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Abstract

This letter describes a search for the Standard Model Higgs boson using data from e+e� colli-

sions collected at a centre-of-mass energy of 161 GeV by the OPAL detector at LEP. The data

correspond to an integrated luminosity of 10.0 pb�1. The search is sensitive to the main �nal

states from the process where the Higgs boson is produced in association with a fermion anti-

fermion pair, namely four jets, two jets with missing energy, and two jets produced together

with a pair of electrons, muons or tau leptons. Two candidate events are observed, in agreement

with Standard Model background expectations. In combination with previous OPAL searches

at centre-of-mass energies close to the Z0 resonance, we derive a lower limit of 65.0 GeV for the

mass of the Standard Model Higgs boson, at the 95% con�dence level.
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1 Introduction

Locally gauge-invariant theories of the electroweak interaction introduce spontaneous symmetry

breaking to allow some of the gauge bosons to acquire mass while keeping the theory renormal-

izable. The Standard Model (SM) [1] is the simplest such theory and uses the self-interaction

of a single doublet of complex scalar �elds [2] to e�ect spontaneous symmetry breaking. This

model predicts the existence of one physical scalar particle, the Higgs boson, H0, whose cou-

plings are �xed but whose mass is not predicted. Despite a wide experimental e�ort, the Higgs

boson has not yet been discovered. The current experimental lower limits for its mass, mH0 ,

obtained from large samples of Z0 boson decays, are in the vicinity of 60 GeV [3] [4].

During the summer of 1996 the centre-of-mass energy of the LEP e+e� collider was upgraded

to 161 GeV. The higher energy increases the sensitivity of the searches for the SM Higgs

boson with mass in the region of the current limits. At this centre-of-mass energy, the main

production process for the SM Higgs boson is e+e�!Z0H0. The dominant decay is H0!b�b,

with a branching ratio of approximately 86%. Other relevant decay modes are: H0!�+��

(8%), H0!c�c (4%), and H0!gluons (2%) [5]. In the mass range of interest, these branching

ratios exhibit only a mild dependence on the Higgs boson mass.

The searches described address the principal �nal state topologies, namely: (i) the four-jet

channel, e+e�!Z0H0!q�qb�b; (ii) the missing energy channel, mainly from e+e�!Z0H0!���q�q,

but including a small contribution from the W+W� fusion process e+e�!���H0; (iii) the tau
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channels, e+e�!Z0H0!�+��q�q and q�q�+��; (iv) the electron and muon channels, predomi-

nantly from e+e�!Z0H0!e+e�q�q and �+��q�q, but including a small contribution from the

Z0Z0 fusion process e+e�!e+e�H0. These topologies account for about 95% of all Higgs boson

�nal states.

2 Detector, Data, and Simulations

This analysis uses 10.0 pb�1 of data recorded with the OPAL detector [6], at an e+e� centre-of-

mass energy,
p
s, of 161.3 � 0.2 GeV. OPAL is a multipurpose apparatus with nearly complete

solid angle coverage and excellent hermeticity. The central tracking detector consists of two

layers of silicon microstrip detectors [7] with polar angle1 coverage j cos �j < 0:9, which immedi-

ately surround the beam-pipe, followed by a high-precision vertex drift chamber, a large-volume

jet chamber, and z-chambers, all in a uniform 0.435 T axial magnetic �eld. A lead-glass electro-

magnetic calorimeter is located outside the magnet coil, which, in combination with the forward

calorimeter, gamma catcher, and silicon-tungsten luminometer [8], complete the geometrical ac-

ceptance down to 24 mrad from the beam direction. The silicon-tungsten luminometer serves to

measure the integrated luminosity using small-angle Bhabha scattering events [9]. The magnet

return yoke is instrumented with streamer tubes for hadron calorimetry and is surrounded by

several layers of muon chambers. Events are reconstructed from charged-particle tracks and

energy deposits (\clusters") in the electromagnetic and hadronic calorimeters. The tracks and

clusters have to pass a set of quality requirements similar to those used in previous Higgs boson

searches [10]. In calculating the total visible energies and momenta, Evis and ~Pvis, of events and

of individual jets, corrections are applied which reduce the e�ect of double-counting of energy

in the case of tracks and associated clusters.

The signal detection e�ciencies and accepted background cross-sections are estimated us-

ing a variety of Monte Carlo samples all processed through a full simulation [11] of the OPAL

detector. The HZHA generator [12], including initial-state radiation e�ects, is used to simulate

Higgs boson production processes. The generated partons are hadronized using JETSET [13].

