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Abstract

Data from e*e™ collisions collected with the OPAL detector at LEP have been used to exclude
a Standard Model Higgs boson (H°) with mass below 2my,. The analysis used 1.2 pb~! of data
taken at centre-of-mass energies between 88.3 and 95.0 GeV to search for the reactions e*e~ —
Z°HY(Z° - ete™ or ptu—, H® o undetected), eTe™ — ZOH® (2% — up H® — ete~ or 7).
The existence of a minimal Standard Model H?® with mass in the range 0 < my < 2m,, is excluded

at the 95% confidence level. The limit is also valid for Standard Model extensions with a large
branching ratio for the decay of H? to 7.
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1 Introduction

An essential aspect of the Standard Model of electroweak interactions [1] is the mechanism of
spontaneous symmetry breaking which gives masses to the W* and Z° bosons and fundamental
fermions. The existence of a single physical neutral scalar boson, the Higgs boson (2], and its
couplings to the intermediate vector bosons, quarks and leptons are intrinsic predictions of the
symunetry breaking part of the minimal model. Its mass, however, is not predicted, and to date
the Higgs boson has eluded experimental observation.

An indirect limit on the Higgs mass based on vacuum stability arguments [3,4] has been de-
rived from the limits on the top quark mass and searches for a Higgs boson with mass less than
twice the muon mass (m,) have been performed in a number of experiments prior to the com-
missioning of the LEP accelerator. These include studies of transitions in muonic atoms [5],
nuclear transition rates [6,7], neutron-nucleon scattering{8|, rare kaon decays [9,10,11], and the
decay #t — etw,ete” [12]. These analyses depend on theoretical assumptions related to the
Higgs-nucleon coupling, hadronic contributions to kaon decays, or the gluonic content of the pion
[9,13,14]. Free of theoretical uncertainties is a search for electron bremsstrahlung of Higgs bosons
in an electron beam-dump experiment [15] which excludes a Higgs boson decaying to ete™ in the
range 1.2 < mpg < 52 MeV/c? at the 90% confidence level.

The results of a search for the Higgs boson in the mass range 0 < mg < 2 m, presented
here rely only on the fundamental couplings of the Standard Model. If such a light Higgs boson
exists it would be produced at LEP energies through the reaction ete~ — Z° — H°Z% This
process involves the coupling of three point-like particles (ZH Z) which can be calculated exactly
within the framework of the Standard Model. T'(Z% — Z°H®)/T(Z° — anything) is predicted
to be of the order of 1072 [16] for 0 < mg < 2 m,. The only visible decay modes in this mass
range are H® — ete~ and H? — v4. The former is strongly favoured for 2m, < my < 2m,, in
the Standard Model assuming three generations but the latter can become significant in this mass
range in some extensions of the model. In particular, very large enhancements occur in models
containing more than three generations [16]. Long-lived Higgs bosons, or Higgs bosons that decay
to light neutrinos or light supersymmetric particles, may not be visible inside the detector and
would only be detectable via the decay products of the associated Z°.

In order to include all decay modes of the Higgs with mass less than 2m,, a search for the
following processes has been performed:

ete” — Z°H®, Z° 5 ete orputu~, H® — undetected
ete” = ZO°HY, 2% - v, HY — ete” or 19

where the Z° can either be real or virtual depending on the beam energy.

In these processes the Z° and H° recoil against each other with an average momentum of ap-
proximately 9 GeV/c for a centre-of-mass energy of 91 GeV. In the first reaction the decay products
of the Z% are boosted away from the undetected Higgs. The limit on this reaction was obtained by
searching for events in which the two observed leptons were acollinear in the plane perpendicular
to the beam direction (acoplanar). A characteristic signature of the second reaction is the pres-
ence of isolated electromagnetic energy deposition. The limit on both visible decay channels of the
low-mass Higgs was determined by searching for events having all electromagnetic energy confined
to a 30° half-angle cone and no other activity in the detector. Searches for H® — undetected and
H® = ete~ at LEP have been recently reported by the ALEPH collaboration [17]. Apart from the
search described here, no LEP experiment has reported on a direct search for the process H® — ++.



