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Production of charged Higgs bosons in a 3-3-1 model at the CERN LHC
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We perform a study of the charged Higgs production from an SU(3) ® SU(3); ® U(1)x model with
right-handed neutrinos, postulating a custodial symmetry which reduces the number of free parameters in
the scalar potential. We compute the cross sections for charged scalars for typical and new production
modes. One of the new SU(3); neutral gauge bosons, Z', affects some production cross sections
distinguishing the model from other standard model extensions like, for example, the minimal super-
symmetric standard model and general two-Higgs doublets models. The interplay between the Higgs
sector of the model and that Z’ gauge boson enhances substantially all the production rates of the lightest
charged Higgs boson, Hi, at hadron colliders compared to the MSSM. We found that a large portion of
the parameters space can be probed at the LHC running at 14 TeV center-of-mass energy in the associated

pp — W*H + X production channel in the low luminosity run stage of the experiment.
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L. INTRODUCTION

The existence of a charged elementary scalar particle
implies necessarily an extended Higgs sector beyond the
standard model (SM) and, thus, an imprint for new physics.
Signals of charged elementary scalars production and effects
related with such particles are an important part of the
research at the colliders. This is well justified because
searching for experimental proof of fundamental scalars is
a necessary step to establish which of the many new pro-
posed theories will be able to explain the experimental facts.

Charged scalars are part of spectrum of several models
for physics beyond the SM. But the investigations realized
until now have mainly been concentrated in the two-Higgs
doublet model (2HDM) and the minimal supersymmetric
standard model (MSSM). At present, the most stringent
experimental constraints for the mass of a charged scalar,
which we denote generically as the H=, comes from
LEP-II and from Tevatron direct searches. Considering
2HDM the experiments yielded the mass constraint
MM = 78 6 GeV for the charged Higgs boson, consid-
ering decays only into the channels H* — ¢5and 77 v, [1].
For the MSSM, we have the result from the CDF
Collaboration stating that no signal was found in the
mass region 80 GeV = M2 = 160 GeV for the charged
Higgs boson [2].

The ATLAS and the CMS Collaborations have made
studies about the production and detection of charged
Higgs considering the pair production and the associated
production with the quark top or with the charged gauge
boson [3,4]. These studies have shown that for the LHC
energy and luminosities, the charged Higgses could have a
significant potential for discovery. It gives additional
motivation to perform analyses, in the LHC context, of
charged scalars predicted by models different from the
2HDM and the MSSM.

1550-7998/2011/84(7)/075013(16)

075013-1

PACS numbers: 12.60.Cn

Interesting extensions of the SM are the class of
models based on SU(3)- ® SU(3); ® U(1)x group, known
as 3-3-1 models [5-8]. These models have a symmetry
breakdown pattern SU(3)c ® SU3);, ® U(1)x/SUQ3)c ®
SU(2); ® U(1)y which can be connected to a scalar field
condensation at the TeV scale. The first proposals of these
models were constructed considering three triplets of sca-
lar fields, but a construction with two triplets of scalar
fields is possible as well [9]. Taking into account the
symmetry breakdown, 8 degrees of freedom from the
scalars fields are incorporated as longitudinal components
of the massive gauge bosons. Therefore, there are more
than one physical scalar left in the particle spectrum of
these models, with at least one charged state. The charac-
teristics of the charged scalars, like electric charge and
couplings, depend on the specific model version. Detailed
analysis of the interactions and production are then crucial
in order to validated or rule out some of these models.

Besides coinciding with the SM at low energies,
these models have several attractive features. Some of
them are the following: the anomalies cancellation occur
only when the number of generations are a multiple of
three, and assuming asymptotic freedom in QCD it is
concluded that there must be three generations; the
SU(3); symmetry restricts the electroweak mixing angle
6y, furnishing a hint for an explanation of its value, since
sin @y < 0.25 in the models of Refs. [5,7], and sin 6y, <
0.375 in the models of Refs. [6,8]; also, quantization of the
electric charge can be explained in the context of these
models [10].

These and other features have motivated many studies
concerning the 3-3-1 models. For example, new gauge
bosons are predicted by these models and production
analysis of such particles has been investigated in several
aspects in Refs. [11] showing, in general, a great potential
for discovering at the LHC and linear colliders. For other
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phenomenological issues involving the 3-3-1 models
see [12].

The version in focus here is known as 3-3-1 model with
right-handed neutrinos (3-3-1RHN). It has a new neutral
fermionic field, with the usual charged and neutral fields,
for completing each leptonic triplet representation [6,8]. In
order to break the symmetry three scalar triplets are taken
into account. In principle, those triplets may form several
invariant operators through multiplication resulting in a
great set of free parameters. In face of it we, additionally,
impose a sort of global custodial symmetry which reduces
the number of free parameters in the scalar potential [13].

Our main goal was to investigate in the 3-3-1RHN the
lightest charged Higgs boson production at hadron col-
liders. We analyzed several production channels of phe-
nomenological interest including Higgs pairs, associated
production to W bosons, associated production to top
quarks, and from top quark decay. As a result we find
that the cross sections for all these processes are at least
as high as the MSSM analogues. The presence of the new
gauge boson Z' of the model affects some of the production
processes that we have studied endowing the model some
distinguishing features compared to other standard model
extensions. In particular, we found that the process pp —
W=H; + X at the 14 TeV LHC allows, through a recon-
struction analysis, a clear identification of the charged
Higgs boson decaying to a top and a bottom quark.

This paper is organized as follows: In Sec. II, we present
briefly the 3-3-1RHN version and discuss the reduced
potential and the scalar spectrum. The decay channels
and the production of the charged Higgs at the LHC are
shown in the Sec. III. In the Sec. IV, we comment our
results involving the decay of the charged scalar and the
gauge boson. Finally, we present our conclusions in Sec. V.

II. DESCRIPTION OF THE MODEL

In what follows we resume the representation content of
the model and its essential aspects necessary for develop-
ing our work.

The lepton triplets are composed by two neutral fields
and a charged lepton

\I,aL = [VaLeaLNaL]T -~ (3; _1/3)) (1)
with the right-handed singlets
ear ~ (1, —1), )

where a = 1, 2, 3 is the family index; the numbers in
parentheses refer to the transformation properties under
SU(3); and U(1)yx (the color quantum number will be
omitted), respectively; N,; are new neutral lepton fields.
Right-handed neutrinos could be added, but they are not
relevant for the developments here. For the quarks,
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QmL = [dmLumLDmL]T -~ (32 0),
O3 = [M3Ld3LTL]T ~3,1/3), uar~(3,1,2/3),
daR~(1r_1/3)’ TR~(3r172/3)r DmRN(lr_1/3)y

3)

where m = 1,2 and @ = 1, 2, 3. D,, and T are new quark
fields. Anomalies cancellation requires Q,,; to be an
SU(3), antitriplet. Scalar fields are such that they form
the following triplets

n=[n"n" 7" ~ @3 -1/3)
p=1[p*p’p" 1"~ (3,2/3), 4)
x =Dx x°1" ~ @3 —1/3).

