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Abstract

A search is described to detect charged Higgs bosons via the process Z° — HTH™, using
data collected by the OPAL detector at LEP which correspond to an integrated luminosity of
approximately 110 pb™'. It is assumed that the H™ boson decays only to 7tz, and c§ final
states. From the negative outcome of this search a lower bound of 44.1 GeV (95% CL) is
derived for the mass of the charged Higgs boson.
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1 Introduction

The interactions between elementary particles are well described by the Standard Model (SM)
[1]. However, basic questions such as the mechanism of spontaneous symmetry breaking and the
origin of mass are still awaiting a satisfactory explanation. The Higgs mechanism [2] proposes
possible answers but, lacking the material proof that would be provided by the discovery of a
Higgs boson, the proposed mechanism remains an attractive working hypothesis only.

In the minimal SM, which uses one scalar field doublet, a single neutral Higgs boson is
predicted. Extensions of the model predict a larger Higgs sector [3]. The minimal extension
of the SM, which uses two scalar field doublets, predicts five Higgs bosons of which three are
neutral (h%, H® and A°) and two are charged (H* and H™). The discovery of a charged Higgs
boson would point without ambiguity towards a non—-minimal Higgs sector. Beyond the SM,
supersymmetric (SUSY) extensions are today regarded as the most promising models since
they propose “natural” answers to the question of energy scales (the problem of hierarchy)
and, at the same time, share the success of the SM in describing the observed particle physics
phenomena. At the tree level, the Minimal Supersymmetric Extension of the Standard Model
(MSSM), a SUSY model with two scalar field doublets, predicts for the mass, mgs, of the
charged Higgs bosons my+ > Mws+. This relation is modified only slightly when radiative
loop corrections are considered. Consequently, the detection of the process Z° — HTH~, which
would imply my+ < Mzo/2, would invalidate the MSSM.

Higgs boson searches at the ete™ collider LEP have placed lower bounds on the mass of the
SM Higgs boson (=~ 60 GeV [4]) and, within the MSSM, on those of the scalar 2° (x~ 44 GeV)
and the pseudoscalar A° (~ 24 GeV) [5]. Searches for the process Z° — HTH™ have also been
carried out [6] [7] [8]. The best limit so far is mu+ > 43.5 GeV (95% CL) [7]. In a previous
search based on about 30,000 Z° decays, OPAL obtained mp+ > 35 GeV (95% CL) [6]. The

present work describes a new analysis based on more than 4 million Z° decays.

The decay width of the process ete™ — Z° — HYH™ is given by [9]:

Mg, (1 2 ami Y
I‘(ZO — H+H_) = Gr Z <— — sin? ew> 1-— Myt (1)
621 \2 8

where G is the weak coupling constant and Oy the electroweak mixing angle. At a centre
of mass energy \/s = Mgzo and for my+=40 GeV this yields a cross section of 46 pb. For
M, < myg+ < (M; + My) the charged Higgs boson decays preferentially into 7+v, and cs. The
Ht — cb decay is suppressed by the small element, V;, of the CKM matrix. The decay of the
charged Higgs boson is model dependent; although in models with two field doublets one can

assume that the two main channels, 77v, and cs, saturate the decay [3].

The present search is carried out separately for three possible final states: leptonic, HTH™ —
(ttv,)(77 0, ); semi-leptonic, HYH™ — (77 v,)(¢s) + (7~ )(c5); hadronic, HYH™ — (cs)(cs). In
a sample of Nzo(1/s) Z° decays taken at fixed /s, the expected number of HTH™ events with
the Higgs bosons decaying into final states ¢ and j is given by

T(Z° — HH")
Tz

Nz(\/g) = Nzo(\/g) BT‘i BT‘j €5 (2)

where I'zo is the width of the Z° boson, Br; ; are the H* branching ratios and €;; is the detection
efficiency for the final state HTH™ — 7.



The searches for the semi-leptonic and hadronic final states use selection criteria which do
not depend explicitly on the assumed quark flavour but rather on kinematic distributions of the
reconstructed hadron jets. Due to their harder fragmentation, b—jets are reconstructed more
efficiently than those of light-flavoured quarks. For this reason, the results which are obtained
for the cs final state can be assumed to be valid even in the case of sizeable contributions from
Ht — cb. By combining the searches in the leptonic, semi-leptonic and hadronic channels,
mass limits are obtained for any value of the branching ratio Br(H™ — 77v,).

