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Abstract

A search for Minimal Standard Model (MSM) and Minimal Supersymmetric Model (MSSM)
Higgs bosons with masses larger than 3 GeV/c? has been performed by the OPAL collaboration
on ete~ deta from LEP corresponding to an integrated luminosity of 1.24 pb—*!. The limits for MSM
Higgs bosons have been obtained using the channels Z° — Z®*H®, 2% — (vporete™ orp*p~), H® —
qg4. The search for MSSM Higgs bosons has been performed using the channels Z® — Z%*h%, Z%
(vD or ete or ptp~), h® — qq and Z° — h°A%, K°A® — (4 jet or Ttr~jj or 4 1), where h°
and A° are the two lightest neutral MSSM Higgs bosons.

No Higgs boson signal has been observed. The MSM Higgs boson is excluded in the mass range

3 GeV < myo < 25.3 GeV/c? at the 95% confidence level; limits on the masses of the two lightest
neutral MSSM Higgs bosons are obtained for A° masses up to 40.5 GeV/c.
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1 Introduction

Spontaneous Symmetry Breaking is the foundation of the Standard Model of weak and electromag-
netic interactions [1]. In local gauge invariant theories, Spontaneous Symmetry Breaking requires
the existence of one or more scalar particles, the Higgs boson(s) [2]. However, while the Standard
Model has been successful in describing many processes to a high degree of accuracy, these par-
ticles have not been observed. In the Minimal Standard Model (MSM), one complex doublet of
Higgs fields is introduced, which results in a single scalar Higgs boson (H®) with a mass which
is not specified by the theory. The MSM Higgs boson in the range 3 < myo < 19.3 GeV/c?
has already been excluded in an earlier letter [3] by this collaboration; the limit was increased to
25.3 GeV/c? (4] by searching more data and optimizing the analysis for mgo > 2m,. The latter
analysis is described in detail here, and is used to set limits on MSSM Higgs bosons in the present
publication. To date, including the limit presented in this work and earlier publications by this and
other experiments using data from the 1989 LEP running, the mass range 0 < mpyo < 25.3 GeV/c?
has been excluded at the 95% confidence level [3,4,5,6,7). The L3 experiment has increased the
upper limit to 32 GeV/c? [8] using 1990 LEP data.

In the more general case, two Higgs doublets are considered. In this case 6 independent pa-
rameters are needed to specify the Higgs sector which contains 5 physical Higgs bosons [9,10]. A
popular theory with such a Higgs sector is Supersymmetry (SUSY). In the Minimal SUSY Model
(MSSM) one of the Higgs doublets couples to up-type fermions only, while the other couples only
to down-type fermions, thereby preventing flavor-changing neutral currents. Of the two neutral
scalar Higgs bosons in this model, one (h°) must be lighter than the Z°, while the other must be
heavier than the Z° There is also a charged Higgs pair which has to be heavier than the W-boson,
and a neutral CP-odd Higgs boson (A?) which has to be heavier than the k%, but can be lighter
than the Z° and might therefore be accessible to experiments running near the Z° resonance. In
this model, only two independent parameters are needed to fully specify the Higgs sector. These
parameters can be chosen to be:

e tanf = w3/v;, the ratio of vacuum expectation values of the two Higgs doublets (where
doublet 2 couples to up-type quarks and leptons and doublet 1 couples only to down-types)

s myo, the mass of the lightest boson.
Alternately, the parameters can be taken as:

e My, the mass of the light scalar Higgs boson

e m 40, the mass of the CP-odd Higgs boson.

For a given choice of myo, m 40 there are two solutions, one for tan3 > 1 and one for tang < 1.
While many models favor tan 8 > 1 [11], the limits obtained in this analysis are presented for both
solutions whenever possible.

In the present analysis a search for Higgs bosons was performed using data accumulated during
the 1989 scan of the Z® resonance; this corresponds to an integrated luminosity of 1.24 pb~! (or
about 25,000 reconstructed multihadron events). The energies and integrated luminosities are listed
in Table 1. The MSM Higgs boson, as well as the h%, can be produced in e*e~ collisions near the
Z° resonance in association with a virtual Z°* for Higgs boson masses less than the center of mass
energy. For the searches presented here, the Higgs boson tends to decay into the most massive
particles kinematically possible (bb, g, 7t 7). The decays involving Z% — (vP or ete™ or ptpu~),



have been selected for this study since final states with large missing momentum or isolated lepton
pairs are very distinctive. The MSM cross section falls nearly exponentially with increasing Higgs
boson mass; for the data sample considered in the present analysis, 3 events would have been
produced for a Higgs boson mass of about 45 GeV/c?. The CP-odd A state cannot be produced
in this process, but can be produced together with an A% in Z° decays, with the cleanest signature
found in final states containing a 77~ pair. For nearly equal h® and A° masses the rate of
associated production would be orders of magnitude larger than that for A®Z°* production, and
therefore the 4 jet final state is useful for searching in the high myo region. Various limits on the
h® and A masses have been published by the Aleph [12] and Delphi [13] experiments.

2 The OPAL detector

The data were recorded at the CERN ete~ collider LEP during its 1989 run using the OPAL
detector [14], which is a multipurpose apparatus having nearly 4 steradians acceptance. The
central detector (CD) consists of a system of tracking chambers inside a 0.435 Tesla solenoidal
magnetic volume. The CD system is surrounded by a time-of-flight (TOF) counter array, a lead
glass electromagnetic calorimeter (EM) with a presampler, an instrumented magnet return yoke
serving as a hadron calorimeter, four layers of outer muon chambers, and an endcap system which
includes a low-angle forward detector (FD).

The central tracking detector consists of a precision vertex chamber, a large volume “jet”
chamber, and a chamber for tracking in the r — # plane (the coordinate system is defined with z
along the beam axis, # and ¢ being the polar and azimuthal angles). The main tracking is done
with the jet chamber, a drift chamber of approximately four meter length and two meter radius,
with 24 sectors in ¢ and 159 layers of sense-wires in each sector. Tracks having {cos@| < 0.94 give a
minimum of 40 space points in the jet chamber. The time-of-flight system covers the barrel region
of |cos@| < 0.82. It consists of 160 scintillator bars, 6.8 m long and 45 mm thick, located at a
radius of 2.4 m.

The electromagnetic calorimeter consists of a cylindrical array of 9440 lead glass blocks of 24.6
radiation lengths thickness covering the range |cos@| < 0.82, and 2264 lead glass blocks of 20
radiation lengths thickness in the endcaps covering the region between 0.81 < | cosf| < 0.98. Each
block subtends a solid angle of approximately 40 x 40 mrad? and projects towards a point near
the interaction point in the barrel region and along the beam direction in the endcaps. The three
sections of the electromagnetic calorimeter cover 98% of the solid angle. An “EM cluster” is defined
as a group of contiguous lead-glass blocks where each block registers more than 20 MeV.

