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Search for the Neutral Higgs Boson from Z° Decay

ALEPH Collaboration

December 1, 1989

ABSTRACT

A search for the neutral Higgs boson, using the processes
Z°—Hete, Z°—Hputu-, Z°—»Hl1+1-, Z°>H°u0 and Z°—H°qq, is performed on
data collected by the ALEPH detector corresponding to about 11,550
events of Z°—hadrons. Combining all these processes, the mass range
excluded is 32 MeV to 15GeV at 95% C.L. and 40 MeV to 12 GeV at
99% C.L. The result from this experiment is unambiguous in the context
of the Standard Model.



1. INTRODUCTION

The Electroweak Theory of Glashow, Weinberg and Salam [1] has
been very successful, giving many theoretical predictions that have
subsequently been verified experimentally. The neutral Higgs boson
[2], which plays an essential role in the theory, has however not yet
been seen. It is fundamentally different from all the other known
particles: its observation is essential to our understanding of the "mass"
problem. Experimentally, there have been many searches, for example
[3], from the decays of nuclei, =, K, B, T etc. Some of these searches are
sensitive to the assumptions used to interpret the data. So far no limits
have been reported in the search for the neutral Higgs boson above
5 GeV.

In this analysis we search for the neutral Higgs boson of the
Minimal Standard Model. We use the data collected during the early
running of LEP, from September 19 to November 7, 1989, which
correspond to 11,550 Z°—hadrons. These data were taken over a range
of the center-of-mass energies from 88.3 GeV to 943 GeV,
corresponding to a total integrated luminosity of 542 nb-1l.

The search is carried out for the process
Z°—>HZ",

where Z* is a virtual Z° which decays into a fermion pair. We include in
the analysis all the decay modes of the Z*. From the Standard Model,
the relative branching ratios of Z°—He*e", Z°—Hp+p~, Z°->H 1+, Z°—->H%vv
and Z°—>H°qq(g), normalized to the total rate of H° production from
Z° decays, are 3.4%, 3.4%, 3.4%, 20.1% and 69.7% respectively.

In this search, we are able to cover the mass range of the Higgs
boson from a few tens of MeV to about 15 GeV. For the study below the
H°—p+p— threshold, i.e. for a Higgs mass below 212 MeV where H°—>ete-
dominates, the Higgs boson is long-lived. For this mass range, we also
perform a search with the identification of isolated vertices (V°).



2. THE ALEPH DETECTOR

The ALEPH detector is described in detail elsewhere [4]. The parts
of the detector relevant to this analysis are the inner tracking chamber
(ITC), the large time-projection chamber (TPC), the electromagnetic
calorimeter (ECAL) and the hadronic calorimeter (HCAL). A 15 T
solenoidal magnetic field is provided by the superconducting coil
surrounding the TPC and ECAL. The luminosity calorimeter (LCAL)
provides energy and position measurements of the showers produced
by the small angle Bhabha scattering ete-—ete-.

The readout of the apparatus is triggered independently by
several separate conditions, three of which are relevant to this study.
The first demands a deposition of energy in the ECAL, such that the
energy in the barrel is greater than 6 GeV or the energy in either
endcap is greater than 3 GeV, or 1.3 GeV each in both endcaps. The
second independent trigger requires a charged track in the ITC
associated in azimuth with energy deposition of more than 1.3 GeV in
ECAL. A third trigger is defined by a coincidence between any of the
HCAL azimuthal segments with a corresponding azimuthal segment of
the ITC. A signal in an HCAL segment is registered if signals are
recorded at a penetration depth of 40 cm of iron in the barrel region or
55 cm of iron in the endcap region. A signal in an ITC segment is
registered by at least 5 of the 8 cylindrical wire layers recording
ionization from charged particles.

