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Abstract In this study, we focus on the bosonic decays of
light charged Higgs bosons in the 2-Higgs Doublet Model
(2ZHDM) Type-1. We quantify the Branching Ratios (BRs) of
the H* — W*h and H* — WA channels and show that
they could be substantial over several areas of the parameter
space of the 2HDM Type-I that are still allowed by Large
Hadron Collider (LHC) and other experimental data as well
as theoretical constraints. We suggest that H* — W*h
and/or H*¥ — W*A could be used as a feasible discovery
channel alternative to H* — tv.

1 Introduction

Following the discovery of a 125 GeV Higgs boson in the first
run of the LHC [1,2], several studies of its properties were
performed. The current situation is that the measured Higgs
signal rates in all channels agree with the Standard Model
(SM) predictions at the ~ 20 level [3]. Although the current
LHC Higgs data are consistent with the SM, there is still the
possibility that the observed Higgs state could be part of a
model with an extended Higgs sector including, e.g., an extra
doublet, singlet and/or triplet. As the discovered Higgs state
belongs to a doublet, we concern ourselves here with such a
scenario. Most of the higher Higgs representations with an
extra doublet predict in their spectrum one or more charged
Higgs bosons. Discovery of such a state would therefore be
an indisputable signal of an extended Higgs sector and clear
evidence for a departure from the SM.

One of the main goals of the 13 TeV LHC (eventually to be
upgraded to 14 TeV) is to improve the precision of the mea-
surements of the Higgs couplings, thus to access potential
new physics indirectly. However, in parallel, direct searches
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for new Higgs states will also take place in the quest to find
evidence of physics Beyond the SM (BSM).

One of the simplest extensions of the SM is the 2HDM,
which contains two Higgs doublets, H; and H», used to give
mass to all fermions. The particle spectrum of the 2HDM is
as follows: two CP-even (h and H, with m, < mpg), one
CP-odd (A) and a pair of charged (H*) Higgs bosons. At
hadron colliders, a charged Higgs boson can be produced
through several channels. Light charged Higgs states, i.e.,
with m g+ < m; — my, are copiously induced by ¢7 produc-
tion followed by the top decay t — bH™ (or the equivalent
antitop mode). When kinematically allowed, pp — ff —
bbH~W™ + c.c. provides the most important source of light
charged Higgs bosons, above and beyond the yield of various
direct production modes: gh — tH™ and gg — thH ™ [4—
81, g¢ — WEHT and bb — W*HT [9-13], ¢’ — ¢H™*
where ¢ denotes one of the three neutral Higgs bosons [14],
gg — HYH andqq — HYH ™ [15-17],9b — ¢'H"b
[18,19] and ¢5,cb — HT [20] (see also Refs. [21,22] for
a review of all available H* hadro-production modes in
2HDMs).

At the Tevatron and LHC, light charged Higgs bosons can
be detected through pp — tf — bbH~ W™ followed by v
decay. In fact, for a light charged Higgs state, the tv decay is
the dominant mode. The ATLAS and CMS experiments have
already drawn an exclusion on BR(+ — bH ') x BR(H 5
Tv) based on the search for the corresponding decay chain
[23-26]. Other channels, such as HT — c¢§, have also been
searched for by ATLAS and CMS [27,28]. Assuming that
BR(HT — ¢5) = 100%, one can set a limit on BR( —
bH™) to be in the range 5-1% for a charged Higgs mass
between 90 and 150 GeV. We recall here in passing that
charged Higgs bosons have been also searched for at LEP-
II using charged Higgs pair production followed by either
H* — tv, H* — cs or HY — W*A [29]. If the charged
Higgs boson decays dominantly to Tv or cs, the LEP-II lower
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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 (m4 ~ 12 GeV), the lower bound
on the charged Higgs mass is about 72 GeV [29].

The aim of this letter is to show that the bosonic decays
of a light charged Higgs boson, such as H¥ — W*®p
and/or H* — W*® A, could be substantial and may com-
pete with H* — tv and ¢s.! In particular, H* — W+®p
with leptonic decay of W could be an alternative channel
to HY — tv in order to discover a light charged Higgs
boson at the LHC owing to the handle offered by the SM-
like Higgs mass reconstruction, now possible after discovery
[32-34]. We also discuss the case of a light CP-odd Higgs
my < 120 GeV where H * 5 W™ A could be substantial
and reach a 100% branching fraction while being consistent
with LHC and LEP data. This possibility may suggest that a
light charged Higgs state could have escaped detection dur-
ing previous LHC searches. Therefore, the bosonic decays
of a 2HDM charged Higgs boson might be complementary
to the usual search channels H* — tv and H* — cs.
We also point out that H¥ — W*®}/A would lead to the
same final state as H* — t*b — W*bb in the case where h
and A decay to bb. Clearly, there are kinematic differences
between these three channels, so that one can eventually sep-
arate them, e.g., by reconstructing the bb pair around a Higgs
resonance (125 GeV or others) and/or the bW+ pair around
the (anti)top pole, yet it may pay off to devise an inclusive
approach that maximizes the signal yield across the three
decay patterns [35].