The luminosity of the colliding beams was determined by observing small angle Bhabha scatter-
ing with the Forward Detector, a lead/scintillator calorimeter, with associated tracking chambers,
at either end of the central detector with an acceptance covering from 40 < § < 150 mrad and
27 in azimuth. This device achieves a systematic accuracy of 2.2% in the luminosity measurement
[15].

The OPAL trigger consists of several independent elements having a high level of redundancy.
Of major interest to this analysis are the triggers:

o Egpy (summed energy of at least 6 GeV in the lead glass calorimeter)

e TOF (more than 2 adjacent TOF scintillators fire)
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» Track Trigger (at least 2 tracks in the event, as defined by a hardware processor).

All three of these triggers are efficient for high-multiplicity events. The track trigger is efficient
for events having at least two tracks with | cos 8| < 0.73, each with a minimum transverse momentum
of 450 MeV /e, and having a separation of at least 15° in ¢, or approximately 0.36 in cot 8. In the
present analysis the track trigger has been demanded, while the other triggers have been used to
monitor its efficiency.

The efficiency of the trigger hardware to detect a single isolated track was measured using
ete” — g7 and ete™ — ete” events, where both processes were triggered by the EM or TOF
detectors. The efficiency for single tracks was found to range from 91% for low momentum tracks
to 96% for high momentum ete~ tracks. The simulation of the OPAL detector response to the
generated particles was modelled using the Monte Carlo program GOPAL based on the GEANT [16]
package, which provides an accurate description of the response of the various detector components,
as demonstrated in references [17,18].

A number of requirements have been imposed for all the data used in this publication. The
tracking chamber, forward detector, and electromagnetic calorimeters had to be fully operational,
and charged tracks and electromagnetic calorimeter clusters were only considered if they passed
certain guality cuts. For charged tracks it was required that:

s Npi: > 40 (number of hits along a charged track),

» |do} < 2.5 cm (distance of closest approach to the beam axis),

. lzal < 50 ¢m (the z component of the distance of closest approach to the beam axis},
s pr.> 0.100 GeV/c, and

. |c.o.9(t9)| < 0.93, where @ is the polar angle with respect to the beam axis.

In order to reduce the background from beam gas and beam wall interactions, events with Nygod/Nant <
0.20 were removed from the sample, where Njo,q¢ was the number of charged tracks passing the
criteria described previously, and N4y was the total number of reconstructed charged tracks in the
event. For EM clusters it was required that the mimimum cluster energy exceeded 170 MeV in the
barrel and 250 MeV in the endcap regions.

3 Minimal Standard Model (MSM) Search

The search for the Minimal Standard Model Higgs boson made use of the decays 2% — Z%*H?, H? -
qd, Z° — (vp or ete” or ptpu~). These decay modes are characterized by either a large missing
energy or the presence of two isolated energetic leptons, making them significantly different from
multihadron events. In the present search, which addresses the mass range above the bb threshold,
the Higgs boson decays mainly into pairs of heavy quarks. These final states are characterized by
high multiplicity events and consequently more than 5 charged tracks in each event were required.

3.1 Missing Energy Search

The missing energy search was directed towards events of the type ete~ — Z™HO?, 20 —
v, H® — gg which are characterized by a significant momentum imbalance in the event. To



estimate the missing energy/momentum for an event, an algorithm was developed to compute the
total 4-momentum of the event from the observed tracks and clusters. First, all EM cluster en-
ergies and charged track momenta were summed. A subtraction was then made for each charged
track in order to correct for double counting. The amount of energy subtracted was equal to the
average energy deposited in the lead glass by charged pions, as 2 function of their momentum. The
accuracy of this algorithm has been shown in reference {3).

After applying the general quality cuts, it was then further required that:

e (A1) Nyooa > 5. This cut rejected low-multiplicity events (e.g., dileptons — especially T pairs,
2-photon events, beam wall events). The cut significantly reduced the acceptance for H®
masses lower than about 10 GeV/c? due to the significant branching fraction for H° — vtr-.

o (A2} |cosBipruse| < 0.9 and |cosfp,.,| < 0.9. Gpruye is the polar angle of the thrust
axis computed using both CD tracks and EM clusters. ,,,, is the polar angle of the total
momentum vector. These cuts removed events having significant energy directed close to the
beam direction.

e (A3) Epp < 2 GeV. Events were required to have less than 2 GeV of energy deposited in
the forward detector. This cut also rejected events with jets close to the beam, as well as
two-photon events.

» (A4) Eyy/E.m < 0.6. Events were required to have a large missing energy.

» (A5) pr > 6 GeV. pr is the transverse momentum measured with respect to the beam
axis. The distributions of pr for the data and the JETSET 7.2 [19] Monte Carlo (MC) for
multihadron production are shown in Figure 1. The data is well described by the MC for
pr > 6 GeV/e, while the excess of data at pr < 3 GeV/c is mostly due to two-photon events
which are not included in the Monte Carlo simulation.

o (A6) Eforward/ Evis > 0.7. The visible energy contained in a cone of full-angle 150° centered
about the total visible momentum vector had to be larger than 70% of the total visible energy

in the event. In nggs boson events, the total momentum vector would approximate that of
the HO.

» (A7) Epackward < 2.5 GeV. Epgekward i3 the visible energy contained in a cone of 120°
full-angle, oriented opposite to the total visible momentum direction.

The effects of these cuts both in the data and Monte Carlo (normalized to the luminosity) are
shown in Table 2. Detector Monte Carlo simulations demonstrated that, after all the data selection
cuts were imposed, the track trigger efficiency was larger than 98% for myg > 10 GeV/c2.

Figure 2 is a scatterplot of Ejorward/ Evis versus Epgekward, for the data and for a simulated
signal with mye = 24 GeV/c?, after all cuts except A6 and A7. The cut region is also shown in
the figure. The population for a Higgs boson signal is seen to be well isclated from the data, and
the region defined by cuts A6,A7 contains 85% of the signal remaining after cuts A1-5.

3.2 Dilepton Search

In the search for the decays Z® — (ete™ or u*u~)HY, the “major” tracks were defined as the two
highest-momentum oppositely-charged tracks in the event with an opening-angle larger than 90°.
The major tracks also had to be associated with EM clusters registering more than 250 MeV and



had to each have momenta satisfying p > 10 GeV/c,orp > 5 GeV/cif the associated EM cluster
energy was larger than 10 GeV. Clusters were associated with charged tracks if the extrapolation
of the track intersected the EM cluster. Roughly speaking, this meant that EM clusters and CD
tracks were associated if their directions coincided within 100 mrad.