3. THE DECAY OF HIGGS BOSON

To explore the Higgs mass domain accessible at LEP, a very
detailed simulation of its decays is needed. In addition to the simple

decays into two massive fermions H°—ff, our simulation [5] includes:

(i) the first order QED and QCD corrections to the channels H°—ff(y) and
qq(g); (ii) the decays into two gluons via a quark-loop, and into two
photons via a fermion or a W-loop; (iii) a special treatment for the
hadronic decays in the mass range 2my; < my < ~2 GeV  where

perturbative QCD is not reliable,



If the Higgs mass is below the muon-pair threshold, the only
possible decays are those into either two photons or into an ete- pair
(neutrino mass is assumed to be smaller than electron mass). In the
Standard Model with three generations of quarks and leptons, the
branching ratio into two photons is very small (< 1%) since the W-loop
almost cancels the fermion contribution [6]. Therefore, such a light
Higgs decays into an ete- pair and is long-lived: its lifetime varies
between 0.02 and several nanoseconds and it would be detected as an
electron pair with a displaced vertex. Above the muon-pair threshold,
and below the pion-pair threshold, the Higgs would decay almost
exclusively into two muons at the interaction point.

In the mass domain betweem 2my; and ~2 GeV, the decay of a
hypothetical Higgs is dominated by the two-gluon channel, but the
hadronic partial width cannot be determined with perturbative
diagrams. Nevertheless, it is possible to calculate the probability of
Heonn, KK ... by means of QCD low energy theorems with some
theoretical uncertainty [7]. Moreover, the Higgs decay into two particles
dominates in this mass region and, up to 1.5 - 2 GeV, one has only to
know the branching ratios into KK , nn, pp, ®® and even K*K* above the
corresponding thresholds, which can be deduced from Ref. [7]. For the
decays into p's, o's and K*'s, we have taken into account the finite width
of these particles. The various branching ratios in the range from
200 MeV to 2.5 GeV are shown in Fig.l.

Many channels are open when Mpg > 2 GeV and the final states
should not differ drastically from the "perturbative" ones (gg, qqg +
fragmentation). To choose the transition mass value, we ask the
branching ratios into strangeness and the final-state charged
multiplicities to be identical in both non-perturbative and perturbative
treatments. This transition occurs at My ~2 GeV.

Near the decay thresholds of 2mp and 2mp, the partial widths are
largely enhanced by virtual vertex corrections. Moreover, if the Higgs
boson is heavy enough, a quark coming from its decay may radiate a
gluon energetic enough to produce a third jet, thereby modifying the



event topology. Thus, first order QCD corrections have been determined
[6, 8] and included in our simulation.

4. SIMULATION OF Z°—H°Z* ( Z*>e+e-,u+p-,1+1-,099 ,99(g))

The cross section for H® production from Z°—>H°Z* where Z*—ete-,
ptp—, ttt, o0 and qq{g) is based on the calculation in Ref. [9] for the
production of H® ptu— at the Z°. The Born approximation without initial-
state radiation from Ref. [9] is then replaced by the equivalent
"improved Born approximation" [10] and convoluted with an initial-
state radiation spectrum calculated to second order [11].

The simulated events for Z°—>H°Z* are processed by the same
reconstruction and analysis programs as used for the real data. The
simulation includes initial-state radiation of a photon. For the channels
Heete-, H°ut+u—, H°t+1- final-state radiation of a photon from the leptons is
also included using an algorithm given by Ref. [12]; and in the case of
Z°—H°qq(g), the LUND parton-shower model (version 6.3) [13] is used
for the qq(g) fragmentation. For the Higgs decay we use the simulation
program as described in section 3. Trigger efficiencies are calculated
using a Monte Carlo simulation program which models the trigger
conditions of the ALEPH detector and has been tuned to and tested with
the data from the processes Z°—e*e-, p+u-, v and hadrons.

