

BR(r — bH™). BRs are given as a function of the relevant Higgs masses.
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FIG. 2. BRs of h” (left) and A° (right) as a function of its mass.

BR(H* — h°/A°W*()), could become the dominant
ones, even reaching 100% in some cases (see also [17]).
Finally, in the bottom-right frame of Fig. 1, we present
BR(¢# — bH™), illustrating the fact that this decay channel
of the top (anti)quark is not excessively suppressed with
respect to the SM one r - bW™. We therefore recommend
the t - bH* — bh? /AW — btz W+ decay chain
as the one to be pursued experimentally, assuming either
single or double top (anti)top hadro-production.

A further advantage of the 777~ decay is that its rate
remains substantial as a function of the 4° and A° masses
when the latter are below 100 GeV or so, as seen in Fig. 2.
This implies that there is little loss of sensitivity through
the 777~ mode in an experimental search, no matter the
actual value of Mo or M 4 in our mass ranges of interest.
However, other 4° and/or A° decay modes might be useful.
In fact, one can see from Fig. 2 (left) that 4° could become
fermiophobic in some cases, making BR(hO — yy) [51,55]

Fig. 2 (right), it is noteworthy that there are points where
the suppression of A® — bb for large tan 8 value allows
for a substantial enhancement of A° — Zh and/or
A® — WEH)HF It might also be interesting to study these
alternative decay modes and their sensitivity at the LHC.

To quantify the size of the light charged Higgs cross
section from the single and double top (anti)quark pro-
duction followed by the discussed decay chains, we
evaluate the quantities X/ (h;, ff) and X" (h;, ff), respec-
tively, which are defined as follows:

XY(h;, ff) = o(pp = tj) x BR(t = bH™)

x BR(H* = h;W+) x BR(h; — ff), (13)

X"(h;, ff) = o(pp — tt) x BR(t —» bH™")
x BR(t > bW') x BR(HT — h;WT)

or BR(h® — ZA") the dominant decay mode. Further, from x BR(h; = ff). (14)
XY(h;, 1) [pb] XU(h;, bb) [pb]
10° 3 10 3
10-1 107 5
4 10—1 :
1072 4 ]
] 1072 5
1073 4
] 1073 5
107 ; 104 -
1075 T P 1075
40 60 80 100 120
mp, [GeV] mp, [GeV]

FIG.3. Cross section for 6(pp — tj) x BR(t = bH*) x BR(H* — h;W*) x BR(h; = ff) as a function of the 4° and A° mass with

ff =tt7 (left) and ff = bb (right).
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X%(h;, TT) [pb]

101

100 4

10—1 -

mp, [GeV]

X(h;, bb) [pb]

102

101 o

100 3

10—1 -

10—2 -

1073 4

10—4 _

103 : T . T T
40 60 80 100 120

mp, [GeV]

FIG.4. Cross section o(pp — tf) x BR(t - bH*) x BR(t —» bW*) x BR(H* — h;W*) x BR(h; — ff) as a function of the 1° and

A® mass with ff =7tz (left) and ff = bb (right).

(Notice that the subprocesses contributing to #j production
are bqg — tq' and gg’ — tb, while those entering 7 pro-
duction are ¢g, gg — tt.)

In Figs. 3 and 4, we give the numerical results from our
scan for both X"(h;, £f) and X" (h;, ff), respectively, for
h° and A° decaying into 77~ (left frames) or bb (right
frames), i.e., ff = 777~ and ff = bb in turn. There is an
obvious feature in Figs. 3 and 4, i.e., that when the mass of
M o or M 4o is smaller than half the SM-like Higgs boson
Mo = 125 GeV, significantly fewer points are allowed,
which can be attributed to the constraints on the decay
H® — hh° affecting the SM-like Higgs boson width.
While the bottom decay rates are dominant over the tau
ones, it is clear that the production of charged Higgs bosons
from the sum of single and double (anti)top quark decays
followed by either of our bosonic modes could reach more
than a few pb in the 777~ channel. While this value is
handsomely large at the inclusive level, it should be
recalled that the W*(*) boson emerging from the H* —
h°/A°W=(*) decay would be searched for in its leptonic
transitions, i.e., W) — [*p, which are of order 20% only,
so this calls for using all possible decay patterns of the 777~
pair, i.e., fully hadronic, fully leptonic, and semileptonic (or
semihadronic), in order to maximize experimental sensi-
tivity. These three signatures are therefore what we will
pursue in our MC study.

B. Benchmark points

In order to perform our MC simulation, out of our scan,
we select six BPs. These six BPs can be categorized into
two groups: the first group with M0 < M 40 and the second
group with M 40 < M. In each group, there are three BPs.
For the MC study for the LHC, three BPs for each group are
supposed to reveal which factors (masses and decay modes)
are more important and crucial to determine the sensitivity.

Detailed information of these six BPs, including mass
spectra and decay BRs, is presented in Table III. There are
several salient features of these BPs that is worth dwell-
ing upon.

(i) Both the extra neutral Higgs bosons, A? and h°, are
lighter than the discovered Higgs boson, H°. (Notice
that some BPs have the #° — ZA® and/or A° — Zh°
decay channels open, so they will be competing with
h°, A° — 777~ decays.)

(i) The charged Higgs boson has a mass smaller than
the ¢ mass, but the sum of its mass with the mass of
an extra neutral Higgs boson (either A? or h%) is
larger than the top quark mass, except for BP6.

(iii) The rates for BR(t — bH*) x BR(H* — 7%v,) are
less than 12 x 1074, i.e., below the current LHC
bound [56].