An isolation condition was then imposed on the major tracks. For each major track, the EM
energy within a 30° (half angle) cone around the track was summed. If this energy exceeded the
energy of the associated EM cluster by more than 5 GeV, the event was rejected. Also, the scalar
momentum sum of any additional tracks in this cone had to be less than 5 GeV/c. Finally, the
event had to have at least 4 tracks in addition to the major tracks, separated from them by at
least 15°. These cuts had an efliciency exceeding 50% for mpgo > ¢€ threshhold; however, no data
survived these cuts.

Although there are redundant trigger elements for both the ete~ and gt u~ channels, the trigger
efficiencies have been evaluated using only the track-trigger in a manner similar to that described
for the v7 channel. For Higgs boson masses above 3 GeV/c?, the track-trigger efficiency was found
to be greater than 98% with a 1% uncertainty after all physics cuts. The probabilities for Higgs
boson events to pass the track trigger and the cuts were obtained in the manner described for the
analysis of the v7 channel, and are summarized in Table 3.

3.3 The Higgs Boson Generators

The Higgs boson cross section was calculated using the Berends and Kleiss Born generator [20} which
incorporates first order QED corrections, and using the improved Born approximation (IBA) [21]
with the value mz = 91.15 GeV/c? and the corresponding Standard Model value for T'z, while
taking into account the effective electro-weak couplings a(Q?) and sin?@y at the Z° mass. The
IBA tends to increase the cross section for heavier top masses (m;) by a factor (1 + 3Ap), where
Ap = 3Gpm?/8+4/2x%. However, an additional contribution, unique to Higgs boson production,
arises from a top quark triangle graph at the ZZH vertex. This diagram reduces the cross section
by a factor (1 — §Ap) [22]. Consequently, the dependence of the cross section on m; is negligible.

The effect of initial state radiation was calculated using the exponentiation technique. Both the
Berends, Burgers and van Neerven calculations [23] and the results of Nicrosini and Trentadue [24]
have been studied. The two methods give results which differ by less than 0.5%.

Based on a study of the dependence of the cross section on the relevant parameters, a conserva-
tive uncertainty of 5% on the cross section formalism has been estimated. For example, the cross
section changes less than 0.4% for a £100 MeV change in the Z° mass, and the effect of the top
quark triangle graph is less than 3% when m; < 200 GeV/c?. .

The energy dependence of the Higgs boson production cross section was taken into account since
the data were taken at several center-of-mass energies. The effect on the acceptance of scanning
across the Z° peak was found to be negligible.

3.4 Systematic Uncertainties and Mass Limit

The systematic uncertainties due to the modelling of the acceptance arise primarily from fregmen-
tation modelling and energy measurement in the detector. The final-state quark fragmentation



has been modelled with the LUND (JETSET 6.3) shower Monte Carlo. Since the b-quarks from
the Higgs boson decay have a hard fragmentation, the main uncertainty is associated with the
knowledge of B meson decay properties. The only selection requirerent which is sensitive to this
issue is that based on the charged-track multiplicity. Varying the multiplicity cut by 1 unit leads
to a 4% change in the acceptance, which has been considered as the overall systematic uncertainty
due to fragmentation.

The uncertainty due to the detector energy response has been estimated by comparing the
acceptance calculated using two simulations which differ in their modelling of the calorimeter
response. Differences of as much as 3% in the acceptance have been realized in this study; thus, a
conservative systematic uncertainty of 4% has been used.

The uncertainty on the track trigger efficiency is estimated to be 1% in this high-multiplicity
analysis. Adding all of the uncertainties in quadrature, with 2.2% for luminosity and 5% for the
cross section calculation, one obtains a total systematic uncertainty of 7.9%.

The numbers of expected Higgs bosons, as a function of myo, are listed in Table 3. Figure 3
shows the expected numbers of events, reduced by the 8% systematic uncertainty; the range 3 <
myo < 25.3 GeV/c? is ruled out at the 95% confidence level.

4 Minimal Supersymmetric Model (MSSM) Searches

The minimal SUSY model has at least one Higgs boson with a mass below that of the Z% which
would be produced in LEP running near the Z° resonance. The lightest MSSM Higgs boson is
a scalar denoted by h?; there also exists in this model a CP-odd state (often referred to as a
“pseudoscalar”) denoted by A°, which can be lighter than the Z°. The search for MSM Higgs
bosons described in the previous section can be applied directly to the mode Z% — Z%*A° to
exclude a significant region of the my0, m 40 parameter space. Other regions of the parameter space
have been excluded using the decay Z° — hPA°, where the Higgs bosons could be identified by their
decays into c¢, bb, and 7+7-. These processes must be examined separately for the assumptions
tan 8 > 1 (i.e., % A% — bb, 77~ mostly), and tan 3 < 1 (i.e., A%, A? — ¢ mostly, with 7++~ final
states suppressed.) :

The myo, m 40 parameter space is shown in Figure 4, which indicates the limits obtained from the
analyses to be described subsequently; only the region m 4o > mye is of interest due to a constraint
in the model. There is potentially copious h%, A® production on the my = m 4o diagonal which
decreases for increasing mye and as the distance from the diagonal increases. Searches using the 4
jet final state are efficient for higher values of myo (curve D in the figure), while the 77~ jet jet
topology has a good efficiency down to low values of mys (curves C-L and C-H), but is sensitive
only for tan3 > 1. The 4 T final state can be used to cover the my, region between charm and
bottom threshold, again only for tan 3 > 1 (region E). The region far from the diagonal has a small
production rate for h° 4%, but can be excluded by using the h®Z% channel (the region enclosed by
curve B in Figure 4).

In calculating the production cross sections, the various center of mass energies were taken into
account, and all the corrections used in the MSM analysis were included, except for those involving
top quark and heavy SUSY particle loops.



4.1 2% o ZO*R0

The limit on I'(Z° — H°Z%) obtained for the MSM can also be interpreted as a limit on I'(Z° —
h?Z°%*), and so can be used to restrict the masses of the bosons A% and A from the relation:

T(2° - h22%) = sin*(f - a) x I(2° — H°Z%) (1)

where o is the Higgs boson mixing angle [10]. Withing the framework of the MSSM, a and 3 are
related to mye and mgo by the requirements of supersymmetry. The excluded region obtained in
this manner is shown in Figure 4 as curve B. For mye below the bb threshold (and tangd > 1)
the lower-mass MSM analysis has been used [3] since it is less sensitive to the relative amount of
h® — r*r~ decays, while for larger masses the MSM analysis presented in this paper was used.
This accounts for the discontinuity in the limit curve at the bb threshold.