S. SEARCH FOR THE SHORT-LIVED HIGGS BOSON

We present here the method of a comprehensive search for a
Higgs boson between 212 MeV (iwo muon threshold) and about 15 GeV
by using the processes Z°—HC°Z*. Sections 5.1 to 5.3 give the descriptions
of how to identify events of the type Z°—>H°Z* and the decay products of
the Higgs candidates, and most important of all, how to reject
background events from photon-photon interactions, beam gas
interactions and Z° decays. At least 3pb-l of simulated data have been
produced for the background processes Z°—ete-, ptu-, t+t- and qq(g)., as
well as the two-photon interactions (yy—ete-, ptp—, 71— and hadrons),
using the full detector simulation. They are used as an important guide
to devise the event selection criteria as listed below.



Unless otherwise specified, throughout this section a cha-ged
particle is required to have 4 TPC coordinates and Id | smaller than 4 cm

and lz_) smaller than 7 cm, where d,is defined as the distance of clisest
approach to the interaction point on the plane perpendicular to the
beam axis and z, is the distance from the interaction point along the
beam axis.

5.1 SELECTION OF EVENTS FOR Z°—H*°v

The decay channel Z°—H°vv provides the best means to search for
a Higgs over a wide range of Higgs masses. For a light Higgs, the signal
is a monojet with large missing energy and momentum. The event
selection criteria are given here:

(1) The event is required to have a minimum of two oppositely-
charged particles and the total charge of the event should not
exceed *4.

(2) The angle between the beam axis and the sphericity axis of the

event, calculated with charged particles only, must be greater
than 40°.

(3) The magnitude of the vector sum of the transverse momenta of all
charged particles with respect to the beam axis must be greater
than 2 GeV/c.

(4) cosBpax > —0.1.
Omax is the maximum angle between any charged particle with
momentum greater than 0.3 GeV/c and the direction of the vector
sum of the momenta of all charged particles.

(5) cos Bjerjer > —0.1.
The event is divided into two hemispheres, by using the plane
perpendicular to its sphericity axis, in the rest system of all
charged particles. Charged particles in each hemisphere then
define a jet. In the laboratory system, the vector sum of the
momenta of all the charged particles in each jet gives the jet axis
and Qjer-jer is the angle between these two jet axes.



(6) The events which satisfy the selection criteria (1) to (5) are
monojet-like. Consider all the ECAL modules in the hemisphere
opposite to the direction of the monojet (defined by the vector
sum of the momenta of the charged particles). The event is
rejected if the energy deposition of any module exceeds 2 GeV.
Similarly, events are rejected if the total energy in LCAL exceeds
5 GeV. From a study of the randomly triggered events, this
requirement on the LCAL energy introduces a 1.5% inefficiency to
the acceptance of the Higgs events.

Selection criteria (2) and (3) remove background from two-photon
and beam gas interactions, while (4), (5) and (6) primarily remove the
background from Z°—qq{g). Selection criterion (4) defines the monojet
and is the most powerful cut. Fig. 2(a) shows the cos@pax distribution
for the data and Fig. 2(b) for the Monte Carlo simulation for Higgs mass
of 5 GeV after the selection criteria (1), (2), (3) and (6) have been
applied. The cut is at cos8pax = -0.1.  Applying the additional selection
criterion (5) to the data, no event survives.

5.2 SELECTION OF EVENTS FOR Z°—H°ete-,
Z°->H°utpuy-, Z°->H °1tt1-

The topologies of the decay modes Z°—H°%ete-, Z° > H°u+u- and
Z°—>H°t*t" are simple. However, the rates of these decay modes are low
and in particular the contribution from Z°—H°t*1- is minimally useful
due to the softer momentum spectrum in tau decay. The selection
criteria are:

(1) Two oppositely charged particles are required to form a
Z* candidate, each with at least 15 GeV/c momentum; the cosine
of the angle between them is required to be smaller than 0.1. If
more than one pair of charged particles satisfies this requirement,
the pair with the highest energy is chosen.

(2) The remaining charged particles are assigned to the Higgs
candidate. Their number must be at least 2, each with Idyl < 3¢cm
and lzg! < 10cm.



