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The discovery of a Higgs boson with mass around 125 GeV opens the possibility to study
in detail the electro-weak symmetry breaking mechanism and unveil new physics beyond
the Standard Model. Two directions are being followed: measurements of the Higgs boson
properties, couplings, mass, spin and parity, and direct quest for an extended Higgs sector, i.e.
additional neutral or charged Higgs bosons. The current status of these studies is presented,
focussing in particular on the direct searches for rare or invisible Higgs decays or additional
Higgs bosons. The results are based on the analysis of the proton-proton collisions at 7 and
8 TeV center-of-mass energy at the LHC by the ATLAS and CMS collaborations

1 Introduction

The discovery of a Higgs boson by the ATLAS and CMS collaborations with a mass around 125
GeV 1, 2 represents a historical milestone in the understanding of the electro-weak (EW) symmetry
breaking mechanism. The “hierarchy problem”, concerning the naturalness of the Higgs boson
mass, the nature of dark matter, and other open questions that the Standard Model (SM) is not
able to answer, motivate the possible existence of additional new particles or interactions.

LHC data allows to study with increasing precision the Higgs boson couplings to fermions and
bosons, and to look for rare or forbidden decays of the SM Higgs boson. Any discrepancy will
unveil physics beyond the Standard Model (BSM) and give new search directions for the detection
of new particles. Several BSM theories have been proposed in the last 20-30 years, which are still to
be ruled out by the current experimental constraints. Just to give few examples, it is still possible
that the discovered Higgs boson is part of an extended Higgs sector, with additional charged or
neutral (CP-even or odd) Higgs bosons, or that the Higgs boson is not an elementary particle,
representing instead a pseudo-Goldstone boson of a new strong interaction at energies beyond
the TeV scale (little or composite Higgs). In most BSM scenarios, the couplings of the Higgs
boson are expected to show discrepancies with respect to the SM ones; the current experimental
constraints still allow discrepancies within 20-30% of SM expected values 3. The measurements of
the Higgs couplings represent then a complementary path to direct searches for BSM physics. The
ATLAS collaboration has indeed released in time for this conference a nice set of interpretation
results which can be inferred from the Higgs measurements of production rates and decays 4.
In particular, indirect limits are set for several BSM theories: composite Higgs, an additional
EW singlet, an additional EW doublet, a simplified Minimal Super-Symmetric Standard Model
(MSSM), and a Higgs portal to dark matter.

In the rest, we will focus on the current status of the direct searches for BSM physics in the
Higgs sector.



2 Rare Higgs decays searches

The observed value of the Higgs mass, 125 GeV, allows to explore several final states for the
Higgs boson decays, already with the statistics provided by the LHC Run I data. No significant
discrepancy with the SM expected rates has been reported yet for any of the measured final states.

There is clearly interest to look for decays which have either very small expected branching
ratios, like h→ (Z/γ∗)γ or h→ µ+µ−, or are completely forbidden in the SM, like lepton flavour
violating decays, h → (µ/e)τ . These decays can be enhanced by a significant factor by new or
modified tree-level couplings of the Higgs boson.

The search for the decay h → (Z/γ∗ → l+l−)γ has been performed looking at the invariant
mass distribution of l+l−γ system, with invariant mass of the l+l− system either in the proximity
of the Z peak 5, 6 or below 20 GeV (“Dalitz decay”) 7. These analyses have similar sensitivities,
and are able to exclude at 95% CL a signal ≈ 10 times higher then the SM expected value. Also
for H → µ+µ− 95% CL limits are reported for values ≈ 7− 10 times higher then the SM expected
rate 8, 9.

3 Invisible Higgs decays searches

Some extensions of the SM allow a Higgs boson to decay to a pair of stable or long-lived particles,
escaping direct detection: an interesting case is represented by the decay in a pair of dark matter
(DM) particle candidates (h → χχ). Associate Higgs production with a Z boson or vector boson
fusion production mechanism, provide experimentally viable solutions to directly study Higgs boson
decays to invisible particles. In addition, an indirect limit on the invisible branching ratio comes
from the combination of all the decay rate measurements, which is able, under certain assumptions,
to constrain the total width of the Higgs boson.

The current best direct searches set limits at 95% CL on the Higgs invisible branching BR(h→
inv) < 60− 70% 10, 11, while the current indirect limits are about BR(h→ inv) < 50− 60% 12, 13.

Both ATLAS and CMS interpret their invisible BR limits in terms of DM−nucleon scattering
cross section, within the context of the Higgs-portal DM scenario 14. Within the constraints of
such a scenario, these results in general provide the strongest available limits for the low-mass dark
matter candidates.

4 EW singlet searches

The simplest extension to the SM Higgs sector is represented by the addition of an EW singlet
to the doublet Higgs field. This class of models can provide a possible dark matter candidate 15.
Mixing of the EW singlet with the Higgs field, leads to modifications of the Higgs couplings, which
get all reduced by a common scale factor.

The most sensitive channels used so far to look for a neutral heavy mass CP-even Higgs boson
are the di-boson final states, WW and ZZ. In particular, it is possible to recast the searches for a
SM high mass Higgs boson using a different signal hypothesis: the natural width of the resonance
is expected to be significantly smaller in this case then the SM one for the same Higgs mass. The
most updated and sensitive single channel analysis is the CMS search for H → ZZ → 2l2ν 16.
Both experiments are completing at the moment the analysis on the full 7+8 TeV dataset for the
other WW and ZZ final states towards the final Run I analysis. Strong indirect limit in this model
can be inferred from the overall Higgs strength modifier 4.