For the case tan3 < 1, the dominant decay mode of h? is into c€, with a rather small fraction
going into bb. Especially for the higher mass region, the c¢ mode has a topology with a greater
confinment of the jet energy in the forward direction. The acceptance for this mode has been
modelled with JETSET 6.3, and it was found to be comparable to the acceptance of the b mode
within the MC statistics. Consequently, the excluded region is valid for all values of tan 3, and the
analysis can be applied directly to more general classes of models in which the Higgs bosons are
expected to decay primarily into bb and c&.

4.2 Z° - h0A° o rtrortr
4.2.1 Analysis Procedure

In the mass region above the charmonium resonances, and for tan 8 > 1, the minimal SUSY model
predicts an enhancement of the decay into 7+~ relative to that into c¢é. This allows one to look for
Higgs pair production through the 4 7 decay channel which results in a four-prong final state 55%
of the time. The search for this channel required a 4-prong final state with kinematics consistent
with that of h®A° production.

Events passed an initial pre-selection if:

e Exactly 4 tracks were found.
» The scalar sum of track momenta exceeded Epeam/2.
o Less than 2 GeV of energy was deposited in the forward detector.

Events passing this pre-selection procedure were then subjected to further cuts:

o (B1) {coa(Bthruet)] < 0.7. The thrust axis was calculated using only charged tracks. This cut
retained only events well within the track trigger acceptance.

¢ (B2) Pirack > 0.2 GeV/c. This supressed events with photon conversions.

o (B3) Egm < 80 GeV. This cut on the total visible EM energy rejected Bhabha and ete™ —
17 events with converting photons.



o (B4) Mpair < 15 GeV/c?. The four tracks in the event can be paired in three ways. In at
least one of the three configurations, the invariant masses of both of the track pairs had to

satisfy the cut. This cut emphasized a topology for a pair of Higgs bosons with masses below
10 GeV/c?

s (B5) Mr3 > 2.5 GeV/c?. The three-track transverse mass had to be larger than the value
realised for 7¥7~ events of the 143 track topology for all possible 3-track combinations in
the event. While this cut eliminated mostly 77~ events, it also rejected lepton pair events
with a converting photon that were not rejected by the previous cuts.

No events survived the above requirements.

4.2.2 Systematic Uncertainties and Mass Limits

The signal selection efficiency was found to be higher than 22% in region E of Figure 4. Backgrounds
were simulated using KORALZ37 [26] for lepton pairs and HERWIG34 [27] for QCD events; the
simulation predicts one 7-pair event expected in the data. The systematic error for these procedures
was conservatively estimated to be 7% based on the Monte Carlo statistics and the modelling of
tracking and EM energy response in the detector. Table 4 summarizes the number of events
analysed and the number of events passing each stage of the analysis. :

Summing the luminosity and selection uncertainties in quadrature, one gets a total systematic
error of 7.4%. The expected number of observed events was calculated taking into account the
branching ratio, the selection efficiency, and the trigger efficiency. The contour in the myo, m 40
plane where one expects to observe more than 5 events is given by region E in Figure 4. Note
that region E is bounded from above and from the right by the bb threshold, at which the +7-
branching ratios of the Higgs bosons are unknown due to possible mixing with bound states of the
bb system (xs), as discussed in the next section.

4.3  Z° o RP°A® — 7Hr- jet jet
4.3.1 Analysis Procedure

For tan 8 > 1 and masses above the bb threshold, the h° and A° are expected to decay primarily
into b-quarks. The decay into a pair of 7 leptons, which has a distinct signature, is enhanced by
QCD corrections and has a branching ratio of 6% to 8%. However, this is not necessarily the case
in region F of Figure 4, where the A? or A® can mix with x, states since their widths are expected
to be comparable. The present analysis is restricted to the case in which the two T leptons decay
into a single charged track each; this decay mode leads to a distinct final state which consists of
two isolated charged tracks recoiling against a heavy hadronic system. The 3-prong decay mode of
the 7 has not been used since it contains a large background from multihadronic decays of the Z°.

Events had to pass an initial pre-selection requiring that at least 8 good charged tracks were
found. A simple algorithm was then applied to search for events having a 7-pair candidate with

each T decaying into a single track. Pairs of oppositely charged tracks which were isolated from
the rest of the event were identified as 777~ candidates if:

» Each of the two charged tracks had a momentum in excess of 1 GeV/c.
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e Each of the tracks was isolated from all other charged tracks {excluding the other track of
the pair) by more than 30°.

e The pair direction {vector sum of the two track momenta) had to be isolated by 30° from all
tracks, excluding the tracks comprising the pair.

If multiple pé.irs were identified in an event, only the highest energy pair was retained. These
cuts identified such pairs in 1886 events.

It has not been possible to devise a single set of cuts with high efficiency over the entire range
of scalar Higgs boson masses since the 7-pair and b-jets assume rather different topologies for light
and heavy Higgs boson masses. The analysis presented here makes use of two sets of cuts, one
being efficient for my-my4 near bb threshold and starting to lose efﬁczency for my, > 20 GeV/c2.
The other analysis has a superior efficiency for my > 20 GeV/c?

4.3.2 Higher-mass Analysis

The Higgs bosons are pair produced, carrying approximately half of the c.m. energy each. This
results in the T decay products having a hard energy spectrum compared to the hadronic back-
ground. Furthermore, the energetic 7-leptons in signal events would give a large missing energy
directed along the reconstructed =+~ pair (Higgs boson) direction.

Due to the back-to-back configuration of the two Higgs bosons, the two T leptons coming from
one of them will generally be isolated from the rest of the event. Therefore, no additional EM energy
(i.e. energy not associated with the two r leptons) should be deposited in the EM calorimeter in
a region about the 77 pair. Studies of 77 data and MC events demonstrate that electromagnetic
energy associated with the r leptons is almost entirely confined to the two cones of 18° half angle
about each of the tracks; this EM energy is not included when summing the unassociated energy.

The topology cuts for this part of the analysis were:

« (C1H) Epuir > 4.55 GeV. The scalar sum of the momenta of the tracks comprising the pair
had to be larger than 10% of the nominal beam energy. The Eg,, distibution is shown in
Figure 5.

(C2H) Econe < 2 GeV. Events with more than 2 GeV of unassociated energy in a cone of
73° half angle (cos§ = 0.3) about the pair direction were rejected. The distribution of the
unassociated energy is shown in Figure 6,

s (C3H) cos Bpa,,._i,(tom) < 0.8. Bpair—p(totar) i5 the angle between the pair direction and the
total observed momentum of the event. This distribution is shown in Figure 7.

After employing these kinematical restrictions, the remaining background primarily consisted
of two jet events. The sphericity of such events is small, while the signal, having a 7 pair and two
b-jets, has a moderately large sphericity even for light Higgs bosons. The additional requirements
imposed were:

¢ (C4H) Sphericity > 0.1. The sphericity distribution is shown in Figure 8.

