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We review motivation for a light charged Higgs scenario that occurs in a class of models with a
light CP-odd Higgs boson. If the light CP-odd Higgs is doublet-like the charged Higgs is typically
lighter than the top quark and it dominantly decays into W±A with B(H+→W+A) > 70%. We
summarize experimental constraints from direct searches and discuss search strategies based on
subleading decay modes of the CP-odd Higgs. A search for t→H+b, H+→W+A, A→ µ+µ−

could provide an evidence for the charged Higgs or a discovery already with 1 fb−1 of data at the
LHC.
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Light charged Higgs in the NMSSM

1. Motivation for the light charged Higgs scenario

A light charged Higgs appearing in top quark decays, t → H+b, that dominantly decays into
W+ boson and the CP-odd Higgs boson A, occurs in a class of models that were suggested to
eliminate the fine tuning problem in supersymmetric models associated with non-observation of
the standard-model-like Higgs boson at LEP.

The LEP exclusion limits, mh > 114 GeV, constraints from precision electroweak data, mh <

157 GeV [1], and recently also the Tevatron limits, leave about 40 GeV window for the standard
model (SM) Higgs boson. This 40 GeV window is very interesting and there are several suggestive
hints or coincidences related to it. This window overlaps with the range of Higgs masses in which
the standard model can be a consistent theory all the way to the grand unification scale or the Planck
scale, mh ' 125−175 GeV. This window also overlaps with the range of Higgs masses predicted in
the minimal supersymmetric model (MSSM), mh . 135 GeV. Hence, it is expected that the Higgs
boson is somewhere in this window and most of the effort is focused on discovery strategies related
to this possibility.

However there are also several compelling hints that the SM-like Higgs boson is below the LEP
exclusion limits. First of all, electroweak symmetry breaking (EWSB) in simple supersymmetric
(SUSY) extensions of the standard model, with superpartners near the electroweak (EW) scale,
generically predicts the Higgs boson not heavier than about 100 GeV. Non-observation of the Higgs
boson at LEP resulted in the “fine-tuning" problem in these models [2]. Second of all, the best fit
to precision electroweak data is achieved for the Higgs mass of 87 GeV [1]. The third hint comes
from the LEP data: the largest excess of Higgs like events at LEP corresponds to the Higgs mass of
98 GeV. It is an interesting coincidence that natural EWSB in SUSY models, precision EW data,
and the largest excess of Higgs like events point to the same region. This supports the idea that the
Higgs boson is light, somewhere near 100 GeV, and we missed it at LEP. How can this be?

The basic idea is very simple: if the SM-like Higgs boson decays in a different way than the
Higgs boson in the standard model then the usual experimental limits do not apply. Such a Higgs
can be light, as predicted from SUSY, gives better agreement with precision electroweak data, and
can even explain the largest excess of Higgs like events at LEP [3, 4, 5].

In theories beyond the SM the Higgs sector is usually more complicated and there are typically
many other Higgses in addition to the SM-like Higgs boson. For example, there are five Higgs
bosons in the MSSM: light and heavy CP-even Higgses, h and H, the CP-odd Higgs, A, and a pair
of charged Higgs bosons, H±; seven in the next-to-minimal supersymmetric model (NMSSM),
which contains an additional singlet field: three CP-even Higgs bosons, h1,2,3, two CP-odd Higgs
bosons, a1,2, and a pair of charged Higgs bosons; and there are many simple models with even
more complicated Higgs sectors. Usually we explore parameter space in which the extra Higgses
are somewhat heavy – the so called decoupling limit.