(3) To reject backgrounds of the types Z°—qq(g) and Z°—>t*t-, the
cosine of the angle between the most energetic charged particle of
the Higgs candidate and either of the charged particles of the Z*
candidate is required to be less than 0.9.

(4) 1If the Higgs candidate has only two charged particles, they must
be of opposite charge and at least one of the particles must have a
momentum greater than 1 GeV/c. A pair-finder algorithm is
applied to reject events with the two particles consistent with an
ete- pair from a converted photon. The efficiency of this
algorithm for finding converted pairs where both ‘'secondary'
charged particles are reconstructed in the TPC is 84%. It
introduces only a 9% inefficiency for a Higgs mass of 300 MeV, for
example.

With the above event selection criteria, three events survive. The
invariant masses of the charged particles in the Higgs candidates of
those events exceed 25 GeV (two events are expected from the
background process Z°—>qgq(g)). Hence, no event survives in the mass
range of this search (below 15 GeV).

5.3 SELECTION OF EVENTS FOR Z°-H°qq(g)

For a Higgs with mass above a few GeV, the events where the Z*
decays into qq are difficult to use because of the QCD background
involving three or four jets. However, a Higgs of 2 GeV mass or less has
a sizeable branching ratio into two particles and can be efficiently
identified. In this analysis, we restrict our search to a Higgs boson
decaying into two charged particles. The event selection criteria are:

(1) Al particles, both charged and neutral, are projected onto the
event plane. The event plane is the plane formed by the two
eigenvectors, corresponding to the two larger eigenvalues, of the

sphericity tensor. The use of event plane is motivated by the fact
that the three particles from the Z° decay lie on a plane. A neutral

particle is defined as an electromagnetic cluster in the ECAL which
is not associated with a charged particle. The energy of each



(2)

(3)

(4)

(3)

charged or neutral particle must be greater than 300 MeV. The
LUND cluster algorithm [14] is applied to the momenta projected
on this event plane. Only events with the number of jets equal to
3 or 4 are accepted.

The jet with the smallest multiplicity is assigned to be the
candidate for the "Higgs jet". The event is kept only if the
multiplicity of the "Higgs jet” is 2 or 3. For each charged particle i
in the "Higgs jet", let P ; be the minimum transverse momentum
with respect to all other jets. The two oppositely charged particles
from the "Higgs jet” with the largest P ; are selected to be the
two-prong decay products of the Higgs candidate. Each P i must
be greater than 800 MeV/c and the sum of the energies of the
two particles must be greater than 3 GeV.

The angle between two highest multiplicity jets is required to be
greater than 125°,

A cone with half angle 6 = 45.6° is formed with respect to the
momentum of the H° candidate (the vector sum of the momenta in
the three-dimensional space of the two charged particles
designated as the Higgs decay products). Events are kept only if
the sum of the longitudinal momentum components along the
direction of the H° candidate is less than 500 MeV/c for all other

charged particles in the cone.

For the study of the low mass Higgs boson, a powerful variable is
the ratio of P, ge to Mg where P, g- is the minimum transverse

momentum of the Higgs candidate with respect to all other jets on
the event plane and Mpy- is the invariant mass of the Higgs
candidate. In this calculation, the electron mass is assumed for
each of the two charged particles. Events are rejected inside a box
defined by the ratio P ge / Myge less than 12 and P,y less than

9 GeV/c.

Applying the selection criteria (1) to (5) to the data, no event

survives.