» (C5H) cos(fopen) < 0.6. Oopen is the opening angle between the two pair tracks. In jets this
angle is peaked near unity, while the signal has a finite minimal cpening angle (even for light
Higgs bosons); this is.shown in Figure 9.
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No event survived these cuts.

The cuts and their effect on both the data and an example of a signal are give in Table 5.
The signal selection efficiency varied between about 35% (for myo = 25, mu0 = 35 GeV/c?) to
about 15% (mpe = 40, myo = 40 GeV/c?). The sphericity cut prevented extending this analysis
to the low mass region, and the correlation requirement between the v direction and the total
momentum, as well as the isolation requirements, makes these cuts inadequate for heavier masses.

4.3.3 Lower-mass Analysis

The topology of the mass range mue = 5 — 20 GeV/c? is similar to the one which characterizes
the heavier Higgs boson case. Basically the same analysis was followed, but the value of the cuts
had to be modified to suit the different kinematical region.

* (C1L) Epgir > 9.1 GeV. This value represents 20% of the mean beam energy.
¢ {C2L) Econe < 2 GeV. The cone comprised the entire hemisphere about the pair direction.

. (CI3L) Npemi — 2. It was required that no tracks apart from those comprising the pair be
found in this hemisphere.

o (C4L) cos(8open) < 0.95.
® (C5L) c08 Opair_p(totar) < 0.8.
e (C6L) Sphericity > 0.04.

No events passed these cuts. The cuts and their effect on both the data and an example
of a signal are give in Table 6. The signal selection efficiency varied between about 30% (for
mpo = 15, myo = 26 GeV/c?) to about 10% (myo = 8, my = 11 GeV/c?).

4.3.4 Sytematic Uncertainties and Mass Limits

QCD corrections to the decay of the Higgs into a g system were taken into account according to
the formalism given in reference [25], and the corrected branching ratios for both bb and r*+7-
have been used. Systematic uncertainies on the modelling of the signal arise from the production
cross section, the measured luminosity, the detector response (GOPAL), and the modelling of
fragmentation in the JETSET generator. The uncertainty on detector modelling (9%) has been
conservatively estimated from the MC statistical errors (3%), comparisons of several versions of
the OPAL dectector simulation program (5%), and by varying the cuts by somewhat more than
the resolution on the measured quantity (7%). The multiplicity cut is somewhat sensitive to the
B decay mode] used in JETSET 6.3, and a 4% uncertainty has been included for fragmentation
effects, as described in the MSM analysis. These sources result in a total systematic uncertainty of
10%, which is used to scale down the generated signal in order to obtain the 95% C. L. limits on
the h,A masses.

The resulting limits are indicated in Figure 4 as curves C. Special attention should be given
to the low mass region, since when one of the Higgs boson masses overlaps with the x; resonance
states (9.5-11 GeV), the branching ratio is completely unknown. At the low-my end of contour C-L
in Figure 4, one of the Higgs bosons is in the resonance region, and its branching ratio has been
conservatively assumed to be 1007 to multihadrons, which results in a reduced sensitivity.
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4.4  Z° — hPA° =+ 4 jets
4.4.1 Analysis Procedure

For Higgs boson masses la.rger than the bb threshold, and for tan > 1, the predominant decay
modes of the h° and A are into bb pairs, with branching ratios in the vicinity of 93 %. For Higgs
bosons with masses larger than about 20 G’eV/c the events are rather spherical, thus event shape
variables such as thrust and acoplanarity provide a convenient means to distinguish the Higgs boson
signal from the QCD background Also, the underlying 4-jet structure with four identical b-quark
jets can be used to differéntiate between the signal and the ba.ckground Although individual b-jets
cannot be differentiated from other jets with a high efficiency by using the apparent jet mass, the
average mass of the four b-jets is noticeably different from that obtained for the QCD background.

Jets were defined by applying the JADE clustering algorithm [28] to the events, including both
tracks and EM clusters. The jet resolution parameter (ycut = 0.03) was chosen to maximize,
within the sample of 4-jet events, the product of the signal efficiency and the signal-to-background
ratio. The jet four-momenta were corrected for double counting of charged particle energy using
the energy algorithm described earlier.

After applymg the track and cluster qua.hty cuts listed in section 2 the following requu'ements
were imposed: ,

. \(DII) Thru,'st < 0.85. The thrust of the event was calculated using both cha}rged traéks. and
EM clusters. ' ‘

s (D2) Nj.t = 4. Exactly four jets were required in the event. Each of the 'fo‘url jets was required
to have at least 3 tracks or clusters, to have an energy larger than 5 GeV, and to form an
augle @ with the beam axis satlsfymg | cos @ |< 0.9.

e (D3) M < 7.5 GeV/c?, D < 5.0 GeV/c?. The average of the four jet masses is denoted
by M = (EM;)/4,and D = (£ | M; — M; |)/6 is the average of the six mass differences.
Figures 10,11 show the distributions of these quantities for the data, for a Monte Carlo
slmulatlon of the QCD background, and for a hypothetical Higgs boson signal.

. ‘(D4) Kinematics. The four jets in each event can be combined into pairs in three different
ways. For at least one of the three possible configurations it was required that both jet pairs
satisfy the following kinematical requirements:

- (1) the combmed jet-jet momenta had to be larger than 18 GeV/c (for compa.rlson, if
the Higgs boson masses are both 40 GeV/c?, their momenta are 22 GeV/c),

~ (2) the ratio of the two jet-jet momenta had to lie between 0.7 and 1: 33
— (3) the directions of the two jet-jet momenta with respect to the beam direction had to
 satisfy | cos @ | < 0.5; ‘

- (4) the two jet-jet decay angles § in their own rest frame (the angles between the jet-jet
dJrectlons and the pair- boost) had to satisfy | cosb' |< 0.7.

Condition (2) eliminates eévents which are incompletely contained in the detector; such events
"are usually at extreme polar angles and have a visible energy which is low compared to
that for fully contained events. Condition (3) uses the difference between the production
angular distributions of the Higgs boson signal [~ sin® §] and the QCD background [~ (1+ -
cos? §)]. Condition {4) uses the fact that the Higgs boson decay is random with respect to
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the boost direction, while in the case of the QCD background the gluon radiation is emitted
preferentially along the direction of the quark (along the boost).

e (D5) Acoplanarity(tracks) > 0.16, Acoplanarity(clusters) > 0.20. Acoplanarity is defined
as 4 x (T|Fi 1|/ T |Fi|)? where P;, is the momentum or energy component of particle
i with respect to the axis which minimizes the Y |P; ;|. The acoplanarity distributions, as
obtained using tracks and clusters separately, are shown in Figures 12,13.