(iv) The BR(H* — h®W*)) for the first three BPs is
equal to 89.9%, 83.5%, and 87.7%, respectively,
while the BR(H* — A°W*(*)) for the second three
BPs is equal to 93.6%, 92.8%, and 83.2%, respec-
tively. Thus, they are very close to their best possible
values (recall Fig. 1), in turn, implying that these are
amongst the 2HDM Type-I parameter points most
accessible to a future LHC analysis. Meanwhile, the
h°(A%) mass and the mass differences between the
H* and the h°(A°) are specially chosen to produce
different 7 and off-shell W bosons energy in six BPs,
which will lead to the different detector responses as
shown in the following collider analysis.

We will now proceed to a MC version of the latter.

V. COLLIDER ANALYSIS

In this part, we perform a detector level MC simulation to
establish the LHC sensitivity to the BPs given in Table III.
Due to the kinematics of these BPs, we will focus on the
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TABLE III. The full description of our BPs we take m, = 173.5 GeV.
Parameters BP1 BP2 BP3 BP4 BP5 BP6
2HDM inputs. The Higgs masses are in GeV.
M o 80.772 78.284 85.003 115.16 119.21 111.13
M p 125 125 125 125 125 125
M 4o 116.34 116.14 109.45 64.547 72.896 62.679
My 124.29 112.8 132.6 117.23 132.05 98.4
sin(f — a) —0.073282 —0.065491 —0.077173 —0.13305 —0.086473 —0.057954
As 0 0 0 0 0 0
A7 0 0 0 0 0 0
m3, 1045.1 676.32 1244.7 2743.6 1979.6 2120.2
tan 5.5795 6.543 5.1575 4.233 3.5324 5.6988
Total decay width in GeV
r'(h° 2.465 x 1073 1.6301 x 107> 3.1343 x 1073 0.0001354 0.00019498 0.0001218
'(H°) 0.0044033 0.0043866 0.0044133 0.0044791 0.0044727 0.0043936
r(A° 0.00013585 0.00011075 0.00012937 0.00010722 0.0001734 5.752 x 1073
T'(H') 0.00015084 5.1564 x 107> 0.0002483 0.00034353 0.00068742 5.5684 x 1073
(1) 1.3784 1.3789 1.3765 1.3936 1.3894 1.3903
BR(A" - XY) in %
BR(K® — 7777) 7.5297 7.5114 7.5603 1.7983 4.8386 2.5942
BR(h" = gg) 4.1758 3.9511 4.5778 1.8932 5.4377 2.5543
BR(h® — Z°A9) 72.548 35.026 65.059
BR(h" - WHW™) 0.029144 0.026408 0.042102 3.4713 1.6768 0.42731
BR(h® — cc) 3.8246 3.8413 3.7981 0.84822 2.2665 1.2324
BR(h" — bb) 84.271 84.535 83.842 18.872 50.46 27.402
BR(H® —» XY) in %
BR(H® - 7t77) 5.9984 5.9905 6.0031 6.0389 6.0262 5.9884
BR(H® = gg) 7.3793 7.3696 7.3851 7.4292 7.4135 7.367
BR(H® — 7°29) 2.3825 2.3942 2.3757 2.3132 2.3406 2.3926
BR(H" - WTW™) 19.073 19.166 19.019 18.518 18.737 19.154
BR(H® - cc) 2.7834 2.7797 2.7855 2.8022 2.7963 2.7787
BR(H" — bb) 62.016 61.934 62.065 62.435 62.304 61.913
BR(A? - XY) in %
BR(A? — 7777) 5.6976 5.0731 6.5871 6.9509 6.973 6.9414
BR(A® - gg) 18.133 16.1 18.93 8.7517 10.538 8.3672
BR(A? — ZO0h0) 14.745 24.117 2.6261
BR(A® — cc) 2.7053 2.4096 3.1664 3.742 3.653 3.762
BR(A® — bb) 58.646 52.236 68.611 80.491 78.769 80.866
BR(H™ - XY) in %
BR(H - ttv,) 5.4821 10.583 4.1585 3.9444 3.189 11.267
BR(H* — W*hO) 89.931 83.481 87.672 0.058026
BR(H* — WTA?) 0.025258 2.7961 93.568 92.76 83.224
BR(H" — sc¢) 2.3214 4.5651 1.7396 1.6889 1.335 4.9918
BR(H" — bt) 1.9984 0.89684 3.4528 0.623 2.5191
BR(r —» XY) in %
BR(t - bWT) 98.897 98.865 99.036 97.82 98.115 98.052
BR(t - bH™) 0.93164 0.96372 0.79287 2.0086 1.7136 1.7766
Superlso
BR(B — X,7) 0.00031283 0.00031418 0.00031207 0.00030838 0.00030483 0.00031247
BR(B, — ptu) 3.2581 x 107° 3.2422x 107 32669 x 107 33121 x 1070 33546 x 10™°  3.2634 x 107°
BR(B, — ;) 8.1856 x 1073 8.1857 x 1073 8.1855 x 1073 8.1847 x 1073 8.1844 x 1073 8.1851 x 107>
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TABLE III. (Continued)

