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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 7t»; and ¢S 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.

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, lack-
ing 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 dou-
blet, a single neutral Higgs boson is predicted. Ex-
tensions 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

U Also at TRIUMF, Vancouver, Canada V6T 2A3.
2 Royal Society University Research Fellow.
3 Institute of Nuclear Research, Debrecen, Hungary.

Higgs boson would point without ambiguity towards a
non-minimal Higgs sector. Beyond the SM, supersym-
metric (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 Supersym-
metric Extension of the Standard Model (MSSM),
a SUSY model with two scalar field doublets, pre-
dicts for the mass, my+, of the charged Higgs bosons
myz > My=+. This relation is modified only slightly
when radiative loop corrections are considered. Con-
sequently, the detection of the process Z° — H*H™,
which would imply my+ < Mz /2, would invalidate
the MSSM.

Higgs boson searches at the ete™ collider LEP have
placed lower bounds on the mass of the SM Higgs bo-
son (= 60 GeV [4]) and, within the MSSM, on those
of the scalar h® (~ 44 GeV) and the pseudoscalar
A® (= 24 GeV) [5]. Searches for the process Z° —
H*H~ have also been carried out [6-8]. The best
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limit so far is myp=x > 43.5 GeV (95% CL) [7]. In
a previous search based on about 30,000 Z° decays,
OPAL obtained my+ > 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™ — 70 —
H*H~ is given by [9]

~r4x

i"(Z° > HH)

\ a2\

- 6\ 27 s

where G is the weak coupling constant and 8y the
electroweak mixing angle. At a centre of mass energy
V/$ = M and for my+ = 40 GeV this yields a cross
section of 46 pb. For M, < mux < (M + M,) the
charged Higgs boson decays preferentially into 7 v,
and ¢§. The Ht — cb decay is suppressed by the small
clement, 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, 77 v, and c§, saturate the decay
[3].

The present search is carried out separately for
three possible final states: leptonic, HtH™ —
(r7v,) (77 #,); semi-leptonic, HH™ — (71w, ) (Cs)
(77 p,)(c8); hadronic, H'TH™ — (c§)(Cs). In a
sample of Nz (/s) Z° decays taken at fixed /5, the
expected number of HYH™ events with the Higgs
hosons decaying into final states i and j is given by

T'(Z° — H*H™)

Nii(V/s) = Nz (\/s) .

Br,- Brj €ij
(2)

where Tz is the width of the Z° boson, Br;; are the
H* branching ratios and €;; is the detection efficiency
for the final state HYH™ — ij.

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
Jjets. Due to their harder fragmentation, b-jets are
reconstructed more efficiently than those of light-
favoured quarks. For this reason, the results which
are obtained for the c3 final state can be assumed to
be valid even in the case of sizeable contributions
from H* — 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(HY — 7tv;).

2. Experimental data

The present search is based on data collected by
the OPAL experiment up to the end of 1994. It corre-
sponds to an integrated luminosity of approximately
110 pb~', where 80% were collected at /5 ~ Mz,
10% at \/s ~ Mp — 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 detector inside a 0.435 Tesla mag-
netic field surrounded by a lead-glass electromagnetic
calorimeter together with presamplers and time-of-
flight scintillators which are located outside the mag-
net 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 measures the luminosity
and completes the geometrical acceptance. The for-
ward detector contains lead-scintillator calorimeters
which were later complemented by silicon-tungsten
calorimeters.

The event analysis uses charged particle tracks and
electromagnetic energy clusters selected 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 clectromagnetic clusters in the
barrel region (with polar angle # satisfying | cos 8 |<
0.82) have energies of greater than 100 MeV. Those
in the endcap region (0.81 <| cos 8 |< 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
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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 climinated 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, E//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 extensive Monte
Carlo simulations. For the Z® — H*H~ 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]
which is also used to model the hadronization process
in HE decays. For Z° — u*u™ and 777, KORALZ
[16] isused and forZ° — e*e™, 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, HHH™ —
(7Tv,)(775,), is a pair of low-multiplicity, acopla-
nar jets. Since the 7% decay products are strongly col-
limated, a cone algorithm is used to recognize possi-
ble 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 par-
ticle is found, the two momentum vectors are added
10 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 de-
tector 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 en-
ergy 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 |cos 8| <
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 8] < 0.984).

The background from Z° — ¢4~ is eliminated by
requiring the acoplanarity angle* , defined by the two
cone axes, to be larger than 20°. To this end it is es-
sential to measure the acoplanarity angle with good
precision. When a charged particle with high trans-
verse momentum, p;, traverses the tracking detector
close to a cathode wire plane, the track reconstruc-
tion algorithm occasionally fails to resolve the left—
right ambiguity. This creates a spurious mirror track
which biases the measurement of the acoplanarity an-
gle. 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 elec-
tromagnetic 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 H*H™ events
with my+ = 44 GeV. Events with small visible energy
from two-photon processes are removed by the cut
E.is/\/s > 0.15 indicated in the figure. The acopla-
narity 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 both

4 The acollinearity angle is defined as the complement to 180° of
the 3-dimensional angle between two vectors and the acoplanariry
angle as the projection of the acollinearity angle onto a plane
perpendicular to the beam direction.
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Fig. |. 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
cvents 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.