Signal samples are produced for �xed values of mH0 between 35 GeV and 70 GeV. The esti-

mates of the di�erent background processes are based primarily on the following event genera-

tors: PYTHIA [13] (Z0=�!q�q()), EXCALIBUR [14] (four-fermion processes), BHWIDE [15]

(e+e�()), KORALZ [16] (�+��() and �+��()), PHOJET [17] and Vermaseren [18] (hadronic

and leptonic two-photon processes).

1OPAL uses a right-handed coordinate system where the +z direction is along the electron beam and where
+x points to the centre of the LEP ring. The polar angle, �, is de�ned with respect to the +z direction and
the azimuthal angle, �, with respect to the horizontal, +x direction.
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3 The Four-Jet Channel

The process e+e�!Z0H0!q�qb�b gives rise to approximately 60% of the Higgs boson signal

topologies. It is characterized by four energetic hadronic jets, large visible energy, and the

presence of displaced secondary vertices signalling b-hadron decays. The backgrounds are

Z0=�!q�q with or without initial state radiation and accompanied by hard gluon emission, four-

fermion processes, in particular e+e�!W+W�, and two-photon processes. The suppression of

these backgrounds relies on kinematic reconstruction of the Z0 boson in the hadronic q�q system,

and on the identi�cation of b-quarks from the Higgs boson decay. The tagging of particles

containing b-quarks proceeds by detecting displaced secondary vertices in three dimensions

using the high-resolution silicon microvertex detector.

(1) The events must qualify as hadronic �nal states as described in Ref. [19].

(2) The radiative process e+e�!Z0!q�q is largely eliminated by requiring that the e�ective

centre-of-mass energy,
p
s0, obtained by discarding from the event the radiative photon

following Ref. [20], be at least 140 GeV. Also, the visible mass, Mvis, calculated using the

total visible energy and momentum of the event, is required to lie between 120 GeV and

200 GeV.

(3) The events are reconstructed into four jets using the Durham algorithm [21]. The jet

resolution parameter, y34, at which the number of jets changes from 3 to 4, is required

to be larger than 0.005. All four jets are required to contain at least two tracks and

two electromagnetic calorimeter clusters. To discriminate against poorly reconstructed

events, a kinematic �t, using energy and momentum conservation constraints, is required

to yield a �2 probability larger than 0.01. The jet energies and directions resulting from

this �t are used in cuts (4) and (5) below.

(4) The Z0=�!q�q background is further suppressed by requiring that the C parameter [22]

be larger than 0.45, and that all jet-jet pairs have an opening angle of at least 40� and

an invariant mass larger than 25 GeV.

(5) Events are rejected if they are compatible with the process e+e�!W+W�. The two

jets having the largest 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

between 70 GeV and 90 GeV.

(6) The e+e�!H0Z0 hypothesis is tested by a kinematic �t which, in addition to the energy

and momentum conservation constraints, also requires that two of the four jets have an

invariant mass equal to the Z0 boson mass, mZ0 . This �t is applied in turn to all six

possible associations of the four jets to the Z0 and H0 bosons. The combination yielding

the highest �2 probability is selected, and this probability is required to be larger than

0.01.

(7) To suppress the remaining background, at least one of the two jets associated with the

Higgs boson decay is required to show evidence for b-quark avour. Secondary decay

5



vertices are identi�ed in each jet separately, using two complementary methods described

in [23] and [24], and their decay length signi�cances, S, are calculated. The decay length

signi�cance is de�ned as S = `=�` where ` is the distance, in three dimensions, between

the primary and the secondary vertex, and �` the error assigned to `. The jets assigned

to the Higgs boson decay must satisfy at least one of the following conditions: (i) the sum

of the two decay length signi�cances for each of the two jets according to [23] is larger

than 5; (ii) at least one of the two jets has a secondary vertex, identi�ed according to

[24], with more than three tracks and having S larger than 10.

Distributions of
p
s0, y34, and S are shown in Figures 1(a), (b), and (c) for data and

Monte Carlo. In the case of Figure 1(c), calibration data collected in 1996 at
p
s =mZ0 ,

and a corresponding Monte Carlo sample, are shown. The agreement in their distributions

demonstrates the adequate modelling of secondary vertices. The numbers of expected events,

estimated from Monte Carlo at each stage of the selection, are compared with the data in

Table 1. As an example, the detection e�ciencies for a 65 GeV Higgs boson are also listed; the

e�ciencies for other values of mH0 can be found in Table 5. The background predictions are

cross-checked using the HERWIG [25], ARIADNE [26] and grc4f [27] generators, which yield

statistically consistent results.

The selection retains one data event, which is consistent with the predicted background of

0.8 � 0.1 events. The candidate event has y34 = 0:0054 and C = 0:48. The invariant mass of

the two jets associated with the Higgs boson decay (see Figure 1(d)) is 46.6 � 3.1 GeV, and

one of these jets has a secondary vertex with S = 13:7.