Parameters BP1 BP2 BP3 BP4 BP5 BP6
o x BR in pb

XU (h°, zte ) 0.156455 0.149869 0.130332 0.000119314

X"(h, tt¢ 0.62391 0.597452 0.520465 0.000472038

XY (h°, bb) 1.75101 1.68666 1.44536 0.00124427

X" (hO, bb) 6.98264 6.72388 5.77187 0.00492267
XU (A%, zF77) 3.32498 x 107 0.00362156 0.323982 0.274873 0.254534
X"(A%, 7777) 0.000132593 0.0144623 1.2779 1.08747 1.00636
X (A°, bb) 0.000342243 0.037722 3.75169 3.10504 2.96525
X'"(A%, bb) 0.00136479 0.150638 14.798 12.2843 11.7237

discovery of charged Higgs bosons via the decay H* —
WIFy(l = e,u) or H* — A%Fy, via an off-shell W+
boson. To obtain a meaningful significance in our analysis,
we assume the integrated luminosity of 300 fb~! and the
collision energies of /s = 13 and 14 TeV at the LHC.
As mentioned, we will focus on two production channels
of the charged Higgs boson; the first is pp — tj — bH*j
[single top (anti)quark production], and the second is pp —
tt — bH*t (top quark pair production). After its produc-
tion, the charged Higgs boson will decay into "°W** or
A"W=** wherein the neutral Higgs state will further decay
to 7777, The t77~ decay mode can be categorized into three
cases, in terms of the final states it produces, i.e., fully
hadronically, fully leptonically, and semileptonically (or
semihadronically), which we identify as 7y,4%hads ThadTieps
TiepTiep» Which will be described in more detail below for
each of the two production channels. Further, because in
the following analysis, we do not use angular correlations
of the decay products of the charged Higgs boson, our
selection method can be used for both for H* — h°[*v and
H* — A%*v at the same time, so we will treat these two
cases in the same manner. The six BPs used for the signals
are provided in Table III.
Now, we present our MC analysis at a detector level, for
both signal and background, which has the following features.
(i) We use MadGraph5_aMC@NLO v2.6.5 [57] to compute
the cross sections and generate both signal and
background events at parton level. At this level,
we adopt the following kinematic cuts [in pseudor-
apidity, transverse momentum, and missing Ep
(MET), where E; is the transverse energy (or
momentum)] in order to improve the efficiency of
the MC event generation,

(1. j)| <25,
AR(l,j) > 0.5,

pr(l.j) > 20 GeV,

MET > 20 GeV, (15)

where j refers here to a parton. Further, after
generating the signals at the leading order (LO),

we reweigh each corresponding signal event by
using the next-to-LO (NLO) cross sections by k
factors given in Table III. For the NLO cross
sections of single top and top pair productions, we
use k factors 1.06 and 1.41. In the single top
production, we sum over both pp —tj and
pp — tj. The k factors are taken from [58,59],
respectively. Already by using these generation
cuts, background events of pure QCD origin can
be sufficiently suppressed and will be neglected in
our analysis. The cross sections of signal and
background processes at the LHC with /s =
14 TeV are presented in Table (VIII).

For the signal processes at the parton level, the full
decay chains are then specified. For example, for
single top production, we generate the matrix elements
of the processes pp — tj — H*bj — h®(A))W*bj —
7eW*bj while, for top pair production, we generate
the matrix elements of the processes pp — (1 —
tH*bj — th (A" )W*bj — trtW*bj.

(ii) After generating both signal and background events
at the parton level, we pass these events to PYTHIA
v6.4 [60] to simulate initial and final state radiation
(i.e., the QED and QCD emission), parton shower,
hadronization, and heavy flavor decays for each of
the events.

At the track (detector) level, we use DELPHES v3.4.2
[61] to simulate the detector effects and the pseu-
dodataset generated by it to perform our analysis. To
cluster final particles into jets in each event, we
adopt the anti-k, jet algorithm [62] with jet param-
eter AR = 0.4 in the Fasuet package [63]. The 7
tagging rate is 0.7(0.6), and the mistagging rate for
QCD jets is 0.02(0.01) for one-prong(multiprong)
topologies [64].

From the final objects reconstructed at the detector level,
i.e., 7 jets, = leptons, jets (including b jets), leptons, and
missing transverse momentum, we perform the signal and
background discriminant analysis below. In Appendix A, in
order to compare with the results of BDTG, we also provide
results in a cut based method. We will consider the signal

(iii)
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for the case of single (anti)top quark production and then
for the case of double (anti)top quark production.

A. Charged Higgs boson production
from pp — tj processes

In this subsection, we will study charged Higgs boson
production and decay from single top mode. Here, charged
Higgs bosons can be produced via pp — tj — bH*j —
bhO(A")W**j — bh°(A%)[*vj — brtr™[*vj, where W**
denotes the off-shell W boson coming from the H* decaying.
The BR of a top quark decaying to a charged Higgs boson can
reach 1-2% or so, as shown by the BPs given in Table III. The
main background processes include: 1) pp — WHrtz™
production, which is generated up to two additional jets;
2) pp — tiproduction, where all the top quarks decay modes
are included, i.e., the two W* bosons from the top quark pair
will undergo fully leptonic, semileptonic (or semihadronic),
and fully hadronic decays, which are all generated up to one
additional jet; 3) #7/™1~ production, where [ = e, u, 7; and
4) tjrt 7~ production.

As intimated, both signal and background events are
categorized into three cases in terms of the final state
emerging from the r77~ decay.

(i) Case A: both 7’s under hadronic decays. Thus, the
final state includes two tagged 7 jets and one lepton,
| = e, p, which is from the off-shell w+ decay, plus
one or two extra jets.

(i) Case B: One 7 undergoes hadronic decay, the other 7
undergoes leptonic decay, plus there is an extra
lepton from the off-shell W* decay, which is
expected to be softer than the one stemming from
the leptonic 7 decay. Thus, the final state here is
made up of two leptons, one tagged 7 jet and one or
two extra jets. A further requirement is that the two
leptons have the same sign, which is opposite to the
sign of the 7 tagged jet.