The effect of the cuts on the data, the simulated QCD background, and on a hypothetical
Higgs boson signal are listed in Table 7. There were 10 events in the data which passed these cuts,
whereas the QCD Monte Carlo predicts 13.3 events. The efficiency for a Higgs boson signal with
mpe = 35, M40 = 40 GeV/c? is 9.4% (see Table 7).

4.4.2 Systematic Uncertainties and Mass Limits

The quantities on which the present analysis is based (global shape variables and jet rates) do
not depend critically on details of the detector performance [18,29]. The main systematic errors
arise from theoretical uncertainties in the modelling of gluon radiation and of quark and gluon
fragmentation. In a previous publication it was demonstrated [17] that the global properties of
multihadron events measured by OPAL are adequately described by currently used Monte Carlo
programs such as JETSET 7.2 and HERWIG 3.4. To assess the effect of possible uncertainties from
fragmentation on the results of the present analysis, various sirnulations of the QCD background
were compared to the data. First, the JETSET and HERWIG generators were compared using the
set of parameters which resulted from the optimization procedure of reference [17]. Then some of
the parameters of JETSET most relevant to fragmentation and gluon radiation were varied over
ranges compatible with OPAL data.

The stability of the acceptance with regards to the Monte Carlo simulation is shown in Tables 8
and 9 which list the efficiency of the individual selection cuts for the data and for the various
Monte Carlo samples used in this study. The four “special” samples of the JETSET 7.2 Monte
Carlo were obtained by varying the values of Agep [GeV] and o, [GeV/¢], within the ranges 0.27-
0.31 and 0.33-0.41, respectively; these parameters govern the longitudinal and transverse properties
of quark and gluon jets and the amount of gluon radiation. Samples “sp.1” to “sp.4” correspond
to (Agep,oq ) = (0.27,0.37), (0.31,0.37), (0.29,0.33) and (0.29,0.41) respectively (see Table 2 in
ref. [17]). ’

The last rows of Tables 8 and 9 list the mean selection efficiencies (&) averaged over the various
MC samples, and also their r.m.s, scatter about the mean. These scatters were used to estimate
a global systematic uncertainty of £13% on the residual background. This is combined with the
statistical error of 20% to give a total error on the background of 24%.

In the case of the Higgs boson signal, similar studies have been carried out using JETSET 6.3.
The systematic errors on the signal efficiency due to the various cuts were evaluated to be 5%
for shape-variable cuts, 3% for the 4-jet requirements, and 4% for the kinematics cuts. Cut (D3),
which is based on the effective mass of the four b-jets, has been studied with special emphasis on
b-quark fragmentation. While the r.m.s. width of the M and D distributions and the mean value
of D show no significant variations, the mean value of M changed somewhat when the hardness
of the & fragmentation function was varied. The b-quarks fragment at an energy equal to the
Higgs boson mass, which is in the vicinity of 35 GeV in the present search . At such energies
b-quark fragmentation is well known from measurements at PETRA and PEP. In particular, the
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= {(E + p)B-meson/(E + P)quart distribution was found [30] to have a mean value < z > of
0.835 + 0.035 (world average). To study the.dependence of M on b-quark fragmentation, the
Petersen fragmentation function (see e.g. reference [30]) was used and the value of ¢, was varied.
It was found that the experimental range of < z > was covered for € varying between 0.005 and
0.020. The corresponding variation of the mean value of M (6.7 to 7.1) translates into a systematic
uncertainty of 5 % on the Higgs boson signal efficiency. ‘A value ¢ = 0.01 was adopted for the
simulations of the Higgs boson signal. It was also verified that the A7 and D distributions were
insensitive to the choice of the Higgs boson masses.

Adding in quadrature all systematic errors in efficiency, one obtains £9%, which is comparable
to the statistical error (10%); the combined error on the Higgs boson signal efficiencies is thus 14%.
The 95% C.L. limit on & signal for 10 observed events and a calculated background of 13.3 + 3.2 is
7.8 events. The formalism recommended by.the Particle Data Group [31] was used to obtain this
number; the background was conservatively estimated to be 13.3-3.2=10.1 events. The excluded
region in the mye,m 40 plane is shown as curve D in Figure 4.

For tan8 < 1, the dominant decay modes of both h® and A° are into ¢, with only a fraction
(< 20 %) going into bb (this fraction is zero if the two Higgs boson masses are equal). Also,
for a given myo, m4o the production cross sections are the same for tand < 1 and tang > 1.
The selection criteria are to a large extent independent of the qua.rk flavour with the exceptlon
of selection (D3 ) which is based on the average jet mass and average mass difference. Therefore,
the M and D distributions were studied for the case of a 4e- quark final state. The JETSET 6.3
Monte Carlo was again used, with Agcp = 0.29 and o, = 0.37. Charm fragmentation effects were
studied using the Petersen function with ¢, varied over a wide range. For each value of ¢, the
z. distribution was compared to the distribution measured at PETRA and PEP for 29-35 GeV
c.m.s. energy. These measurements span the range < z. >= 0.68 £ 0.04 [30], which is covered by
a variation of the parameter ¢ in the Petersen function of 0.04 < ¢, < 0.13. For this range of ¢,
the mean of M varied from 5.17 to 5.44 and the mean of D from 3.08 to 3.18. These values are
considerably lower than what was found in the case of 4b-quark final states, thus leading to a more
efficient separation from the background. Keeping all selection criteria unchanged, one obtains a
selection efficiency which is about 10 % higher in the 4¢ case than in the 4b case. A higher efficiency
was also obtained for a mized sample where one of the Higgs particles was required to decay into
¢z and the other into b5. Thus, one can conservatively claim that the limits obtained in this section
apply both for tan8 > 1 and tanfg < 1.

5 Conclusions

An analysis has been presented which excludes the existence of a minimal Standard Model Higgs
boson in the mass range of 3.0 < mgo < 25.3 GeV/c? at the 95% confidence level. The null result
from this analysis has also been used to set liits on the lowest-mass MSSM Higgs boson via the
channel Z° — h?Z%. As the present analysis is equally sensitive to h? decays into bb and c¢ final
states, the limits on myo hold for both tan3 > 1 and tanf < 1. The excluded range of mpo, m 40
is delimited by curve B in Figure 4, or alternately by curve B in Figure 14 which is plotted in the
mye, tan parameter space.