2 The OPAL detector

The data were recorded at the CERN ete~ collider LEP during its Fall 1989 run and correspond
to an integrated luminosity of about 1.2 pb~!. The measurements reported here made use of the
OPAL detector (18], which is a multipurpose apparatus having nearly 47 steradian acceptance.
The central detector (CD) consists of a system of tracking chambers inside a 0.435 Tesla solenoidal
magnetic field. The CD system is surrounded by a time-of-flight (TOF) counter array, a lead glass
electromagnetic calorimeter (EC) with a presampler, an instrumented magnet return yoke serving
as a hadron calorimeter (HC), four layers of outer muon chambers (MU), and an endcap system
that includes a low-angle forward detector (FD). The analysis presénted here relies mostly on the
EC, CD, and FD systems. Cosmic ray rejection made use of the TOF, HC and MU system:s.

The central tracking detector consists of an inner precision vertex chamber, a large volume
‘jet’ chamber and outer chambers for tracking in the direction along the beam. The coordinate
system is defined with z along the beam axis, and 8 and ¢ the polar and azimuthal angles. The
main tracking is performed using the jet chamber. This is a drift chamber segmented into 24 ¢
sectors with 159 radial layers of sense-wires and is approximately four metres in length and two
metres in radius. The region of tracking registering a minimum of 40 wires covers approximately
|cosf| < 0.94. The TOF system is located outside the magnet coil and covers the barrel Tegion
of | cosf| < 0.82. It has 160 scintillator bars, 6.8 m long and 45 mm thick, located at a radius of
2.4 m. The presampler for the barrel electromagnetic calorimeter surrounds the TOF system and
consists of 2 layers of limited streamer mode tubes. The electromagnetic calorimeter consists of a
cylindrical array of 9,440 lead glass blocks of 24.6 radiation lengths thickness in the barrel region,
covering the range |cos@| < 0.82, and 2,264 lead glass blocks of 20 radiation lengths thickness
in the endcaps, covering the range 0.81 < |cosf| < 0.98. Each block subtends a solid angle of
approximately 40 X 40 mrad®. The blocks project towards a point near the interaction point in

the barrel region, and along the beam direction in the endcaps. The electromagnetic calorimeter
covers 98% of the solid angle,

The luminosity of the colliding beams was determined by observing small angle Bhabha scatter-
ing with the forward detector [19}, a lead/scintillator calorimeter with associated tracking chambers,
at either end of the central detector, with an acceptance from 40 to 150 mrad in polar angle (9)
and 27 in azimuth. The Bhabha cross section used for normalization is approximately 45 nb.

3 The Monte Carlo Generators

To study the process efe™ — H®Z the decays were modelled using a generator based on the
Berends and Kleiss formalism [20] for ete™ — HO%utp~, where initial state radiation is taken into
account to first order. The cross section was calculated using the Improved Born Approximation [21]
incorporating the value of mz = 91.15 GeV/c? {19] with the corresponding Standard Model value
- for I'z, and taking into account the effective electroweak couplings a(Q?) and sin? 8y [22] at
the Z° mass. A more rigorous treatment of initial state radiative corrections via exponentiation
was then applied using the formalism described in reference [23). The theoretical uncertainty on
the cross section obtained in this manner is estimated to be better than +2%. This is based on
studying the sensitivity of the cross section to the Z® mass and top quark mass after including the
contribution of the top quark triangle graph at the ZHZ vertex described in reference [24].

The momentum spectrum of the low-mass Higgs boson is sensitive to the centre-of-mass energy

4



and to initial state radiation. The signal acceptance is sensitive to the Higgs momentum (pg)
because the probability for the Higgs boson to decay outside the detector depends on the mean
decay length which is equal to ﬁi—cr. In the case of the Z° — v search channel, an additional
dependence on the spectrum is introduced by the requirement that a minimum energy be deposited
in EC by the decay products of the Higgs boson in order to trigger the experiment. It has been
estimated that the omission of higher order initial state radiation introduced a 1% dncertainty in
the calculation of the acceptance. The dependence on centre-of-mass energy was accounted for by

calculating the number of H? events expected in the data as a function of Eem using the Monte
Carlo described above.