(iii) Case C: Both 7’s undergo leptonic decays so that
here, the final state is made up of three leptons and
one (two) extra jet(s).

Below, we list some key kinematic features, which are

useful to distinguish between signal and background events.

(i) The reconstructed h® and A° bosons

In a signal event, we can combine two 7 jets
(Case A), a 7 jet, and the hardest lepton (Case B) or
the two hardest leptons (Case C) to look for the
mass resonance of a h° (for BPs 1, 2 and 3) or A°
(for BPs 4, 5 and 6). In Case A, the reconstructed
mass should peak near the input mass of h1°(A%). In
Cases B and C, due to the large fraction of energy in
the event taken away by neutrinos from the 7
leptonic decay(s), the reconstructed mass usually
peaks at a value smaller than the actual mass of the
h°(A°) state. To demonstrate this feature, in Fig. 5,
we show the distribution of the invariant mass of

(a) Case A (b) Case B (c) Case C
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FIG. 5. The reconstructed neutral Higgs boson mass, M’ ho, is shown
generated by using BP1 in Table III.

for Case A (a), Case B (b), and Case C (c). The signal events are

(a) Case A (b) Case B (c) Case C
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FIG. 6. The missing transverse energy, MET, is shown for Case A (a), Case B (b), and Case C (c). The signal events are generated by

using BP1 in Table III.
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FIG.7. The reconstructed charged Higgs boson mass, M * . is shown for Case A (a), Case B (b), and Case C (c). The signal events are
generated by using BP1 in Table III.

(i)

the two 7 jets for both signal and background
events, denoted by Mho, where the former are
generated by using BP1 in Table III, as represen-
tative of the typical signal kinematics.
The reconstructed H* boson

Since a charged Higgs boson can only transition
into the final state h°lv or A%l through an off-shell
W+ decay, we can attempt reconstructing its mass
using the momentum of the lepton, MET, and
reconstructed h°(A°) mass. Notice that the MET
of each event comes from neutrinos from W+
decays, including via leptonic 7 decay. In Fig. 6,
we show its distribution for the usual three cases. In
Case A, the MET mainly comes from the W= boson
off-shell decay; therefore, its peak is at relatively

the background events have larger MET than
most signal events.

We then use the MET to reconstruct the mass
of the [+ MET + h°(A°) system, which we de-
note by MH* | as it is sensitive to the actual value
of My:. Based on Ref. [65], we proceed as
follows. We calculate the v four momentum by
enforcing the H* mass constraint on the [vh®(A°)
system and then, in turn, reconstruct the H* four
momentum. The distribution of the ensuing
charged Higgs boson mass is shown in Fig. 7.
In all three cases, it is noticed that the mass peak
of the charged Higgs boson can be successfully
reconstructed, which can then serve as an efficient
discriminant to distinguish between signal and
background events.

small values, close to half of M+ — M), /4. In Cases (iii) The reco@stmcted 1 quark . )
B and C, leptonic 7 decays also contribute to the In a signal event, the charged Higgs boson is
MET so that its peak value increases. produced by a top quark (or antiquark) decay. There-
Since the W* boson coming from the H™ state fore, we can reconstruct the top quark mass by using
cannot be on shell, its decay products cannot be the momentum of the charged Higgs boson and that of
very energetic. Considering we have imposed a non-z-jet. In.our reconstruction method, we loop
an isolated and energetic requirement on the over all such jets and select thte one that yields a
lepton, we deliberately keep the MET cut equally reconstructed top guark mass, M', vyhlch is clqsest to
loose in the preselection and let a machine ' the real one. In Fig. 8 we present its distribution.
learning agent (see below and Appendix B) to (iv) The reconstructed tj system
eventually optimize it, an approach that can yield All non-z-jets are sorted by their transverse
a 25% increase in the significance. The MET momentum, and then the leading two jets are
distribution is presented in Fig. 6. It shows that considered, as mentioned above. We pick one of
(a) Case A (b) Case B (c) Case C
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FIG. 8. The reconstructed top quark mass, M’, is shown for Case A (a), Case B (b), and Case C (c). The signal events are generated by

using BP1 in Table III.
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FIG. 9. The transverse momentum distributions of the reconstructed ¢j, P’Tj, system is shown for Case A (a), Case B (b), and
Case C (c). The signal events are generated by using BP1 in Table III.
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FIG. 10. The BDTG output in the #j channel analysis is shown for Case A (a), Case B (b), and Case C (c). The signal events are

generated by using BP1 in Table III.

the jets to reconstruct the top quark mass, then the
other one is used to reconstruct the center-of-mass
frame of the top-jet (#j) system, which transverse
momentum, PtTj, is expected to be small, as shown
in Fig. 9.

To optimize the application of cuts upon the various
kinematic observables we have just discussed and to
improve the signal-to-background rate, as intimated, we
adopt the gradient boosted decision tree (BDTG) approach,
which is one of the multivariate analysis (MVA) methods.
The latter has recently been widely used in data analysis
and we adopt the BDTG method implemented in the toolkit
for MVA (TMVA) package of ROOT [66]. In the training
stage, we have used the following input variables: all final
state (standard jet, 7 jet, and lepton) transverse momenta,
the invariant mass and transverse momentum of the h%(A°)
state, the reconstructed charged Higgs boson and top quark
masses, plus the transverse momentum of the #j system.
The distribution of the BDTG output for both signal and

alongside the BDTG cut. We stress that the BDTG output
is a much better variable to use to enhance the signal-to-
background rate than that of a traditional cutflow method
based on more stringent requirements placed upon the
aforementioned (or other) kinematic variables.