In order to restrict the scalar fields self interactions it is
assumed an approximate global symmetry SU(3); ®
SU(3)x from which we define the tritriplet

D = (npy). (5)

This object transforms under the global symmetry as
follows

d— QPO

and the invariant potential, containing operators up to
dimension four, is

V(q)) = /~L2 Tr((b+q)) + geijkelmn(q)ilq)jmq)kn + HC)
+ ,[Tr(®TD) ]2 + A, Tr(PT D)2 (6)

Both gauge U(1)y and Yukawa couplings break explicitly
SU3);s ® SUQ3)g. This is the reason we treat it as an
approximated global symmetry. It has the important con-
sequence of allowing us to have different vacuum expec-
tation values (VEV) for some of the neutral components in
the scalar triplets giving, in this way, a consistent pattern
for breakdown of gauge symmetries. Assuming the vac-
uum expectation values (1n°) = v/+/2, (p°) = u/~/2, and
(X®) = w/~/2 the constraint equations for minimum con-
dition of the potential are as follow;

2
AW+ v2) + v+ :‘L_fuw =—u?—ou?
v
2
A w2+ v2) + Au? + :lLfvw =—p>-o6u3 (D)
u

2
A W2+ vl) + Auw? + %fuv = —u’ - 5,u§,

where v2 = v? + u? (v,, = 246 GeV) and Su; are the
loop corrections involving parameters of the explicitly
breaking symmetry terms. Once the scalar triplets have
distinct U(1)y charges and couplings with the fermionic
fields the right side of the above Eqgs. (7) are different, so
that there can be a solution for different values of v, u,
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and w. Now, {x’°) realizes the break SU(3), ® U(1)y —
SU(2), ® U(1)y, and we assume that w is bigger than the v
and u. These two last values are the scales connected to the
breakdown to the electromagnetic factor SU(2); ®
U(l)y — U(1),,, and, therefore, directly related to the
particle masses we already known in the SM.

We have that 8 from 18 degrees of freedom of scalar
triplets turn into longitudinal polarization for massive
gauge bosons W*, Z, U™, V°, V% and Z’ resulting from
symmetry breakdown. Thus, the physical scalar particle
spectrum of the model has three CP even, one CP odd, one
neutral complex, and two single charged scalars compos-
ing the remaining 10 degrees of freedom. We define the
triplets neutral components obtaining VEV in terms of real
and imaginary components as

1 ;
QDO = <€DO> + ﬁ(f@ + lgw)r (8)
and taking into account a further assumption that f =

—4\21 1w for simplifying our analyses we get the follow-
ing mass expressions: for the three CP even eigenstates h)

M%l =21,02x + 1)u?, 9)
Mﬁz = 22,(2xw? + u?), (10)
M,zl3 =2,[(x + Dw? + xu?]; (11)
for the CP odd eigenstate A°
w2
M3, = 2A2x<v$v— + uv); (12)
uv
for the complex neutral eigenstate H°
M2, = )Q(zx% + 1>(u2 + w?), (13)
and for the two charged eigenstates H;" and Hy
w2
M. = /\2(2x— + 1)ua (14)
1 uv
M2, = (262 + 1)@ + w2), (15)
H: »

where x = A;/A,.

To avoid any conflict caused by a tree level deviation of
the p parameter we also take a special relation between the
VEVs according to

2=1—25w2 5

u 5 Ui (16)

2cw
where sw? (cw?) stands for sin’@y, (cos’6y), with 0y
being the electroweak mixing angle. The relation above
is obtained when we look for VEVs values which leads to a
match with the tree level SM prediction p = 1. Equation
(16) is also what comes out as a solution for the VEVs
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which cancels the mixing between the neutral massive
gauge bosons Z and Z'. There are two of vacuum configu-
rations realizing this: one is independent of the VEV w
value and given by Eq. (16), the other is for w — oo with u
and v taking any values satisfying v2, = v> + u? (observe
that this last configuration recovers the case of 2HDM
where the tree level p parameter is the same as in the
SM). Also, as a consequence of Eq. (16) all known fermi-
ons in the model have the same gauge vector and axial
couplings like in the SM [13]. Taking into account the
value sw? = 0.2321 we have v =~ 198.5, and u = 145.3.
With this we now take the LEP limit on the CP even
eigenstate /9, which is equivalent to the SM Higgs boson,
as being M;, = 114 GeV in Eq. (9) to constrain the values
of the parameters A; and A, according to

20, + Ay = 031 (17)

Our focus here is on the production of the lightest
charged scalar, and we apply this constraint on the tree
level masses obtained above for the scalar particles. Fixing
values for A, and w we show in Figs. 1-3 below the masses
of the neutral scalars as a function of x and in Fig. 4 the
masses of the charged scalars also as a function of x. It is
interesting to observe that our assumption of the approxi-
mate global symmetry and the defined values of v and u
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FIG. 1 (color online). Masses of the neutral scalar particles h?,
A%, and H° for A, = 0.31 and m, = 500 GeV.
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FIG. 2 (color online). Masses of the neutral scalar particles h?,
A%, and H° for A, = 0.31 and my, = 800 GeV.
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FIG. 3 (color online). Masses of the neutral scalar particles h?,
A°, and H° for A, = 0.31 and m, = 1500 GeV.
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FIG. 4 (color online). Masses of the charged scalar particles
Hi and Hy for A, = 0.31. The solid lines correspond to my =
500, the dashed lines to m, = 800 GeV, and the dotted ones to
mz = 1500 GeV.

make £9, A°, and Hi practically degenerated in mass,
except for a small interval of values for x, where A° can
be lighter than hY. We observe at Fig. 4 that the H; are the
lighter ones. Also Eq. (17) implies a lower bound of
My, = 137 GeV on the lightest charged scalars. We shall
use this lower bound in our phenomenological analysis of
the production and decay of the lightest charged Higgs
bosons.

The gauge bosons W, and Z have tree level masses as in
the SM. For the new gauge bosons, U=, V°, VOt and Z/,
we have the following mass expressions

¢
my =5 + w2, (18)
&
m%, = Z(v2 + w?), (19)
2 g 2 2.2 4 2 2
=—2—[(2t°+6 —Bt*—6r-—9)v5], (20
R (LR Wil @0)
where we have used the definition
2 2
8% SW
P==2=_"_ 21
g 1—3sw? D
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The tree level mass expression for all new gauge bosons
show dependence with w. This is due the fact that such new
particles appear when completing the representation of
SU(3); ® U(1)y, and this symmetry is supposedly broken
at the w scale.

