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Abstract

A search is described to detect charged Higgs bosons via the process eqey™HqHy, using data collected by the OPAL
detector at center-of-mass energies of 130–172 GeV with a total integrated luminosity of 25 pby1. The decay channels are

Xq q qassumed to be H ™qq and H ™t n . No evidence for charged Higgs boson production is observed. The lower limit fort

its mass is determined to be 52 GeV at 95% confidence level, independent of the Hq™tqn branching ratio. q 1998t

Published by Elsevier Science B.V. All rights reserved.

1. Introduction

The interactions between elementary particles are
Ž . w xwell described by the Standard Model SM 1

which assumes that particle masses are created via
w xthe Higgs mechanism 2 through spontaneous sym-

metry breaking. The Standard Model contains one
doublet of complex scalar fields and predicts a single
neutral Higgs boson. The minimal extension of the
Higgs sector in the Standard Model consists of two

w xHiggs field doublets 3 and predicts five Higgs
Ž 0 0 0.bosons of which three are neutral h , H and A

Ž q y.and two are charged H and H . Despite a wide
experimental effort, no evidence for Higgs bosons
has yet been observed.

The discovery of a charged Higgs boson would be
a clear indication of physics beyond the Standard

w xModel. Supersymmetry 4 is one of the possible
extensions of the Standard Model. The Minimal
Supersymmetric Extension of the Standard Model
Ž .MSSM , is the most popular example of such a
model and contains two Higgs field doublets. At tree
level it predicts that the charged Higgs boson is
heavier than the W " boson, M "

2 sM "
2 qM 0

2 .H W A
w xRadiative corrections change this prediction 5 ,

however the detection of a charged Higgs boson
lighter than the W " boson would severely limit the
parameter space of the MSSM.

Searches for charged Higgs bosons were carried
' w x "out at s f91 GeV 6 , with the limit M )44.1H

GeV being the most restrictive. In 1995–96 the
center-of-mass energy of the LEP collider has been
increased in several steps up to 172 GeV. New lower
bounds on the mass of the charged Higgs boson

w xabove 50 GeV were recently reported 7 by the
ALEPH and the DELPHI Collaborations.

On the basis of a study of the reaction b ™ sg ,
w xthe CLEO Collaboration 8 has set an indirect lower

Ž Ž .1.3."limit of M ) 244q63r tanb GeV, whereH

tanb is the ratio of the vacuum expectation values of
the two Higgs fields. This limit is valid in the
two-doublet extensions of the Standard Model re-
ferred as Model II, if the only new particles are the
Higgs bosons. However, in supersymmetric models,
possible cancellations between contributions of the
charged Higgs boson and supersymmetric particles

w xinvalidate this limit 9 .
The CDF Collaboration recently reported a search

for the decay t ™ bHq followed by Hq™tqn . At

lower limit of M ")147–158 GeV is derived forH

very large tanb depending on the tt production
cross-section. For tanb-40 no limit is derived,
since in this regime the assumed decay chain is no

w xlonger dominant 10 .
Charged Higgs bosons can be produced in pairs in

the process eqey™HqHy with a cross-section
which to leading order depends only on the Higgs

w xboson mass and the center-of-mass energy 11 . The
w xPythia program 12 is used to calculate the charged

Higgs pair-production cross-section, including initial
state radiation, at the various eqey collision ener-
gies and for various H " masses. Higgs bosons
decay predominantly to the heaviest fermions kine-
matically allowed, which in the case of charged

qHiggs bosons can be t n or cs pairs, since the cbt

decay mode is largely suppressed by the small
CKM-matrix element, V .cb

The branching ratio is model-dependent. When
combining the results from the various search chan-

Xq q qŽ . Ž .nels BR H ™ t n q BR H ™ qq s 1 is as-t
XqŽ .sumed, where BR H ™qq is the sum of all

hadronic branching ratios of the charged Higgs bo-
son.