Although, for reasons of space, we have illustrated here
only the response of BP1 (and associated background) to
our selection, the pattern for the other BPs is very similar,
the main difference being at the BTDG training stage where
the input signal events are generated by the different
kinematic parameters about each BP. Based on our selec-
tion, the final significance (which is calculated as

TABLE IV. Kinematic cuts for the analysis of BPI in the ¢
channel are shown.

Cuts
2nd jet Pp

Case A Case B Case C
[20-130] GeV [20-150] GeV [20-200] GeV

background is shown in Fig. 10, from which it is noticed ~ Ist lepton Pr [20-60] GeV  [20-60] GeV  [20-100] GeV
that the observables listed above as input are indeed  2nd lepton Py [20-50] GeV [20-60] GeV
3rd lepton Py [20-35] GeV

efficient to distinguish between the two samples for all

three C.a.ses considered (A, B, and C). To rr}aximallly exploit xE)T 58 188} gzx [[2 10 0 18500]] C(}i e\}f [[2200 1755(;] ge e\\/
the efficiency of the BDTG method, all kinematic cuts are M [80. 300] GeV [60. 250] GeV [20, 160] GeV
ghosen rather loose and thus, only _remove the most Y2 [0, 250] GeV [0, 250] GeV [0, 250] GeV
irrelevant background events. The details of the cuts used  ppyrg [0.4.1] ~0.6, 1]

for three cases for BP1 are summaried in Table 1V,
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TABLE V. The final significances of the #j channel for the six
BPs considered when the luminosity is 300 fb~' at both
(a) /s =13 TeV and (b) 14 TeV.

Significance ~ BPI BP2  BP3 BP4  BPS BP6

Case A 333 256  6.01 6.08 547 421
Case B 291 1.85 431 386 324 291
Case C 073  0.76 140  0.69 .13 0.78

Combined 372 294 7.0 677 6.17 483

Significance ~ BPI BP2  BP3 BP4  BPS BP6

Case A 345 265 622 627 568 435
Case B 3.07 1.96 454 407 341 3.05
Case C 0.74  0.80 147  0.71 1.16  0.80

Combined 386 3.05 736 7.0 6.39 499

S/v/S + B, where S is the signal rate and B the background
one) for all Cases A, B, and C, as well as all six BPs, are
summarized in Table V.’

Among these BPs, BP2 has the lowest significance
because the mass difference between the charged Higgs
boson H* and the light Higgs boson h° is the smallest,
which leads to a W* boson that is far off shell (which, in
turn, leads to a soft lepton). For the opposite reason, the
significances in BP3, BP4, and BP5 are the highest because
the mass differences between the charged and neutral Higgs
bosons are very large. The event numbers in the Case B are
very small, as can be found in details at Appendix A, because
a same sign dilepton pair is required, which, however, can
reduce the /7 background significantly. The significances in
Case C are mainly affected by requiring three isolated leptons
and large MET when one lepton is coming from the off-shell
W= boson, which is hard to detect. In Appendix B, we will
prove that with softer lepton and MET cuts, there can be
considerable significances also in Case C.

The combined significances for the three cases are cal-
culated too. The luminosity is assumed to be 300 fb~! at both
13 and 14 TeV; hence, we can compare like for like the scope
of Run 2 and Run 3 of the LHC, when the latter is only
affected by the change of beam energy. For example, by
looking at the combined rates at 14 TeV, it is clear that the
significances of BP1 and BP3-6 can be larger than 2, in fact,
significantly so in some cases, thus warranting a potential
discovery. In contrast, BP2 can only afford one with some
evidence of new physics. At 13 TeV, the results are very
similar for each BPs, albeit somewhat smaller in comparison.
Itis noteworthy that our results are consistent with the former
study presented in [67], where the main difference can be
attributed to the change in the Delphes card.

*When the number of events are few, it is more appropriate
to use the significance, which is defined as /2In Q, where
Q= (1+5/B)* " exp(=5).

B. Charged Higgs boson production
from pp — tt processes

In this section, we extend our analysis to the pp — (7
production channel. Here, the dominant signal process can
be expressed as

pp = 1 — H*bbWT — bbWFWHh0(A°), (16)

where WF comes from the direct decaying of top quarks.
While W** comes from H* decaying, and it can go into a
pair of soft jets or a soft lepton and a soft missing energy. In
our simulation, we directly consider the three-body decays
of H* in the matrix element, and the decay chain is put as
given below:

HE¥WT — hO(A")IFuWT - t+1 IFugq,
or H*WF = h0(A%)qqW¥ — 777 [Fuqq. (17)

For this signature, we will consider the following main
background processes: 1) #7 production; 2) W*z*z~ pro-
duction; 3) 7[71~ production. (Notice that we will instead
ignore the following subdominant backgrounds, which
inclusive cross sections are small when compared with
those of the dominant ones and, further, can be easily
suppressed by our selection cuts: WTW~=rtz™, single
vector boson production processes, WHW=, ZZ, single
top production, as well as multijet processes from QCD.)

Similar to the previous case, here too, events are
categorized into three cases in terms of the 7z decay
products. In all of these cases, we employ b tagging as
implemented in our detector emulator.

(i) Case A: two hadronic 7 decays, i.e., there are two 7
jets, one soft lepton (as usual, [ = e, u), which is
from an off-shell W* decay, two b jets, and two extra
(untagged) jets in this signature.

(i) Case B: one hadronic z, one leptonic 7 (again, either
into an electron or a muon), i.e., there are one 7 jet,
two leptons, two b jets, and two extra (untagged) jets
in the final state.

(iii) Case C: two leptonic 7 decays (via the above
channels), i.e., there are three leptons, two b jets,
and two extra (untagged) jets in this case.