7% leptons decay into a high-momentum neutrino and
a low-momentum charged particle. This tail is ade-
quately described by the Z° — 77~ 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
s youuuu, the event reveals the hits of a further low-
momentum track of positive charge which is not re-
constructed. This track is likely to be a positron from
the decay of a 7+, The event is consistent with the
¢te”™ — 7177y hypothesis and is removed by an al-
gorithm, applied to all events, which identifies gamma
conversions. The two remaining events are also con-
sistent with the e*e~ — 7777y hypothesis with the
radiative photon included in one of the cones, rais-
ing the cone energy above the required threshold and
giving rise to a large acoplanarity angle by modifying
the cone axis. The expectation from the 70 o gty

Monte Carlo, after all cuts, of 1.0+0.5 events (the er-
ror is statistical) is in agreement with the two observed

events. Nevertheless, these two events are considered
as HYH ™ candidates when deriving mass limits,
The detection efficiency for the process HtH™ —

(tYv,)(r75,) is =30% for myx > 35 GeV. Sys-
tematic errors on the detection efficiency, mainly from

naalantinag tha apit_nnloru'rahr\n in tha cimulatinn are
REEICCUNE 6 7 PUariZauon 1 i silmiiaaon, arc

small compared to the errors from Monte Carlo statis-
tics (6%). The inclusion of 7%-polarization would
tend to increase the detection efficiency. Assuming
Br(H* — 7%p;) = 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 signai events
(Eq. (2)), as a function of myz, to the 95% CL upper
limit of 6.3 events (2 candidates) {12] for a possi-
ble signal. The expected number of signal events is,
conservativelv, decreased hv 6% to take into account

CORRLIVALIVELY, LQLLIbaalll to account

systematic errors.

2.2. The semi-leptonic final state

In the search for the semi-leptonic channel,
HtH- — (7tv,)(8s) + (c§)(775,), 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
hmh momentum (‘hmoed track and mmcmo energy.
The analysis uses the sample of hadronic Z0 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 , measured in the for-
ward calorimeters and in the endcap electromagnetic
calorimeters, be less than 10.

The feature of missing enerov i
ine reature of missing energy in

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,

3
=3
)
Y
£
[72]
@
D
=Y
o

5 This guantity has been used in OPAL searches for the SM

Hicos boson in the ete— — »oHY channel 1121 It is defined as

Higgs boson in the e vPHY channel {121, It is defined as
(E% + E})/EL, where E,q is the total energy of the event and
Ep and Eg are weighted energies observed in the forward and
backward cones defined by | cos@ |> 0.8. The energles of tracks
and clusters with polar angle 6 are multiplied by 1/ sin> @, which

gives more weight to tracks and clusters near the beam-pipe.
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respectively. The total energy is then obtained by com-
bining the energy deposited in the tracking chamber
and in the electromagnetic and hadron calorimeters us-
ing 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 calorime-
ters and, in the case of charged particles, reduces the
effect from 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 hemi-
sphere the globally corrected momentum vector is ob-
tained 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 Oycol <
0.95 and c0s O,c0p < 0.99. For the remaining events
the polar angle of the missing momentum vector is re-
quired to satisfy | cos Opmiss [< 0.94 to further reduce
two-photon and q@y backgrounds. This selection pro-
vides an additional data suppression factor of ~0.04.

This selection is followed by a search for an iso-
lated, energetic, charged track from a one-prong de-
cay 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 to-
gether) 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 calori-
metric 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 HY — ¢§ decay. The invari-
ant mass, /1, of this system is calculated. Since this
search only addresses Higgs bosons with masses less
than My /2, me < 55 GeV is required. Heavy Higgs
bosons are produced with low kinetic energy, hence,
the two hadron jets are typically in separate hemi-
spheres 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 be-
tween 10 and 30 GeV.

A final selection cut is applied in the scatter plot
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Fig. 2. Scatter plot of the invariant mass, s, vs. the acollinearity
angle of the two hemisphere momentum vectors, for three simu-
lated HYH~ 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.

of mg vs. cosf.s, shown in Fig. 2, where 6 is the
acollinearity angle of the two jet momenta. The fig-
ure shows the distribution for three simulated H*H™
event samples with my+=36, 40 and 45 GeV. The cor-
relation expected from the decay kinematics is clearly
visible. Events with mass close to the kinematic limit
(my+ = 45 GeV) cluster at cos e ~ 1 while those
with my+ = 36 GeV cluster at cos 8.5 < 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
mes ~ 34 GeV and cos 6.; ~ 0.2, satisfies the selec-
tion. 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° de-
cays 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< myz < 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%
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from comparing simulated event samples with various
sets of fragmentation parameters. As in the leptonic
channel, the inclusion of 7% polarization in the simu-
lation would tend to increase the signal detection ef-
ficiency. Assuming Br(H* — 7%p,) = 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 myz, 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™ — (c8)(&s), is
characterized by an event topology with four hadron
jets. The predominant background is from higher
order QCD processes, Z° — qdgg and q4qg. Candi-
date events are selected by requiring visible energy,
Eyis, larger than 40 GeV. This cut, together with
the requirement that the distribution of the electro-
magnetic cluster energy be longitudinally balanced,
|Z(E;cos6;)|/SE; < 0.65 (the sum runs over all
clusters, E; and 6; are the energy and polar angle of
cluster i), eliminates two-photon events and Z° —
qqy 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, Yy, t0 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 ye 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 my: = 42 GeV. After these cuts the
data sample is reduced to 2.5% of its original size.
The selection efficiency of the (c5)(&s) final state
varies between 55% and 61% for my+ between 36 and
45 GeV.
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Fig. 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 sim-
ulated hadronic Z® decays (dashed histogram) and for a simu-
lated HYH~ sample with my+ = 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* — 7tp,) = 0.