H? events were generated for different values of mpy, assuming the lowest order Standard Model
width of the Higgs boson for 2m, < myg < 2m,,:

Grmimyg
dr/2

Since the momentum spectrum of the Higgs boson is almost independent of the Higgs boson mass

for the range of masses considered here, the mean decay length of the Higgs boson is inversely
proportional to the square of the mass.

Ty = (1 —4m?/m%)5.

The OPAL detector response to the generated particles was modelled using a Monte Carlo
program (25| based on the GEANT [26] package, which provides a detailed description of the
response of the various detector components to annihilation events.

4  Search for Z° — ete"H® or ptp~H®, (H® — undetected)

Electron and muon pairs were identified on the basis of the two highest momentum CD tracks with
opposite sign. These tracks are referred to as the primary tracks. For this study, CD tracks were
required to have at least 40 hits, to have a distance of closest approach to the origin in the plane
perpendicular to the beam of less than 2.5 cm and in the coordinate along the beam of less than
50 cm, and to be associated to an EC cluster with an energy of at least 250 MeV. In addition,
each primary track was required to have a momentum of at least 5 GeV/c and |cosf| < 0.9. An
initial cut required that there be no track outside cones of half-angle 15° centred about each of
the primary tracks and that the missing momentum vector of the event, as computed from the
momentum vectors of the primary tracks, have | cosf| < 0.9. The background from two photon

events was reduced by requiring that less than 2 GeV be deposited in the forward detector and
that the angle between the two tracks be greater than 90°.

After applying these cuts a sample of 2861 events, predominantly lepton pairs, remained. The
process Z° — I*1=H® H® — undetected was distinguished from Z% — I+I- on the basis of acopla-
narity and the momenta of the primary tracks. The acoplanarity angle, $acop, is the supplement
of the azimuthal angle between two momentum vectors. Each momentum vector used to caleulate
Pacop Was formed by vectorially summing the momentum of the primary track, electromagnetic
energy associated to the primary track which was in excess of the momentuwm of the primary track,
and any unassociated electromagnetic energy inside a 5° cone about the primary track. Cuts were
placed on the weighted acoplanarity given by

Q= Pgeop < sinf >

where < sin# > is the average of the absolute values of the sine of the polar angles of the EC
clusters associated to the primary tracks. The weighted acoplanarity has the desirable quality



that it is related to the minimum energy of a photon radiated from an ete~ or ptu~ pair by
Ermin >~ aBpeam.

Dilepton Z° decays can give rise to final states with acoplanar tracks due the presence of initial
and final state radiation, and, in the case of T pairs, due to the missing energy carried away by
neutrinos. Background due to radiative photons was eliminated by requiring that the sum of all
electromagnetic energy outside of two cones of half-angle 5° about the primary tracks be less than
1 GeV, which is well above the level of detector noise. The decay of 7 pairs can result in final
states with acoplanarity of more than about 50 mrad only if one or more of the neutrinos has a
large momentum. This background can be reduced without significantly reducing the acceptance
to the Higgs boson signal by placing cuts on the momentum of the more energetic primary track,
p1, and on the momentum of the less energetic primary track, p2- For muon pairs this momentwn
measurement was made using CD tracks. For electrons two measurements were available. The
energy resolution of the electromagnetic calorimeter was in general better than that of the tracking,
except on the boundary region between the endcap and barrel electromagnetic calorimeters. To
maintain a high acceptance in all regions of the detector, p; and p, were calculated using both tracks
and electromagnetic clusters, and the larger of the two was used. Figure 1-a shows the distribution
of p» versus « for the two primary tracks from a sample of Monte Carlo T pair events equivalent to
approximately 4.5 times the number of + pairs produced in the data sample considered here. The
generator described in reference [27) was used to describe the 20 — 77~ background. Based on
a comparison of the expected distribution for the Higgs boson signal (Figure 1-b) and the 7 pair
Monte Carlo, the following cuts were placed on weighted acoplanarity and primary track momenta;:

* a > g where ag = 35 mrad
¢ p1 > 40 — 100{ax ~ o) GeV/c
® p2 > 30 — 200(x ~ ag) GeV/e

* p1,p2 > 10 GeV/e.