Cut Data Total bkg. q�q() 4-ferm.  E�ciency (%)

mH0 = 65 GeV

(1) 1500 1443.9 1345.9 52.5 45.5 99.9

(2) 373 362.2 336.9 24.9 0.4 91.3

(3) 45 39.8 27.8 12.1 0 77.2

(4) 25 21.3 12.0 9.3 0 62.2

(5) 16 16.1 11.3 4.9 0 49.7

(6) 11 12.0 7.7 4.3 0 45.3

(7) 1 0:8� 0:1 0.6 0.2 0 22.8

Table 1: The numbers of events after each cut for the data and the expected background in the

four-jet channel. The background estimates are normalised to 10.0 pb�1. The quoted error is

statistical. The last column shows the selection e�ciencies for the Z0H0!q�qb�b �nal state, for

a 65 GeV Higgs boson. The small discrepancy between the data and the total backgrounds in

the �rst line is due to an incomplete modelling of two-photon processes.

The signal detection e�ciencies quoted for this channel in Table 5 are a�ected by the

following uncertainties: Monte Carlo statistics, 3%; simulation of the Higgs boson decay with

regards to fragmentation and hadronization, 0.3%; modelling of the cut variables other than
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those used for b-tagging, 3.7%; b-tagging (uncertainties from modelling the beam spot and

track parameter resolutions, b-hadron fragmentation and lifetimes), 4.8%; uncertainty from

the centre-of-mass energy, 0.2%. Taking these uncertainties as independent and adding them

in quadrature results in a total systematic uncertainty of 6.7% (relative error).

4 The Missing Energy Channel

The ���q�q �nal-state topology arises mainly from the process e+e�!Z0H0!���q�q, with a branch-

ing ratio of approximately 18%, but includes a small contribution from the W+W� fusion

process e+e�!���H0!���q�q (4.3% relative contribution, for mH0=65 GeV). These events are

characterized by large missing momentum and two energetic, acoplanar, hadronic jets. The

dominant backgrounds are mismeasured Z0=�!q�q events, four-fermion processes with a neu-

trino in the �nal state, such as W+W�!`��q�q and W�e��!q�q e��, and events in which

particles go undetected down the beam pipe such as e+e�!Z0 and two-photon events. For

most of these backgrounds, the missing momentum vector points close to the beam direction,

while the signal events tend to have missing momentum in the transverse plane. The event

selection exploits this di�erence.

(1) To reduce two-photon and beam-wall interactions, a preselection is applied. There must

be more than six tracks which pass the quality cuts, and the number of such tracks must

exceed 20% of the total number of tracks in the event. The energy deposited in the

forward detector, gamma catcher and silicon-tungsten luminometer must be less than

2 GeV, 5 GeV, and 5 GeV, respectively. The fraction of energy deposited in the region

j cos �j > 0:9 must not exceed 30% of the total visible energy in the event. The total

transverse momentum of the event, P T
vis, must be greater than 1 GeV and the visible

mass must satisfy Mvis > 4 GeV.

(2) To remove backgrounds in which particles go undetected down the beam pipe, the polar

angle, �miss, of the missing momentum (~Pmiss = �~Pvis) must satisfy j cos �missj < 0:9. The

z component of the visible momentum, P z
vis, is required to be less than 30 GeV.

(3) Many of the e+e�!Z0 events in which the photon is within the detector acceptance will

survive the previous cut. Vetoing events in which an isolated photon2 with energy greater

than 30 GeV has been identi�ed e�ciently removes this background.

(4) The remaining two-photon background is eliminated by requiring P T
vis > 8 GeV. As a

precaution against large uctuations in the measured hadronic energy, P T
vis is recalculated

excluding hadronic calorimeter clusters and is also required to be larger than 5 GeV.

(5) The remaining events are reconstructed as two-jet events using the Durham algorithm.

The jet resolution parameter, y23, at which the event changes from the two-jet to the three-

2An isolated photon is de�ned here either as an electromagnetic cluster with no track within a cone of 20�

half-angle around it, or as an identi�ed photon conversion [28] satisfying the same isolation criterion.
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jet topology is required to be less than 0.05; this reduces the Z0=�!q�q background. Both

jets are required to have a polar angle satisfying j cos �j < 0:9, to ensure good containment.

(6) The dominant remaining background is from Z0=�!q�q events in which the two jets

tend to be back-to-back, in contrast to signal events in which the jets are expected to be

acoplanar. This background is suppressed by requiring that the jet-jet acoplanarity angle

be larger than 8�. The acoplanarity angle is de�ned as 180� � �jj where �jj is the angle

between the two jets in the plane transverse to the beam direction.