A kinematic fit [23] is applied to the remaining
events assuming the HYH™ — (c8)(Cs) decay hy-
pothesis. 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 e*e™ beams
(the effect of initial state radiation is neglected) and
the invariant mass of the two jet pairs is required to
be equal (my+ = my-). The kinematic fit is applied
to the 3 possible associations and the one yielding the
smallest y? is retained. The smallest y? is required to
be less than 45 for 5 degrees of freedom. The invari-
ant mass distribution of the jet pairs obtained in this
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manner is shown in Fig. 3 (¢). The observed small

a4 .
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 dis-
tributions of events with more than three partons [24].
In addition, uncertainties in describing fragmentation
also contribute. The possible effect of an overall cali-
bration 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 bo-
son 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 sta-
tistically significant local excess in the form of a nar-
row 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
descnbed by the superposition of a third order poly-
nomial and a Gaussian of width o centred at Mg. 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

bl[llulldﬂcuubly l.llC lllleld.lll. HiddS dpitila Ul bl}\ bls'

nal samples with masses between 36 and 45 GeV. In
the fit the third order polynomia 1 is constrained to be

10 210 QAT VNLLY pRiyaaaiiial 1atlalilc

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:
~ the parameters Mg, o and f are determined by lin-

ear inierpolation between the set of discrete values

obtained for the six fixed Higgs boson masses;

- 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;

- the fitted function is subtracted from the data dis-
tribution and a Gaussian with parameters Mo and
o is fitted to the distribution of the difference. It is
assumed that the broad component of the signal is

h.
absorbed in the polynomial describing the data. The

area of the Gaussian, a, is determined;

— the 95% CL upper limit for a possible Higgs boson
cional ic datarminad fra
olsnm 1D WUwiwd L1ILIINAS ll\.llll
Noax = — + 1.64 (=), 3)
€f €f

where € is the detection efficiency for the HYH™
signal and 0'(;‘-"7) is the error on ei The latter is
obtained by propagating the errors of the detection
efficiency and those of a and f given by the fit.
The systematic error on the detection efficiency arises
mainly from modeliing the hadronization and frag-
mentation processes. It is estimated to be less than 5%

from the deviation in normalization of the data and

11V uic UL IO L

the sample of simulated hadronic Z° decays after se-
lection. The error from Monte Carlo statistics is 3%.
Thus, an overall error of 6% is assigned to the detec-
tion efficiency. The systematic error from the determi-
nation of « is found to be small in comparison.
Assuming a branching fraction Br(H* — 7%v,) =
0, a iower bound of 44.2 GeV (95% CL) is obiained
from this channel for the mass of the charged Higgs

boson. The limit is calculated by comnaring the ex-

ULV, 2w aaiiug a CRILRIRL Q) LRIpRIANE v

pected number of signal events (Eq. (2)), as a func-
tion of my+, 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 XZ which is nsed to select the correct iet

the cut in which is used to select the correct jet
association. The corresponding variations of the mass
bounds are smaller than £100 MeV.

3. Resuits

Tha lawar haria da £
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(H* — 7*v;). 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° line shape is taken into ac-
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count by using Eq. (2) to calculate the number of ex-
pected HY H™ events. The shift of the mass limits, less
than 100 MeV, from the reduction of the effective cen-
tre of mass energy due to initial-state radiation is also
included. The two events remaining in the leptonic fi-
nal 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 in-
dividual limits. A more sophisticated and less conser-
vative statistical method to combine the results from
the three channels would lead to a marginal improve-
ment 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 chan-
nels). The precise mass values of the limit are listed
in Table 1 for selected values of the branching ratio
Br(H* — 7*wv,). The highest value of my+ which is
excluded at the 95% CL independent of the branching
ratios is 44.1 GeV. This bound is obtained assuming
that the channels H* — 7%, and Ht — c§ saturate
the decay of the charged Higgs boson but is also valid
in the case of sizeable contributions from Ht — cb.

Table 1
Lower limits for my+, valid at the 95% CL, as a function of the
branching ratio Br(H* — 77p;).

Br(H* — 7tp;) mys [GeV]
0.0 442
0.05 44.1
0.2 44,7
0.4 45.0
0.6 452
0.8 454
1.0 45.5

The quoted results improve the mass bounds obtained
previously by OPAL [6] and by other experiments
[7.8].
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