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Abstract

After the discovery of a Standard Model-like boson with mass of about 125 GeV the possibility of an enlarged
scalar sector arises naturally. Here we present the current status of the phenomenology of the two-Higgs-doublet
models with a special focus on the charged Higgs sector. If one considers a fermiophobic charged Higgs (it does not
couple to fermions at tree level), all present experimental bounds are evaded trivially, therefore one needs to consider
other decay and production channels. In this work we also present some of the interesting features of this specific

scenario.
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1. Introduction

The discovery of a Higgs-like boson constitutes a
great motivation in our quest for a deeper understanding
of the scalar sector. Now that we have proven experi-
mentally that this sector exists, one question that arises
naturally is, are there more scalars? The simplest exten-
sion of the SM, which has a richer scalar sector and that
could give rise to new interesting phenomenology also
in the flavour physics sector is the Two-Higgs-Doublet
Model 2HDM) [1, 2, 3,4,5,6,7,8,9, 10, 11, 12, 13,
14, 15, 16]. Next we shall present the phenomenology
of the scalar sector of this model and see how the new
LHC data together with the flavour constraints affects
its parameter space.

2. The Two-Higgs-Doublet Model

The 2HDM extends the SM with a second scalar
doublet of hypercharge ¥ = % The physical scalar
spectrum contains five degrees of freedom: the two
charged fields H*(x) and three neutral scalars t,o?(x) =
{h(x), H(x), A(x)}, which are related with the §; fields
through an orthogonal transformation <p?(x) = Ri;S j(x).
A detailed discussion is given in [1]. In this work we

adopt the conventions M, < My and 0 < @ < « there-
fore, sin @ is positive.

The most generic Yukawa Lagrangian with the SM
fermionic content gives rise to dangerous tree level
flavour changing neutral currents (FCNCs) which are
phenomenologically suppressed. In order to get rid
of them one usually imposes a discrete Z, symmetry.
Here we consider the more generic approach given by
the aligned two-Higgs-doublet model (A2HDM) [2]. In
terms of the the mass-eigenstate fields the Yukawa La-
grangian reads

Ly=- ? H{i|cq VMPr - 6 M{VP|d

+ g )_/MZPRZ}

0 —
- % nyi (,0? [foPRf] + h.c.
¢.f
where Pr1 = 1i275 and where ¢ (f = u,d, ) are called
the alignment parameters. These three parameters are
independent, flavour universal, scalar basis independent
and in general complex. Their phases introduce new
sources of CP-violation and the usual models based
on Z, symmetries are recovered taking the appropriate
limits [2]. The couplings of the neutral scalar fields are
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Figure 1: One (orange, dark grey) and two (yellow, light grey) sigma
allowed region for the parameter space of the A2HDM. The two sigma
region for Zo models are shown in black.

given by:

0
ySfl =Ri + (Rip +iRi3) Saus
: ,
yi =R+ R —iRs) 6. )

3. Phenomenology

In the following we are going to consider the CP con-
serving limit of the 2HDM in the potential, as well as
in the Yukawa sector. For the first part we are going to
present the impact of the current experimental data from
the LHC on the parameter space related to the neutral
scalar. As for the second part, we shall focus mainly
on the charged Higgs sector, analyse the current bounds
that we can draw from direct searches, and also present
a few of the interesting features of the yet unexplored
fermiophobic charged Higgs scenario.

3.1. Neutral sector

The latest experimental data provided by the ATLAS
[17, 18, 19] and CMS [20, 21] collaborations from the
LHC together with the latest combined results from
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Figure 2: Allowed 90% CL region (yellow-grey) in the plane ¢, — g4,
from LHC and Tevatron data together with flavour constraints from
Ry and B — Xyy.

Tevatron [22, 23] are in good agreement with the SM
hypothesis, but the experimental errors are still large.
Assuming that the discovered scalar boson corresponds
to the light CP-even Higgs, current data require its
gauge coupling to be close to the SM one. A global
fit [3] to the LHC and Tevatron data gives

|cosal > 0.9, 2)