The minimum value of weighted acoplanarity, 35 mrad, corresponds to a minimum momentum for
radiative photons of about 1.6 GeV/c, which is well matched to the 1 GeV cut on electromagnetic
energy outside of the 5° cones around the primary tracks. The cut on p1 removed 7 pairs where
both visible tracks had almost the same momenta, This had little effect on the acceptance for the
Higgs boson. Figure 1-c shows the p, versus weighted acoplanarity for the data. After applying
the weighted acoplanarity and momentum cuts to the data no events remained.

At the Z° peak the signal acceptance, as determined from the Monte Carlo, is 42% for electron
pairs and 41% for muon pairs produced in association with a Higgs boson decaying outside of the
detector. The major loss in acceptance comes from those Higgs events associated with muon and
electron pairs of very small acoplanarity. Corrections to this acceptance were necessary to account
for inadequacies of the Monte Carlo simulation when describing the effects of the p; and p, cuts.
These corrections were obtained by applying the cuts to data containing well identified ete™ or
pt p~ decays of the 2% A correction of 0.82 was required for muon pairs which accounts for the
difference between the momentum resolution in the data and that used in the Monte Carlo and
some effects of the lack of final state radiation in the Higgs generator. For electrons this factor was
0.96 owing to the more accurate simulation of the electromagnetic calorimeters in the Monte Carlo.

A correction was also applied to allow for the lack of final state radiation in the event generator.
A lower bound on this correction was obtained from a study of well identified electron and muon
decays of the Z° taken at centre-of-mass energies within 1 GeV of M z. For the ete™ pairs the



total electromagnetic energy was required to exceed 80% of the centre-of-mass energy and the polar
angle of the electron was required to satisfy —0.9 < cos# < 0.5 in order to select s-channel events.
The fraction of electron pairs with less than 1 GeV of electromagnetic energy outside of the two 5°

cones around the primary tracks was found to be 0.83. For muon pairs selected as in reference [28],
this factor was 0.88.

The resolution of the weighted acoplanarity was determined using u* ;= and e*e~ events in
the data and compared to that predicted by Monte Carlo [27,29]. The difference between data and
Monte Carlo reselutions is less than 0.2 mrad. This difference introduces a negligible effect on the
determination of signal acceptance.

The trigger efficiency for electrons was determined from redundant triggers to be 100% when
both endcap and barrel electromagnetic triggers were active. After accounting for inefficiencies
associated with inactive triggers the overall efficiency was 98%. For muons, only triggers in the
barrel region (| cos §| < 0.82) were considered. In the barrel region the trigger efficiency was better
than 99% for tracks with an acoplanarity smaller than 250 mrad, falling to 96% for highly acoplanar
events. Taking into account periods during which not all triggers were active, the muon trigger

efficiency was 98%. After all cuts, the overall trigger efficiency including geometrical acceptance
was 84%.

Combining the corrected Monte Carlo efficiency with the trigger efficiencies and the correction
for final state radiation, the overall efficiencies for detecting lepton pairs produced in association
with long lived Higgs bosons were 33% for electron pairs and 25% for muon pairs. These efficiencies
are summarized in Table 1. The dependence of the acceptance on the Higgs boson lifetime was
determined using a Monte Carlo calculation, the results of which are tabulated in Table 2. The
expected number of Higgs bosons can be calculated from luminosities and cross sections given in
Table 3 and the overall efficiency as a function of Higgs boson mass from Table 1. Using 3.4% for

the branching ratio of the Z° to electrons and muons, 6.1 events are expected if all Higgs bosons
decay outside the detector.

The limit on the Higgs boson mass from this search was set conservatively by subtracting
one standard deviation in the systematic error from the predicted number of expected events at
each mass. The mass limit is set where the expected number drops below 3 events, which is the
Poisson 95% confidence level if no candidate events are observed [30]. The systematic error includes
contributions from the errors due to (a) the Monte Carlo detector simulation (5%), (b) Monte Carlo
statistics (5%), (¢) treatment of initial state radiation (1%), (d) theoretical cross section (2%), and
(e) luminosity and overall normalization (4%). Adding these effects in quadrature, a total of 10% is
obtained. Figure 4 shows the variation in the number of expected events, less the systematic error,
as function of Higgs boson mass, assuming the Standard Model prediction for the Higgs boson
lifetime. Using only this search, a Standard Model Higgs boson with a mass less than 40 MeV/c?
is excluded at the 95% confidence level.