In the Yukawa sector we assume, just for simplification,
that the known quarks do not have mixing with the new
quarks. This can be achieved taking into account some sort
of Z, symmetry which preserves the scalar potential in
Eq. (6). Under this assumption, the interaction Lagrangian
for the known quarks with the charged Higgs Hy is

__ 8 Vg ut d +
L, = VUM, [V — VTAVEIP, DH
Y \/zmw u [ CKM L L] L 1
+ 8 D UVeom — VIAVEIM PR DHY
\/Emw v
+He, (22)

where D = (d,s,b)", U= (u,c,t)7, with Vegy =
VZTVf being the usual Cabbibo-Kobayashi-Maskawa ma-
trix defined in terms of the rotation matrices, V¥ and V¢,
for the u and d type quarks mass eigenstates whose
eigenvalues are the entries of the diagonal matrices
M, = diag(m,, m_, m,), M, = diag(my, m,, m;) and A =
diag(0, 0, 1). The expressions inside brackets in Eq. (22)
differ from just being Vg, which is obtained in 2HDMs,
for example, because the 3-3-1 model has a peculiarity that
the third generation of quarks transforms differently from
the other two.

It is clear from the quarks mass matrices that in order to
study the interactions among the charged Higgs and the
quarks, we might consider only contributions of the third
generation. Then, we can write the most relevant interac-
tion in Eq. (22) involving H; in the form

—rtth—_ 8 gy —yrtayd <3mP + 4P )
Y \/imw—[ CKM L L]33 u 'L v b4 R
X bH{ +H.c. (23)

The elements of the matrices V¥ and V¢ are not known and
we consider here that they are such that | [V¢TAV# ]3| < 1.
Therefore, our conclusions will be based on the fact that
Hi decay mainly through a top-bottom channel, when
M Hlt = m; + my,.

It must be pointed out a similarity of the H]- couplings in
Eq. (23) with the corresponding ones in 2HDM. This is due
the fact H}" is a combination of symmetry eigenstates 1™~
and p~ in Eq. (4), with each of these last two fields
belonging to two different SU(2); doublets. The resem-
blance turns out more evident putting on Eq. (23) the usual
parameter definition tan8 = % = +/1 — 2sw?, which in our

case has a fixed value according to Eq. (16). Thus, in
principle, a direct comparison with 2HDM could be done
in these terms. But H{" here has new interactions like

H{H[Z', Hf W*Z' which can enhance its production
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due Z' contribution in s-channel, for example. We shall
discuss more on this in what follows.

III. PRODUCTION OF CHARGED SCALARS Hy

The production of lightest charged scalars of the 3-3-1
model of our study can occur through the following leading
modes:

(1) Pair production: ¢g, bb, gg — H; Hy

(2) In association to W bosons: ¢g, bb — H; W+

(3) In association to new Z' bosons: ¢’ — Z'H{"

(4) Single production in association to top quarks:

bg — tH;y

(5) Single production from top quark decay: ¢g, gg —

tbH{

The production modes (1), (4), and (5) are typical of
extended Higgs sectors as the MSSM for instance. The
associated tH;" process (4) initiated by bottom quarks
from the proton sea has the largest production cross
section [14] in the MSSM and general 2HDMs due the
tanB enhancement. Charged Higgs production from
top quark decays (5) is important for light masses m e <

m; + my, and its magnitude is comparable to the top pairs
production [15]. The charged Higgs pair production (1), by
its turn, can be substantial for large tan/3 combining all
contributing channels and after including NLO corrections
[16].

The mode (2) can also occur in the MSSM and 2HDM
models via t-channel Yukawa diagrams involving top and
bottom quarks and through s-channel neutral Higgs bosons
[17]. On the other hand, in the 3-3-1 models, or in models
with extended gauge sectors, a new contribution is possible
through the production and subsequent decay of a new
neutral gauge boson Z'. In our 3-3-1 model the new inter-
action that makes it possible can be read from the expres-
sion Eq. (A6) in the Appendix. The same interaction is
responsible for the mode (3), the Z'H{" associated produc-
tion via an off shell s-channel W boson. These production
modes will give rise to final state topologies with at least
one top quark, b jets, W bosons, tau leptons, and missing
energy. In the next we discuss each production channel
presented above in more detail.

All computations of this work were performed at tree
level using the MADGRAPH/MADEVENT package [18] and
the signals were checked against CALCHEP/COMPHEP [19].
Higher order corrections were not taken into account but
we comment the expected impact of QCD corrections
wherever we find it is enlightening. The CTEQG6L structure
functions [20] were used for the calculation of all signals
and backgrounds. The factorization scale was chosen as
Mg = my for the simulation of signal events from pro-
cesses initiated by light quarks and gluons. The bottom
factorization scale was chosen to be uy/4 as suggested
in [16,21] for the sake of stability of the perturbative
calculation. Different choices were made for some specific
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background processes and will be discussed in the
appropriate moment. The renormalization scale was set
equal to the factorization scale wr = up in all relevant
processes. This choice may result in unphysical cancella-
tions in certain cases but without a higher order analysis
the precise impact of this choice is out of the scope of the
study. Anyway, any cancellation would reduce the produc-
tion rates which will not spoil our conclusions.

A. Charged Higgs pair production

Charged Higgs bosons can be produced in pairs through
light and bottom quark annihilation and gluon-gluon fu-
sion. The later channel receives contributions from loop
diagrams with virtual heavy quarks, and the Higgses are
produced via Yukawa interactions to these heavy states. In
principle, all heavy quarks predicted by the theory contrib-
ute to the amplitude, however based on the MSSM case
[16], where the gluon fusion channel contributes signifi-
cantly only for rather large tan3, we assume we can neglect
that channel for the computation of total cross sections
presenting conservative results.

The Drell-Yan annihilation to neutral gauge bosons and
subsequent decay to Higgs pairs is the main production
channel. The production rate can reach the hundreds of
femtobarns level and the new Z’ contribution is the most
important one at the 14 TeV LHC as we can see in Fig. 5.
As soon as the twice of the Higgs mass exceeds the Z’ mass
the rates drop sharply and the bottom initiated process
drives the production rates.

The bottom t-channel contribution involves the en-
hanced Yukawa tbH; interaction which may compete
with the Drell-Yan channel depending on the mass of the
charged Higgs. Nevertheless, the bottom density is popu-
lated for small x in the proton sea, and the production of
heavy states is less likely from this channel.

10°

o(pp—H *H’)[fb]
LHC@ 14 TeV

102

! ! ! ! ! T

1 - ~
100 150 200 250 300 350 400 450 500

m,[GeV]

FIG. 5 (color online). Production cross section (in fb) of a
charged Higgs pair at the 14 TeV LHC including the Drell-Yan
contribution and the t-channel bottom initiated process (solid
curves). The dashed curve shows the contribution from the
Yukawa interaction only. We show the total production rates
for three different Z’' masses, 600, 800, and 1000 GeV.
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It is worth noting that the expected rate for the MSSM
charged Higgs pair production including NLO QCD barely
reaches 100 fb for tan8 = 50, as demonstrated in Ref. [16]
including all possible contribution channels with little
sensitivity to the specific parameter space point.