at 68% CL, where gxyy /g3y, = cos&. Some of the re-
sulting constraints of the Yukawa couplings are shown
in Fig.1. The partial decay rates of the Higgs into a
pair of fermions are not sensitive to the sign of the
Yukawa coupling. The only processes that are sensi-
tive to the Yukawa relative signs are the loop induced
ones i.e., gg — h, h — 7y, etc. However, the domi-
nating fermionic loop contribution is given by the top-
quark. All other fermionic contributions are extremely
suppressed, and this leads to the sign degeneracy of the
Yukawa couplings we observe in Fig.1. In the same fig-
ure, we can also observe the constraints on the mod-
els with a Z, symmetry. The allowed regions (black)
get considerably reduced in this case. This illustrates
that there is a wider range of phenomenologically open
possibilities of the A2HDM waiting to be explored. In
Fig.2 we show the results of the combined fit from the
LHC data together with flavour constraints [3] in the
SuSq plane. A very large part of this parameter space
is excluded and these two parameters are found to be
strongly correlated. This is mainly due to the B — Xy
radiative decay [10]. We shall see in the next sec-
tion that these constraints are compatible and comple-
mentary with the ones given by direct charged Higgs
searches.
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3.2. Charged sector

The LHC collaborations [24, 25, 26] have been per-
forming searches for a charged scalar with yet negative
results. Searches for a light charged Higgs mainly focus
on the t — H*b production channel and fermionic de-
cays like H* — 1%y, or H* — c¢§. Therefore, from the
searches with leptonic final states we can draw bounds
on Br(t —» H*b)xBr(H* — t*v;). For the di-quark
final state searches the H* — c¢5 is assumed to be the
dominant decay rate and that is due to the CKM sup-
pression |V | < |V, s|. However, in the AZHDM that is
not always the case. If we write down the approximate
formula

L(H* > cb) Vol (saP m; +lsul® m?)
L(H" = c5) Vsl (Isal? m3 + Isul* m2)

we can observe that for |¢;] > |¢,| the HY — c¢b
can be important when compared to the other decay
channels. Therefore the upper bounds on the di-quark
final state must be interpreted as bounds on Br(t —
H*b)x[Br(H* — ¢5) + Br(H* — c¢b)]. In Fig.3 we
show the bounds on the A2HDM parameter space [3]
from direct searches of a light charged Higgs at the LHC
together with flavour constraints from B — Xyy. As it
can be seen in the plot, part of the parameter space (the
upper strip from B — X,y) is already excluded by the
direct H* searches.

When Mpy: > My + 2m, there is a extra decay mode
that can play a important role, and that is H* — *b —
W*bb. This decay is normally very suppressed for large
regions of the parameter space. It has been previously
analysed in the MSSM and 2HDMs with Z, symme-
tries and it has been found to bring sizeable contribu-
tions when Mpy: 2> 135 — 145 GeV, depending on the
model and on the value of tanS. In the A2HDM it can
bring sizeable contributions, Br ~ 10 — 20% already
when Myg: 2 110 GeV [3]. If we re-analyse the pre-
vious constraints by adding this channel, the constraints
stay roughly the same. However, there are wide regions
that partially overlap with the allowed parameter space
region from direct searches. Therefore, the experimen-
tal searches should be enlarged by also including this
channel.

In Fig.3 we observe that all experimental bounds are
trivially satisfied if we set ¢y = 0. In this case, the
charged Higgs becomes fermiophobic (does not couple
to fermions at tree level). Therefore, in order to prove
such a scenario, other production channels and decay
rates would be needed [1].

In the last part of this section we are going to analyse
the possibility of having a fermiophobic charged Higgs
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Figure 3: Allowed values for ¢, ¢4 as a function of the charged Higgs
mass (yellow-light) obtained from the experimental 95% CL upper
bounds on the branching ratios. Allowed values for ¢, g4 from B —
Xyy are shown in blue-dark.

with a mass in the interval My: € [My, My + My].
In this region, the only relevant decay rates are H* —
Wty and H* — W*ga?. For this last decay, the W*
boson and the neutral scalar, cannot be both on-shell
simultaneously for the whole considered kinematical
range. Thus, we shall consider three-body decays like
H* — W ff mediated by the neutral scalars 1,0? and
H* - ¢f,fs mediated by a virtual W*, where f,f,
stands for quark pairs ¢,g4, or lepton-neutrino pairs
I*v;. The H* — W*ff final state is obviously dom-
inated by the b-quark contribution, therefore we will
neglect all other fermionic final states. For the decay
H* — ¢°f, fu, with an of-shell W* we are going to sum
over all possible final states, quarks and leptons. We ex-
clude the top quark, since this process is well below its
production threshold.

In the following we will consider the scalar boson A
with M;, = 125 GeV as the light CP-even scalar of the
model. A broad range of masses is allowed for the other
scalars. Here we shall only present just a few of the in-
teresting possibilities for the decay rates and production
cross sections from [1].