Again, similarly to the analysis of the single top
processes, to distinguish signal and background, we intro-
duce the following features, which are efficient in sepa-
rating the former from the latter.

(i) The reconstructed h° and A° bosons

The invariant mass of two tagged 7 jets (Case A),
the 7 jet, and the hardest lepton (Case B) and the two
hardest leptons (Case C) are clustered together. For
signal events, again, the invariant mass of this
system correlates to the mass of the CP-even or
CP-odd Higgs boson (i.e., h° and A°, respectively).

(ii) The reconstructed W* boson

The mass of the hadronic W* boson can be com-
puted from the invariant mass of two non-b-jets.
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FIG. 11. The BDTG output in the ¢7 channel analysis is shown for Case A (a), Case B (b), and Case C (c). The signal events are

generated by using BP1 in Table III.

In signal events, these two non-b-jets are produced
from hadronic W* decays and would naturally peak
at M. In the case of leptonic decays of a W+
boson, one can use instead the standard transverse
mass using the softest lepton and the MET compo-
nent, though for the signal, it should be recalled that
the gauge boson is off shell.
The reconstructed t quarks

The charged Higgs boson is not reconstructed
independently, because in the signal, it could
come from either H* — W*h? — ggr77~ or H* —
WEh? — [Furte~ (similarly for the A°). Instead,

(iii)

TABLE VI. Kinematic cuts for the analysis of BP1 in the 7
channel are shown.

Cuts Case A Case B Case C
Preselection  Preselection Preselection Preselection
M [0, 95] GeV [0, 100] GeV  [20, 110] GeV
Mop! [100, 250] GeV [90, 260] GeV [70, 240] GeV
MHE* [80, 220] GeV  [80, 200] GeV [80, 200] GeV
Mop! [120, 220] GeV [120, 250] GeV [70, 240] GeV
BDTG [-0.9,1] [0, 1]

TABLE VII. The final significances of the #7 channel for the six

BPs considered when the luminosity is 300 fb~! at both
(a) /s = 13 TeV and (b) 14 TeV.

Significance  BP1  BP2  BP3 BP4 BP5 BP6
Case A 727 646 537 1098 10.03 8.97
Case B 462 551 4.80 7.45 7.10 6.01
Case C 274 206 142 4.45 3.46 3.01
Combined 894 845 698 1386 12.61 11.05
Significance ~ BP1  BP2  BP3 BP4 BP5 BP6
Case A 7.60 6.74 559 1145 1048 9.35
Case B 485 579 5.04 7.81 7.47 6.30
Case C 290 215 147 4.62 3.60 3.12
Combined 935 883 727 1446 13.18 11.50

two top quarks are reconstructed at the same time by
scanning the best combination of all constituents,
i.e., the combination of the reconstructed two W+
boson candidates and h°/A° candidate given above
and two b jets. Contrary to the previous case of
single top production, though, when only one top
quark mass reconstruction is involved, here, in order
to reduce the impact of combinatorics, we perform a
x? fit, as follows:

(18)

where b;, b; loop around all b jets, W;, W; loop
around two W boson candidates, and m, is taken as
173 GeV. The combination which yields the minimal
x? is chosen for each event.

In our BDTG method, at the training stage, we use here
the following input variables: all final state (b and non-
b-jet, 7 jet, and lepton) transverse momenta, the recon-
structed mass of the h°(A”) state, the reconstructed charged
Higgs boson, and top quark masses. The distribution of
the BDTG output is shown in Fig. 11. Again, we optimize
the cuts of the BDTG output to obtain the best significance
for each BP, see Table VI. The significances for each of the
three cases of 7 final states and the combined ones for the
six BPs are presented in Table VII, for our two customary
choices of energy and luminosity. At both 13 TeV and
14 TeV, the combination of all 77z~ decay modes can
afford one with significant potential discovery for all BPs
studied.

72 = (M, = m)? + (My o —m,)?,

VI. CONCLUSIONS

In summary, in this paper, building upon previous work of
some of us, we have proven that bosonic decays of light
charged Higgs bosons, i.e., H* — A°W*() or hHOW*+(),
where the charged Higgs boson is produced in a top (anti)
quark decay and can be accessed already during Run 2 of the
LHC and certainly at Run 3. This can be done in the 777~
decay channel of the two aforementioned neutral Higgs
bosons so long that either or both of these are lighter than the
SM-like Higgs boson discovered at the CERN collider back
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in 2012. This spectrum configuration is available ina2HDM  in turn, the A°W*() or F°W**) decay rates of the H state.
Type-1, wherein, it is possible to identify the latter state with  For both the former and the latter, we have used sophisticated
the heaviest CP-even Higgs boson of the model, i.e., H’.  numerical tools so that we are confident of the solidity of
This can be achieved in the presence of all theoretical and  our results. We look forward to the ATLAS and/or CMS
experimental constraints presently available so thatthisBSM  Collaborations to test our BSM scenarios through the
scenario is a prime candidate for a detectable new physics  advocated signatures, which may well serve the purpose
signal at the LHC. This requires one to exploit all possible  of offering additional discovery modes of not only a light
production modes of the top (anti)quark, i.e., both singleand ~ charged Higgs boson state but also one neutral Higgs boson
double top (anti)quark production, and all possible 77z~ state lighter than the discovered SM-like one. Unfortunately,
decays modes, i.e., fully hadronic, fully leptonic, and semi-  not both A? and A° states can be accessed at the same time in

leptonic (or semihadronic). this way, as the H* — AW*(*) decay rate is largest when the
We have found good agreement between our results and g+ | ROW=() one is smallest (and vice versa).

the former study given in [67] where a dataset 100 fb~! was

assumed. Considering that the Run 3 of LHC at /s = ACKNOWLEDGMENTS
13 TeV has collected a dataset around 300 fb~!, we have ) ] )
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results demonstrate these 6 BPs are near the ridge to be
either discovered or be ruled out.