The prospects to search for charged Higgses in the pair
production channel was established by the CMS and
ATLAS Collaborations [3,4], in special the charged scalars
predicted by the 2HDM and the MSSM [22,23] will be
hard to detect. This conclusion can change for left-right
symmetric models [24] and other 2HDM-like models as
shown in [25] and where some tens of inverse femtobarns
are enough for discovery at the 14 TeV LHC. These studies
can be easily adapted to a search for the charged scalars of
our version of the 3-3-1 model and an extended exclusion
region compared to the MSSM case is expected. We will
see in the next section that the associated production of a
charged Higgs and a W boson is a more interesting channel
to search for the H" states.

B. Associated production of a charged Higgs
and a W boson

In this section we study the associated production of a
charged Higgs and a W™ boson. The process occurs
through the production of a Z' via ¢g annihilation, the
btH;" Yukawa interaction via bb channel, and s-channel
neutral Higgs bosons h,, diagrams. As a consequence of
the custodial symmetry imposed on the scalar sector of the
model and the small difference between the u# and v
vacuum expectation values, the h,, Ay, and H li Higgs
bosons are almost degenerated in mass as we can see
comparing the Figs. 1-4. As we said above, & is equivalent
to the SM Higgs boson and is the lightest state for practi-
cally all the parameter space. Therefore, the contribution
from bb — h;, — W*H{ is negligible once the neutral
Higgs bosons cannot be on their mass shell.

We show in the Fig. 6 the effective contributing channels
to W*H; production. The charged Higgs production
through an s-channel Z’ is a novel feature predicted by
the model that can lead to very distinctive topologies as we
will see in the next section.

The total cross section as a function of the Z’ mass,
for a 300 GeV charged Higgs, at the LHC is shown

q ing i Hy

S

w=

FIG. 6. Feynman graphs of the contributing processes to gg —
W~ H*. At the left panel we show the Z’ s-channel contribution
and at the right panel the heavy quark t-channel diagram from
the Yukawa interaction.
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10 b o(pp—H *W)[fb]
- qq LHC@ 14 TeV
my, =300 GeV
I " 1 " " " 1 " " " 1 " " " 1 " " " 1 " " "
200 400 600 800 1000 1200
M,[GeV]

FIG. 7 (color online). Total cross section (in fb) for the asso-
ciated Hi and W* production at the LHC for \/s = 14 TeV as a
function of the Z’' mass keeping the H; mass fixed at 300 GeV.
The dashed lines represent the Yukawa induced process and the
light quark annihilation channel. The solid line is the sum of the
two contributing channels.

in the Fig. 7 for +/S = 14 TeV . The bump observed at
Mz = mpy= + my GeV corresponds to the transition to on

shell Z' production via the ¢g annihilation which is the
dominant channel in that regime.

The t-channel Yukawa production is dominant when
either the Z’ is off shell or is very heavy as we can see at
Fig. 7. Near the threshold for on shell production the
contribution from the s-channel bb — Z' — H{f W* in-
creases to about 30% of the total bb channel, but away
from the resonance this contribution is very small.

The sensitivity to the Z’ mass in the t-channel Yukawa
production enters through the factorization scale that was
chosen as wuy = my /4 for the initial state bottom quarks.
It has been shown [16] that choosing a smaller scale is the
appropriated choice in the bottom parton picture of pro-
cesses initiated by bottom quarks for the sake of the
perturbative stabilization. This claim is confirmed in this
case observing that the bb channel varies by a factor of 3 in
magnitude in the whole range of Z’' masses considered in
the Fig. 8 while the factorization scale varies by a factor of
12. The combined total cross section including positively
and negatively charged states and ¢ and bb channels can
be as high as 1.2 pb for this charged Higgs mass.

QCD corrections are expected to be as small as the
Drell-Yan processes cases and are not included in the
analysis. The Yukawa t-channel contributions may have
more substantial QCD corrections [16], but it is not the
dominant contribution as we discussed. Nevertheless
taking into account additional hard radiation may be
important for a proper evaluation of signals and back-
grounds in the tail of some kinemactical distributions.
We will return to this discussion in the next section.

The Fig. 8 displays the ¢ and the bb initiated processes
separately, and the total ¢g + bb production rate as a
function of the charged Higgs mass. The initial state bot-
tom process is important for very light or very heavy
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10*

S(pp—H *W)|fb]
LHC@ 14 TeV
m, =600 GeV

10° T e
= — — qq+bb

2L DRSS
10 bb

10 ¢

1 1 1 1 1 1 1 1 1 1 -
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my[GeV]

FIG. 8 (color online). Total cross section (in fb) for the asso-
ciated H{" and W* production at the LHC for /s = 14 TeV as a
function of the charged Higgs mass keeping the Z’ mass fixed at
600 GeV. The dashed lower line represents the Yukawa induced
process, and the dashed upper line the light quark annihilation
channel. The solid line is the sum of the two contributing
channels.

charged Higgs masses. The contribution for a 100 GeV H{"
reaches 1 pb and decreases by 2 orders of magnitude when
My = 600 GeV. This behavior is due mainly to the bot-

tom distribution function in the proton sea. The gg con-
tribution, by its turn, decreases sharply near the m n= T omy

threshold as the Z' gauge boson gets off shell, becoming
smaller than the bottom initiated process.

We show in the Fig. 9 the production cross section as a
function of the charged Higgs mass including all s and
t-channels at the 7 and 14 TeV LHC and at the 1.96 TeV
Tevatron for a 600 GeV Z’ gauge boson. We can see again
the threshold for Z’ production near my = my= + my GeV
and the role played by the bb channel whose contribution is

important for low charged Higgs masses and in the off shell
7' regime and as the center-of-mass energy rises. We clearly

10%;

10°}
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102}
E Tevatron 1.96TeV

10

1L opoHW)
m, = 600GeV

1 1 1 1 1
350 400 450 500 550 600

my[GeV]

10- 1 1 1 1
100 150 200 250 300

FIG. 9 (color online). Total cross sections (in fb) for W*H;
production including all the contributing channels. The upper
curve shows the LHC running at 14 TeV, the middle curve the
7 GeV LHC, and the lower curve the Fermilab Tevatron. The Z’
mass is held fixed at 600 GeV.
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see that Tevatron can only produce a charged Higgs in
association with a W boson through an s-channel Z'.
Despite the rates at the 7 TeV LHC can reach hundreds of
femtobarns we checked that the reduced integrated lumi-
nosity designed for this run precludes a statistically signifi-
cant observation of a charged Higgs boson in the channel
under study. We will return to this discussion later.

This large contribution of the hb channel to the total
rates is a feature shared by several nonminimal Higgs
sectors extensions of the SM possessing charged scalars,
like the MSSM, for example. Recalling the interaction
Lagrangian for tbH" vertex given by Eq. (23) we see
that the factor % 2 has a magnitude of order 1 for m, =

174.3 GeV and the vacuum expectation values as chosen in
the Sec. II. A similar Lagrangian describes the charged
Higgs couplings to 7 leptons and 7 neutrinos.