For the first scenario, the masses of the remain-
ing neutral scalars are considered to be greater than
My + My so that decays of a charged Higgs into an
on-shell H or A are kinematically forbidden. If we set
cos@ = 0.9 and the couplings Apy+y- = Agg+a- = 0,
and vary the charged Higgs mass in the region My: €
[Mw, My + Mz] and My from My + Mz up to 500
GeV, we obtain the branching ratios shown in Fig. 4
(top). The decay channel H* — W7y dominates for
My: < M,. When the charged Higgs is kinematically
allowed to decay into an on-shell /, then H* — hf,f;
rapidly becomes the dominant channel as Mpy: grows.
The remaining H* — W*bb branching ratio can be size-
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able, raising up to the 10% level.

For the second scenario My > My + My, as previ-
ously but this time we assume the CP-odd Higgs bo-
son A to have its mass below the WZ threshold (M, <
My + My). The decay of the charged Higgs into an on-
shell A is now kinematically allowed. The same con-
straint as before is considered for the scalar mixing an-
gle. If we take cos@ = 0.9, Ayy+p- = Agg+p- = 1 and
My = 130 GeV and vary My from My + My up to its
allowed upper bound from the oblique parameters (at
68% CL), we obtain then the branching ratios in Fig. 4
(bottom). We observe that the decays into an on-shell
h and A boson compete. However, the decay to Af, f;
still dominates even if M;, ~ M, because of the rela-
tive suppression factor sin® & of the h f.fa width [1]. We
observe that, the H* — W*bb decay channel can bring
relatively sizeable contributions in this case also.

For the third and last scenario, we allow the heavy
CP-even Higgs boson H to lie in the range M), < My <
My + M. For the mass of the remaining CP-odd scalar
we consider two possibilities: a) My > My + Mz, so
that the decay into an on-shell A is forbidden and b)
My < My < My + M. For the last configuration,
the H* boson could decay into any of the three neu-
tral scalars. In Fig. 5 we show the H* branching ratios
(top) for (Mg, M4) = (150, 140) GeV and the total de-
cay width when My > My + My (bottom). In both
cases we have set Apy+y- = Agp+p- = 1 and varied
cosa € [0.9, 0.99].

As we have seen in the previously proposed scenar-
ios, the configuration of the charged Higgs branching
ratios depends very sensitively on the chosen param-
eters. However, we can draw some important con-
clusions. There are only a few decay channels to be
analysed and the largest decay widths are the tree-level
ones, corresponding to the on-shell production of scalar
bosons. The number of decay channels decreases as
the number of neutral scalar bosons that are heavier
than the charged Higgs (i.e., My > Mp:+) increases.
The loop-induced Wy decay rate can be sizeable below
and close to the the on-shell production threshold of a
scalar boson. Shortly after this threshold is reached, the
H* — W7y branching ratio rapidly decreases as My
Srows.

In order to be able to experimentally probe the possi-
bility of having a fermiophobic charged Higgs, one also
needs an estimation of the production cross sections.
There are two dominating channels, the associated pro-
duction with a neutral scalar ¢g,g, — H'¢; and the as-
sociated production with a W boson ¢g/gg — H*W~.
The q,gs —» H *(,0? production process is by far the most
interesting channel, as it requires the least number of
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Figure 4: Charged-Higgs branching ratios as functions of My= €
[Mw, Mw + Mz], for cos@ = 0.9, My € [Mw + Mz, 500 GeV] and
gt~ = Agg+g- = 0 (top), and for cos@ = 0.9, My = 130 GeV
and My varied from My + Mz up to its permitted value by the oblique
parameters (bottom).