2. OPAL detector and Monte Carlo generation

w xThe OPAL detector 13 , with its acceptance of
nearly 4p steradians, and its good tracking,
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calorimetry and particle identification capabilities, is
well suited for this analysis which searches for widely
different event topologies. The apparatus is com-
posed of a central tracking detector, consisting of a

w xsilicon microvertex detector 14 and several concen-
tric drift chambers inside a 0.435 Tesla magnetic
field, surrounded by presamplers, time-of-flight scin-
tillators and a lead-glass electromagnetic calorimeter
located outside the magnet coil. The magnet return
yoke is instrumented for hadron calorimetry and is
covered by external muon chambers. Lead-scintilla-
tor detectors, the forward detector and gamma
catcher, and silicon-tungsten calorimeters close to
the beam axis complete the geometrical acceptance
down to 25 mrad polar angle 6.

The signal selection efficiencies and the back-
ground contributions are estimated using Monte Carlo
samples processed with a full simulation of the

w x q y q yOPAL detector 15 . To generate the e e ™H H
w x w xevents the Pythia 12 and Hzha 16 program pack-

ages are used. Both include initial and final state
radiation. The generated partons are hadronized us-

w xing Jetset 12 . Signal samples of 500 events for the
q q ycssc, t n sc and t n t n final states are producedt t t

at fixed values of M " between 40 and 75 GeV inH

steps of 5 GeV. For systematic checks some high
statistics samples of 2500 events are also generated
with different quark flavors in the final state.

The background estimates from the different Stan-
dard Model processes are based on the following

Ž .event generators: Pythia is used to generate qq g

w x w xprocesses, Excalibur 17 and Grc4f 18 for four-
w x q yŽ .fermion final states, Bhwide 19 for e e g , Ko-

w x q yŽ . q yŽ .ralz 20 for m m g and t t g , while Pythia,
w x w x w xPhojet 21 , Herwig 22 and Vermaseren 23 for

q yq y q ye e qq and e e ll ll four-fermion final states
from two-photon processes.

6 The OPAL coordinate system is a right-handed 3-dimensional
Cartesian coordinate system with its origin at the nominal interac-
tion point, z-axis along the nominal electron beam direction and
x-axis horizontal and directed towards the center of LEP. The
polar angle, u is defined with respect to the q z direction and the
azimuthal angle, f with respect to the q x direction.

3. Event selection

The present search is performed at center-of-mass
energies between 130 and 172 GeV, with integrated
luminosities measured by the silicon-tungsten
calorimeters of approximately 2.5 pby1 at both 130
and 136 GeV, 10.0 pby1 at 161 GeV and 10.3 pby1

at 172 GeV with 0.5–1.4% error, depending on the
center-of-mass energy, dominated by statistics. The
analysis is sensitive to all dominant HqHy final

X XXXXXstates, namely, the hadronic qq q q , the semi-
X7 q q yleptonic t n qq and the leptonic t n t n finalt t t

states. The integrated luminosities can differ from
channel to channel by less than 10%, since different
detectors are required to be fully operational in the
different analyses.

The event analysis uses charged particle tracks,
electromagnetic and hadronic calorimeter clusters se-
lected by a set of quality requirements similar to

w xthose used in previous Higgs boson searches 24 .
The quality requirements applied in the search for

w xthe leptonic final state are described in Ref. 28 .
w xEnergy correction algorithms 25,26 are used to

prevent double counting in the case of charged tracks
and associated calorimeter clusters.

3.1. The leptonic final state

A search for anomalous production of di-lepton
events with missing transverse momentum has been

'w xpresented in Ref. 27 at s s 130–136 GeV and in
'w xRef. 28 at s s 161–172 GeV. The latter includes

a search for pair-produced charged Higgs bosons in
q y q y 'the leptonic channel, H H ™t n t n . At s st t

130–136 GeV the results of the search for pair-pro-
duced scalar tau leptons are used, since the experi-

q y q ymental signature of H H ™t n t n is identicalt t

Ž ". q yto that of scalar tau t pair-production, t t ™˜ ˜ ˜
tqx 0tyx 0, for the case when the lightest neutralino,˜ ˜1 1

x 0, is massless and stable. The experimental meth-˜1

ods and results of the analyses are summarized be-
w xlow. For details refer to 27,28 .