5 Search for Z° — vpH?, (H® — e*e™) or (H® — vv)

Higgs bosons decaying to e*e™~ or y4 before or within the electromagnetic calorimeter will produce
isolated electromagnetic clusters when the Z° decays to vis. The distribution of the expected
electromagnetic energy deposited in the barrel calorimeter for a Higgs boson with mass 100 MeV /e
and decaying to e*e” is shown in Figure 2. H® — ee~ or 47 events would have triggered the
detector if either (a) a minimum of 4 GeV was deposited in the barrel EC and at least one charged



particle was detected by the TOF system or (b) the pair deposited at least 6 GeV in the barrel
EC. The efficiency of trigger {(a) is plotted as a function of the barrel EC energy in Figure 2.
Photons produced in the H° — ~+ channel have a high conversion rate in the material located
before the TOF and therefore trigger (a) is only 2% less efficient for the H® — 47 channel than
for the H® — e*te~ channel. For simplicity, this inefficiency has been included in all subsequent
considerations of the trigger efficiency.

Efficiencies of the barrel EC triggers were measured using all data which were accepted by non-
EC trigger elements of the detector. The TOF trigger efficiency was measured to be 0.981 & 0.007
using radiative Bhabha events that produced single electrons at large angles to the beam and which
also deposited enough energy in the forward detector to independently trigger the experiment. The
energy spectrum of these electrons is well matched to that of the Higgs boson decay. An online
selection of events was performed by a filter algorithm that selected events having a total EC
energy in excess of 4 GeV with a TOF measurement occurring no more than 27 ns after the beam
crossing. The efficiency of this filter was also checked using these events. Agreement was found

between measured and simulated filter efficiencies both as a function of energy deposition and polar
angle.

A high selection efficiency for H® — ete™ or vy, 2° — us passing the trigger and filter
requirements was obtained by demanding that at least 4 GeV be deposited within a 30° half-angle
cone about the largest electromagnetic cluster and that the EC energy outside the 30° cone be less
than 0.5 GeV. The cone axis was required to be oriented with | cos 8] < 0.75. The effects of noise
were minimized by using only those EC clusters in the barrel that had at least 170 MeV and those
clusters in the endcap that had at least 250 MeV and contained at least two lead glass blocks.
Z° — 171~ and Z° - ¢f events were removed by further demanding that no track intersect the
electromagnetic calorimeter outside this cone and that there be Jess than ten tracks in the event.
All tracks used to veto events in this analysis had to have at least 30 hits. The backgrounds from

two photon and radiative Bhabha events were removed by rejecting events with more than 2 GeV
deposited in the forward detector.

The remaining events, after the above requirements, were due to cosmic ray muons and beam

halo particles, These backgrounds were eliminated by rejecting any event which satisfied one of the
following criteria:

¢ A muon chamber track was present.
e The barrel hadron calorimeter recorded more than 4 GeV energy deposition.

» More than 3 of the 8 outer layers of the hadron calorimeter registered strip hits within a 45°
road in the r-¢ plane.

¢ Electromagnetic clusters had a width in ¢ or @ greater than 0.25 mrad were present.

* A TOF measurement was more than 10 ns from the expected flight time for Higgs events.
(If no TOF measurement was present but a large presampler signal was registered then the

event was assumed to have occurred outside the timing window required to making a TOF
measurement. }

* Two TOF measurements had a time difference of more than 2 ns, were consistent (within

2 ns) with a single cosmic ray, and were inconsistent (greater than 2 ns) with two particles
-coming from the interaction point.

e Tracks were present whose innermost point, as determined from a track fit, was more than
150 cm from the interaction region along the beam.