(7) To reduce four-fermion backgrounds which include an intermediate, on-shell, vector boson,

the selected events are required to satisfy Mvis < 75 GeV.

Distributions of Mvis, P
T
vis and of the acoplanarity angle are shown in Figures 2 (a), (b), and

(c). The numbers of observed and expected events after each stage of the selection are given in

Table 2, along with the detection e�ciency for a 65 GeV Higgs boson. One event survives all

cuts, which is consistent with the background expectation of 0:9 � 0:1 events. The surviving

event has P T
vis = 39:1 GeV, Evis = 53:1 GeV, and Mvis = 37:0 GeV (see Figure 2(d)). After

corrections, the mass of the event is 39:3� 4:9 GeV, while the missing mass is 96:1� 10:0 GeV.

These properties are compatible with those of the process e+e�!Z0+Z0=�!���q�q.

The detection e�ciencies as a function of the Higgs boson mass are listed in Table 5. These

include a small correction due to accelerator-related backgrounds in the forward detectors which

are not fully simulated. The detection e�ciencies are a�ected by the following uncertainties:

Monte Carlo statistics, 2%; uncertainties from fragmentation and hadronization, 1.5%; from

modelling the cut variables, 3%. Taking these uncertainties as independent and adding them

in quadrature results in a total systematic uncertainty of 4% (relative error).

Cut Data Total bkg. q�q() 4-ferm.  E�ciency (%)

mH0 = 65 GeV

(1) 2055 1936.5 778.2 38.0 1120.1 80.5

(2) 1068 1047.7 332.1 28.5 687.0 71.6

(3) 1002 989.6 274.9 27.7 686.9 71.6

(4) 166 146.9 128.7 18.0 0.2 67.1

(5) 134 116.8 109.4 7.2 0.2 56.4

(6) 7 6.6 2.4 4.1 0.1 47.6

(7) 1 0.9�0.1 0.2 0.7 0.1 46.0

Table 2: The numbers of events after each cut for the data and the expected background

for the missing energy channel. The background estimates are normalised to 10.0 pb�1. The

quoted error is statistical. The last column shows the selection e�ciencies for the ���(H0! all)

�nal state, for a 65 GeV Higgs boson. The small discrepancy between the data and the total

background in the �rst line is due to an incomplete modelling of two-photon processes.
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5 The Tau Channels

The �+��q�q �nal state can be produced via the processes e+e�!Z0H0!�+��q�q and q�q�+��,

with a total branching ratio of approximately 9%. This analysis is sensitive to both processes,

which are characterized by a pair of tau leptons and a pair of energetic hadronic jets. In

addition, either the pair of hadronic jets or the pair of tau leptons should have an invariant

mass consistent with the Z0 mass. These characteristics are used to suppress the backgrounds,

predominantly from Z0=�!q�q and four-fermion processes.

The selection begins with the identi�cation of tau leptons, using any of the three algorithms

described below, which address di�erent decay channels of the tau leptons.

(a) An electron, identi�ed by a neural network algorithm [29] and satisfying the �ducial

requirement j cos �j < 0:97, is classi�ed as a ��! e���� decay if its momentum is larger than

2 GeV, and if it is isolated. In particular, the number of electromagnetic clusters within a cone

of 26� half-angle around the electron track, N26
em, must be less than six, and the ratio of the

electromagnetic energy within an 11� cone to that within a 30� cone, R11=30
em , must be greater

than 0.7. There must be no hadronic calorimeter cluster with energy greater than 0.6 GeV

associated with the electron track. Electrons from photon conversions are rejected using a

neural network algorithm [28].

(b) A muon, identi�ed using standard selection algorithms [30] and satisfying the �ducial

requirement j cos �j < 0:97, is classi�ed as a ��!����� decay if its momentum is larger than

3 GeV, and if it is isolated. In particular, N26
em < 5, and the ratio of the scalar sum of all track

momenta within an 11� cone to that within a 30� cone must be greater than 0.7.

(c) The remaining tau lepton decays are identi�ed as narrow, isolated jets. Jets are re-

constructed using a cone algorithm [31] with a half-angle of 23� and with at least 3 GeV of

associated energy. Within each resulting jet, a narrow sub-jet of 11� half-angle and having the

highest energy is formed in an iterative procedure. The narrow sub-jets are accepted as tau

candidates if they satisfy the �ducial requirement j cos �j < 0:92, have one or three associated

tracks, have an invariant mass less than 3.5 GeV, and are isolated, with R11=30
em > 0:6.

In the selection that follows, the tau lepton momentum is approximated by the momentum

of the visible decay products. When there are two tau lepton candidates with momentum

vectors separated by less than 23�, one being identi�ed as a leptonic decay (algorithms (a) or

(b)) and one as a narrow jet (algorithm (c)), the candidate identi�ed as a leptonic decay is

selected.