7 X yThe charge-conjugate final state q qt n is also implied.t
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Table 1
'Leptonic Channel: The number of selected and expected events together with selection efficiencies at s s 130–136, 161 and 172 GeV for

different values of M ". The errors are statistical only. The dashes indicate masses which are kinematically forbidden or not simulated.H

Note that there is significant overlap between the various M "-dependent selectionsH

' Ž ."s M GeVH

Ž .GeV 40 45 50 55 60 65 70 75

Number of eÕents selected
133 0 0 0 0 0 0 – –
161 1 1 1 1 1 1 1 –
172 2 2 2 2 2 2 2 2

Number of eÕents expected from Standard Model processes
133 1.1"0.4 1.1"0.4 1.1"0.4 1.1"0.4 1.1"0.4 1.1"0.4 – –
161 0.9"0.2 0.8"0.1 1.0"0.2 1.1"0.2 1.1"0.2 1.1"0.2 1.0"0.2 –
172 1.0"0.1 1.2"0.2 1.3"0.2 1.4"0.2 1.4"0.2 1.4"0.2 1.4"0.2 1.5"0.2

( )Signal selection efficiency %
133 27.6"1.5 31.1"1.5 34.6"1.5 37.6"1.5 38.2"1.5 40.2"1.6 – –
161 44.2"2.2 46.8"2.2 50.2"2.2 51.2"2.2 53.0"2.2 56.4"2.2 59.0"2.2 –
172 29.0"2.0 35.0"2.1 40.4"2.2 44.6"2.2 46.2"2.2 46.6"2.2 51.2"2.2 50.8"2.2

q y q yThe signature for H H ™t n t n is a pair oft t

tau leptons together with missing energy and mo-
mentum. Tau leptons may be identified by their
decays into electrons, muons or hadrons. In selecting
candidate events the missing momentum is required
to have a significant component in the plane perpen-
dicular to the beam axis and the total missing mo-
mentum vector must point away from the beam axis.
Thereby Standard Model background with high en-
ergy particles escaping down the beam pipe and
giving rise to missing momentum along the beam
axis, is rejected.

A background that survives the above cuts arises
from lepton pairs produced in two-photon processes
in which one of the initial state electron is scattered
at a significant angle to the beam direction. Events
that may have arisen from such processes are sup-
pressed by vetoing on energy being present in the
forward detector, gamma catcher or silicon tungsten
calorimeters.

To further suppress the remaining Standard Model
background mainly from WqWy production and
two-photon processes additional cuts on the momen-
tum of the observed particles are applied. The cut
values are optimized separately for each value of
M " considered using a procedure in which theH

average expected 95% CL upper limit on the signal

cross-section is minimized, using simulated experi-
ments observing SM background only.

The results of the analysis are summarized in
Table 1. Three candidates are selected in agreement
with the Standard Model expectation. None of them
have identified electrons or muons, so all tau lepton
candidates are consistent with hadronic decays.

In addition to the uncertainty due to the limited
Monte Carlo statistics a 5% systematic error is as-
signed to the estimated selection efficiency to take
into account deficiencies in the Monte Carlo genera-
tors and the detector simulation.

'The dominant background at s s 161–172
GeV results from WqWy production which is well
understood and the available high statistics Monte

w xCarlo samples describe well the OPAL data 29 . A
5% systematic error is assigned to the estimated
background to take into account the uncertainty in
the expected WqWy production cross-section aris-
ing from the uncertainty in the W " boson mass and
deficiencies in the Monte Carlo detector simulation.

'At s s130–136 GeV the dominant background
comes from two-photon processes which are less
accurately modeled. The expected background at this
center-of-mass energy is conservatively set to zero in
the background subtraction procedure described in
Section 4.
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Table 2
Semi-leptonic channel: Comparison of the number of observed events and expected background together with the selected fraction of

Ž ."simulated signal events M s 50 GeV after each cut. The errors are statistical onlyH

Cut 130 GeV 136 GeV

w x w xdata SM bgrd. Efficiency % data SM bgrd. Efficiency %

1 736 728.8"3.2 99.0"0.4 688 689.0"3.2 97.8"0.7
2 53 51.3"1.3 61.0"2.2 56 47.2"1.3 57.2"2.2
3 28 25.0"0.8 57.8"2.2 25 22.4"0.7 54.8"2.2
4 26 21.5"0.7 57.4"2.2 24 19.0"0.7 54.8"2.2
5 0 0.5"0.1 40.4"2.2 0 0.2"0.1 42.4"2.2