2 A review of the 2HDM

The most general renormalizable potential for a model of
exactly two scalar Electro-Weak (EW) doublets with the
quantum numbers which are invariant under SU(2) ® U(1)
can be written as

V(®), ©2) = mi® | d)+m30) Dy 4 (m3,d by +h.c)
1 1
+3 (@107 + 2 02(9302)°
F3(D] D) (DI D) + Aa (D] Do) (DI D))
L T2 i
+3 05 (@]92)* + (o] Py
+A7Di D) D Dy + hec ], (1

where ®@;, i = 1, 2, are complex SU (2) doublets with four
degrees of freedom each while ml2 and A1 2 3 4 arereal, which
follows from the hermiticity of the potential. Further, m%z and
As5.6,7 could be complex to allow for CP-violation. In what

! These channels have been studied previously in [30,31]. We show
here that this possibility is consistent with LHC data.
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follows, in order to avoid Flavor Changing Neutral Currents
(FCNCs), we impose a Z> symmetry. Furthermore, we toler-
ate that such a symmetry is broken by the dimension-2 term
m%z and we will set 1g 7 = 0. We then assume that our poten-
tial is CP-conserving and hence m%z and A5 are assumed to
be real.

From the initial eight degrees of freedom, if the SU (2)
symmetry is broken, we end up with the aforementioned five
physical Higgs states, upon the absorption of three Goldstone
bosons by the W+ and Z states.

The potential in Eq. (1) has a total of 10 parameters if one
includes the vacuum expectation values. In a CP-conserving
minimum there are two minimization conditions that can be
used to fix the tree-level value of the parameters m% and m%
The combination v? = v% + v% is fixed as usual by the EW
breaking scale through v*> = (2+/2G)~!. We are thus left
with 7 independent parameters, namely (A;);=1.... 5, m%z, and
tan f = vy /v1. Equivalently, we can take instead the set my,,
mpy,ma,myg+,tan B, sin(o¢—B) and m%z as the 7 independent
parameters. The angle S is the rotation angle from the group
eigenstates to the mass eigenstates in the CP-odd and charged
sector. The angle « is the corresponding rotation angle for
the CP-even sector. The parameter m 7 is a measure of how
the discrete symmetry is broken. The potential with m 1, = 0
has an exact Z, symmetry and is always CP-conserving.

3 Theoretical and experimental bounds

The parameter space of the scalar potential of the 2HDM is
reduced both by theoretical constraints and by the results of
experimental searches. Amongst the theoretical constraints
which the 2HDM is subjected to, we start by requiring vac-
uum stability of the theory. We also force the potential to
be perturbative by requiring that all quartic couplings of the
scalar potential, Eq. (1), obey |X;| < 8x for all i. For the
vacuum stability conditions, which ensure that the potential
is bounded from below, we use those from [36], which are
given by

A1 > 0,42 > 0,+/A1x2 + A3 + min (0, A4 — |As5]) > O.

However, the most restrictive theoretical bounds come
from the full set of unitarity constraints [37—40] established
using the high energy approximation as well as the equiva-
lence theorem and which can be written as

laxl, 1bxl, lexl, ldxl. leg ol | fxl. 181 5] < 87 @)
with

3 4
ay =3 {(/\1 +22) i/(xl —22)? + 523 +A4>2}, S

bi=5{(M+x2)i,/(x1—x2)2+4xﬁ}, 4)
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Fig. 1 The BR(HT — W*®h) (left) and BR(H* — r*b) (right) in

the 2HDM Type-I mapped over the (m y+, tan 8) plane with mpy+ =
ma,my =300 GeV and sin(8 — ) = 0.85. We set m?, = m?%.sgcp.

1
cx =dy =3 | a0 O -2 4 i3] 5)

e1 = (A3 + 244 — 315), er = (A3 — A3), (6)
fr = (A3 4224 +3%5), f-=O3+25), (7
g1 =8 =03+2x). (8)

The 2HDM parameters are also constrained by direct exper-
imental searches and by precision experimental data. First,
the extra contributions to the §p parameter from the extra
Higgs scalars [41] should not exceed the current limits from
precision measurements [42]: [8p| < 1073, Values of tan 8
smaller than & 1 are disallowed both by the constraints com-
ing from Z — bb and from B, B_q mixing [43,44] for all
Yukawa versions of the model. Conversely, tan § cannot be
too large due to the aforementioned theoretical constraints.
We also require agreement with the null-searches from the
LEP, Tevatron and LHC experiments. Finally, we require
agreement within 20 for the 125 GeV Higgs signal strength
measurements.