2 Experimental data

The present search is based on data collected by the OPAL experiment up to the end of 1994. It
corresponds to an integrated luminosity of approximately 110 pb~!, where 80% were collected

at \/s &~ Mg, 10% at /s =~ Mzo — 2 GeV and 10% at \/s &~ Mz + 2 GeV.

The OPAL detector [10], with its acceptance of nearly 47 steradians, and with its good
tracking, calorimetry and particle identification capabilities, is well suited to this analysis which
searches for widely different event topologies. The apparatus consists of a central tracking detec-
tor inside a 0.435 Tesla magnetic field surrounded by a lead—glass electromagnetic calorimeter
together with presamplers and time-of-flight scintillators which are located outside the magnet
coil. The magnet return yoke is instrumented for hadron calorimetry and is covered by external
muon chambers. Calorimeters close to the beam axis form the forward detector which mea-
sures the luminosity and completes the geometrical acceptance. The forward detector contains
lead—scintillator calorimeters which were later complemented by silicon—tungsten calorimeters.

The event analysis uses charged particle tracks and electromagnetic energy clusters se-
lected according to standard quality requirements [11] [12]. Accepted tracks have more than
20 measured space points, originate from the vicinity of the eTe™ interaction point, and have
a transverse momentum in excess of 50 MeV. Accepted electromagnetic clusters in the barrel
region (with polar angle 6 satisfying | cosé |< 0.82) have energies of greater than 100 MeV.
Those in the endcap region (0.81 <| cos § |< 0.984) have more than 200 MeV energy and consist
of at least two adjacent lead glass blocks. Energy clusters in the hadron calorimeter are only
used in the semi-leptonic channel to improve the hadronic mass resolution. In the hadronic
final state the best mass resolution is obtained by kinematic fitting.

The search for the leptonic final state is based on those Z° boson decays with low multiplicity
where the number of tracks and clusters is limited to less than 19 in total. The sample contains
mainly leptonic Z° boson decays, two—photon events, low—multiplicity hadronic Z° boson decays
and cosmic ray muons. Cosmic ray muons are eliminated using the timing information from
the time—of-flight counters and by checking the matching of the tracks to the eTe™ interaction
point. For the semi—leptonic and the hadronic final states the standard selection of hadronic
Z° decays [11] is used. This requires events to have at least 5 tracks and 7 clusters and a
minimum energy in the electromagnetic calorimeter, £/+/s > 0.1. In all three search channels,
two—photon events are reduced by requiring less than 2 GeV energy in the forward detector.

The signal detection efficiencies and background suppression factors are obtained from ex-
tensive Monte Carlo simulations. For the Z® — HTH™ process the event generator embedded
in the PYTHIA program package [13] is used. The process Z° — hadrons is generated using
the JETSET 7.3 parton—shower Monte Carlo [14] with parameters tuned to OPAL data [15]
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which is also used to model the hadronization process in H* decays. For Z° — p*p~ and 7+77,
KORALZ [16] is used and for Z° —ete™, BABAMC [17]. The generated events are processed
by the OPAL detector simulation [18] and event reconstruction programs. In general, the full
simulation of the OPAL detector is used. In some cases a less detailed but faster version of the
simulation is used to obtain higher statistics.

2.1 The leptonic final state

The signature for the leptonic channel, HYH™ — (7%v,;)(77#,), is a pair of low—multiplicity,
acoplanar jets. Since the 7% decay products are strongly collimated, a cone algorithm is used to
recognize possible signal events. The cone algorithm starts with the particle (track or cluster)
having the highest energy and searches within a cone of 20° half-angle for the particle with
the next-highest energy. If such a particle is found, the two momentum vectors are added
to define the axis of a new cone and the procedure is repeated until no more particles can
be added to that cone. Of the remaining particles, the particle with the highest energy is
taken as the starting point to build a new cone, and the above procedure is repeated until all
particles are assigned to a cone. The energy inside a cone is then calculated by adding up the
energy of the particles. Special care is taken to avoid double—counting of energy in the case
of charged particles for which the energy is measured both in the tracking detector and in the
electromagnetic calorimeters. If one or several tracks are pointing towards a given cluster, the
momentum—sum of the tracks is subtracted from the cluster energy, unless the momentum-
sum is larger than the cluster energy in which case the cluster energy is disregarded. The same
procedure is also used to calculate the visible energy, E,;,, of the entire event.