5.4 ESTIMATION OF THE NUMBER OF EVENTS EXPECTED
FROM Z°—H°Z* AND SYSTEMATIC ERRORS

Events at twelve different Higgs masses have been simulated for
this analysis according to the description given in section 4. Table 1
gives the detection efficiency and the expected event numbers at
different Higgs masses. The corrections due to different production
cross-sections at different total center-of-mass energies are taken into
account. The systematic errors on the expected number of Z°—5H°Z *
events are estimated to be: less than 3% from the integrated luminosity,
10% corresponding to uncertainties in the cross section calculation and
1% to 5% for trigger efficiencies at different Higgs masses. In addition,
by varying the values of variables used in the event selection criteria
over a reasonable range, we find that the uncertainty in the efficiency
due to the event selection criteria varies from 2% to less than 10%.
Combining all errors in quadrature, we find that the maximum
systematic error for the expected number of events for the combined
processes Z°—HCZ* (Z*—ete-, ptu-, t+t-, vv, qq(g)) is £ 15%. For the mass
range between the two-pion threshold to about 3 GeV, an additional
uncertainty of *15% comes from the decay branching ratio.

5.5 RESULTS ON THE SEARCH FOR THE SHORT-LIVED
HIGGS BOSON

After applying the selection criteria given in sections 5.1 to 5.3, we
find that no event survives in our data sample. Fig.3 shows the
number of events expected from the sum, as well as the individual
processes, for Z°—H°ete-, Z°->H°p+tu-, Z° > H°1*t1-, Z°->H°0v?¥ and
Z°>5H°qq(g) as a function of the Higgs masses. To set mass limit in a
conservative way, we reduce the number of expected events by 15%
(21% for mass between 2Mj; to 3 GeV) to take into account the
systematic error. The mass range from 212 MeV to 15 GeV for the
neutral Higgs boson is excluded at 95% C.L.
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6. SEARCH FOR THE LONG-LIVED LIGHT HIGGS BOSON

Since the Higgs boson of the Standard Model with a mass less than
212 MeV is long-lived and decays predominantly into an ete- pair,
special analysis methods are devised to make use of these
characteristics. Two methods are used for this search.

6.1 METHOD 1: EXTENSION OF THE METHOD USED FOR
THE SHORT-LIVED HIGGS BOSONS

The analysis method described in section 5 can easily be extended
into the mass region below 212 MeV. For the Z°—> H°vv channel, in
addition to the application of the event selection criteria (1) to (6) of
section 5.1, we require that there are only two oppositely charged
particles in an event. To allow the more efficient detection of particles
coming from a displaced vertex, we remove the requirements of d, and
2z, for one of the two charged particles and require that ldol < 7 cm
and lzpl < 10 cm for the other. No event survives in the search for this
channel. For the Z°—>H°qq(g) channel, no additional requirement is
needed to extend the analysis method as described in section 5.3.
Again no event is found for the search below 212 MeV. Due to the
radiative Bhabha and p-pair backgrounds, the search for the channels
Z° >HCete-, Z°—>H°u+u~ and Z°—>H°t+1- is not used for this mass region.
Table 2 gives the detection efficiency and the expected event numbers
for 5 different Higgs masses below 212 MeV. From the sum of the two
channels, and taking into account a +15% systematic errror, we exclude
the existence of a Higgs boson in the mass range from 50 MeV to
212 MeV at 95% C.L.

6.2 METHOD 2: THE METHOD OF ISOLATED VERTICES

In this method, we make use of the characteristic decay point
displaced from the e*e- interaction point. Typically, when produced in
Z° decays, a 100 MeV Higgs would travel over a distance of 100 ¢m and
would therefore be detected and measured in the TPC. Consequently,
this search method relies exclusively on the observation of a decay into
two oppositely-charged particles (V°) away from the interaction point,
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independently of the accompanying final state whether it be £+4- (¢, u,
1), vV, or hadrons.

Events are selected if a V° can be reconstructed from two TPC
tracks with momenta larger than 0.2 GeV/c and a total momentum
larger than 2 GeV/c. The decay point is required to be at least 20 cm
away from the interaction point in the plane transverse to the beams,
with the V° momentum vector pointing back to the origin to better than
5°. Events are then classified according to the number of extra charged
particles (Ny) originating from the interaction point. We require each
V©° to be isolated in space; no other charged particle is allowed if it is
emitted in a 20° cone around the V° momentum vector. Finally, to
avoid background from beam-gas or photon-photon interactions, the
scalar sum of the momenta of the extra charged particles is required to
exceed 10 GeV/c for events with Ny larger than one.