C. Associated production of a charged Higgs
and a top quark

The initial state bottom induced process bg — tHi —
tt* v, is, according to ATLAS [26] and CMS [27], the
most promising channel for charged Higgs bosons in two
Higgs doublets models, in particular, for the large tanf
regime. In part this is due the large production rates ex-
pected for the process at the LHC including the tang
enhancement factor.

Similarly the cross section for bg — tH;" predicted by
the 3-3-1-RHN model benefits the large Yukawa coupling
which compensates the small b quark flux from the proton
sea resulting in large rates as we see in Fig. 10. At the LHC
running at 14 TeV the total cross section is above the
picobarn level for the entire mass range considered here.
This is much larger than the expected for the MSSM case
with tanf = 30 and including NLO QCD corrections as
shown in [14] except for small Higgs masses or very large
tanS.

10°F
LHC 14TeV
10°L
LHC 7TeV
10
10 Tevatron Slpp—tH )]

) S U IS S S EN S S SO S NS S S S SRR
250 300 350 400 450 500
my[GeV]

1““1““1“‘
100 150 200

FIG. 10 (color online). Associated production cross section
(in fb) of a top quark and a charged Higgs boson at hadron
colliders as a functions of the scalar mass. The production of
both positive and negative charge states were taken into account.
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At the LHC running at 7 TeV the cross section is in the
hundreds of femtobarns region for m HE S 400 GeV while

the rates at the Tevatron are too small as can be seen in the
Fig. 10 even for small masses.

D. Charged scalars produced in top quark decays

Another interesting production channel is the top quark
pair production with one top decaying into a bottom quark
and a charged Higgs. Of course, the channel is promising
only in the small Higgs mass portion of the parameter
space. We show in Fig. 11 the branching ratio of top quarks
including the bH{ channel. The bottom-Higgs decay can
reach a 50% branching fraction for a 50 GeV Higgs but
decreases very rapidly as the mass increases. However, the
branching fraction is larger than 10% if my < 140 GeV.

The production cross section for the process pp — 11 —
thH ;7 can be easily computed using the branching fraction
information. For example, multiplying the 580 pb #7 cross
section at LO in the LHC 14 TeV by the branching fraction
of 33% for a 100 GeV charged Higgs we find a very large
rate of 191 pb. This is not a realistic estimate though
because one could choose to tag the bottom quark to
suppress backgrounds and in this case it is necessary to
impose acceptance cuts on the bottom jet. For example,
imposing the following acceptance cuts on the bottom jet

pr>20GeV, |7, <25 (24)

we have a 160 pb exclusive cross section.

Once again, the 3-3-1-RHN model predicts a larger
cross section compared to the MSSM case where, for
instance, the branching ratio of a 140 GeV charged
Higgs is below the 10% level for 1 < tanf < 30 and
reaches 30% for tanf =~ 60 [27]. For smaller masses the
region around tanfB = 7 still has very small branching
ratios, a well know characteristics of the 2HDM, in special
of the MSSM.

We have just found another distinctive feature of
the Higgs sector of this 3-3-1-RHN model compared to
supersymmetry (SUSY) and doublets models in general:

10° ¢

~
S

Branching Ratio(%)
~

10 h A U S S S SR BN H Ll
60 80 100 120 140 160 180 200
my[GeV]

FIG. 11 (color online). The branching ratios of the top quark
decays into the bW™* and bH; channels as a function of the
charged scalar mass.
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a possibly sizable number of bottom jets plus tau leptons
events associated to charged Higgs bosons production.

E. Associated production with new neutral
gauge bosons

The production mode pp — Z'Hj has a negligible cross
section even at the 14 TeV LHC. It is interesting to note
that a Z' decaying to jets and a H;" decaying taus or to
W*h, may lead to a bump in the dijet mass as reported by
the CDF Collaboration [28] although with a much lower
cross section. Assuming a 150 GeV Z' and a 100 GeV
charged Higgs we found a tiny cross section of 8 fb only.
However there are versions of our model with a leptopho-
bic Z' where this cross section can be much greater [29].

IV. PHENOMENOLOGICAL ANALYSIS FOR THE
H{W* CHANNEL

We demonstrate in this section the potential of the LHC,
operating at 14 TeV center-of-mass energy, to discover the
lightest charged Higgs boson predicted by the model under
consideration in the associated H” W+ production mode.

Thousands of events are expected based on the produc-
tion cross sections computed in the previous section in the
low luminosity stages of the 14 TeV LHC accumulating 1
to 10 fb~! of data. On the other hand 1000 events at
maximum are expected at the 7 TeV LHC after a 5 fb~!
run and at the Tevatron after the whole 10 fb~! run. As we
will discuss these numbers of events are not enough to
claim a statistically significant discovery after background
suppression based entirely on a cut method. However, an
analysis based on the likelihood ratio statistics may well
change this conclusion for the amount of data to be accu-
mulated at those experiments relying on the most distinc-
tive kinematical distributions.

The charged Higgs boson decays predominantly to top-
bottom pairs for My~ =>m; + m, and to tau leptons, 7 v,
for smaller masses as we show in the Fig. 12. This is a
direct consequence of the Yukawa enhancement factor
discussed in the previous section. The Z' gauge boson in

—r 7T T—T— | —T—T—

th

So
S

S ]
$ ]
s 60 ]
g
T W w = 1260GeV
g ]
= ]
20 1
1 1 1 1
140 160 180 200 220 240

my[GeV]

FIG. 12 (color online). The branching ratios of the charged
Higgs boson as a function of its mass.
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FIG. 13 (color online). The branching ratios of the new neutral
gauge boson Z' as a function of its mass.

its turn decays most part of the time into light quarks, about
40% to 50%, followed by neutrinos, bottom quarks, and
charged leptons (including 7 leptons). Among the heavy
states, the #7 channel is the most favored one with a
branching ratio close to 15%. The associated Hj W~
channel has a small branching ratio around 2% for Higgs
masses from 500 to 1200 GeV as can be seen in the Fig. 13
while the charged Higgs pair decay channel Z' — H H
is very rare. Decays into heavy new fermions, gauge bo-
sons, and neutral Higgses are negligible for the range of
parameters considered in this work.

Due the large branching ratio into a bottom and a
charged Higgs and the large #f production cross section
at hadron colliders, the process

pp — tt — bbH{ H — bbr 77 v v, (25)

is expected to yield thousands of events at the LHC and the
Tevatron for Higgs masses below the top mass. However, it
is not possible to reconstruct the Higgses because of the
escaping neutrinos. Moreover, the tau lepton decay will
dilute considerably the production rates. Tagging the bot-
toms and taus could be a way out but the efficiency for
multiple tau lepton and bottom tagging is rather small.
Another possibility would be to identify a top decaying
into bW state and then W — jets. In this case the recon-
struction is possible at the cost of a increased QCD back-
grounds. Anyway, this is a classical analysis already
performed in various previous works on the 2HDM and
MSSM case and the known results can be applied directly
to our work by an appropriate rescaling. We postpone this
study to a future work.