An event is retained if it contains exactly two cones with at least one charged particle per
cone. The energy of each cone has to be larger than 2 GeV and the polar angle of the two
cone axes has to satisfy |cosf| < 0.7. The energy not included in the two cones has to be less
than 1% of the beam energy. In addition, no charged track is allowed to occur outside the two

cones and no cluster is allowed to occur close to the inner edge of the endcap electromagnetic
calorimeter (0.97 < |cos §| < 0.984).

The background from Z° — £7£~ is eliminated by requiring the acoplanarity angle *, defined
by the two cone axes, to be larger than 20°. To this end it is essential to measure the acoplanarity
angle with good precision. When a charged particle with high transverse momentum, p;,
traverses the tracking detector close to a cathode wire plane, the track reconstruction algorithm
occasionally fails to resolve the left—right ambiguity. This creates a spurious mirror track which
biases the measurement of the acoplanarity angle. Therefore, events are eliminated if they
contain a track with p, > 5 GeV, with azimuthal angle within 1° of that of a cathode plane
and no associated electromagnetic cluster. This cut affects less than 0.1% of the events.

The scatter plot of the normalized visible energy vs. the acoplanarity angle of the two cone
axes is shown in Fig. 1 for the data and for simulated HTH™ events with my+ = 44 GeV. Events
with small visible energy from two—photon processes are removed by the cut E,;/\/s > 0.15
indicated in the figure. The acoplanarity angle distribution for the data, after the cut, is shown

_|_

in the insert. The tail towards large acoplanarity angles comes from 777~ events where one or

!The acollinearity angle is defined as the complement to 180° of the 3—-dimensional angle between two vectors
and the acoplanarity angle as the projection of the acollinearity angle onto a plane perpendicular to the beam
direction.



both 7% leptons decay into a high-momentum neutrino and a low—momentum charged particle.
This tail is adequately described by the Z° — 7t7~ Monte Carlo. Only 3 events survive after
the acoplanarity angle cut indicated in the figure.

One of the surviving events has a cone containing an electron pair from a photon conversion
while the other cone is consistent with a 3—prong 7~ decay. Upon inspection, the event reveals
the hits of a further low—momentum track of positive charge which is not reconstructed. This
track is likely to be a positron from the decay of a 7. The event is consistent with the
ete”™ — 7777y hypothesis and is removed by an algorithm, applied to all events, which identifies
gamma conversions. The two remaining events are also consistent with the ete™ — 7777y
hypothesis with the radiative photon included in one of the cones, raising the cone energy
above the required threshold and giving rise to a large acoplanarity angle by modifying the
cone axis. The expectation from the Z° — £/~ Monte Carlo, after all cuts, of 1.04+0.5 events
(the error is statistical) is in agreement with the two observed events. Nevertheless, these two

events are considered as HTH™ candidates when deriving mass limits.

The detection efficiency for the process HTH™ — (71 v, )(77 ;) is ~30% for my+ > 35 GeV.
Systematic errors on the detection efficiency, mainly from neglecting the 7*—polarization in the
simulation, are small compared to the errors from Monte Carlo statistics (6%). The inclusion of
r%—polarization would tend to increase the detection efficiency. Assuming Br(H* — 77v,) =1,
a lower bound of 45.5 GeV (95% CL) is obtained from this channel for the mass of the charged
Higgs boson. The limit is calculated by comparing the expected number of signal events (Eq. 2),
as a function of mys, to the 95% CL upper limit of 6.3 events (2 candidates) [19] for a possible
signal. The expected number of signal events is, conservatively, decreased by 6% to take into
account systematic errors.

2.2 The semi-leptonic final state

In the search for the semi-leptonic channel, HYH~ — (r+uv,)(cs) + (c8)(7~#,), only the 7%
decays with one charged track are admitted since decays of higher multiplicity are subject to a
high background from Z° — hadrons. The final state is thus characterized by two hadronic jets,
an isolated high-momentum charged track and missing energy. The analysis uses the sample
of hadronic Z° decays [11] which is then further reduced by requiring at least 7 tracks and 7
clusters. Remaining two-photon events and Z° — qqy events with an energetic photon from
initial state radiation are rejected by requiring that the forward energy flow 2, measured in the
forward calorimeters and in the endcap electromagnetic calorimeters, be less than 10.