(1) To be retained, the events are required to have at least two tau lepton candidates, each

with charge of jqj = 1.

(2) The total track multiplicity of the event must exceed eight.

(3) Most of the two-photon and e+e�!Z0 background events are eliminated by requiring

that the energy in the forward detector, gamma catcher, and silicon-tungsten luminometer
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be less than 4, 10, and 10 GeV, respectively, that j cos �missj < 0:97 and that P T
vis > 3 GeV.

In addition, the scalar sum of all track and cluster transverse momenta is required to be

larger than 40 GeV.

(4) The remaining Z0=�!q�q background, with and without radiation, is partially suppressed

by requiring that events contain at least four jets, reconstructed using the cone algorithm

with a 23� half-angle as in (c) above (single electrons and muons from tau lepton decays

are recognized as low-multiplicity \jets"). Events with an energetic isolated photon3 are

removed.

(5) In signal events, the algorithms (a), (b), and (c) identify 2.3 tau candidates on average.

Fake candidate pairs are removed by requiring that their sum of charges be zero and that

they satisfy a pairwise isolation, j cos�1 � cos�2j < 0:8, where �i is the angle between the

direction of the ith tau candidate and that of the nearest track not associated with it. In

those instances where more than one candidate pair passes the selection, the pair with

the lowest track multiplicity is chosen and, in case of ambiguity, the one with the lowest

value of j cos�1 � cos�2j.

The hadronic part of the event, obtained by excluding the selected tau lepton pair, is

then split into two jets using the Durham algorithm. The invariant masses of the tau lepton

pair, m�� , and of the hadron jets, mhad, are calculated using only the tau lepton and jet

momentum directions and requiring energy and momentum conservation. At this point the

selection separates into two parts, one (A) sensitive to the Z0H0!�+��q�q �nal state and

another (B) sensitive to the Z0H0!q�q�+�� �nal state.

(6) Case A: The selected events must satisfy 75 GeV< m�� < 105 GeV and mhad >30 GeV.

In addition, Evis is required to be less than 145 GeV, since the neutrinos from the tau

lepton decays, originating from the Z0 boson, give rise to a relatively large missing en-

ergy. Finally, cuts are implemented to suppress speci�c four-fermion backgrounds, from

e+e�!Z0=� + Z0=� and e+e�!Z0e+e�. If the tau lepton candidates are both classi�ed

as ��! e���� or both as ��! �����, their opening angle is required to be larger than 90�

and, in the �rst case, neither electron is allowed to lie within 36� of the beam axis.

Case B: The selected events must satisfy 75 GeV< mhad < 105 GeV and m�� > 30 GeV.

Since in this case the mass cuts are less e�ective against the background, the requirements

on the properties of the tau lepton candidates are tightened. The opening angle of the

tau lepton pair must be larger than 110� and, if one of the tau candidates has a track

multiplicity exceeding two, the pairwise isolation cut is tightened to j cos�1�cos�2j < 0:55.

Furthermore, to suppress four-fermion backgrounds, pairs with leptons of the same avour

are rejected. Finally, to suppress the process W+W�!`�q�q, events are rejected if they

contain any track or cluster with an energy exceeding 40 GeV.

3An energetic isolated photon is de�ned in this context as an electromagnetic cluster with energy larger than
15 GeV and no track within a cone of 30� half-angle.
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Distributions of j cos�1 � cos�2j and m�� are shown in Figures 3 (a) and (b) for the data,

the backgrounds, and for a 65 GeV Higgs boson signal. The numbers of observed and expected

events after each stage of the selection are given in Table 3. The detection e�ciency for a

65 GeV Higgs boson is also given. No candidate event is observed while the background is

estimated to be 0.16 � 0.04 events.

The detection e�ciencies as a function of the Higgs boson mass are given in Table 5. These

include a small correction coming from accelerator-related backgrounds in the forward detectors

which are not fully simulated. The detection e�ciencies are a�ected by the following uncer-

tainties: Monte Carlo statistics, 2.8%; uncertainty in the tau lepton identi�cation e�ciency,

2%; uncertainties in the modelling of cut variables excluding the tau lepton identi�cation, 6%

(case A) and 4% (case B); uncertainties in the modelling of fragmentation and hadronization,

1.2%. Taking these uncertainties as independent and adding them in quadrature results in a

total systematic uncertainty of 7% (case A) and 6% (case B) (relative errors).