The associated production of a top quark and the
charged Higgs has the second largest cross section at the
LHC as we have computed in the previous sections. Taking
into account the preferred decay mode of a heavy charged
Higgs, the final state configuration would be

pp — tHy — ttb — bbb + WYW~ (26)

which could lead to a many jets plus lepton configuration or
a cleaner dilepton configuration. The cleaner configuration

PHYSICAL REVIEW D 84, 075013 (2011)

involves two missing neutrinos which precludes the recon-
struction of the charged Higgs resonance. The many jets
configuration is expected to have a higher level of QCD
fakes, but the reconstruction is possible. A study of this
channel is currently underway [29].

Despite the smaller cross section, the associated produc-
tion of a W boson and the charged Higgs present a very
distinctive signal

pp— W H7 — W th — bb + W W™, (27)

where the W bosons may decay into leptons or jets. The
dilepton configuration is the cleaner way to search for the
charged Higgs, but again we loose the Higgs resonance.
The mixed jets plus lepton state, on the other hand, permits
the reconstruction up to a twofold ambiguity in the neu-
trino momenta. Moreover, the chain of resonances endows
the signal very singular features that allow us to separate
it from the SM backgrounds. The new ingredient here is
the presence of the SU(3); neutral gauge boson in the
s-channel that decays to a W*H| pair. The presence of
this Z’ not only increases the production rates but makes
the leptons and jets harder than the expected from pro-
cesses induced solely by t-channel Yukawa interactions as
in the usual two-Higgs doublets models.
The signal to be studied in this work is the following;

pp— W H7 — bbW*W™ — bb + jj + lv, (28)

where the light jets and leptons come from a W boson
decay and € denotes an electron or muon. In order to avoid
the huge QCD backgrounds we propose a double b tagging
assuming a 60% b-tag efficiency and a 5 X 1073 rejection
factor against mistagged light quark and gluon jets [30].
We assume a 90% efficiency for lepton identification and
include a Gaussian smearing of the energy of jets and the
lepton but not for their momentum direction.

It is important to describe more carefully the chain of
resonances in order to understand our search strategy. After
production, the charged Higgs boson decays to a top and
bottom pair

WEHT — tb],: (29)

the top quark in its turn will decay into another W boson
and b quark, and we will have

WE[HT — (t — W7 b)b],. (30)

The W bosons will decay at last producing the visible
particles to the detector and a neutrino, so we get at the
end of the whole decay chain

(W= = €5 v)p[H] = (t = (W™ = jj)cb)pbls. (31)

There are four resonant states that we labeled as A, B, C,
and D. There is, of course, the primary Z' resonance;
however we will not try to reconstruct the new gauge boson
in our phenomenological analyses just because our main
task is to unravel the presence of the charged Higgs boson.
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A separate work dedicated to the goal of identifying the
new gauge bosons predicted by the 3-3-1RHN model is
something important by itself and will not be addressed
here.

The second step to explain the search strategy is listing
the standard model backgrounds involving QCD and elec-
troweak (EW) interactions that could mimic our signal:

(1) QCD + EW + Z' ¢ production is the most impor-

tant irreducible background

(2) QCD + EW bb + jj + W including SM Z bosons,

photons, and SM W bosons decaying to bottoms and
jets

(3) Single top quark production tbW

(4) QCD + EW jjjj + W with mistagged light quark/

gluon jets.

Except for the top quark pair production, where the facto-
rization/renormalization scale was chosen to be wup =
Mmr = my, all the other backgrounds were computed
with an event-by-event factorization/renormalization scale
defined by the square root of the combined transverse

momentum of the identified jets, up = up = ‘/Zjets Pa.
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FIG. 14 (color online).
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For all backgrounds and the signal we imposed the
following acceptance cuts:

prjp>30GeV,  pre>100 GeV (32)

| 77j,b,€ | <25, ARik > 04, i, k = j, b, €, (33)

the high p; cut on the leptons is a good discriminant
between signal and backgrounds and an excellent experi-
mental trigger too. On the other hand it favors the signal
events resulting from the s-channel ¢ — Z' boson over
the t-channel Yukawa contributions initiated by bottom
quarks as can be seen in the Fig. 14. For this plot m, =
800 GeV and my= = 300 GeV.

After acceptance cuts the signal cross section is still
deeply buried beneath the backgrounds as can be read
from the Table I that shows the effect of cuts on the m, =
800 GeV and my= = 300 GeV signal and backgrounds. To
further suppress the backgrounds we impose a second set of
cuts exploring the fact that our signal events can be much
harder than the backgrounds depending on the Z' mass

H; >500 GeV,  Eji. > 60 GeV,

0.1

0.08

0.06

0.04

1/G do/dE ymiss [ GeV ]

0.02

1 1

1 1
100 150 200 250 300 350 400
E miss[GeV]

0 50

The left upper panel, the right upper panel, and the lower panel display the Hy of the defined jets, the missing

E7 due the escaping neutrinos, and the transverse momentum py of the charge lepton, respectively, for the signal particles produced in
the g — Z' — W*H{ and bb — W*H; with a t-channel top. The distributions are normalized by the total cross section. The mass
of the Z' and the charged Higgs are 800 GeV and 300 GeV, respectively.
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TABLE I

PHYSICAL REVIEW D 84, 075013 (2011)

The effect of the various levels of cuts devised to separate the signal from a 800 GeV Z’ decaying into a 300 GeV Hj and a

W boson from the standard model backgrounds. In the third column is the QCD background, and in the fourth and fifth columns are the
electroweak backgrounds. The b tagging and lepton efficiencies were not taken into account yet. Gaussian smearing of energies and
momenta (only the magnitude, not directions) are included in all rows.

Cuts Signal 17 + single top Wbbjj WWZ+ WZZ
Acceptance 17.3 12.624 X 103 734.4 6.50

Hy > 500 GeV, Ey. iss > 60 GeV 13.7 2.807 X 103 196.2 2.15

| m;; — my | <20 GeV, | mj;, — m, | <20 GeV 13.4 2,612 X 103 591 1.42

my > 180 GeV 9.26 79.1 3.92 0.12
ARy, < 1.6 7.62 11.5 2.74 <1072

| Mpag = mp= | <20 GeV 7.00 2.07 0.38 <1073

where Hy = Y py of all hadrons. In fact the Z’ events are
also much harder than the t-channel Yukawa contributions
as we observe in the Fig. 14. At this point the t-channel
bottom initiated process contributes only 3% of the total
rates. Based on this analysis we can understand why the
MSSM analogue process is not a good search channel for
charged Higgses. In the MSSM and 2HDM in general, the
W*H| final state can be produced via t-channel Yukawa
interactions to heavy quarks and s-channel neutral Higgses
contributions both initiated by bottom quarks from gluon
splittings. As a result only charged Higgses decaying to tau
leptons in the large tanf regime can be detected at a 5o
significance level [31].