We have shown the above to be possible by using
standard cutflows, based on established triggers, accep-
tance. and selection requirements, eventually supplemented
by a customary BDTG optimisation. Further, we have
described how to reconstruct efficiently the masses of the
heavy objects entering the signal processes, i.e., the h°/A°,
H* and/or t(7) states, depending on the production and
decay channels exploited, so as to improve the signal-to-
background rates. However, the reconstruction of the W=
boson is hampered by the fact that such a state can be
highly off shell so that we have also dwelt upon the
possibility of improving upon the above approach by APPENDIX A: THE STANDARD CUTFLOW
exploiting the BDTG step in order to devise a lower B ASED ANALYSIS
threshold in MET, so as to further aid the ability of
extracting the signals we advocate out of the background. In this Appendix, for reference, we break down the

We have come to the above conclusions following a  standard cutflow analysis adopted in the main text in terms
complete scan of the parameter space of the 2HDM Type-I  of its individual contributions for both signals and back-
and a sophisticated MC analysis of several BPs maximizing, grounds. As an illustrative example, we use the case of BP1

TABLE VIII.  The cross sections for signal and background processess used for the normalization of the MC event generation after the
cuts AR = 0.4, P;. > 20 GeV and ;| < 2.5 at \/s = 14 TeV.

Signal ¢j (fb) Signal 77 (fb) WErtz~ (fb) tt;+- (fb) t1;, (fb) tt+- (fb) 1144 (D) it~ &tjrt ™ (fb)
36.5 244.5 162.2 15100 16200 8100 115080 21.2

TABLE IX. The successive efficiency in the cut based method is shown for the 7j channel in Case A when the luminosity is assumed
to be 300 fb~! at /s = 14 TeV, where the digital numbers given below each process denote the numbers of events after each cut
being implemented. S denotes the signal events, and Total B denotes the sum of all background events. The convention is same for
Tables (X-XIV).

[ Ldt =300 fb~"! N WEete it 1, 1, th.; " &tjr'r-  TotalB S/B  S/\/S+B
Preselection 111.3 131.5 1804  2556.7 282.1  2000.5 6.3 51575  0.02 1.53
M € [40, 100] 1029 1178 652 14439 1594 1059 4.6 2849.8  0.04 1.89
MH* € [80,300] 97.5 97.8 567 11865 1353 8288 3.9 2309 0.04 1.99
M' e [0,250] 85.6 70.1 28.3 781.7 92.6 389.6 22 1364.5  0.06 2.25
BDTG € [0.4, 1] 59 9.5 1.9 98.3 15.9 110 0.6 236 0.25 3.43
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TABLE X. The successive efficiency in the cut based method is shown for the 7j channel in Case B when the luminosity is assumed to
be 300 fb~! at \/s = 14 TeV.

[ Ldt =300 fb~! S WEete™ i 11, t, M, 1T & tjrtt TotalB  S/B §/\/S+B
Preselection 26.4 51.3 28 224 38 0 3.9 84.3 0.31 2.51
M" € [10,80] 26 43.8 1.9 192 36 0 2.9 713 036 2.63
MH*(GeV) € [60,250] 25 35.3 09 182 3.1 0 2.3 598 042 2.71
M € [0,250] 23 26.3 09 128 28 0 1.4 442 052 2.81
BDTG € [-0.6, 1] 10.7 1.3 0 0 0.3 0 0.1 1.7 6.41 3.05

TABLE XI. The successive efficiency in the cut based method is shown for the #j channel in Case C when the luminosity is assumed to
be 300 fb~! at \/s = 14 TeV.

J Ldt =300 fb~! S WEete™ it 11, tt, M, " &tjrte  TotalB  S/B  S/\/S+B
Preselection 8.6 15.1 1227 256 15 797 10.6 255.3 0.03 0.53
M" € [20,75] 8.6 14.2 100 224 1 39.9 8.4 186 0.05 0.62
M1 € [20, 160] 7.4 5.8 349 107 05 399 2.7 944  0.08 0.74
M' € [0,250] 7.2 4.5 30.2 75 05 399 2.2 84.7 0.09 0.75
BDTG € [-1, 1] 7.2 4.5 30.2 75 05 399 2.2 84.7 0.09 0.75

TABLE XII. The successive efficiency in the cut based method is tabulated for the /7 channel in Case A when the luminosity is
assumed to be 300 fb~! at /s = 14 TeV.

J Ldt =300 fb~! S WEete™ it {1, tt,, th;,; 'l & tjrtv~  TotalB  S/B  S/\/S+B
Preselection 144.2 0.5 264 2157 522  660.6 2.8 958.2 0.15 4.34
M4 € 0,95 124.6 0.4 8.5 97.2  26.1 210.1 1.7 343.9 0.36 5.76
M € [100,250] 123.8 0.3 8.5 96.1 24.5 190.2 1.6 321.3 0.39 5.87
MH e [80,220] 109.1 0.2 3.8 47 14.8 60.4 0.8 127 0.86 7.1
M, € [120,220] 87.1 0.02 0.9 9.6 3.6 30.2 0.3 44.7 1.95 7.59
BDTG € [-0.9, 1] 84.7 0.02 0 6.4 2.6 30.2 0.2 394 2.15 7.6

at /s = 14 TeV. The cross sections for signal and back- (i) tf;+;-: the two W* bosons in the t7 channel both
ground processes are given in Table VIII. The relevant decay to e* (u*)v.

listing of all data is given in Tables IX—XI for the pp — tj (ii) #f,: one W= boson decays to e (u*)v and the other
process and Tables XII-XII for the pp — t¢ channel. In W+ boson decays to v whereas.

these tables, WEzTz; is W¥rTz~ generated up to two (iii) #7,+,-: the two W* bosons both decay to 7Fv.
additional jets, where the W* boson is forced to only decay (iv) t1;,;: the top quark semileptonic decay, where a W=
into e*(u*)v. The 7 background is separated into four boson decays to e*(u*)v or v and the other WF
groups: boson decays to quarks.