One event passed all cuts, consistent with the 1.8 + 0.2 expected background events from
ete”™ — vPby, as estimated using the Monte Carlo generator described in reference [31]. The
surviving event contained no evidence of a track, the energy of the largest EC cluster was 4.8 GeV
and the centre-of-mass energy was 91.5 GeV. '

Apart from the energy deposition in the forward detector, the Higgs boson signature in the EC
that is used in this analysis is similar to that of wide angle single electron and single photon events
from radiative Bhabha scattering {32]. A check of the selection process was provided by measuring
the number of such events that survive the same trigger and filter requirements and all cuts but
the forward detector cut. After applying all cuts except the forward detector cut, and further
demanding that the forward detector energy be greater than 30 GeV and that orie track be found,
45 single electron events remained. Using the Monte Carlo generator described in reference [32]
the number of expected events was found to be 4916 (stat)x4 (sys), in good agreement with the
number observed. The distribution of the EC energy of these electrons is presented in Figure 3.
The good agreement between data and Monte Carlo EC energy distributions provides evidence
that the response of the detector to the decay products of the Higgs has been reliably sixmﬂated.
A similar check was performed with radiative Bhabha events in which a photon is directed into the
barrel. As before, the forward detector energy was required to be greater than 30 GeV. From the
Monte Carlo, 4.710.8 (stat) £0.4 (sys) events were predicted, and 3 events were observed. Again,
there is agreement between predicted and observed rates. Although statistics are limited, these
cross checks confirm that the OPAL detector is sensitive to H? — ete™ and H® — 44 events.

Some loss of signal efficiency arises from the presence of noise in the calorimeters because of the
requirement that the electromagnetic energy outside the 30° cone be less than 0.5 GeV. This loss of
efficiency was evaluated by measuring the total electromagnetic calorimeter energy in random beam
crossing events and by using collinear Bhabha events restricted to | cos| < 0.75. Based on these
studies an efficiency of 98.1 £ 0.6 £33 % was assigned to the effects of EC noise arising through this
cut. Similar studies, employing data, were used to measure the efficiencies of the forward detector
cut (99.9 £ 0.1%), muon cut (99.9 £ 0.1%), barrel hadron calorimeter cut (98.7 & 0.6%), hadron
strip veto cut (99.7 4 0.3%) and the TOF requirements (99.8%). The combined efficiency arising
from these various measured detector effects is {(96.1 £ 1.3%).

Table 2 shows the mean lifetime, overall selection efficiency after applying all cuts, and the
number of Standard Model Higgs bosons expected to be detected using this analysis for masses
varying between 10 and 200 MeV /c?. Because of the sensitivity of this analysis to trigger thresholds
and detector performance, some data which were used in the search for (H° — undetected) were
excluded for this analysis, reducing the expected number of events by 16%. Using the Standard
Model branching ratio of Z® — v& of 0.20, the expected number of events is 17 for Higgs bosons
which decay inside the detector. The various contributions to the systematic error on the efficiencies
are: (a) simulation of the electromagnetic calorimeter (5.3%), (b) trigger simulation {2.8%) (¢) filter
simulation (5.1%), (d) Monte Carlo statistics (7%}, (e) error on the efficiencies of noise related cut
(1.3%) (f) treatment of initial state radiation (1%), (g) theoretical cross section (2%) and (h)
lumninosity and overall normalization (4%) leading to a total systematic error of 12%. Figure 4
shows the number of events, as predicted by the Standard Model, as a function of Higgs boson
mass for H® — ete~. Since one event, consistent with a background of 1.8, has been observed, the
95% confidence level is reached at 3.8 events. A Standard Model Higgs boson with a mass in the

range of 30 MeV/c? to 2m,, is ruled out at the 95% confidence level on the basis of this analysis
alone.



6 Combined Mass Limits

The number of observable H? events predicted by the Standard Model in each of the two channels,
H® — undetected and H® — e*e~ or 74, as a function of my, is shown in Figure 4. Also shown in
the figure are the upper limits for observing a signal at the 95% confidence level which depends on
the expected number of events in each of the two channels and varies from 3 events at zero mass
to 3.8 events at 2m,, using the procedure described in reference [30]. The confidence intervals were
estimated by reducing the predicted signal (sum of both channels) by one standard deviation in
the systematic error. The combined searches for H® — undetected and H® — ete- or 77 exclude
a minimal Standard Model Higgs boson having a mass in the range 0 < my < 2m,, at at least the
95% confidence level in agreement with reference [17]. Since the two analyses cover all lifetimes
and decay products of the Higgs boson below the 2m,, threshold, they exclude the existence of
all nonstandard Higgs bosons whose production rate is at least that of the Standard Model. The
95% confidence level for nonstandard Higgs bosons whose coupling is reduced with respect to the
Standard Model is determined by the ratio of the number of events needed for the 95% confidence
level and the total number events expected for the Standard Model. Thus all nonstandard Higgs

bosons whose rate in the process ete™ — H°Z0 is at least 57% that of the Standard Model Higgs
boson are excluded at the 95% confidence level.
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Tables

Table 1: The contributions to the overall efficiency for H® — undetected produced in association
with electron and muon pairs.