The Hy distribution for signal and backgrounds from
Fig. 15 confirms our expectation that heavier Z’ bosons are
much easier to separate from backgrounds. In the subse-
quent analyses we do not try to optimize the cuts to take
advantage of these features instead we would rather keep
the analyses as independent of the particular parameter
space point as possible. It is important to point out though
that several improvements can be embodied in a more
complete analysis.
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FIG. 15 (color online). The normalized H; distributions for
the defined jets from signal and background events. The signal
distributions are shown for a Z' gauge boson mass of 600, 800,
and 1200 GeV, respectively.

Even after imposing such hard set of cuts on the candi-
date events, the backgrounds are big enough to preclude
any significant conclusion as can be read from the second
row of Table I.

The combined QCD + EW + Z’ t7 production rate at the
14 TeV LHC is around 580 pb, almost 3 orders of magni-
tude larger than our signal. The need to suppress those
backgrounds led us to choose searching for the resonance
A, associated to the charged Higgs decay, into a purely
hadronic channel. We did not take into account the semi-
leptonic top quarks for our signal. Despite we loose half of
our total number of signal events, this gives us a tool to
explore an important advantage: the signal contains only
one final state top quark.

The possibility to reconstruct the hadronic and the semi-
leptonic tops from the 7 background gives us the oppor-
tunity to tag the semileptonic tops and reject them. This
can be easily done demanding a cut on the bottom-lepton
invariant mass. First of all we look for the bottom quark
from the hadronic top and jets from a W boson, let us call it
the first bottom quark, then we impose the following
invariant mass constraints

|mj;—my | <20GeV, |mj;—m,|<20GeV. (34)

The first one selects jets from W boson decays and helps
to clean the QCD backgrounds with at least two final state
jets. The second one rejects all processes not related to top
quark decays. Until this point we have made use of two
resonance structures from Eq. (31), namely, B and C.

The second signal bottom quark that comes from the
charged Higgs decay is not correlated to the lepton from
W, whereas the second b quark from the ¢7 background is
the yield of the top quark that decays semileptonicaly. Thus
we expect that the ¢7 background events show and end point
structure in the invariant mass of second bottom quark and

the charged lepton my,; < ,/m,z — m?%, = 160 GeV as can

be seen in the Fig. 16.
Imposing the cut

my > 180 GeV (35)

075013-11



A. ALVES, E. RAMIREZ BARRETO, AND A. G. DIAS

[ e A A
o 015 900 X 200 -
% bekg 900 X 400
23 600 X 300 |
3 0.1 B
o
=
L
~

0.05 B

0' 1

A 0 -
100 200 300 400 500
M, [GeV)

FIG. 16 (color online). The second bottom (as defined in the
text) and the charged lepton invariant mass distribution of the
signal and the combined backgrounds. At this point the back-
grounds are still dominated by the 7 contribution. The distribu-
tions are normalized by the total cross section. The mass Z’ and
the charged Higgs are shown in the figure.

eliminates almost all the ¢7 events while diluting the signal
by a factor of 0.69 only for our benchmark example. We
clearly see that heavier Z’' bosons and lighter charged
Higgses present the harder spectrum and are favored by
our analysis. We show in the fourth row of the Table I the
impact on the dominant 77 background and the signal. We
can also observe the large impact of this cut on the EW
WWZ + WZZ backgrounds.

The requirement of on shell production of W bosons and
hadronic top quarks plus the tagging of the semileptonic
tops is very effective against SM backgrounds from top
pairs and electroweak gauge boson production. However
there is another source of background events which is not
so severely affected by those cuts. The single top process
has a topology similar to our signal: one single top decay-
ing to hadrons and a second bottom, and a charged lepton
not correlated to a top quark decay. This similarity turns the
single top background the dominant one after the semi-
leptonic top veto. The 79.1 fb background that we read
from the second column of Table I is the due almost
entirely the contribution of the single top process.

If the Z' boson is much heavier than the charged Higgs
we should expect that a high boost will collimate the
hadronic top and the second bottom quark (originated
from the Higgs decay) into a fat jet. That is what we
precisely observe in the Fig. 17 which displays the distance
distribution between the hadronic tagged top and the sec-
ond bottom, ARy,. As the difference m, — m e increases
the Higgs jet gets narrower, whereas the top-bottom pairs
from the single top background are much more separated.
To suppress single tops we impose an additional cut on the
ARy, variable

ARy < 1.6. (36)
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FIG. 17 (color online). The normalized distribution on the dis-
tance between the hadronically tagged top quark and the second
bottom jet for three different Higgs masses and a Z' mass of
800 GeV, and the combined backgrounds. The single top channel
is the dominant contribution after the semileptonic top veto.

This cut efficiently dilutes the remaining backgrounds
by a factor of 0.15, whereas its impact on the signal is small
for our benchmark point. It should be pointed out though
that this cut may impact much more strongly the signal if
the difference between the Z' and the charged Higgs
masses decreases. For heavy masses this negative impact
can be compensated by hardening the transverse momen-
tum cuts. We also checked that there exists many good
discriminant distributions that could be used to disentangle
signal from backgrounds in specific points of the parame-
ters space. We did not try to optimize our analysis for
specific regions; instead we show that requiring only trig-
ger cuts planned to capture possible new physics signals
and exploring tagging techniques for SM and new particles
is just enough to observe the charged Higgses of the model.

The W + 4;j where all jets originate from QCD radiation
is huge after the jets acceptance cuts reaching several
nanobarns. Assuming a bottom miss-tagging factor against
light quark and gluons jets of 5 X 1073, brings this back-
ground to the tens of femtobarns level. We checked that
imposing the additional cuts virtually eliminates this
source of backgrounds. Our simulations were performed
at parton level though, and a more realistic computation
including hadronization and showering and detector effi-
ciencies will be necessary to confirm this claim; however
we believe that the mass shell constraints are tight enough
to clean the W + 4; events.

Before looking for the charged Higgs resonance, a
S/B = 0.54 after applying all cuts can be achieved. A
clear resonance in the jjbb invariant mass corresponding
the production of a charged Higgs boson and subsequent
decay to a top-bottom pair is visible over the total back-
grounds for moderate Higgs masses from 200 to 300 GeV
at least as we show in the Fig. 18 below. The three signal
lines in the 300 GeV bin represent events from three
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FIG. 18 (color online). The invariant mass of the identified light
quark and gluon jets plus the tagged bottom jets from the charged
Higgs decay for the total backgrounds and the signal plus back-
grounds. The empty histograms show the 200, 300, and 400 GeV
Higgs boson resonances for a 800 GeV Z’ boson. For the 300 GeV
Higgs boson we also show the distributions fora 1 and 1.2 GeV new
neutral gauge boson represented by the lower lines.

different Z' masses: 800, 1000, and 1200 GeV. The peak
from the 200 GeV Higgs is the more pronounced but lies in
a region richer in background events. The 400 GeV reso-
nance is the less pronounced mainly because of the AR,
cut devised to eliminate the single top backgrounds.
Despite the smaller phase space volume to produce heavy
states, the 300 GeV resonance is more favored than the
200 GeV line even for very heavy Z' bosons once they
yield harder jets and leptons which are more likely to pass
the kinemactical cuts.