Cut 161 GeV 172 GeV

w x w xdata SM bgrd. Efficiency % data SM bgrd. Efficiency %

1 1509 1464.5"3.1 98.6"0.5 1394 1294.6"2.2 98.2"0.6
2 126 110.6"1.4 67.4"2.1 131 116.3"1.1 67.6"2.1
3 46 48.8"0.7 65.2"2.1 63 64.4"0.7 65.8"2.1
4 41 42.9"0.7 64.8"2.1 58 59.8"0.6 64.8"2.1
5 2 4.1"0.1 50.2"2.2 12 15.4"0.2 44.8"2.2
6 0 0.7"0.1 48.2"2.2 0 1.3"0.1 44.2"2.2

3.2. The semi-leptonic final state

Xq y qThe semi-leptonic channel H H ™t n qq ist

characterized by an isolated tau lepton, a pair of jets
and sizeable missing momentum due to the unde-
tected neutrinos. The selection is described below.
Ž .1 The event must qualify as a hadronic final state

w xas defined in 30 .
Ž .2 There must be at least one tau lepton identified

w xfollowing Ref. 31 , which has to be well iso-
lated. The flight direction of the tau lepton is
approximated by the direction of the momentum
vector of its visible decay products. The ratio of

Ž 11r30.both the track momenta R and the electro-t r
Ž 11r30.magnetic cluster energy R within an 118em

half-angle cone relative to that within a 308

half-angle cone around the direction of the tau
lepton should be larger than 0.95 and the cosine
of the angle between the direction of the tau
lepton and the nearest track should be smaller
than 0.94. If there is more than one tau lepton in
the event and only one of them decays leptoni-
cally, that one is kept, otherwise the one with the
largest R11r30 is retained.t r

Ž .3 Most of the two-photon and radiative two-ferm-
ion events are eliminated by requiring that the
polar angle of the missing momentum, u , satis-p

< <fies cosu -0.9.p

Ž .4 Events with an energetic photon, identified as
electromagnetic cluster with energy greater than
15 GeV that has no track within a 308 half-angle
cone about the cluster axis, are rejected to elimi-
nate the remaining radiative events.

Ž .5 The two-fermion background is further reduced
by requiring the visible invariant mass of the

2 2(event, M s E yP , to be smaller thanvis vis vis

'0.8 s ; the total missing momentum transverse
to the beam direction, p , to be larger thanT

8'0.13 s and the aplanarity to exceed 0.005.
Ž .6 At center-of-mass energies of 161–172 GeV to

further suppress the remaining four-fermion
background, mainly from WqWy with one W "

decaying leptonically, two additional conditions
have to be satisfied. There should be no track in

'the event with momentum larger than 0.25 s
and the cosine of jet-jet angle in the hadronic

'Ž .system must exceed y0.65 y0.55 at s s
Ž .161 172 GeV. The two jets of the hadronic

system obtained by removing the decay products

8 3Aplanarity is defined as l , where l are the eigenvalues3 i2

w xl G l G l with l q l q l s1 of the sphericity tensor1 2 3 1 2 3
ab a b < < 2S sÝ p p rÝ p , and measures the transverse momentumi i i i i

component out of the event plane.
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Fig. 1. Semi-leptonic channel: Scaled invariant mass distributions
'at s s 130–172 GeV normalized to the collected luminosity,

Ž . Ž . Ž .a before cut 6 and b after all cuts. The selected events are
shown as dots with error bars, the Standard Model background
estimate as a shaded histogram and a signal sample for M " sH

Ž q q .50 GeV assuming BR H ™t n s 0.5 as an open histogram.t

of the tau lepton are defined using the Durham
w xjet-finding algorithm 37 .

Table 2 shows the number of selected data events,
the total expected background and the signal effi-
ciency for M " s 50 GeV after each cut at all fourH

center-of-mass energies. The agreement between data
and background simulation is good. After all require-
ments no event is selected in the data sample, while

Ž .2.7"0.2 statistical error events are expected from
Standard Model processes. Of these, the four-ferm-
ion processes account for 13.3"3.0, 65.8"7.0 and

'90.5"5.4% at s s 130–136, 161 and 172 GeV,
respectively.