The limits on MSSM Higgs bosons have been significantly extended by searching for the decays
Z° — R AP, where the Higgs bosons decay either into heavy quarks or r¥7~. The vtr~ jet jet
final state has a clean signature over a wide mass range, but is semsitive mostly for tang > 1.
On the other hand, the higher mass limits obtained from the searches for the 4-jet final state
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hold both for tan3 > 1 and tan 8 < 1. The regions excluded by these channels are indicated by
curves C, D and E in Figures 4 and 14. For the theoretically favored case of tan3 > 1 the range
3 < [mpo and m4o] < 40.5 GeV/c? is excluded at the 95% confidence level. It is worth noting that
some of the searches performed in this analysis are limited by the available statistics and therefore
the range of Higgs boson masses for which these analyses are sensitive will continue to expand as
this experiment accumulates more data.
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Tables

Table 1: Center of mass energles ‘and mtegrated lu.rmnosll;y for the data ini thls nnalysns N H are
the predicted numbers of Higgs bosons produced via Z° — Z% HP, for all decay channels of the
Z% and H?, with an assumed top mass of 100 GeV/c2. The systematlc error on the luminosity is
2.2%.

Eem fﬁdt Ng, mg =
(GeV) | (nb~1) | 24 GeV/c?
88.264 16| 0.10
88.284 125 0.39
89.282 54 034
90.260 19 0.28
90.270 | 6 0.09
90.284 | - 90 1.34
91.000 24 0.56
91.034 150 3.62
91.252 22 0.56
91.268 48 1.20
91.282 148 3.75
91.534 211 | 5.23
92.250 11 021
92.288 59 1.08
92.520 12 0.19
93.248 19 o 0.22
93.260 28 0.31
93.272 5. 0.06
93.284 84 0.93
94.284 94 0.69
95.032 17 0.10

Table 2: Effects of the cuts for the v# search channel. The cuts are described in detail in the text.
The MC events are normalized to 1.24 pb~1; for cuts 1-6 the data include beam gas and two photon
events which are not included in the Monte Carlo modelling.

Cut Data | H? of mass

| 24 GeV/¢?
Al) Nyp > 5 23726 90%
A2) | cos(Oineuat)], | co8(0p,., )| < 0.9 | 19667 83%
A3) Epp € 2.0 GeV 19452 82%
A4) Eyis/Eem < 0.6 762 82%
A5) Pr > 6 GeV 357 76%
A6) Eforward/Evis > 0.7 110 2%
AT) Epgchward < 2.5 GeV 0 65%
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Table 3: Number of predicted events in the missing energy and dilepton MSM search channels,
for various Higgs boson masses. The efficiency (€) shown is the total experimental acceptance and
detection efficiency. N, is the expected number of observed events after all cuts, and [+~ refers
to ete~ and utu~. A top mass of 100 GeV/c? has been used for the estimates.

my (GeV/e!) [ e(vo) | Nup | (i) | Nyujo
3| 0.06 | 2.61 0.36 5.33

5| 0.20 | 6.09 0.50 5.18

Tl 033] 7.61 0.60 4.71
10| 0.48 ] 7.80 0.64 3.54
12 0.60 | 7.91 0.66 2.96
14 0.69 | 7.46 0.67 2.46
16| 0.72 ] 6.42 0.66 2.00
18 0.71 | 5.26 0.66 1.66
207 0.67]4.15 0.65 1.37
22 0.66 | 3.41 0.65 1.14
24| 0.65] 2.81 0.63 0.93
26 .61 | 2.20 0.62 0.76
28 | 0.55 | 1.66 0.62 0.63

Table 4: Signal selection efficiency and background rejection for the h%, A® — 47 analysis.

Cut Signal MC | 7t~ MC | QCD MC | Data
mp=5my=7GeV/c?
Generated 161 5000 5000 | 294165
Preselection 49 947 2 340
B1) jcos(Genruat)| < 0.7 36 699 0 204
B2) pirack > 0.2 GeV/e 36 692 0 200
B3) Egm < 80 GeV 36 692 0 179
B4) Mpair < 15 GeV/c? 36 405 0 123
B5) Mra > 2.5 GeV/c? 36 5 0 0
efficiency 22%
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Table 5: Effect of the hig_her-mass analysis cuts on the data and
hao Gevics = TTy A4g Gevjcr — bb in the 7777 jj MSSM analysis.

Cut Individually Cumulatively
Data | Signal | s/n || Data | Signal [ s/n
Generated -| 2000 - -1 2000 -
Preselection 1886 | 858 | 1.0 || 1886 858 | 1.0
C1H) Epeir > 4.55 GeV 1189 790 | 1.7 || 1189 790 | 1.7
C2H) Econe < 2 GeV 605 546 | 2.0 || 491 527 | 2.5
C3H) c08 8pair_p(totar) < 0.8 || 1481 811 | 1.2 325 504 | 3.7
C4H) Sphericity > 0.1 597 819 | 3.0 51 497 | 25.5
C5H) coa(Bopen) < 0.6 291 737 | 5.6 0 477 -
Table 6: [Effect of the lower-mass analysis cuts on the data and

hiz Geviea — TT, Agg Gev/ca — bbin the 77~ jj MSSM analysis.

Cut Individually f Curnulatively
Data | Signal | s/n || Data | Signal | s/n
Generated -1 2000 - - 2000 -
Preselection 1886 | 1072 | 1.0 || 1886 | 1072 | 1.0
C1L) Epgir > 9.1 GeV 697 809 | 2.0 || 697 809 | 2.0
C2L) Econe < 2 GeV 438 834 | 3.3 | 270 668 | 4.4
C3L) Npemi =2 215 714} 5.8 94 | 542 | 10.1
C4L) cos(fopen) < 0.95 830 | 1021 | 2.1 19 534 | 49.4
C5L) €08 Opain—p(totar) < 0.8 || 1481 984 | 1.2 10 489 | 86.0
C6L) Sphericity > 0.04 || 1089 972 | 1.6 0 439 -

a signal for

& signal for

Table 7: Effect of the selection cuts (applied sequentially to the data) or the data, QCD background,
and for a signal hag gev/cas Ago Gevyer — bbbb in the 4-jet MSSM analysis. The Monte Carlos are

described in the text.

Cut Data | QCD MC | Signal
Generated . 26099 47000 1000
D1) Thrust < 0.85 2952 5406 952
D2) Njet = 4 553 877 | 354
D3) M < 7.5 GeV/c?, D < 5.0 GeV/c? 229 350 237
D4) Kinematics 110 178 193
D5) Acoplanarity 10 24 94
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Table 8: Preselection efficiencies for the data and for various Monte Carlo samples (sequential cuts
applied to the full samples) in the 4 jet MSSM analysis.