new parameters. As for the second process, for typi-
cal LHC energies gg — H*W~ production dominates
over qg — H*W~. For hadronic center-of-mass ener-
gies /s ~ 14 TeV, the latter only corresponds at LO
to a few percent of the total pp — H*W~ cross sec-
tion, so we can safely neglect it. The detailed expres-
sions of the hadronic cross sections and the QCD cor-
rections are given in [1]. Assuming the most general
scalar potential, the LO cross section for pp — H*¢; is
proportional to the combination of rotation matrix ele-
ments R*> = (722 + Rz ). We take away the explicit de-
pendence on the scalar-potentlal parameters, therefore
M can be interpreted as the mass of any of the three
neutral scalars of the theory. In Fig. 6 (top) we plot the
ratio o(pp — H*¢?)/R* at /s = 14 TeV, as a func-
tion of My- for different values of M. As we observe,
the cross section reaches higher values for lower scalar
masses. The interesting case is of course M, o—125 GeV,
since we already know that there is one scalar with that
mass. If we consider ¢pi to be the light CP-even scalar
of the theory, taking into account the R? = sin® & sup-
pression factor, this production channel can be experi-
mentally quite challenging due to the small value of the
cross section. QCD corrections provide a mild enhance-
ment, and the resulting QCD K factor (K = on1o/0L0)
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Figure 5: Charged-Higgs branching ratios as functions of My=, for
AprH- = Agg+g- = 1, cos@ € [0.9, 0.99], My = 140 GeV, and
(My, My) = (150, 140) GeV (top). The total decay width as a function
of My= for cos@ € [0.9, 0.99], My = 140 GeV, My > Mw + Mz is
also shown (bottom).

is typically around 1.2.

For the remaining production channel pp — H*W~,
we have two alternative possibilities: we can either
identify the 125 GeV boson with the lightest CP-even
scalar &, or with the heaviest one H. For the last case,
the cross section is extremely small, far below the ex-
perimental sensitivity in the near future. If we iden-
tify M, = 125 GeV with the mass of the light CP-
even scalar, H can be heavy enough to reach the on-
shell region and it is necessary to regulate the propa-
gator pole with its total decay width. Fig. 6 (bottom)
shows the predicted LO production cross sections at
\/s = 14 TeV, for representative values of My and its
total decay width I'y covering the range of possibilities
discussed in [1], (My, Ty) = (150,107%), (150, 50),
(200, 1), (200, 80), (400, 30), and (400, 150) GeV. The
cross section is very small when both CP-even scalars
are off-shell. For My = 150 GeV, o(pp —» H*W™) is
roughly smaller than 1073 pb. With My = 200 GeV
and a large decay width I'y = 80 GeV, the cross sec-
tion stays below 1072 pb; however,with a smaller width
I'y = 1 GeV, the cross section is enhanced by approx-
imately two orders of magnitude (three orders of mag-
nitude with respect to the previous cases), in the region
where My is on-shell (My: < 120 GeV). The most in-
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Figure 6: LO production cross sections at \[s = 14 TeV as function of
My=. Top: o(pp — HJW,cJ?)/R2 for different values of M¢Q,' bottom:

o(pp = H*W™) for M), = 125 GeV, cos@ = 0.9 and differlent values
for the pair (My, T'y) in GeV.

teresting case is when My = 400 GeV, because the cross
section gets enhanced by the on-shell H pole, reaching
higher values around 0.1 pb. For the other configura-
tions both CP-even scalars are off-shell and the value of
the cross section decreases by a few orders of magni-
tude. This results pretty challenging for the LHC, if not
impossible. However, these small values could turn out
to be measurable in the future if the LHC luminosity is
increased. The QCD K factor for this cross section is
roughly around 1.9 for the whole range of the consid-
ered parameters, which is typical for gluon fusion pro-
cesses.

4. Conclusions

The recent discovery of a Higgs-like boson has con-
firmed the existence of a scalar sector, which so far
seems compatible with the SM predictions. The direct
discovery of another scalar particle would bring price-
less information on which type of extension of the scalar
sector, is preferred by Nature. Here we have focused
on the generic AZHDM scenario and we have presented
some of the results of our previous analyses. We have
shown the current bounds on the parameter space of the
model that can be drawn from the LHC and other addi-
tional flavour constraints. We have mainly focused our
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attention on the charged Higgs, which is fundamental in
searches for new physics.

Besides the analysis of the normal searches (a
charged Higgs that couples to fermions) at the LHC, we
have presented an alternative scenario characterized by
a fermiophobic charged Higgs. It is a quite predictive
case, since all Yukawa couplings are determined by the
mixing among the neutral scalars. The two most im-
portant production channels for a fermiophobic charged
scalar have been investigated, including NLO QCD cor-
rections. Finally, if a fermiophobic charged Higgs is
discovered in this mass range, the precise value of its
mass and its branching ratios would provide priceless
information about the remaining parameters. The mean
lifetime of a fermiophobic charged scalar is short, rang-
ing from 107! to 10723 s. For large values of this life-
time, the charged Higgs could produce a displaced ver-
tex or even leave a trace in the detector. Therefore, the
direct detection of such a particle looks very compelling
at the LHC.
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