The decoupling limit is not the only possibility. One of the extra Higgses can be light, for
example, the singlet CP-odd Higgs in the NMSSM. If it is sufficiently light, the SM-like Higgs
boson can (and typically would) dominantly decay into a pair of CP-odd Higgses and eventually,
depending on the mass of the CP-odd Higgs boson, into four b quarks, four τ leptons, four c
quarks, four µ leptons, four electrons, four light quarks, or gluons [3]. Limits on these 4-body final
states are weaker than limits on the SM Higgs boson (decaying into bb̄) and currently 4τ leptons, c
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Light charged Higgs in the NMSSM

quarks, and light quarks or gluons final states allow the SM-like Higgs boson at∼ 100 GeV or even
lighter [6, 7], as is predicted from the best theoretically motivated region of the parameter space in
supersymmetric theories, and it also gives much better agreement with precision electroweak data.
In addition, the subleading decay mode of the Higgs boson, h→ bb̄, with branching ratio of∼ 10%
can completely explain the largest excess (2.3σ ) of Higgs-like events at LEP in the bb̄ final state
(for a reconstructed mass Mbb̄ ∼ 98 GeV) [4].

Another, perhaps even more interesting variation of the above NMSSM scenario is the scenario
with a doublet-like CP odd Higgs bellow the bb̄ threshold. For small tanβ , tanβ . 2.5, this
scenario is the least constrained (and only marginally ruled out) in the MSSM, and thus easily
viable in simple extensions of the MSSM [8, 9, 10, 11]. Surprisingly, the prediction from this
region is that all the Higgses resulting from two Higgs doublets: h, H, A and H± could have been
produced already at LEP or the Tevatron, but would have escaped detection because they decay in
modes that have not been searched for or the experiments are not sensitive to. The heavy CP even
and the CP odd Higgses could have been produced at LEP in e+e− → HA but they would avoid
detection because the dominant decay mode of H, H→ ZA, has not been searched for. The charged
Higgs is also very little constrained although it could have been pair produced at LEP or appeared
in decays of top quarks produced at the Tevatron. The dominant decay mode of the charged
Higgs in this scenario is H±→W±A with A→ τ+τ− or A→ cc̄. In addition, the charged Higgs
with properties emerging in this scenario and the mass close to the mass of the W boson could
explain the 2.8σ deviation from lepton universality in W decays measured at LEP [12] as pointed
out in Ref. [13].

The main idea is simple, and it can be realized in a variety of other models. For example, in
specific little Higgs models the SM-like Higgs boson can dominantly decay into four c quarks [14]
or four gluons [15]. Four body final states of the Higgs boson can also occur in composite Higgs
models [16], and models for dark matter [17] among others. For a review of other scenarios and
references, see Ref. [6]. Additional level of complexity arises when the Higgs (extra) sector is more
complicated, see e.g. Ref. [18], or when several Higgs bosons share the coupling to the Z boson
and there is not a single SM-like Higgs boson, see e.g. [19].

Unusual decay modes require unusual search strategies. Examples of search strategies for the
SM-like Higgs and the light CP-odd Higgs in the above scenarios were discussed in Refs. [20, 21,
22, 23]. In this talk we will focus on the charged Higgs. Let’s start with a brief summary of basic
features of the charge Higgs sector.

2. Basic features of the light charged Higgs scenario in the (N)MSSM and beyond

In the MSSM the mass of the charged Higgs is related to the mass of the W and the mass of
the CP-odd Higgs:

m2
H± = m2

W±+m2
A +(SUSY loops). (2.1)

The SUSY contributions to this relation are not significant and thus, for small mA, we find mH± '
mW± . The decay mode H±→W±?A (with off-shell W ) still dominates, B(H+→W+A) & 70%.
The subleading decay mode of the charged Higgs is τν or cs depending on tanβ . This charged
Higgs boson scenario is not ruled out even in the MSSM by direct searches for the charged Higgs.
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Light charged Higgs in the NMSSM

Figure 1: The mass of the charged Higgs vs. the mass of the lightest CP-even Higgs boson (left) and
B(H+ →W+a1) vs. the mass of the charged Higgs (right) in the NMSSM for parameters specified in the
plots. These plots are from Ref. [10]. Green points represent scenarios with a doublet-like CP-odd Higgs.