5 2HDM searches

Another possible extension of the SM Higgs sector is the addition of a doublet field, a class of
models termed “Two-Higgs-Doublet Models” (2HDM) 17. A concrete example of these models is
realised in the Minimal Supersymmetric Standard Model: one field couples only to up-type quarks,
while the other only to down-type quarks and leptons (so called type II 2HDM models). More
generally four types of 2HDM models can be derived satisfying flavour changing neutral current



constraints. 2HDMs predict the existence of five Higgs bosons: two neutral CP-even bosons h and
H, one neutral CP-odd boson A, and two charged bosons H±.

2HDM models are described by six parameters: four Higgs boson masses (mh, mH , mA, and
mH±), tanβ, and the mixing angle α of the two neutral, CP-even Higgs states. A particularly
interesting region of the phase space is the so-called “decoupling limit” where the h couplings
result to be very close to the SM expected value. This is achieved either for very high mH ,mA

values or in the region cos(β − α) ≈ 0.
Particularly sensitive search channels for the neutral 2HDM Higgs bosons are represented by

H → hh or similarly A → Zh, when these decay modes are kinematically accessible. CMS
has performed this search exploiting several final states combinations for the light Higgs boson
(WW,ZZ, ττ, bb, γγ) and for the Z boson (ll, qq, νν) 18. This search is excluding a large region of
the 2HDM phase space.

For very heavy mH values, 2HDM models can also be searched exploiting cascade decays,
involving lighter charged and neutral Higgs bosons (e.g. H → W±H∓(→ W∓h(→ bb)). ATLAS
has released a first example of this search: the analysis is not yet sensitive to exclude any region
of the 2HDM models 19.

Indirect limits can also be inferred for this class of models 4.

6 MSSM searches

Supersymmetry provides means to solve the Higgs mass “hierarchy” problem. In many supersym-
metric model realisations with R-parity, a candidate for a dark matter particle is provided too. In
the Higgs sector, the MSSM, is a realisation of a type II 2HDM model.

The most relevant neutral MSSM Higgs bosons production mechanism is the gluon-fusion
process for small and moderate values of tanβ. At large values of tanβ, instead the b-associated
production becomes the dominant contribution. The phase space of the MSSM is particularly
large, so in general simplified or benchmark models are used for an easier interpretation of the
results: in particular, after the Higgs discovery it is possible to profit from the knowledge of mh

to restrict the parameters phase space 20, 21.
Indirect limits on the MSSM phase space have been presented in a simplified MSSM model

by ATLAS. In this model, h couplings are parametrised only as a function of mA and tanβ: the
current data allows to exclude the region mA < 400 GeV at 95% CL 4.

The most sensitive searches for the MSSM Higgs sector are performed in the di-τ final state
for the neutral Higgs bosons, Φ(H,A) → ττ , and in the H± → τν decay channel for the charged
Higgs bosons.

6.1 Φ→ ττ

For large tanβ the branching ratio of the neutral MSSM Higgs bosons to tau leptons is enhanced,
making the search in the di-τ final state particularly attractive.

The most updated result in this channel is the CMS one 22, including all the Run I 7+8 TeV
dataset. With respect to the SM Higgs boson di-τ final state analysis, the search includes special
event categories where the Higgs boson is produced in association with a b-quark jet. No excess
is observed in the tau-pair invariant-mass spectrum. Exclusion limits are obtained in the mmax

h

scenario 23. Also model independent upper limits on the cross section times branching ratio for
the gluon-fusion and the b-associated Higgs production modes are set.

6.2 H± → τν

For light charged Higgs bosons (mH± < mtop), the tt̄ → bWbH± production mode is dominant,
while for heavy charged Higgs bosons, associated production tH± is dominant. Already from
small tanβ values the light charged Higgs bosons decay mainly via H± → τν, but this decay can
still be sizeable in the high mass charged Higgs scenario. The most updated results are reported
by the ATLAS collaboration 24. Interpretation in the mmax

h scenario 23 is able to exclude for
mH± < 160GeV a vast region of the phase space.



7 NMSSM searches

The Next to Minimal Super-Symmetric Standard Model (NMSSM) extends the MSSM by an
additional gauge singlet field under a new U(1)PQ symmetry in the Higgs sector of the super-
potential 25. This allows to naturally generate the mass parameter µ term of the MSSM Higgs
super potential at the EW scale. With respect to the MSSM, the Higgs sector consists of an
additional CP-even boson and an additional CP-odd boson. In the NMSSM it is still possible to
have bosons lighter then the discovered Higgs boson, so decays like h1,2 → 2a1 represent a possible
search strategy. Depending on the a1 mass, preferential decays in a pair of γ,µ,τ or b are possible.
The most updated results are reported by the CMS collaboration in the search for h1,2 → 2a1 → 4µ
final state 26. Additional channels are being studied by both collaborations and will be reported
in the future.

8 Conclusions and prospects

The current status of the searches for BSM physics in the Higgs sector is reported. Most of the
results are based on the full statistics of the LHC Run I data, although some additional analyses are
being performed by both collaborations and will be reported in the future. No evidence for BSM
physics has been reported so far, but significantly improved precision and sensitivity is expected
to be achieved in the future LHC Run II analyses that will be based on the higher center-of-mass
proton-proton collision energy data.
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