The feature of missing energy in the case of the Higgs boson signal is exploited by requiring
that the scalar sum of all charged track momenta be less than 50 GeV and that the energy in
the electromagnetic and hadron calorimeters be less than 50 GeV and 25 GeV, respectively.
The total energy is then obtained by combining the energy deposited in the tracking chamber
and in the electromagnetic and hadron calorimeters using an algorithm to globally correct the
energy [20]. The algorithm gives an optimal weight to the energies measured in the tracking
detector and in the calorimeters and, in the case of charged particles, reduces the effect from

2This quantity has been used in OPAL searches for the SM Higgs boson in the ete~ — voHC channel [12]. Tt
is defined as (E'lz;, + E%)/E’tzot where F,,; is the total energy of the event and Er and Ep are weighted energies
observed in the forward and backward cones defined by | cos @ |> 0.8. The energies of tracks and clusters with
polar angle 6 are multiplied by 1/sin? 8, which gives more weight to tracks and clusters near the beam—pipe.
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double—counting of energy. The corrected energy is required to be between 30 and 75 GeV.
The cuts described so far reduce the data sample to ~5% of its original size.

The events are divided into two hemispheres by a plane perpendicular to the thrust axis.
For each hemisphere the globally corrected momentum vector is obtained and the acollinearity
and acoplanarity angles defined by the two hemisphere momentum vectors are calculated. To
further reduce the background from hadronic Z° decays, events are accepted if cos 6., < 0.95
and cos f,.0p < 0.99. For the remaining events the polar angle of the missing momentum vector
is required to satisfy | cos 8,5, |< 0.94 to further reduce two—photon and qgy backgrounds.
This selection provides an additional data suppression factor of ~0.04.

This selection is followed by a search for an isolated, energetic, charged track from a one-
prong decay of the 7% lepton. The charged track is required to have momentum between 3 and
15 GeV and more than 7.5 GeV energy (track and cluster energies together) is required to be
in a narrow cone of 13° half-angle around it. Isolation is imposed by allowing no other charged
track in a wide cone of 30° half-angle around the track and no more than 0.4 GeV of calorimetric
energy in the annulus between the wide and narrow cones. The isolation requirements yield a
data suppression factor of ~0.05.

All tracks and clusters outside the wide isolation cone are assigned to the Ht — c5 decay.
The invariant mass, m, of this system is calculated. Since this search only addresses Higgs
bosons with masses less than Mzo/2, m.s < 55 GeV is required. Heavy Higgs bosons are pro-
duced with low kinetic energy, hence, the two hadron jets are typically in separate hemispheres
and have an energy close to my+/2. The cs system is therefore divided in two jets using the
plane perpendicular to its thrust axis. The globally corrected energies of the two jets are both
required to be between 10 and 30 GeV.

A final selection cut is applied in the scatter plot of m vs. cos ., shown in Fig. 2, where
O.s is the acollinearity angle of the two jet momenta. The figure shows the distribution for
three simulated HTH~ event samples with myu+=36, 40 and 45 GeV. The correlation expected
from the decay kinematics is clearly visible. Events with mass close to the kinematic limit
(mp+ = 45 GeV) cluster at cos 0. ~ 1 while those with mg+ = 36 GeV cluster at cos .5 < 0.4.
The final selection is indicated by the two parallel lines. Before this cut there remain 5 events
in the data sample (&~ 1.5 x 107% of the original number of events) which are indicated by
the large dots. Only one event, with m. ~ 34 GeV and cos 0. ~ 0.2, satisfies the selection.
This event is taken as a Higgs boson candidate when deriving mass limits. The same analysis,
applied to a sample of 3.5 million simulated hadronic Z° decays leaves 4 events before the final
cut and also one single event after.

The detection efficiencies for the HYH™ signal in the semi-leptonic final state vary between
6% and 10% in the mass range 35 GeV< mpy+ < 46 GeV. The statistical error of these values
is less than 10%. The systematic error on the detection efficiencies, mainly from modelling
fragmentation, is estimated to be 5% from comparing simulated event samples with various
sets of fragmentation parameters. As in the leptonic channel, the inclusion of 7% polarization
in the simulation would tend to increase the signal detection efficiency. Assuming Br(Ht —
7Tv.) = 0.5, a lower bound of 45.0 GeV (95% CL) is obtained from this channel for the mass of
the charged Higgs boson. The limit is calculated by comparing the expected number of signal
events (Eq. 2), as a function of myg=, to the 95% CL upper limit of 4.74 events (1 candidate)
[19] for a possible signal. The expected number of signal events is decreased by 11% to take
into account systematic errors.