Sample Thrust cut | 4-jet requirement
Data , 0.113 £ 0.002 0.032 £ 0.001
JETSET(detailed) | 0.118 £ 0.003 0.028 + 0.002
HERWIG(detailed) | 0.115 £+ 6.005 | 0.034'+ 0.003
JETSET(sp.1) 0.115 + 0.004 0.029:4 0.002
JETSET(sp.2) 0.115 X 0.004 0.032 + 0.002
JETSET(sp.3) 0.112 £ 0.004 0.029 + 0.002
JETSET(sp.4) 0.116 £ 0.004 0.031 £ 0.002
ALL Monte Carlo 0.115 0.030

£ r.m.s. scatter +0.002 +0.002

Table 9: Selectmn efficiencies for the data and for various Monte Carlo samples (which were nor-
malized to the data after the preselection cuts) in the 4 jet MSSM analysis. The numbers shown
are the reduction factors obtained by applying the cuts D3,D4, and D5 sequentially, as.in Table 7.

Sample Jets (D3) (D4) (Ds). ]
Data 0.66 + 0.03 | 0.42+ 0.02 | 0.43 £ 0.02 | 0.16 + 0.02.} ...
JETSET(detaﬂed) 0.65+ 0.05 | 0.44 + 0.04 | 0.41 £ 0.04 | 0.13 + 0.02
HERWIG(deta.iled) 0.66 + 0.06 } 0.38+ 0.05 | 0.41 + 0.05 {.0.19 + 0.03
JETSET(sp.1) 0.58 +£0.05 | 0.46+ 0.05 | 0.40 + 0.04 | 0.19 + 0.03
JETSET(sp.2) 0.65 % 0.05 | 0.42 & 0.04 { 0.46 % 0.04 | 0.20 + 0.03
JETSET(sp.3) 0.58+£0.05 | 0.43 £+ 0.04 | 0.47 & 0.04 0.21 4 0.03
JETSET(sp.4) 0.59 1+ 0.05 | 0,384+ 0.04 | 0.46 + 0.04 0.21 4+ 0.03

ALL Monte Carlo 0.617 0.422 (0.438 0.195

4 r.m.s. scatter +0.035 +0.028 +0.029 +0.030
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Figures

Figure 1. Distribution of pr for the data (points) and JETSET events .(-h‘istogram) after cuts
Al-4; the Monte Carlo has been normalized to the luminosity. The excess of data at low pr is due
to two-photon processes which are not modelled in the Monte Carlo

Flgure 2. E f,,,.w,,,.d/ E‘.u versus Fysekward, for the MSM sea.rch after cuts A1-5. The data are
shown in a), while MC events for a 24 GeV/ c? HO are shown in b). The final cuts are indicated in

the upper left corners.

Figure 3. Expected number of events, as a function of MSM Higgs boson mass. The dashed line
shows the number of events expected from the channel H —.¢q, Z% — v, while the dotted line
is the number expected from H? — ¢, Z° — (ete™ or utu~); the solid line is the sum of these
modes, reduced by the systematic uncertainty. The horizontal line indicates the levels expected for
the 95% confidence level upper hxmt

Figure 4. Excluded Higgs masses (95% C L. ].lrmts) for the MSSM sea.rches in.the parameter
space my va my. Since my < my, region A is excluded. Curve B (dashed line) represents the
limits obtained from the Minimal Standard Model Higgs boson search. Curves C (solid line; “H”
and “L” for high- and low-mass analyses, respectively) are obtained using the v+~ jet jet mode;
the region between the curves and the diagonal m, = m, is excluded. Curve D (dotted line)
represents the limit obtained from the 4 jet search. Curve E shows the region excluded using the
4 7 mode. The dip at mp, = 9.5 — 10.5 GeV/c? indicates the resonance region where the branching
fraction A% — 7+7~ could be suppressed at the x; masses, and region F (shaded) could contain
points which are not excluded if the v production is highly supressed for both the h® and A4°.
Curves B and D are valid for all values of tan 3, while C and E are valid only for tangd > 1. The
regions of the plot which are not excluded by the present anaylsis are indicated by shading.

Figure 5. Energy of the 7+~ decay products, after the pre-selection cuts of the h®A? —
rtr—bb (higher mass) analysis. a) Data (points} and JETSET MC (histogram). b) Signal for
my = 30, ms = 40 GeV/c?. The shaded histogram shows events in which the analysis identified
the correct pair of tracks from the 77~ system.

Figure 6. Sum of unassociated electromagnetic energy in a cone of cos# = 0.3 about the pair
axis, after the pre-selection cuts of the h°A%® — 777~ bb (higher mass) analysis. a) Data (points)
and JETSET MC (histogram). b) Signal for ms : mq = 30:40 GeV/c?. The shaded histogram

shows events in which the analysis identified the correct pair of tracks from the r+r~

Figure 7. Cosine of the angle between the v+~ pair and the missing energy direction, after the
pre-selection cuts of the h°A® — 7*7-bb (higher mass) analysis. a) Data (points) and JETSET
MC (histogram). b) Signal for mp, : my = 30: 40 GeV/c® The shaded histogram shows events
in which the analysis identified the correct pair of tracks from the r+r—.

Figure 8. Sphericity distribution of the event, after the pre-selection cuts of the A%4° —
7+77bb (higher mass) analysis. a) Data (points) and JETSET MC (histogram). b) Signal for
my:my = 30:40 GeV/e2, The shaded histogram shows events in which the analysis identified
the correct pair of tracks from the v++~.

Figure 9. Cosine of the 7+~ pair opening angle. after the pre-selection cuts of the h0A° —

r+7-bb analysis. a) Data (points) and JETSET MC (histogram). b) Signal for my : m4 = 30:
40 GeV/c?. The shaded histogram shows events in which the analysis identified the correct pair of
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tracks from the 7+,

Figure 10. Distribution of M, after cuts D1,2 of the h® 4° — b5bb analysis. a) Data (points) and
JETSET MC (histogram); the Monte Carlo has been normalized to the data after the preselection
cuts. b) Signal for my:my = 35:40 GeV/c?.

Figure 11. Distribution of D, after cuts D1,2 of the A°4% — bbbb analysis. a) Data (points)
and JETSET MC (histogram). b) Signal for mp : mgq = 35:40 GeV/c?.

Figure 12. Distribution of acoplanarity for charged tracks, after cuts D1-4 of the R°A° — bbbb
analysis. a) Data (points) and JETSET MC (histogram). b) Signal for mp, : m4 = 35:40 GeV/c3.

Figure 13. Distribution of acoplanarity for electromagnetic clusters, after cuts D1-4 of the
h®A® — bbbb analysis. a) Data (points) and JETSET MC (histogram). b) Signat for m; :
my = 35:40 GeV/c2

Figure 14. Excluded Higgs masses for the MSSM searches in the parameter space m;, vs tan(g).
The regions enclosed by the curves are excluded at the 95% C.L.. Curve B represents the limits
obtained from the Minimal Standard Model Higgs boson search. Curve C is obtained using the
T+~ jet jet mode (“high mass analysis”). Curve D is the limit obtained from the 4 jet search.
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