The selection procedure yields 187 events for all topologies. The
rest of the analysis proceeds differently for the three channels as the
backgrounds are of a different nature.

(1) For the 25 H°v¥ candidates, we require an energy deposition less
than 5 GeV in LCAL or a transverse momentum of the V° with
respect to the beam larger than 2 GeV/c, to remove small-angle
Bhabha events with a radiated photon converted in the detector.
Events with a large (> 30 GeV) electromagnetic shower opposite
to the V° are also removed.

(2) For the H°/4*£- candidates, as well as for the hadronic events to be
discussed next, one has to consider a background from pair-
converted photons. Since these photons are more likely to convert
into an e*e- pair in the region between the ITC and the TPC with a
thickness of 3.3% radiation lengths, for these channels the decay
region is further limited to the TPC gas volume, at least 40 cm
away from the interaction point in the transverse plane. Of the
nine leptonic candidates, only one survives.

(3) As expected, the selected sample of 130 H°qq(g) candidates
contains a large component from decays of Kgs, A and A, which are
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rejected if the m+x— mass, or the pr— or the pat masses, lie in the
ranges 470-530 MeV or 1110-1120 MeV, respectively. Events
are further removed if both V° tracks are identified as hadrons In
the calorimeter or if the V° momentum is smaller than 3.5 GeV/c.

Only one event of the type Z°—ete-V° V°—oete  remains as a light
Higgs candidate. The measured mass of this event is 10240 MeV and
the transverse momentum of the pair with respect to the beam
direction is 5.1 GeV/c. With our data selection we expect 0.4 events of
the type £+Z-y where the photon converts into a pair in the TPC gas

volume.

The Higgs detection efficiency is largely determined by the
requirement of observing the actual decay inside the useful volume of
the TPC. This causes the efficiency to decrease on each end of the
studied mass range. The V° reconstruction efficiency within the decay
region is studied with a full simulation of the detector and is
determined to be 0.7810.04 for the H°vv channel and 0.72%0.04 for

the others.

To determine the efficiency relative to the V° isolation cut for
hadronic events, we used a method based on data rather than on Monte
Carlo simulation. The actual Z°—hadrons events from our data are
Lorentz-boosted opposite to a fake Higgs particle randomly generated
in space. The energies of the overall "event" are then appropriately
rescaled to restore the correct centre-of-mass energy. The final Higgs
energy is chosen to follow the expected distribution from the Z° decay.
The corresponding efficiency varies from 0.71 to 0.76 for Higgs masses
between 30 and 212 MeV. Finally, a correction is applied to take into
account the K° and A° mass cuts.

The overall efficiencies and expected event numbers for the
different channels are given in Table 3. Summing up all channels as
shown in this table, taking into account the one candidate event and a
systematic error of £15% (same as given in section 5.4), we exclude the
existence of the Higgs boson in the mass range from 32 MeV to
212 MeV at 95% C.L.
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6.3 COMBINED RESULT FOR THE LONG-LIVED LIGHT
HIGGS BOSON

While method 1 is more efficient for Higgs mass above 100 MeV,
method 2 is more sensitive for the lower masses. Fig.4 shows the
expected number of events for both methods and the solid curve gives
the best value of the two. The 95% C.L. limit is indicated.