Cut Data Total bkg. q�q() 4-ferm.  `+`� �(%), case A �(%), case B

65 GeV 65 GeV

(1) 858 778:4 95:6 29:8 604:7 48:3 59.7 59.6

(2) 402 398:0 92:8 18:2 287:0 0 59.4 59.0

(3) 45 44:7 30:9 13:3 0:5 0 54.8 53.5

(4) 32 30:1 19:6 10:1 0:4 0 52.6 51.5

(5) 0 3:3 1:2 2:1 0 0 44.0 36.6

(6-A) 0 0:10� 0:03 0:04 0:06 0 0 20.3 {

(6-B) 0 0:06� 0:03 0:02 0:04 0 0 { 19.5

Table 3: The numbers of events after each cut for the data and the expected background for

the tau channels. The background estimate is normalised to 10.0 pb�1. The quoted errors are

statistical. The last two columns show the selection e�ciencies, for cases A and B, for a 65 GeV

Higgs boson. The small discrepancy between the data and the total backgrounds in the �rst

line is due to an incomplete modelling of two-photon processes.

6 The Electron and Muon Channels

The `+`�q�q (` = e or �) �nal states arise mainly from the process e+e�!Z0H0!`+`�q�q, with

a branching ratio of approximately 6%, but the e+e�q�q �nal state includes a small contribution

from the fusion process e+e�!e+e�H0!e+e�q�q (2.4% relative contribution, for mH0=65 GeV).

The analysis adopted concentrates on those �nal states proceeding through the �rst process.

These yield a clean experimental signature in the form of large visible energy, two energetic,

isolated, oppositely charged leptons of the same species reconstructing to the Z0 boson mass,

and two energetic hadronic jets. The dominant backgrounds are Z0=�!q�q and four-fermion

processes.
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The selection proceeds as follows:

(1) The selected events are required to have at least six tracks and are reconstructed as

four jets, using the Durham algorithm with a cut of y34 > 0:001 (single electrons or

muons are considered as low-multiplicity \jets"). The events must satisfy the relations

jP z
visj < 100(Evis=

p
s� 0:4) GeV and Evis > 0:6

p
s.

(2) The selected events must contain at least one pair of electrons or muons of opposite

charge. Candidate electron and muon pairs are identi�ed in the following way:

(a) In each event, the two most energetic electromagnetic clusters and the two tracks

nearest to them in �-� space are taken as the candidate electron pair. For each electron

candidate, at least 90% of its cluster energy must be contained within fewer than eight

lead-glass blocks and the associated track momentum must exceed 5 GeV. The speci�c

ionization loss in the tracking chamber, dE/dx, must be consistent with that expected

for an electron, and the ratio of the cluster energy to the track momentum, E=p, must lie

between 0.6 and 4.0. Furthermore, at least one of the electron candidates is required to

satisfy E=p < 1:5.

(b) Muons are identi�ed using standard algorithms [30]. If there are more than two muons

in an event, the pair whose invariant mass is nearest to the Z0 boson mass is taken as the

candidate pair.

(3) Both leptons in the candidate pair must have an energy larger than 25 GeV with at least

one of them larger than 35 GeV. The energy of an electron candidate is obtained from

the associated electromagnetic cluster, while for a muon candidate it is approximated by

the track momentum.

(4) The rest of the event, obtained by excluding the candidate lepton pair, is reconstructed as

two jets using the Durham algorithm. An explicit lepton isolation cut is made by requiring

that each lepton has a transverse momentum, calculated with respect to the nearest jet

axis, larger than 10 GeV. In order to suppress e+e�!Z0=� + Z0=� background events,

the opening angle of the jet pair is required to be larger than 50�.

(5) The selected events must have a lepton pair with an invariant mass consistent with the Z0

boson mass. For electrons the invariant mass of the lepton pair must lie between 75 GeV

and 105 GeV, while for muons it must lie between 60 GeV and 120 GeV. The di�ering

mass windows take into account the di�ering resolutions for electrons and muons.

Distributions of P z
vis versus Evis=

p
s and E2 versus E1, where E1 (E2) is the energy of the

more (less) energetic lepton in the selected pair, are shown in Figures 3 (c) and (d). The

numbers of observed and expected events after each stage of the selection are given in Table 4,

together with the detection e�ciency for a 65 GeV Higgs boson. After all cuts, no data event

survives in either channel while 0.06�0.02 events and 0:04 � 0:03 events are expected in the

electron and muon channels, respectively.
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The detection e�ciencies as a function of the Higgs boson mass are given in Table 5. These

are a�ected by the following systematic uncertainties: Monte Carlo statistics, 1.2% (electron)

and 0.9% (muon); uncertainties in the electron (muon) identi�cation, 2.2% (0.4%); uncertainties

in the modelling of fragmentation and hadronization, 0.4%; uncertainties in modelling the cut

variables excluding lepton identi�cation, 0.5%. Taking these uncertainties as independent and

adding them in quadrature results in a total systematic uncertainty of 3.2% for the electron

channel and 1.1% for the muon channel (relative errors).