2.3 The hadronic final state

The hadronic channel, HYH™ — (c5)(cs), is characterized by an event topology with four hadron
jets. The predominant background is from higher order QCD processes, Z° — qggg and qgqq.
Candidate events are selected by requiring visible energy, F,;,, larger than 40 GeV. This cut,
together with the requirement that the distribution of the electromagnetic cluster energy be
longitudinally balanced, |X(E; cos 6;)|/XE; < 0.65 (the sum runs over all clusters, E; and 6; are
the energy and polar angle of cluster ¢), eliminates two—photon events and Z° — qgy events.

Jets are defined by the Durham scheme [21] of the YCLUS jet finder [22] using the visible
energy as the scale parameter and fixing the jet resolution parameter, y.,;, to 0.01. The jet
finder is applied to the charged tracks and to those electromagnetic clusters which have no
track pointing to them. Events with at least 4 jets are selected. If more than 4 jets are found
in an event, the jet finder is reapplied with the value of y.,; increased until the number of
reconstructed jets is exactly 4. The sphericity of the event is required to be larger than 0.3.
Fig. 3 shows the distribution of the number of jets (a) and the sphericity distribution (b) for
the data, for a sample of 3.5 million simulated Z° hadronic decays and for a simulated H*H~
signal sample with mpy+ = 42 GeV. After these cuts the data sample is reduced to 2.5% of its
original size. The selection efficiency of the (cs)(cs) final state varies between 55% and 61% for
my+ between 36 and 45 GeV.

A kinematic fit [23] is applied to the remaining events assuming the HTH™ — (c5)(cs) decay
hypothesis. The four jets are associated in pairs to the H* and H™ bosons. The inputs to the fit
are the jet four-momenta together with their estimated measurement errors. The total energy
and momentum of the events are constrained to those of the colliding ete™ beams (the effect
of initial state radiation is neglected) and the invariant mass of the two jet pairs is required
to be equal (myg+ = myg-). The kinematic fit is applied to the 3 possible associations and the
one yielding the smallest x? is retained. The smallest x? is required to be less than 45 for 5
degrees of freedom. The invariant mass distribution of the jet pairs obtained in this manner is
shown in Fig. 3 (¢). The observed small difference in shape between the data and the sample of
simulated hadronic Z° decays can be explained by known inaccuracies in modelling the phase
space distributions of events with more than three partons [24]. In addition, uncertainties in
describing fragmentation also contribute. The possible effect of an overall calibration error of
the mass scale is estimated by shifting the mass of the Monte Carlo events and evaluating the
overlap with the data. The best overlap is obtained for a shift of —100 MeV. The invariant
mass distribution for a simulated H"H™ signal, also shown in Fig. 3 (c), has a narrow peak
close to the nominal Higgs boson mass and a broad component due to incorrect jet associations
and measurement errors.

In order to identify a possible Higgs boson signal, the mass distribution of the data is
searched for a statistically significant local excess in the form of a narrow peak. Both the data
and the signal distributions for different my+ are parametrized. The distribution of the data
between 30 and 45 GeV is well described by a third order polynomial. The signal distribution is
described by the superposition of a third order polynomial and a Gaussian of width o centred
at My. The fractional area of the signal contained in the Gaussian part is denoted by f.
The shape of the non—Gaussian part is fairly independent of the Higgs boson mass. Values
of these parameters are obtained from fitting simultaneously the invariant mass spectra of six
signal samples with masses between 36 and 45 GeV. In the fit the third order polynomial is
constrained to be the same for all masses.



To search for a Higgs boson signal, the invariant mass distribution of the data is scanned
in steps of 0.25 GeV in the mass range from 35 to 44.5 GeV. At each point of the scan:

e the parameters My, 0 and f are determined by linear interpolation between the set of
discrete values obtained for the six fixed Higgs boson masses;

e a third order polynomial is fitted to the data in the range 30 to 45 GeV excluding the
mass window given by My £ 1.640;

o the fitted function is subtracted from the data distribution and a Gaussian with parame-
ters My and o is fitted to the distribution of the difference. It is assumed that the broad
component of the signal is absorbed in the polynomial describing the data. The area of
the Gaussian, «, is determined;

o the 95% CL upper limit for a possible Higgs boson signal is determined from

Npae = — + 1.64 (), (3)

ef ef

where ¢ is the detection efficiency for the HTH™ signal and a(ﬁ) is the error on 2. The
latter is obtained by propagating the errors of the detection efficiency and those of o and
f given by the fit.

The systematic error on the detection efficiency arises mainly from modelling the hadronization
and fragmentation processes. It is estimated to be less than 5% from the deviation in normal-
ization of the data and the sample of simulated hadronic Z° decays after selection. The error
from Monte Carlo statistics is 3%. Thus, an overall error of 6% is assigned to the detection
efficiency. The systematic error from the determination of a is found to be small in comparison.

