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Abstract. The expected experimental sensitivity to the heavy neutral Higgs boson decays H/A — pp and
H/A — 7 at the LHC is discussed in the framework of the MSSM and of two type-III Two-Higgs-Doublet
Models allowing for lepton flavour violation (LFV), respectively. Despite a small branching fraction, the
H/A — pp decay allows for a precise measurement of the Higgs boson mass and for an evaluation of the
ratio of the vacuum expectation values of the two Higgs doublets, tan 3. The search for the lepton flavour
violating decay H/A — 7y allows stringent constraints to be set on the LFV coupling parameter A-,.

1 Introduction

The Large Hadron Collider (LHC), which will deliver p-
p collisions at a centre-of-mass energy of 14 TeV, is ex-
pected to start operation in 2007 at an initial luminosity
of 2 x 10%3ecm™2s7!. The two general purpose detectors
ATLAS [1] and CMS [2], presently under construction,
are equipped with high-precision tracking systems, high
resolution and hermetic calorimetry and large acceptance
muon spectrometers. Their design ensures efficient b tag-
ging and 7 identification, good jet and Missing Er resolu-
tion, and precise and efficient muon reconstruction.

The understanding of the electroweak symmetry
breaking mechanism is one of the major goals of the LHC
physics programme. The search for and the measurement
of the properties of the Higgs boson(s) are therefore a key
issue in this process.

In particular, in the Minimal Supersymmetric exten-
sion of the Standard Model (MSSM) as well as in any
Two-Higgs-Doublet Models, the lighter neutral scalar h
is accompanied by a heavier scalar state H and a pseu-
doscalar state A. The coupling of these heavier two states
to down-type fermions generally scales with tan 3, the ra-
tio of the vacuum expectation values of the two Higgs
doublets. As a consequence, the cross section of the associ-
ated production gg — bbH/A is larger than the Standard
Model cross section by a factor tan?3. This large cross
section, as well as the distinct signature with two b-quark
jets, makes this process one of the most promising handles
for the discovery of the heavy Higgs bosons, H and A, at
the LHC. For the same reason as above, H and A pre-
dominantly decay into down-type fermion pairs at large
tan(. Because the bb decay mode yields an experimen-
tally challenging bbbb final state, the decay H/A — 77
(BR~10%), is currently considered as the “golden” chan-
nel. Other rare or non-standard decays, however, are also
quite interesting in terms of their discovery potential, in

measuring the Higgs boson parameters and in the search
for effects of new physics. In this report, the physics sensi-
tivity of the LHC experiments to the H/A — pu and the
lepton flavour violating H/A — 7u decays is discussed. In
ATLAS and CMS, the efficient and precise muon recon-
struction is particularly well suited for the two studies.
The H/A — pp channel, in spite of a low branching frac-
tion (BR~ 3 - 10~%), provides a clean signature and allows
for a precise measurement of the Higgs boson masses. The
search for the decay mode H/A — 7p gives the opportu-
nity to detect lepton flavour violating effects.

2 Search for H/A — up

Several feasibility studies have been done by both AT-
LAS [3] and CMS [4] to quantify their discovery poten-
tial for the heavy neutral MSSM Higgs bosons in the
H/A — pp channel. In this report, a study performed by
CMS is presented [5]. The study is based on the detection
of the H/A — pyu decay in the bbH/A associated produc-
tion channel, and assumes the luminosity conditions ex-
pected in the first phase of the LHC operation. Both the
signal and the background samples were generated with
PYTHIA [6], passed through the GEANT-based full de-
tector simulation CMSIM [7] and the CMS Oject-Oriented
reconstruction and analysis program, ORCA [§].

The analysis strategy is based on the detection of two
high-tranverse-momentum and isolated muons, and on the
tagging of the b quarks. The main backgrounds are ex-
pected from Drell-Yan production Z/y* — upu, represen-
ting the dominant contamination, and from tt — WbWb
events, with both W bosons decaying into a muon and a
neutrino. Other potential backgrounds from bb, cc QCD
production and WW, ZZ events were found to be negligi-
ble. The b tagging is the main handle against the back-
ground coming from Drell-Yan events, in which only about
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2% of the events contain b quarks (originating from the
production mechanism bbZ/~*). As the b jets from the
signal are, in general, soft and emitted in the forward
region, no attempt is done to tag them separately. An
event b-tagging algorithm is used instead, which relies on
a combination of different variables carrying lifetime infor-
mation, like the number of secondary vertices in the event
and the multiplicity of charged particle tracks with large
impact parameters. The b-tagging requirement yields a
factor ~ 10 rejection on the background from Z/v* — ppu,
with a relatively high (= 40%) efficiency for the signal.
The background from tt events, which contain two hard
b jets and cannot be rejected by means of b tagging, is
suppressed by applying a central jet veto and by requiring
the missing energy in the event to be small.

In Fig.[l the invariant mass of the di-muon system for
a 150 GeV/c? Higgs boson is shown, together with the dis-
tribution expected from the Drell-Yan and tt backgrounds,
for an integrated luminosity of 20 fb~!. In CMS the invari-
ant mass of the muon pair can be reconstructed with an
experimental resolution of about 1.5%. The peak corre-
sponds to the integral signal from the A and H bosons,
fully degenerate for this choice of the MSSM parameters.
With an integrated luminosity of 60 fb~! this channel al-
lows for a measurement of the A/H mass with a rela-
tive precision of 0.2%. Moreover, for large values of tang,
where the natural width of the Higgs bosons is larger than
the experimental resolution, it allows I'yg o to be measured
directly and tang3 to be constrained independently of the
total cross section.