Cut Data Total bkg. q�q() 4-ferm. E�ciency (%)

mH0 = 65 GeV

Electron (1) 337 330.0 299.4 30.7 89.9

(2) 4 6.8 5.0 1.9 68.0

(3) 0 0.4 0.2 0.2 66.5

(4) 0 0.2 0.1 0.1 64.8

(5) 0 0.06�0.02 0.01 0.05 61.6

Muon (1) 337 330.0 299.4 30.7 82.6

(2) 31 30.4 27.3 3.1 79.1

(3) 0 0.5 0.3 0.2 76.3

(4) 0 0.07 0.03 0.04 72.5

(5) 0 0:04� 0:03 <0.01 0.04 71.1

Table 4: The numbers of events after each cut for the data and the expected background in

the lepton channels. The background estimate is normalized to 10.0 pb�1. The quoted errors

are statistical. The last column shows the selection e�ciencies for the processes e+e�!(e+e�

or �+��) H0, for a 65 GeV Higgs boson.

7 Mass Limit for the Standard Model Higgs Boson

The signal detection e�ciencies and the numbers of expected signal events, as a function of the

Higgs boson mass, are summarized for all search channels in Table 5.

The following uncertainties a�ecting the numbers of expected signal events are common to

all search channels: the uncertainty in the integrated luminosity: 0.6%; the uncertainty in the

Higgs boson production cross-section [32], which includes that from the collider energy: 1%;

the uncertainty of the Higgs decay branching ratios: 2% [5] [32]. Taking these uncertainties

as independent and adding them in quadrature results in a systematic error, common to all

search channels, of 3% (relative). In estimating the number of expected events for an assumed

Higgs boson mass, these uncertainties are added in quadrature to those a�ecting the individual

search channels.

To derive a lower limit on the Higgs boson mass, this search, with one candidate event in the
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four-jet channel (mH0=46:6� 3:1 GeV) and one candidate event in the missing energy channel

(mH0=39:3� 4:9 GeV), is combined with earlier OPAL searches at
p
s �mZ0 [4], with two low-

mass candidates in the missing energy channel (mH0< 25 GeV) and one candidate event in the

muon channel (mH0=61:2�1:0 GeV). The expected numbers of Higgs boson events, combining

the present and earlier OPAL searches, are listed in the last column of Table 5. These numbers

are a�ected by total uncertainties of approximately 6%.

Figure 4 shows separately the number of expected events for the present search, for previous

OPAL searches, and for their sum, as a function of the Higgs boson mass. Also shown is the 95%

con�dence level upper limit on the number of observed candidate events. In deriving this upper

limit, the probability that a candidate event with a given observed mass actually originates from

a Higgs boson of arbitrary mass is calculated following Ref. [33]. The calculation takes into

account the mass resolution. No background subtraction is performed and the systematic errors

are incorporated into the limit according to the method prescribed in Ref. [34]. A lower limit

on the Higgs boson mass, of 65.0 GeV, is extracted at the 95% con�dence level. Note that the

candidate event with the largest mass lies more than three standard deviations below this limit.

For this reason, and because of the steepness of the curve describing the number of expected

signal events, the limit does not depend on the detailed knowledge of the mass resolution.