4 Discussion

It is well known that, in the framework of a 2HDM Type-I,
the b — sy constraints force the charged Higgs mass to be
heavier than 580 GeV [45,46] for any value of tan 8 > 1.
Therefore, in the present study, we will deal only with a
2HDM Type-I, where a light charged Higgs state is still
allowed by all B-physics constraints [47] so long thattan 8 >
1.5.

In this study, /4 is taken to be the SM-like Higgs boson
and will be fixed at 125 GeV. The other parameters are var-
ied within a specific range in order to satisfy theoretical as
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Yellow color areas are excluded from LHC Higgs data at 95% Confi-
dence Level (CL) while black/gray ones are excluded from theoretical
constraints

well as experimental constraints. We have used the public
code 2HDMC-1.7.0 [48] to perform the scan over the 2HDM
parameter space. The program is also linked to HiggsBounds-
4.3.1 and HiggSignals-1.4.0 [49] to check against available
collider constraints. A systematic scan is performed over m 4,
mpy+, tan B and sin(B — «). The mixing angle « is fixed from
sin(8 — «). The mass of the heavy CP-even Higgs boson
was fixed at my = 300 GeV. Since we are interested in light
charged Higgs states, in order to satisfy EWPT constraints the
other Higgses should not be too heavy. Withm gz = 300 GeV
and m4 < 90 GeV, to allow for the decay H* — W*A, all
the 2HDM quartic couplings Aj s are not too large and
they are in the range [0, 2.2]. Therefore, one would expect
the radiative corrections to the Higgs boson masses not to be
very large.

In Fig. 1, we scan over the (mpg=, tan 8) plane and set
mp+ = my withsin(B—a) = 0.85 whilem?, is fixed to m?.
The black/gray regions are excluded from theoretical con-
straints, while the yellow region is excluded by experimental
constraints at 95% CL. It is clear that a light charged Higgs
state with mass < 150 GeV is excluded from H* — v and
H* — cs searches [23-28]. We are left with a small region
with mgy+ € [150,210] GeV in which we have evaluated
BR(H* — W=*h) and BR(HT — 1*b). The two BRs are
quantitatively shown in the vertical palette: left panel is for
BR(H* — W*®p) and right panel is for BR(H* — 1*b).
One can see that, in this scenario, before the top—bottom
threshold, BR(HT — W= p) can reach 10% for a charged
Higgs mass around 160 GeV and 2 < tan 8 < 3. After cross-
ing the top—bottom threshold, BR(H* — W*) ) becomes
suppressed and BR(H* — t*b) gets enhanced so as to dom-
inate over all other decays.
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Fig. 2 The BR(H¥ — W*®h + WE® A) in the 2HDM Type-I
mapped over the (m%z, tan ) (left) and (sin(8 —«), tan B) (right) planes
withmg = my = 125GeV,my+ = 170GeV andmpy = 300 GeV. The
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Fig. 3 The BR(HT — W*® A) (left) and BR(H* — *b) (right)
rates in the 2HDM Type-I mapped over (m g+, m 4 ) plane for the follow-
ing parameter choice: m;, = 125 GeV, sin(8 —«a) = 0.85,tan 8 = 5,