Based on this distribution we compute the required
luminosity for a statistically significant identification of
the resonance associated to a charged Higgs boson produc-
tion, looking for an excess of events in a window of 20 GeV
around the invariant mass of the identified jets which we
call M,q. Recalling Eq. (31), M,,q is nothing but the
invariant mass associated to the resonant structure A
from the charged Higgs boson decay.

Before the discussion of the LHC potential to search for
these charged scalars we would like to emphasize that a
more complete work including hadronization, showering,
and extra radiation is needed to confirm our claims and
estimate the impact of extra jets in the reconstruction of the
Higgs resonance. Moreover, the NLO QCD effects includ-
ing hard jet emission for signal and backgrounds would
be an important improvement once the resonances are
expected to show up in the tail of jets invariant mass
distribution. On the other hand some improvements can
be devised in order to separate the signal and backgrounds
even more efficiently, for example, if already exists a hint
about the Z’ mass scale. In this case, as we have seen, if the
neutral gauge boson is heavy, is possible to impose much
harder cuts on jets and leptons. In special, we checked that
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bottom transverse momentum is a good discriminant for
very heavy states; however it must be kept in mind that
hardening the bottom cuts could drastically decrease the
b-tagging efficiency [30]. Moreover, it is easy to incorpo-
rate the signal semileptonic top quarks simply vetoing the
hadronically decaying ones. In this case, the reconstructed
charged scalars would suffer from a twofold ambiguity due
the two momenta solutions for the neutrino momentum,
but this is not an issue at all.

The Fig. 19 shows the integrated luminosity required for
a 50 significance level observation based on the S/+/S + B
statistics in the m X My plane for A, = 0.31 fixed based

on the M,,4 distribution shown at Fig. 18. The lower left
corner of the masses plane [600 =< m, = 900] X [200 =
mpy= = 300] is the easier place for discovery as a conse-
quence of the enhanced production cross section. A large
portion of this corner demands only 15 fb™! of data at most
for a 50 observation. The upper left corner [600 < m, =
900] X [300 = my= = 400], by its turn, is the less favored
region for discovery mainly because of the ARy cut im-
posed to eliminate the single top backgrounds as we
discussed earlier. A large portion of this corner cannot be
probed even for 100 fb~! or more.

In the rest of this parameters space we observe the
encouraging tendency to observe the heavier states. This
is a direct consequence of the fact that heavy Z' bosons
yield hard jets and leptons which are much more likely to
pass cuts compared to the background events even consid-
ering the phase space suppression. It is worth noting again
that the presence of a new gauge boson coupling to W=H;
pairs, which is responsible for these singular kinemactical
configurations, is a distinguishing feature of the model as
compared to MSSM and general 2HDM.
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FIG. 19 (color online). The required integrated luminosity for
a 5o level statistical significant confirmation of the signal
hypothesis over the background hypothesis in the m, X My

plane. For this analyses we assumed A, = 0.31.
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FIG. 20 (color online). The S/B ratio as a function of the Z’
mass for three different charged Higgs masses: 200, 300, and
400 GeV.

In the Fig. 20 right below we show the S/B ratio as a
function of the Z’' mass for charged Higgses of 200, 300,
and 400 GeV. The intermediate 300 GeV Higgs bosons
yield a S/B > 1 for almost all Z' masses considered in this
work. The 200 and 400 GeV Higgses show a S/B > 1 for
light and heavy Z', respectively, and this is a consequence
of our more or less blind set of cuts. As we discussed
earlier the ARy, cut favors large m, X My regions, but

a more dedicated analysis can be made in order to observe
the heavy Higgs and the light Z’ portions of the parameters
space. Note that the 400 GeV presents the larger /B ratios
for heavy new gauge boson masses because the much
harder jets, bottoms, and leptons from their decays are
much more likely to pass the cuts. On the other hand, the
reduced production cross section demands more accumu-
lated data for a significantly statistical observations as can
be seen in Fig. 19.

V. CONCLUSIONS

If the LHC collaborations could find experimental evi-
dence for an scalar charged particle this will be an undis-
puted evidence of new physics beyond the SM. Moreover,
it will shed light on the mechanism of electroweak sym-
metry breaking. In this work, we analyzed the scalar spec-
trum of the 3-3-1 model with right-handed neutrinos but
with a custodial symmetry that reduces the number of
parameters in the scalar potential. There are two charged
and five neutral scalar states in the particle spectrum. The
lightest charged Higgs bosons, Hj", can be as light as
100 GeV.

The model presents several distinguishing features asso-
ciated to the new gauge bosons and scalars. In special, there
is an important interplay between one of the new neutral
gauge bosons, Z', and the charged scalars of the model that
enhances the production cross sections as compared to
the MSSM or 2HDM. Yukawa interactions between the
charged Higgses and heavy quarks are strong, which results
in large cross sections for the typical production modes
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as the associated top-charged Higgs and charged Higgses
from top quark decays. The charged Higgs pair production
is also expected to be larger than its MSSM and 2HDM
analogues as a consequence of the enhanced Yukawa
interactions and the contribution from the new Z’ gauge
boson.

As an example of the role played by this new SU(3);
neutral gauge boson, the light charged Higgs bosons H{"
can be produced in association to a SM W boson through
the Z' decay. The charged Higgses decay into top and
bottom quarks for my= > m, + mj,, which lead to a
tbW — bbjjlv, final state at hadron colliders as the
LHC and the Tevatron. The top quark, the W boson, and
the charged Higgs resonances make the task to separate the
signal from backgrounds relatively simple, and as a con-
sequence a large portion of the parameters space of the
model will be accessible to the 14 TeV LHC collaborations
with up to 50 fb~!, and even a 15 fb~! integrated lumi-
nosity would be just enough to discover a charged Higgs
boson. We found that the same conclusion can not be
claimed for the 7 TeV LHC and the Tevatron because of
the reduced amount of data designed for these experiments.
Nevertheless the lighter charged Higgs, my= < m;, + myp,

decays predominantly to tau leptons and if the Z’ is not too
heavy this channel might be a good search channel for the
Tevatron or even a 7 TeV LHC in a longer run.

We did not try to optimize our analyses for very specific
points of the parameters space, instead we focused on a
more or less blind set of cuts taking into account only
acceptance, trigger and tagging techniques. The robustness
of the analyses shows up as signal to background ratio
greater than 1 for a large portion of the parameters space
under study in this work. Detailed studies can be made
though in order to take advantage of the hard jets and
leptons expected for even heavier Z' and charged Higgses.
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APPENDIX A: RELEVANT INTERACTION TERMS

HfW™h
. _i\{_# (Mv— v) [h(lJ'gMH;r]W#— +Hc (AD
H{ W™ h,
L i\/fg (u +v) (W90, HY Wr= + He  (A2)
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