mH0 q�qH0 ���H0 �+��H0 q�qH0 e+e�H0 �+��H0 All Grand

(GeV) H0!b�b H0!q�q H0!�+�� 161 GeV total

35 20.5(3.0) 54.2(2.7) 18.5(0.1) 1.8(0.0) 54.8(0.5) 60.7(0.5) 6.8 163.8

40 21.4(2.8) 56.4(2.5) 27.4(0.2) 5.9(0.1) 56.2(0.4) 62.6(0.5) 6.5 102.5

45 22.3(2.6) 57.8(2.3) 30.5(0.2) 8.7(0.1) 57.5(0.4) 64.5(0.4) 6.1 62.5

50 23.3(2.3) 58.3(2.0) 30.3(0.2) 15.5(0.1) 58.8(0.3) 66.3(0.4) 5.2 30.4

55 24.2(2.0) 57.2(1.6) 27.9(0.1) 20.2(0.1) 60.1(0.3) 68.2(0.3) 4.4 15.1

60 25.1(1.6) 53.6(1.1) 24.2(0.1) 21.1(0.1) 61.3(0.2) 70.0(0.2) 3.3 7.8

62 25.4(1.4) 51.3(1.0) 22.6(0.1) 22.0(0.1) 61.7(0.2) 70.6(0.2) 2.9 5.6

64 24.0(1.1) 48.0(0.7) 21.1(0.1) 20.7(0.1) 61.8(0.2) 71.1(0.2) 2.3 3.6

65 22.8(0.9) 46.0(0.6) 20.3 (0) 19.5(0.1) 61.6(0.1) 71.1(0.2) 2.0 3.0

66 21.5(0.7) 43.9(0.5) 19.6 (0) 19.5(0.1) 61.2(0.1) 70.9(0.1) 1.5 2.3

68 19.1(0.4) 38.6(0.3) 18.3 (0) 17.9 (0) 58.7(0.1) 69.4(0.1) 1.0 1.5

70 16.6(0.2) 31.9(0.1) 17.2 (0) 13.6 (0) 51.1 (0) 63.9 (0) 0.4 0.7

Table 5: Detection e�ciencies (in %) and numbers of expected Higgs boson events (between

parentheses) for each search channel separately, as a function of the Higgs boson mass. The

last two columns show the total numbers of expected events in the present search at 161 GeV,

and the grand total, which also includes the expectations from earlier OPAL searches at centre-

of-mass energies close to the Z0 mass.
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8 Summary

A new search is presented for the Standard Model Higgs boson produced in association with

a fermion antifermion pair. The search is based on all data collected in 1996 by the OPAL

experiment at a centre-of-mass energy of 161 GeV, which correspond to an integrated luminosity

of 10.0 pb�1. Combined with earlier OPAL searches at centre-of-mass energies in the vicinity

of the Z0 resonance, this search leads to a lower limit of 65.0 GeV for the mass of the Standard

Model Higgs boson, at the 95% con�dence level.
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Figure 1: The four-jet channel; distributions for the data (points with error bars), the back-

ground from Z0=�!q�q (open histograms) and from four-fermion processes (hatched his-

tograms). (a) The
p
s0 distribution after cut (1); (b) the log10 y34 distribution after cut (2);

(c) the distribution of the sum of decay-length signi�cances for secondary vertices identi�ed

in Z0 decays (the calibration data taken in 1996 at
p
s = 91 GeV are shown together with a

corresponding Z0!q�q Monte Carlo sample); (d) the invariant mass of the jets assigned to the

Higgs boson, after all cuts. In (a) and (b), the arrows indicate domains accepted by the cuts.

In (b) and (d), the distributions for a 65 GeV Higgs boson signal are shown by the dotted

histograms (in (b) the distribution is scaled by a factor 50 for better visibility). In (d) the

arrow indicates the mass of the one candidate event.
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Figure 2: The missing energy channel; distributions for the data (points with error bars) and for

backgrounds expected from two-photon processes (shaded), four-fermion processes (hatched)

and Z0=�!q�q (open histogram). The arrows indicate domains accepted by the cuts. (a)

Visible mass distribution after cut (1); (b) P T
vis distribution after cut (3); (c) acoplanarity angle

distribution after cut (5); (d) distribution of the observed mass after cut (6). In (d), the signal

expected from a 65 GeV Higgs boson, scaled by a factor 10 for better visibility, is shown by

the dotted line histogram.
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Figure 3: Parts (a) and (b), tau channels; distributions of the pairwise isolation parameter

(see text) after cut (3) and of the �+�� invariant mass after cut (4). Data: dots with error

bars; backgrounds: as indicated in (a). The distributions for a 65 GeV Higgs boson from the

process Z0H0!q�q�+��, scaled up for better visibility, are shown by the dashed histograms.

The arrows indicate domains accepted by the cuts. All simulated distributions are normalized

to a luminosity of 10.0 pb�1. Parts (c) and (d), electron and muon channels; (c): scatter plot,

for the data after selection (2), of P z
vis versus Evis/

p
s. The two clusters at low visible energy

and P z
vis� �50 GeV are from the process e+e�!Z0 with the photon escaping detection; they

are eliminated by the cut indicated by the straight lines (see text: cut (1)). (d): Scatter plot of

the energies of the two lepton candidates, after cut (2). The solid lines indicate the positions

of cut (3). Large open (�lled) dots: electron (muon) candidate events; small dots: predicted

background; open squares: distribution for a 65 GeV Higgs boson signal.
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Figure 4: Expected number of events as a function of the Higgs boson mass. Dotted curve:

present search, at 161 GeV centre-of-mass energy; dashed curve: previous OPAL searches, at

centre-of-mass energies in the vicinity of the Z0 resonance; steeply falling solid curve: OPAL

searches combined. \Horizon-like" solid curve: 95% con�dence level upper limit for a possible

Higgs boson signal in the presence of three observed high-mass candidate events (see text).

The intersection of the two solid curves, indicated by the arrow, determines the 95% con�dence

level lower limit obtained for the Higgs boson mass.
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