In the semi-leptonic channel the Higgs mass can
be reconstructed from the hadronic system with 2–3
GeV resolution by scaling the dijet invariant mass by
the ratio of the beam energy to the total energy of
the two jets. This simple correction improves the
mass resolution by almost a factor of two and at the
same time shifts the mass of the W " bosons to-
wards its nominal value, thereby decreasing the ex-
pected background in the mass range below 65 GeV.
The mass distributions are shown in Fig. 1 before

Ž .and after cut 6 for the selected events and the
expected background together with a signal of M "H

Ž .s 50 GeV. Note that cut 6 is also effective to
reduce the background in the mass range below 60
GeV and that the remaining background is concen-
trated around a mass of 70 GeV.

The flavor independence of the selection is tested
q y qusing Monte Carlo samples of H H ™ t n sc andt

q y qH H ™t n bc. The observed differences are con-t

sistent within the statistical error of 2.4%, which is
conservatively incorporated into the systematic error.

The signal selection efficiencies are affected by
the following uncertainties: Monte Carlo statistics,

Table 3
Semi-leptonic channel: Signal selection eficiencies for the various center-of-mass energies and charged Higgs masses. The errors are
statistical only. The dashes indicate masses which are kinematically forbidden or not simulated. For higher masses the selection efficiency

Ž .drops due to cut 6

' Ž . "s Signal selection efficiencies % for MH

Ž .GeV 40 GeV 45 GeV 50 GeV 55 GeV 60 GeV 65 GeV 70 GeV 75 GeV

130 37.0"2.2 42.4"2.2 40.4"2.2 35.0"2.1 27.6"2.0 – – –
136 37.0"2.2 45.6"2.2 42.4"2.2 38.6"2.2 35.0"2.1 – – –
161 42.6"2.2 46.0"2.2 48.2"2.2 43.0"2.2 35.0"2.1 31.0"2.1 26.8"2.0 –
172 41.8"2.2 43.2"2.2 44.2"2.2 42.2"2.2 37.0"2.2 35.8"2.1 29.8"2.0 12.2"1.5
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Table 4
Hadronic channel: Comparison of the number of observed events and expected background together with the selected fraction of simulated

Ž ."signal events M s 50 GeV after each cut. The errors are statistical onlyH

Cut 130 GeV 136 GeV

w x w xdata SM bgrd. Efficiency % data SM bgrd. Efficiency %

1 744 733.8"3.2 99.8"0.2 676 679.7"3.1 99.8"0.2
2 173 201.7"2.1 94.2"1.0 184 180.2"1.9 93.0"1.1
3 11 11.5"0.6 62.8"2.2 14 11.6"0.6 59.4"2.2
5 4 3.7"0.3 49.2"2.2 4 3.9"0.3 50.4"2.2
6 2 1.2"0.2 33.4"2.1 2 1.6"0.2 34.4"2.1

Cut 161 GeV 172 GeV

w x w xdata SM bgrd. Efficiency % data SM bgrd. Efficiency %

1 1497 1453.5"3.1 100.0"0.2 1393 1310.8"3.4 100.0"0.2
2 392 374.5"1.4 93.6"1.1 359 368.9"1.3 94.6"1.0
3 62 53.2"0.5 75.6"1.9 88 82.5"0.5 72.2"2.0
4 59 50.8"0.5 75.6"1.9 87 80.2"0.5 72.2"2.0
5 21 19.2"0.3 67.2"2.1 36 38.1"0.3 59.4"2.2
6 8 8.9"0.2 52.4"2.2 14 18.6"0.3 48.8"2.2
7 3 5.0"0.2 45.4"2.2 5 7.5"0.2 42.2"2.2

see Table 3; uncertainties on the tau lepton identifi-
Žcation efficiency including the errors on electron

.and muon identification , 3%; modeling of the cut
variables excluding the tau lepton identification, 6%;
and dependence on the flavor of the final state
quarks, 2.4%.

The background estimate has the following errors:
Monte Carlo statistics, see Table 2; modeling of the
hadronization process estimated by comparing differ-
ent event generators, 9%; modeling of the variables
used to identify tau leptons, 5%; and modeling of the
remaining selection variables, 5%.