7. CONCLUSION

A search for the neutral Higgs boson is performed based on the
processes Z°—Hete-, H°utpu—, H°t+1-, H°vu and H°qq(g) using 542 nb-1
of data collected by the ALEPH detector. Fig.5 gives the number of
events expected from the sum, as well as the individual processes, as a
function of the Higgs boson mass over the full region of search. While
the process Z°—H°vv provides the most powerful means for this search,
the result of combining all the processes excludes the neutral Higgs
boson over the mass range from 32 MeV to 15 GeV at 95% C.L. and
40 MeV to 12 GeV at 99% C.L. This result is obtained within the
context of the Standard Model with no further assumption.
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TABLE 1

Detection Efficiency (Eff.) and Number of Expected Events (N)
as a Function of Higgs Mass

H%+e-

Mge Hep+p-
(MeV) Het+1- Hovy H°qq(g) Total
Eff. N Eff. N Eff. N N
212 0.279 4.7  0.404 13.5 0.166 193  37.5
260  0.271 4.5 0.426 14.2 0.177 20.5 392
500 0.240 3.9  0.296 9.5 0.099 11.1 24.5
800  0.218 3.3 0.262 8.0 0.061 6.4 17.7
1200 0.216 3.0  0.237 6.6 0.059 5.7 15.3
2000  0.323 3.7 0.346 8.0 0.021 1.6 133
3000  0.403 3.8 0.478 9.1 12.9
4000 0.411 3.3  0.522 8.3 11.6
5000 0.418 2.9 0.534 7.3 10.2
10000  0.447 1.7 0.570 4.2 5.9
12000  0.456 1.4  0.561 3.4 4.8
15000  0.465 1.1  0.545 2.5 3.6
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TABLE 2

Detection Efficiency (Eff.) and Number of Expected Events (N)
as a Function of Higgs Mass

Mpy-
(MeV) H°vo Heq q(g) Total
Eff. N Eff. N 2N
50 0.057 1.9 0.015 1.8 3.7
60 0.081 2.8 0.018 2.1 4.9
80 0.127 4.3 0.033 3.9 8.2
100 0.202 6.8 0.044 5.2 12.0
200 0.350 11.8 0.104 12.1 23.9
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TABLE 3

Detection Efficiency (Eff.) and Number of Expected Events (N)
as a Function of Higgs Mass

Hee+e-
Mpe Hep+u-
(MeV) Hot+1- H°vo H°qq(g) Total
Eff. N Eff. N Eff, N N
25 0.036 0.6 0.021 0.7 0.016 1.9 3.2
50 0.102 1.7 0.073 2.5 0.051 6.0 10.2
100 0.137 2.3 0.169 5.7 0.093 10.9 18.9
150 0.103 1.7 0.190 6.4 0.077 9.0 17.1
200 0.068 1.2 0.160 5.4 0.051 5.9 12.5
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FIGURE CAPTIONS

Fig.1 Branching ratios of the Higgs decays in the nonperturbative
QCD mass range.

Fig.2 c0osOmax distribution for (a) data and (b) Monte Carlo simulation
of Z°->H®°vv for 5 GeV Higgs mass, both after applying the
selection criteria (1), (2), (3) and (6) of section 5.1. (See section
5.1 for definition of cosOmax). The cut is at cosBpmax = -0.1.
The distribution in (b) is normalized to the data.

Fig.3 The number of events expected above 212 MeV for Z°—H° L+ £,
(ete-, utu- and t+1°), Z°—H°v0, Z°—>H®°qq(g) and the sum of all the
above channels as a function of the Higgs mass. The 95% C.L.
limit is indicated corresponding to zero observed candidates.

Fig.4 The total number of events expected below 212 MeV for
Z°5H°Z* (Z*—ete-, ptu-, 1+1-, vU and qq(g)) for Method 1 and
Method 2 as a function of the Higgs mass. The solid curve
follows the best value of the two. The 95% C.L. limit is
indicated corresponding to one observed event below 100 MeV
and zero above.

Fig.5 The number of events expected for Z°—>H® L+ L-, (ete-, utu- and
t+1-), Z° > H°v0, Z°—-5H°qq(g) and the sum of all the above
channels as a function of the Higgs mass. The 95% C.L. limit is
also indicated corresponding to one observed candidate below
100 MeV and zero above 100 MeV, giving the excluded region
of 32 MeV to 15 GeV.
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