In Fig. 2 we illustrate the size of BR(H* — W*®p 4
W= A) over the (m%z, tan B) plane (left) and (sin(8 —
a), tan B) plane (right) for my+ = 170 GeV, myg =
300 GeV, m, = my = 125 GeV. In the left panel we
show the effect of the soft Z, breaking term miy. It is
clear that, for some special m%z and tan 8 choices, the
BR(H* — WE®p 4+ WE® A) could reach 90%. In the
right panel, one can see that LHC data favor sin(8 — «) to
be rather close to the decoupling limit: sin(f — o) ~ 1,
which implies cos(8 — @) ~ 0. Therefore, the coupling
W= HTh, which is proportional to cos(8 — a), is suppressed
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for sin(8 —a) ~ 1 while the W= HT A one, which is a gauge
coupling, has no suppression factor. This fact will make
BR(H* — W*® A)larger than BR(H* — W+®p) in the
special case of mj, = m 4. In this scenario where mj, = my,
BR(H* — *b) and BR(HT — WE®p + WE® A) are
anti-correlated, i.e., when BR(HT — WE®p 4 wE® 4)
is maximal BR(H* — 1*b) is suppressed and vice versa.
We now turn to the case of a light CP-odd Higgs state,
with m4 < 125 GeV. Such a Higgs state is still allowed by
LEP-II and LHC data. In Fig. 3 we scan over both the CP-
odd and the charged Higgs boson masses over the following
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Fig. 4 The rates for o (pp — t7) x BR(t — H*b) x BR(H* — W*®¢) with ¢ = h (left) and A (right) in the 2HDM Type-I with the same
parameters as in Fig. 3 where the ¢7 cross section central value is computed at Next-to-Next-to-Leading Order (NNLO) at LHC with /s = 14 TeV
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Fig. 5 The excluded regions of the 2HDM Type-I parameter space at
95% CL using the channel pp — t7 — H*W*bb — AWEWTFhb,
with A — 77, at the LHC with /5 = 14 GeV and 100 fb~" of lumi-

region: 10 GeV < my < 120 GeV, 100 GeV < mpy= <
200 GeV with m, = 125 GeV, sin(f — «) = 0.85, tan g
= 5 and my = 300 GeV. In this scan, the yellow region
is where H* — W*®) A is kinematically not allowed and
therefore the charged Higgs boson will decay dominantly to
Tv and/or cs pairs and is excluded by LHC data. However,
over a substantial area of the (m g+, m 4) plane, it is clear that
BR(H* — W*® A) can be the dominant decay channel,
i.e., for my < 100 GeV for any value of the charged Higgs
mass and in such a case BR(H* — *b) becomes a sub-
leading channel.

We show in Fig. 4 the single charged Higgs production
cross section where the H T state comes from (anti)top decays

30
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20 ¢

tanp

15+
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100 120 140 160 180 200
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nosity. In the left (right) plot we set mpy+ = 160 GeV(sin(f — «a) =
0.85), the remaining parameters being the same as in Fig. 3

following ¢7 hadro-production: o (thW*®¢) = o (pp —
tf) x BR(r - H*b) x BR(H* — Wt®¢), where ¢ = h
or A. We plot the cross section in the (m g+, m4) plane for
mp = 125 GeV, tanf = 5, sin(B — o) = 0.85, mpy =
300 GeV and m?, = 16 x 103 GeV2. The left panel is for
¢ = h while the right panel is for ¢ = A. Both cross sections
reach their maximum values when kinematically possible. At
the LHC with 14 TeV of energy and for mpy+ ~ 150 GeV,
a(thi(*)A), which can be of order 400450 fb, is signif-
icantly larger than o (thW*®h). Notice that the former is
larger than the latter mainly because BR(HT — W*®) A)
can be about 4 times larger than BR(H* — W*®p).
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Therefore, starting from ¢7 production at LHC followed
by one top decay via t — bHT with H¥ — w*®A
and the other via t — bW, we get a copious production of
tt — HE*W*bb — AWE®WThb events. Depending on
how A would decay, 117 or to bb, the final state could be
272b2W* or 4b2W*, where W (x) leptonic decays would
offer a useful lepton trigger. As an example, we illustrate
in Fig. 5 the exclusion region in the parameter space of our
2HDM Type-1 using pp — t7 — t Tt~ WEH WFhb at the
LHC with 14 TeV of energy and 100 fb~! of luminosity;
see [31]. We use a CP-odd mass of 60 GeV, which makes
BR(H* — W%*A) almost 100%, and assume that the A
decays to tT77.Form g+ = 160 GeV, as an illustration, one
can conclude thattan < 2.8 is excluded at 95% CL (yellow
region in the left plots of Fig. 5). We also draw the exclusion
in the plane (tan 8, m y+), from where we can see, for exam-
ple, that tan 8 < 12 is excluded for m y+ = 100 GeV.

In conclusion, we have proven the existence within the
2HDM Type-I of sizable regions of the parameter space com-
pliant with all available theoretical and experimental con-
straints yielding substantial BRs for H* decays into W) p
(with h being the SM-like Higgs state) and/or, especially,
W= A in which the H* mass is less than m; —mp,. Under the
circumstances, H* production in single mode from the decay
of a(n) (anti)top quark is possible with high rates, which are
indeed potentially accessible during the present Run 2 of the
LHC. These regions of parameter space within the 2HDM
Type-I are amenable to immediate experimental investiga-
tion by the ATLAS and CMS collaborations, which have so
far concentrated their attention almost exclusively onto tv
and/or c¢s decays of a light charged Higgs state emerging
from ¢ production and decay.
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