3.3. The hadronic final state

X XXXXXq yThe hadronic channel, H H ™qq q q , is char-
acterized by an event topology with four well sepa-
rated hadron jets and large visible energy. The selec-
tion is described below.
Ž .1 The event must qualify as hadronic final state as

w xdefined in 30 .
Ž .2 Events with a radiative photon or large missing

energy are eliminated by requiring the effective
X'center-of-mass energy, s , calculated as de-

'w xscribed in Ref. 36 , to be at least 0.87 s and the
'visible invariant mass to be at least 0.7 s .

Ž .3 The events are reconstructed into four jets using

w xthe Durham jet-finding algorithm 37 with the
visible energy as the scale parameter. The jet
resolution parameter, y , at which the number34

of jets changes from 3 to 4, has to be larger than
'0.01 at s s 130–136 GeV, and larger than
'0.005 at s s 161–172 GeV. The tighter cut at

lower energies is necessary because of the higher
qq background. Moreover each jet must contain
at least one charged track.
'Ž .4 At s s 161–172 GeV, the remaining radiative

qqg events are further suppressed by vetoing on
jets with properties compatible with those of a
radiative photon, namely, exactly one electro-
magnetic cluster, not more than two tracks and

'jet energy above s y121 GeV.
Ž .5 To further reduce the qq background the follow-

ing requirements are imposed: the polar angle of
< <the thrust axis has to satisfy cosu -0.8; thethr

event shape parameter 9, C, has to be larger than
'0.6 at s s 130–136 GeV and larger than 0.45

'at s s 161–172 GeV; and the cosine of the
angle between any pair of jets must be smaller

9 Ž .The C parameter is defined as Cs l l q l l q l l ,1 2 1 3 2 3
w xwhere l are the eigenvalues l q l q l s1 of the general-i 1 2 3

Ž1.a b Ž a b < <. < <ized sphericity tensor S sÝ p p r p rÝ p .i i i i i i
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Fig. 2. Hadronic channel: Invariant mass distribution using a
'five-constraint kinematic fit at s s 130–172 GeV normalized to

the collected luminosity, after all cuts. The selected events are
shown as dots with error bars, the Standard Model background
estimate as a shaded histogram and a signal sample for M " sH

XqŽ .50 GeV assuming BR H ™qq s 1 as an open histogram.

'than 0.62 at s s130–136 GeV and 0.66 at
higher center-of-mass energies.

Ž .6 To test the compatibility of the event with the
decay of two equal mass objects a four-con-
straint kinematic fit requiring energy and mo-
mentum conservation is performed and the mass
difference between the two dijet systems is cal-
culated for all three possible jet pair combina-
tions. The event is discarded if the x 2-probabil-
ity of the fit is below 0.01 or if the smallest mass

'difference is larger than 6 GeV at s s 130–136
GeV and 8 GeV at higher center-of-mass ener-
gies. For all events passing this cut, to obtain the
best possible dijet mass resolution a five-con-
straint kinematic fit is performed for all three jet

pair combinations imposing energy and momen-
tum conservation and equal dijet invariant masses
and the event is rejected if the largest x 2-prob-
ability is below 0.01.

Ž .7 At center-of-mass energies of 161 GeV and above
a veto is applied against WqWy events using
the dijet masses calculated after the four-con-

'straint kinematic fit. At s s 161 GeV, since
the W " bosons are produced practically at rest,
the two jets having the largest measured opening
angle are assigned to one of the W " bosons and
the two remaining jets to the other. An event is
rejected if both jet pairs have an invariant mass

'greater than 70 GeV. At s s172 GeV the event
is rejected if any of the three possible jet pair
combinations yields invariant masses greater than
74 GeV for both of the two dijet systems.

For the remaining events, the jet pair association
giving the highest x 2-probability in the five-con-
straint kinematic fit is retained. The resulting mass
resolution is 1.0–1.5 GeV.