It is ruled out however (only barely) by searches for the SM-like Higgs which is too light in this
region of the parameter space [8, 9].1

In models beyond the MSSM the tight mass relations between Higgs bosons are relaxed and
the scenario with a light charged Higgs dominantly decaying into W±A can be viable [8, 9]. For
example, in the NMSSM the CP-even Higgs mass gets additional contribution that can push it above
the LEP limits, or the Higgs can have additional decay modes allowing it to avoid LEP limits. In
addition, there are two CP-odd Higgses in the spectrum and the lightest mass eigenstate is a linear
combination of the doublet CP-odd Higgs and the singlet CP-odd Higgs. When the light CP-odd
Higgs has a significant doublet component the scenario resembles the MSSM scenario discussed
above (and it can be phenomenologically viable), see Fig. 1 (green points represent scenarios with
a doublet-like CP-odd Higgs). Increasing the singlet component in the light CP-odd Higgs the
B(H+→W+A) is decreasing and the charged Higgs resembles more and more the charged Higgs
in the decoupling limit of the MSSM with the usual τν or cs decay modes. For a detailed analysis
of this scenario in the NMSSM see Ref. [10]. This scenario can also be viable in general beyond the
MSSM scenarios with two Higgs doublets and new physics parameterized by higher-dimensional
operators [11].

3. Constraints and prospects at the LHC with 1 fb−1

If the CP-odd Higgs boson has a significant dublet component than the charged Higgs is
generically light, typically lighter than the top quark. Depending on the mass of the charged
Higgs and tanβ the B(t → H+b) can go up to 40% (for tanβ = 1 and mH± = 80 GeV) drop-
ping very fast with increasing tanβ and increasing the mass of the charged Higgs. The domi-
nant decay mode of the charged Higgs is H+ →W+A which is typically close to 100% except
when the mass of the charged Higgs gets close to the mass of W+ [8, 10, 11]. Prediction for

1A similar scenario with a light charged Higgs that dominantly decays into W±?A in the MSSM with tanβ < 1 was
discussed in Ref. [24].
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Figure 2: Contours of constant B(t→ H+b)×B(H+→W+A)×B(A→ τ+τ−) in mH+ − tanβ plane with
all couplings as in the MSSM with the CP odd Higgs mass mA = 7 GeV. The shaded region is excluded by
the CDF search [25]. This figure is from Ref. [26].

B(t → H+b)×B(H+→W+A)×B(A→ τ+τ−) as a function of tanβ and mH+ assuming all cou-
plings as in the MSSM for mA = 7 GeV is given in Fig. 2.

The CDF recently performed a search and set the upper limit on B(t → H+b)× B(H+ →
W+A)×B(A→ τ+τ−) to about 10% [25] excluding a small region of the parameter space. The
exact impact of the CDF search is also plotted in Fig. 2 (the shaded region is excluded).

The search for the charged Higgs decaying into W±A will be relatively easy at the LHC which
is a top quark factory. It is advantageous to look for a subleading decay mode of the CP-odd
Higgs, A→ µ+µ−. In addition, we can look for events in which one of the W bosons decays into
µν , resulting in 3-muon events with properties that easily stand out from the background. For a
reference point in the parameter space specified by mH+ = 100 GeV, tanβ = 2 and mA = 7 GeV
with 1 fb−1 of data one expects about 30 signal 3-muon events with the invariant mass of the two
closest muons (given by the mass of the CP odd Higgs) in one 100 MeV bin (the resolution of the
di-muon invariant mass). In order to suppress the background dominated by semi-leptonic bottom
and charm decays and Drell-Yan processes we impose cuts on pT of muons, pT > 10 GeV. This
leaves about 5 signal events in one 100 MeV bin of di-muon mass with total background of about
0.5 events per 100 MeV [26]. This analysis can be further improved by adding the signal events
in which one of the W± decays into e± instead of µ±. In addition, the background can be further
suppressed to a negligible level by requiring at least one b in events.

In conclusion, in scenarios with a light doublet-like CP-odd Higgs boson the charged Higgs is
typically lighter than the top quark and it dominantly decays into W±A with B(H+→W+A)> 70%.
Searching for dominant decay modes of A typically requires several tens of fb−1 of data. However,
searching for subleading decay modes is very promising with early data at the LHC. Especially the
search for t→H+b, H+→W+A, A→ µ+µ− could provide an evidence for the charged Higgs
or a discovery already with 1 fb−1 of data.
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