Uncorrected | Correction to Monte Trigger | Correction for | Overall

Monte Carlo | Carlo Momentum Efficiency Radiation Efficiency

electrons || . 0.42 0.96 0.98 0.83 0.33
muons 0.41 0.82 0.84 0.88 0.25

Table 2: The mean lifetime, overall selection efficiency and the number of Higgs bosons predicted
in the minimal Standard Model as a function of the Higgs boson mass assuming a 100% decay
branching ratio in each channel. (Note that due to the large boost of the light Higgs bosons the
decay path can be much longer than cr.)

Higgs Mass | cr Detection Efficiency Number of Predicted Events
(MeV/e?) | (cm) (%)
H® = undetected | H® — e¥e~, vy | H° — undetecied | O = ete, vy
5 24.6 29 - 6.1 -
10 11.7 28 1 5.8 0.4
20 5.8 25 3 5.3 1.6
30 3.8 21 7 4.4 3.4
40 2.9 17 11 3.6 5.5
50 2.3 13 15 2.7 7.6
100 1.2 1 28 0.2 14.4
150 0.8 - 32 - 16.5
200 0.6 - 33 - 17.0

Table 3: Cross section of e*e~ — H®Z0 for a 30 MeV Higgs boson and integrated luminosities
for the data as a function of centre-of-mass energy. €. is the efficiency relative to the peak for the
selection procedures. The luminosities are calculated for data collected with the CD at operating
voltage and both endcap and barrel electromagnetic calorimeters functioning properly. The overall
systematic error is 30 MeV on the energy scale and 4% on the luminosity and normalization.

Centre-of-Mass | Cross section for Luminosity Relative Efficiency
Energy ete — ZOHC J Cdt H® = e¥e or vy [ H? — undetected
(GeV) (nb) (nb~1) €rel €rel
88.28 0.026 124 1.18 1.31
89.29 0.062 67 1.13 1.31
90.28 0.179 107 1.06 1.06
91.03 0.354 195 1.00 1.00
91.29 0.398 214 0.93 0.93
91.53 0.418 183 0.87 0.87
92.31 0.370 89 0.75 0.76
93.28 0.268 104 0.70 0.76
94.28 0.202 92 0.78 0.79
95.04 0.169 18 0.93 0.83
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Figures

Figure 1: (a) p; versus weighted acoplanarity for a Monte Carlo simulation of T pair events.
This represents approximately 4.5 times the number of 7 pairs produced in the data. (b) p;
versus weighted acoplanarity for a Monte Carlo simulation of 2 MeV/c? Higgs bosons produced in
association with muon pairs. The region above the curve is the signal region and was chosen on the
basis of the 7 Monte Carlo. (¢) p versus weighted acoplanarity after all other cuts for the data.

Figure 2: Monte Carlo distribution of the energy deposited in the barrel EC for a 100 MeV/c?

mass Higgs boson decaying to ete~. Superimposed is the measured efficiency of the trigger requiring
barrel EC and TOF as a function of the barrel EC energy.

Figure 3: Energy spectrum of single electrons having |cosé| < 0.75 produced in radiative
Bhabha events passing all cuts described in Section 5 with the exceptions that there be at least
30 GeV deposited in the forward detector and that the event contain one charged track. The points
are the OPAL data while the histogram represents Monte Carlo generated events.

Figure 4: Predicted number of detected H° events in the OPAL detector vs the Higgs boson
mass. H® — ete™ or 4y and H® — undetected are shown both separately and combined. The
predicted number of events for both channels has been reduced by one standard deviation in
the systematic error. The 95% confidence level takes into account the observation of one event,
consistent with background, in the channel H® — ete™ or 7.
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