Table 4 shows the number of selected events, the
estimated background and the fraction of signal
events retained for M " s 50 GeV at all center-of-H

mass energies after each cut. The agreement between
data and expected background is good. In total,
twelve events are selected in the data, while 15.3"

Ž .0.4 statistical error events are expected from Stan-
dard Model processes. The four-fermion processes
account for 10.1"1.2, 32.3"1.7 and 64.8"3.5%

'of the expected background at s s 130–136, 161
and 172 GeV, respectively. Fig. 2 shows the invari-
ant mass distribution of the selected events together
with the Standard Model background expectation
and a signal of M " s 50 GeV.H

Table 5
Hadronic channel: Signal selection efficiencies for the various center-of-mass energies and charged Higgs masses. The errors are statistical
only. The dashes indicate masses which are kinematically forbidden or not simulated. For higher masses the detection efficiency drops due

Ž .to cut 7

' Ž . "s Signal selection efficiencies % for MH

Ž .GeV 40 GeV 45 GeV 50 GeV 55 GeV 60 GeV 65 GeV 70 GeV 75 GeV

130 32.4"2.1 32.4"2.1 33.4"2.1 29.6"2.0 22.2"1.9 – – –
136 29.8"2.0 36.6"2.2 34.6"2.1 26.0"2.0 26.8"2.0 – – –
161 36.0"2.1 41.4"2.2 45.4"2.2 41.4"2.2 36.4"2.2 31.4"2.1 28.0"2.0 –
172 24.6"1.9 40.4"2.2 42.2"2.2 39.6"2.2 39.0"2.2 29.4"2.0 31.2"2.1 20.0"1.8
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The systematic effects on the signal selection
efficiency are the following: Monte Carlo statistics,
see Table 5; final-state quark flavor dependence,
2.4%; and modeling of the cut variables, 5%.

The background estimate is affected by the fol-
lowing systematic uncertainties: limited Monte Carlo
statistics, see Table 4; modeling of the hadronization
process estimated by comparing different event gen-
erators, 7%; modeling of the cut variables, 6%. Since
the theoretical uncertainty on the prediction of the
QCD four-jet rates is not known, conservatively its

w xexperimental error of 15% 38 is taken which is
dominated by statistics. Taking into account the rela-
tive weight of the QCD background, this results in
an 8% error on the background estimate.

4. Results

w xThe statistical method of Ref. 39 is used to
calculate 95% confidence level lower limits on the
charged Higgs boson mass. This method has been
developed to derive exclusion limits for particle
searches when several candidate events are observed
in different decay channels with different mass reso-
lutions and different background conditions. The
method introduces an event weight for each channel
and derives the confidence limit from the sum of the
event weights for all candidates. The mass spectrum
of the background is also taken into account.

The predicted background is accounted for by
considering the selected events as signal plus back-
ground. In the calculation of the limit the expected
background is decreased by its statistical and system-
atic error.

The lower bounds on the mass of the charged
Higgs boson, at the 95% confidence level, obtained
from the searches in the leptonic, semi-leptonic and
hadronic channels, are presented in Fig. 3 as a
function of the Hq™tqn branching ratio. Thet

limits are obtained using the cross section calculated
q y q y Žby Pythia for the process e e ™H H see Fig. 3

' .for s s172 GeV . They take into account the
integrated luminosities of the data and the selection
efficiencies as a function of M " at each center-of-H

mass energy. The uncertainty on the signal efficiency
is incorporated into the limit using the method de-

w xscribed in Ref. 40 .

Ž . w "Fig. 3. a Excluded areas at 95% confidence level in the M ,H
Ž q q .xBR H ™t n plane. The dark shaded area is excluded byt

LEP1 and the light shaded area by the present search. The results
from each of the channels separately are indicated by different

'Ž .hatch styles. b Upper limits, scaled to s s 172 GeV, on the
production cross-section times branching fraction of the decay to a
given final state, at 95% confidence level, calculated using the
s-dependence of the charged Higgs boson production cross-section
for each channel. The charged Higgs boson production cross-sec-

'tion at s s 172 GeV is also shown as a dashed line. Note that
Xqthe maximum branching fraction for the t n qq final state is 0.5.t

Charged Higgs bosons are excluded at 95% confi-
dence level independent of the Hq™tqn branchingt

ratio up to a mass of 52 GeV. Upper limits on the
production cross-section times branching fraction of
the decay to a given final state assuming the s-de-
pendence of the charged Higgs boson production

'cross-section, scaled to s s 172 GeV, are pre-
sented in Fig. 3 for all three final states.
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