TABLE XIII. The successive efficiency in the cut based method is tabulated for the 77 channel in Case B when the luminosity is
assumed to be 300 fb~! at \/s = 14 TeV.

J Ldt =300 fb! S Whete  ffp th, 1f, My, G171 & tjtte Total B S/B S/\VS+B
Preselection 45.6 0.4 0 21 15 0 2.4 6.5 7.04 6.32
M* € [13,100] 40.7 0.3 0 L1 0 1.5 3.9 10.35 6.1

M™ € (90,260 39.9 0.2 0 L1 1 0 1.3 3.7 10.92 6.05
MH* € [80,200] 36.7 0.2 0 L1 0 0.5 2.8 13.12 5.84
M, €[120,250] 334 0.04 0 L1 0 0.3 2.4 13.71 5.58
BDTG € [0, 1] 23.6 0 0 0 0 0 0.08 0.08 309.65 4.85
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TABLE XIV. The successive efficiency in the cut based method is tabulated for the ¢7 channel in Case C when the luminosity is

assumed to be 300 fb~! at /s = 14 TeV.

J Ldr =300 fb! N Whete  thp ty, Mt Ml Y & tjrte Total B S/B S/VS+B
Preselection 22.8 0.04 19.8 53 0.5 39.8 6.4 72 0.32 2.34
M* € [20,110] 22.8 0.04 189 32 05 0 6.2 28.9 0.79 3.17
M" € [70,240] 22.8 0.04 17 32 05 0 5.7 26.5 0.86 3.25
MH* € [80,200] 18.7 0.02 123 21 05 0 4 18.9 0.99 3.05
M, € [70,240] 13 0 3.8 1.1 0.5 0 1.8 7.2 1.82 2.9
BDTG € [-1,1] 13 0 3.8 1.1 0.5 0 1.8 72 01.82 2.9

Notice that ¢7 decays to quark only channels (the full-
hadronic decay mode) are very small after the preselection
already and totally negligible after the cuts around the
resonances; thus, they are not shown. The cuts are applied
to increase the significance (S/+/S + B) for the most of the
cases. But for some special cases, i.e., Case B and Case C in
pp — tt process, due to the fact that the event number is
not enough, the BDTG can’t be trained very well. Thus, the
cuts are applied to increase the variable S/B. The BDTG
cut and the M,, cut are still applied for these two cases
because when the simulated event number increase, these
cuts would become valuable.

APPENDIX B: A LOOSER PRESELECTION
BASED ANALYSIS

As mentioned in the main text, several useful observ-
ables are related to the successful reconstruction of the off-
shell W bosons. Typically, each lepton from the off-shell
W= bosons takes off almost half of the available energy,
Le., My+ — Mo(40), which can vary from 30 to 60 GeV in
the BPs given in Table III. Therefore, when a tight cut is
applied, as done in the standard cutflow illustrated in the
previous Appendix, signal events can suffer a bigger
reduction than background ones. For example, when the
MET cut is changed to be 10 GeV (down from 20 GeV), we
notice that the significance can already be improved by
20% or so.

Hence, here, we recompute the significance for each BP
by using softer preselection cuts in general, i.e., Py(l) >
10 GeV and MET > 5 GeV (while maintaining the origi-
nal pseudorapidity restriction), with the BDTG having
optimized these. (Again, we only present results for the
\/s = 14 TeV case.) The corresponding significances for
single (anti)top production are given in Table XV, while

TABLE XV. The final significances of the #j channel for the six
BPs considered when the luminosity is 300 fb~! at 14 TeV with a
looser preselection cut are demonstrated.

Significance ~ BP1  BP2 BP3  BP4 BPS BP6

Case A 743 449 11.15 1072 11.10  8.80
Case B 6.86 336 604 1051 10.84  9.58
Case C 485 3.69 6.88 8.00 824 743
Combined 1091 633 1434 1637 1696 14.24
TABLE XVI. The final significances of the 77 channel for the

six BPs considered when the luminosity is 300 tb~! at 14 TeV
with a looser preselection cut are demonstrated.

Significance =~ BP1 BP2 BP3 BP4 BP5 BP6

Case A 11.05 1147 9.66 18.0 15.88 16.32
Case B 10.27  11.33  9.787 1498 1292 10.18
Case C 6.409 731 5.30 8.16 869 942
Combine 1632 17.63 1441 2378 22.08 21.03

results for (anti)top quark pair production are given in
Table XVI. Compared with the values given in Table V and
VII in the main text, respectively, the significances shown
here display an improvement by 30% or so.

Nevertheless, such an improvement might not be taken
as granted, since we have not taken into account the
possible additional background contributions from QCD
processes, like heavy flavor quark production and decay,
which can mimic the signal when the cuts on P(I) and
MET are thus loosened. Since we cannot generate the
required number of background events, a more realistic
analysis should be performed, and we advocate this to be
attempted by the LHC experimental groups.
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