Assuming a branching fraction Br(H" — 77v,) = 0, a lower bound of 44.2 GeV (95% CL)
is obtained from this channel for the mass of the charged Higgs boson. The limit is calculated
by comparing the expected number of signal events (Eq. 2), as a function of mg+, to the 95%
CL upper limit using Eq. 3.

If the scale of the invariant mass of the Higgs boson signal were shifted by —100 MeV, as
suggested by the small discrepancy between the distributions for the data and for the sample of
simulated hadronic Z° decays, this limit would change to 44.3 GeV. The stability of the result
is further checked by varying the cut in x? which is used to select the correct jet association.
The corresponding variations of the mass bounds are smaller than +£100 MeV.

3 Results

The lower bounds for the mass of the charged Higgs boson, at the 95% CL, obtained from
the searches in the leptonic, semi-leptonic and hadronic channels, are presented in Fig. 4 as a
function of the branching ratio Br(Ht — 7%1,). The limits are obtained using the tree level
expression given by Eq. 1 for the process Z° — HTH~. They take into account the integrated
luminosities of the data distributed over /s and the selection efficiencies as a function of my+
with their statistical and systematic errors. The effect of initial-state radiation on the Z°
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Br(Ht — 7%y,): || 0.0 | 0.05| 0.2 | 0.4 | 0.6 | 0.8 | 1.0
myz [GeV]: 44.2 | 44.1 | 44.7 | 45.0 | 45.2 | 45.4 | 45.5

Table 1: Lower limits for my<+, valid at the 95% CL, as a function of the branching ratio
Br(Ht — 7%y,).

line shape is taken into account by using Eq. 2 to calculate the number of expected HYH™
events. The shift of the mass limits, less than 100 MeV, from the reduction of the effective
centre of mass energy due to initial-state radiation is also included. The two events remaining
in the leptonic final state and the single event remaining in the semi-leptonic final state are
considered as possible Higgs boson candidates. The global exclusion, shown in the figure by
the full line, is the envelope of the three individual limits. A more sophisticated and less
conservative statistical method to combine the results from the three channels would lead to a
marginal improvement only. Close to the kinematical limit the cross section falls rapidly with
increasing mass (Eq. 1), and therefore the limit is weakly affected by changes of the detection
efficiency (e.g. by combining channels). The precise mass values of the limit are listed in
Table 1 for selected values of the branching ratio Br(H™ — 7%v,). The highest value of my+
which is excluded at the 95% CL independent of the branching ratios is 44.1 GeV. This bound

*tv, and HT — c5 saturate the decay of the

is obtained assuming that the channels H — r 14
charged Higgs boson but is also valid in the case of sizeable contributions from H* — cb.
The quoted results improve the mass bounds obtained previously by OPAL [6] and by other

experiments [7] [8].
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Figure 1: Scatter plot of the visible energy vs. the acoplanarity angle, defined by the two cone
axes, (a) for the data and (b) for a simulated H*H~ sample with my+ = 44 GeV. The cuts on
the visible energy and the acoplanarity angle are indicated. The 3 data events that survived
these cuts are circled. The insert shows the acoplanarity angle distribution of the data (points
with error bars) compared to that of a sample of simulated Z° — £*{~ events (histogram), after
the cut on the visible energy.
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Figure 2: Scatter plot of the invariant mass, m, vs. the acollinearity angle of the two hemi-
sphere momentum vectors, for three simulated H"H~ samples with my+ = 36, 40 and 45 GeV.
The large dots indicate the 5 data events which remain before the selection indicated by the
parallel lines.
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Figure 3: (a) Distribution of the number of jets, (b) sphericity distribution after the 4—jet
requirement and (c) invariant mass distribution obtained by the constrained kinematical fit
after all cuts, for the data (points with error bars), for a sample of simulated hadronic Z°
decays (dashed histogram) and for a simulated H"H~ sample with mg+ = 42 GeV (full-line
histogram). The distributions are normalized to the data before the selection and the signal
distribution is scaled up by the factors indicated, assuming Br(H* — 7tv,) = 0.
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Figure 4: Regions in the Br(Ht — 7%v,) vs. my+ plane which are excluded at the 95% CL by
the searches in the leptonic channel (dotted line), in the semi-leptonic channel (dash—dotted
line) and in the hadronic channel (dashed line). The combined exclusion limit is indicated by

the full line.
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