The 50 H/A — pp discovery contour lines as a func-
tion of M and tang are shown in Fig. 2] with the hy-
pothesis of two different integrated luminosities, 20 and
60 fb~!. The rise of the discovery contours at large M
reflects the decrease of the production cross section. With
60 tb—!, roughly corresponding to three years of LHC at
low luminosity, the sensitivity extends down to tan 5 =~ 15
if Ma < 200 GeV/c?.

3 Search for H/A — T

If Lepton Flavour Violation (LFV) exists, as suggested by
the experimental evidence for v,, /v, oscillations with max-
imal mixing [9], it could be observed at the LHC through
different signatures, like in the decays 7 — pvy, 7 — 3u and
XS — X§wur. The possibility to detect evidence for LF'V in
the decay of the neutral heavy Higgs states H/A — 7 has
been investigated by ATLAS [I0], within the framework
of two different (type a,b) 2HDM-III models [TTT2,13]. In
these models, the branching fraction of the Higgs bosons
into a muon and a tau can be parametrized in terms of
the coupling k-, and the branching ratio of the Standard
Model Higgs in 77 as

2m,,

BRH/A — 7p) =K2,, - —=- BR(HSy — 77), (1)

T

where the coupling k., depends on the LF'V coupling A-,,
the mixing angle of the CP-even neutral Higgs sector «,
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Fig. 1. Invariant mass of the di-muon system at the end of the
selection, for a 150 GeV/c? Higgs boson with tan8 = 30 (red
histogram) and the Drell-Yan (green histogram) and tt (blue
histogram) background, assuming [ L = 20 fb~!. The solid line
shows the results of a fit to the distribution using a Gaussian for
the signal and an exponential for the background. The fitted
peak and width of the Gaussian are respectively 150.8+0.6
GeV/c? and 3.740.7 GeV/c?
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Fig. 2. The 5-0 contours as a function of Ms and tan g for
the discovery of the MSSM heavy neutral Higgs bosons in the
bbH/A, H/A — pu channel with CMS, assuming an integrated
luminosity of 20 fb™* (solid line) and 60 fb™* (dash-dotted
line). The wiggly nature of the line is of statistical origin

the ratio of the vacuum expectation values of the two
Higgs doublets tan 3, and on the total width of the Higgs
boson in the 2HDM-IIT Model (a,b) and in the Standard
Model.

The search is performed on the final states where the
7 decays into hadrons or into electrons. The study is re-
stricted to the Higgs boson mass region 120-160 GeV/c?,
primarily because the branching fraction BR(H/A — Tpu)
drops for Higgs boson masses above the the WW produc-
tion threshold. The main contamination is expected from
the process Z/v* — 77 and, in the hadronic channel, from
W-jets events, which are however efficiently rejected by
requiring a central jet veto and by selecting one-prong de-
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cays of the 7. Less important background come from tt,
WW and WZ events.

The isolation of the signal relies on the presence of a
high-transverse-momentum, isolated muon and of an en-
ergetic tau. The 7 energy and momentum is reconstructed
from the hadron (electron) and the missing transverse en-
ergy measured in the event, assuming the neutrino to be
emitted collinearly to the visible tau decay product. The
background is then further suppressed by requiring the
T system to be consistent with a two-body decay of the
Higgs boson. The muon track is required to have a large
opening angle in the transverse plane with respect to the
visible 7 decay product, and to be more energetic than
the visible 7 decay product due to the presence of the
neutrino(s) in the 7 decay. These requirements allows for
both a strong rejection against the Standard Model back-
ground from Z/~* — 77 and an efficient separation of the
H/A — 7p signal from the MSSM decay H/A — 77.

The 50 constraints on the LE'V coupling A;,, which can
be achieved with 100 fb~!, assuming combined ATLAS
and CMS data, are shown in Fig. [ as a function of the
Higgs boson mass. Depending on the type of 2HDM-III
model and on tan 3, the bounds on A, range from ~ 1073
to &~ 10, yielding in most cases a significantly better reach
than the current limits derived from the measurements of
the muon anomalous magnetic moment g-2 [14].

Lower Bounds on AMu at the LHC
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Fig. 3. Expected 50 sensitivity on the LFV coupling A;,
as a function of the Higgs mass (solid lines), achievable with
100 fb~! at the LHC assuming combined ATLAS and CMS
data. The dashed lines correspond to the constraints coming
from g-2 data [I4]. For contraints from the muon g-2 data and
the H — 7p decay, the curves at higher A, correspond to the
2HDM-III type a model, while the lower curves to the 2HDM-
III type b. The trend is reversed for A — 7p
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4 Conclusions

In this report, a study of the physics potential of the CMS
experiment for the discovery of the heavy neutral MSSM
Higgs bosons AH in the H/A — pp decay channel has
been discussed. Although characterized by a low branch-
ing ratio, this channel provides a clean final state and
complements the principal search channel H/A — 77 in
the small Higgs boson mass region. Moreover, it gives the
opportunity to measure the Higgs boson mass with high
precision, and the unique possibility to measure directly
the Higgs boson natural width. The di-muon mass resolu-
tion expected for both the ATLAS and CMS experiments
may even allow the signals from the neutral Higgs bosons
h,A H to be separated in regions of the MSSM parameter
space where they are non-degenerate, as in the “Intensive
Coupling Regime” scenario discussed in [15].

The detection of the heavy neutral Higgs boson decay
H/A — 7 provides an evidence for Lepton Flavour Vi-
olating effects involving the second and third generation.
In particular, a study performed by the ATLAS collabo-
ration shows that, within the framework of two different
2HDM models which predict LFV, the sensitivity to lep-
tor flavour violating couplings A;,, could be extended sig-
nificantly beyond the current constraints from muon g-2
data.
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